
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Multi‑colour microscopic interferometry for
optical metrology and imaging applications

Upputuri, Paul Kumar; Pramanik, Manojit; Nandigana, Krishna Mohan; Kothiyal, Mahendra
Prasad

2016

https://hdl.handle.net/10356/80246

https://doi.org/10.1016/j.optlaseng.2016.03.020

© 2016 Elsevier Ltd. This is the author created version of a work that has been peer
reviewed and accepted for publication by Optics and Lasers in Engineering, Elsevier. It
incorporates referee’s comments but changes resulting from the publishing process, such
as copyediting, structural formatting, may not be reflected in this document. The published
version is available at: [http://dx.doi.org/10.1016/j.optlaseng.2016.03.020].

Downloaded on 20 Mar 2024 19:45:30 SGT



Multi-colour microscopic interferometry for optical metrology and 

imaging applications      

Paul Kumar Upputuri
1*

, Manojit Pramanik
1
, Krishna Mohan Nandigana

2
, 

Mahendra Prasad Kothiyal
2
 

 

1
School of Chemical and Biomedical Engineering, Nanyang Technological University, 

Singapore 637459 

2
Superannuated from the Applied Optics Laboratory, Department of Physics, Indian 

Institute of Technology Madras, India, 600036 

 

ABSTRACT 

Interferometry has been widely used for optical metrology and imaging applications 

because of their precision, reliability, and versatility. Although single-wavelength 

interferometery can provide high sensitivity and resolution, it has several drawbacks, 

namely, it fails to quantify large-discontinuities, large-deformations, and shape of 

unpolished surfaces. Multiple-wavelength techniques have been successfully used to 

overcome the drawbacks associated with single wavelength analysis. The use of colour 

CCD camera allows simultaneous acquisition of multiple interferograms. The advances 

in colour CCD cameras and image processing techniques have made the multi-colour 

interferometry a faster, simpler, and cost-effective tool for industrial applications. This 

article reviews the recent advances in multi-colour interferometric techniques and their 

demanding applications for characterization of micro-systems, non-destructive testing, 

and bio-imaging applications. 
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1. Introduction  

 

Interferometry has been widely used in research and development (R&D), and 

industrial applications because of its precision, reliability, and versatility. It is a well-

established full-filed, non-contact, non-invasive optical tool which offers excellent 

sensitivity and resolution for metrology applications[1-3]. Interferometer has been used 

as an important investigating tool in the fields of fiber optics, optical metrology, surface 

profiling, microfluidics, mechanical stress/strain measurement, velocimetry, biology 

and medicine etc[3-7]. Interferometric techniques can be used to inspect both reflecting 

(smooth) and scattering (diffusive) surfaces in wide range of sizes. The inspection can 

be done under static, quasi-static or dynamic conditions[8-10]. Conventional 

interferometry can only handle smooth (mirror like) samples. If the test surface is 

diffusive, the interference between reference and test beam results in no-visible fringe 

pattern. So, conventional interferometry fails to characterize samples with diffusive 

(speckled) surface. The interferometry that can study rough or scattering surfaces is 

known as Electronic / Digital speckle pattern interferometry (ESPI/DSPI) or TV 

holography (TVH)[8, 11].TV holography under microscopic configuration was 

demonstrated for characterization of shape, deformation, NDT on microsystems such as 

MEMS (Micro-Electro-Mechanical Systems) [2, 4, 12-15]. In conventional or speckle 

interferometry, the desired information about the object under study is encoded in the 

fringe pattern, which in fact represents the phase distribution. 

 

The analysis of the  interferogram produced by a test surface gives the parameters of 

interest relating to the surface. Several multiple-frame[1, 16-18] and single-frame[19-

24] methods have been reported for quantitative analysis of fringes. Temporal phase 

shifting, polarization phase shifting techniques etc. are popular multiple-frame 

methods. These methods can provide phase with high accuracy but cannot be used in 

dynamic situations and industrial measurement environment. Single-shot measurements 

where only a single frame or multiple frames in one go are recorded and analyzed for 

phase by an appropriate procedure have been reported. In recent years, numerous 

single-frame analysis methods such as Fast Fourier Transform (FFT)[25-27], Huang-

Hilbert transformation (HHT)[26, 28], Hilbert Transform (HT)[29-31], Pixelated-

polarization phase shifting (PPPS) [20, 32]etc. have been applied for single-



interferogram analysis. Single (visible) wavelength measurements are accurate, but 

using single-wavelength greatly limits the wide spread applications of interferometry.  

 

The major drawbacks associated with single wavelength fringe analysis are: (i) for 

surface profiling of discontinuous surfaces, the unambiguous step-height measurement 

range is limited to half-a-wavelength (λ/2), (ii) for deformation measurement, it suffers 

from overcrowding of the fringes under relatively large loading conditions. The high 

frequency of the fringes sets a limitation due to speckle de-correlation for quantitative 

analysis, (iii) it cannot reveal the shape of a rough surface, (iv) it cannot resolve the 

discontinuities between polished and unpolished surfaces. The approaches adopted to 

overcome the problems associated with single-wavelength are based on scanning white 

light interferometry[33-35], spectrally resolved white light interferometry[36-39] and 

multiple-wavelength interferometry[17, 40-46]. 

Scanning white light interferometry (WLI) is a state-of-the-art technique for measuring 

discontinuous surface profiles [33-35]. This makes use of the short coherence length of 

the white light source. High contrast fringe occurs only when the optical path difference 

(OPD) is close to zero. The 3-D plot of the axial positions of the zero OPD along the 

optical axis represents the surface profile of the object under test. Compared to single 

wavelength phase shifting interferometry, the scanning white light interferometry is 

rather slow, as the number of frames to be recorded and evaluated is large[33-35]. The 

spectrally resolved white  light interferometry (SRWLI) is a variation of  WLI in which 

the white light interferogram output of WLI is spectrally resolved into its constituent 

colour interferograms [36-39]. All the colour interferograms are analyzed for respective 

phases, which are then used to determine the profile. The phases at all the wavelengths 

can be evaluated by phase shifting technique. However this procedure gives only a line 

profile of the object, although the requirement on number of frames is similar to the 

single wavelength phase shifting interferometry. 

 

In multiple-wavelength techniques more than one visible (e.g. red (R), green (G), blue 

(B) ) laser wavelengths are used for measurements. Each wavelength will generate its 

own interference pattern which contains the desired information of the object. The 

acquisition of the multiple-wavelength interferograms can be done in two different 



ways: (i) Sequential illumination mode[17, 47] in which interferograms are recorded 

with different wavelength one after another sequentially. This is a time consuming 

process, and (ii) Simultaneous illumination mode [48-51] in which all the 

interferograms are recorded in one go by using a RGB CCD camera. This approach 

makes the fringe acquisition as simple as in single-wavelength case. Three different 

approaches have been used for 3-colour  recording:(a) Bayer filter 1-CCD sensor [52-

55], (b) 3-CCD sensor [24, 49, 52, 56], and (c) Foveon X3 sensor [46, 52, 57]. We will 

discuss these threestrategies for simultaneous recording of 3-colours in Section-4. 

 

The Bayer filter 1-CCD RGB camera has been demonstrated for surface profiling of 

large discontinuities[23, 51, 58, 59], and simultaneous measurement of shape and 

deformation[23, 48], non-destructive testing (NDT) of large defects[60], simultaneous 

acquisition of blood flow, blood volume, and oxygenation on human fingers using dual-

wavelength laser imaging [61]etc. Recently, white light illumination combined with 1-

CCD RGB camera was successfully demonstrated for surface profiling of micro-lens 

array and large-discontinuities[30], biological cells such as human Red-Blood-Cell 

(RBCs)[21, 50, 62], onion skin/cells[22], fish-eye cornea [55]etc. This approach was 

further simplified by using single-shot methods instead of multiple-frame methods for 

phase measurements[21, 23, 24].  

 

The 3-CCD RGB camera has been demonstrated for surface profiling of large 

discontinuities using RGB laser interferometry[49, 63, 64], analysis of aerodynamic 

flow using a three-colour differential interferometry [44], simultaneous measurement of 

in-plane and out-of-plane displacement derivatives using RG speckle 

interferometry[65], 3D displacement measurement by two-wavelength (RB) 

simultaneous DSPI and DSP (Digital speckle photography)[66]. The 3-CCD camera 

was also combined with white light scanning interferometry for surface profiling of 

microstructures[49, 63, 64]. The 3-CCD can provide high-resolution imaging, but they 

are expensive. The advances in 1-chip colour CCD technology, allowed using this as an 

alternative for 3-CCD camera.  

 



The Foveon X3 sensor based camera has been used in white-light interferometric 

applications [67], aerodynamic flow analysis using digital three-colour holographic 

interferometry [46, 52], surface profiling using snap-shot fringe projection profilometry 

[57]. The RGB interferometry that uses a RGB CCD camera to acquire multiple 

wavelength interferograms simultaneously is a simpler, faster, and dynamic tool for 

metrology and imaging applications. In this article, we will discuss the recent advances 

in RGB interferometric techniques and their applications for optical metrology and 

imaging with examples. 

 

2. Multiple-wavelength metrology :Theoretical background 

 

2.1 Surface profiling of discontinuous surfaces  

In interferometry, the desired information about the test object is encoded in the fringe 

pattern. Analysis of the fringe pattern (interferogram)  gives the parameters of interest 

of the test surface. The interference between the reference and object beams results in a 

visible fringe pattern which can be written as[1, 68] 

 

                                                                    (1) 

whereIo is the bias intensity, V is the fringe contrast,           is the phase at the 

wavelength  , z is the profile height or depth. The intensity distribution of interference 

patterns obtained at different wavelengths can be written as[1, 68] 

 

                                                                      (2) 

where             is the phase at   . When two different wavelengths (say Red and 

Green) simultaneously illuminate the test and reference surfaces, the resultant 

interference signal is modulated as shown in Fig.1a. Fig.1(b-e) shows typical inference 

patterns from red (R), red-green (RG), red- green-blue (RGB) wavelengths acquired 

with a 1- CCD RGB camera. The colour fringe patterns can be separated in to 

individual components using image processing tools as shown in Fig.1c. 

 

Once the individual components are extracted, the quantitative phase evaluation can be 

done using multiple frame methodsor single frame methods. Multiple frame methods 

such as phase shifting techniques can provide high resolution phase information than 



single frame methods such as Hilbert transform, Fourier transform etc. Implementing 

phase shifting technique requires 3 or more frames for phase calculation. The intensity 

distribution of phase shifted frames at multiple-wavelengths can be written as[1, 16-18, 

69-71] 

 

                                                                 (3) 

whereN is the number of the phase shifted frames, and    is the phase shift at   . If the 

phase shift is chosen as π/2 the phase can be evaluated using any of the phase shifting 

algorithms shown in Table-1. When multiple wavelength interferometry is carried out, 

the phase shift can be π/2 only at one wavelength. If a phase shifter (such as PZT) is 

calibrated for a known phase shift of    at wavelength     , and same motion of the 

PZT is used for other wavelengths (  ), then the phase error introduce at all other    

wavelengths can be expressed as[1, 16, 53, 70-72] 

                                                               (4) 

For example, if a PZT is calibrated at λ2 = 532 nm for phase shift α2 =90º. Then, the 

phase shift values become α1 = (λ2/λ1) π/2 = 75.7º for λ1 = 632.8 nm and α3= (λ2/λ3) 

π/2= 108.4º for λ3 = 441.6 nm. In such cases, the phase shift algorithm can be chosen 

based on the amount of phase shift error expected during phase shifting from the 

nominal value of π/2. Phase shift errors as large as 20
o
 can be adequately compensated 

using 8-step algorithm[18]. A detailed analysis of phase shift errors and their 

compensation using various phase shifting algorithms can be found in  reference [37]. 

 

The calculated phase   contains the information about the test surface. If the test 

surface is continuous or has discontinuities less than    , single wavelength  phase 

measurement is unambiguous. For example, using         , step-height less than 

316 nm can be measured unambiguously. If the test surface has large discontinuities (≥ 

    , phases measured at multiple wavelength are required to obtain ambiguity-free 

phase. Using the phases at multiple wavelengths, the unambiguous step-height 

measurement of single-wavelength interferometry can be extended in two ways: (a) 

Phase subtraction method [42, 58, 73], and (b) Fringe order method [41, 48, 60].  

 

 

 



2.1(a) Phase subtraction method (PSM) 

 

In phase subtraction method, the phase at one wavelength is subtracted from that of the 

other to generate phase at an effective (synthetic) wavelength                    as 

shown in Fig.2. If   and    are the phases at two different wavelengths,    and   , the 

phase at effective wavelength is governed by the relation [42, 58, 73, 74] 

 

      
  

   
                                                          (5) 

For example, using             (He-Ne laser),           (Nd:YAG 

laser),             (He-Cd laser), the effective wavelengths that can be generated 

and corresponding unambiguously step-height measurement ranges are listed in Table-

2. With these three wavelengths, we find that       ,and      . Hence these 

wavelengths are not included in the Table-2.The phase subtraction method could 

increase the measurement range of single-wavelength measurement, but the drawbacks 

associated with this method are [16, 73, 75]: (a) Its unambiguous range is again limited 

to     , (b) The signal-to-noise ratio (SNR) of the surface profile measured at    is 

reduced by     times compared to that measured at  .  

 

2.1(b) Fringe order method (FOM) 

 

To overcome the drawbacks with phase subtraction method (PSM) for step-height 

measurement, fringe order method has been used. To implement FOM, phases 

measured at three different wavelengths are required. The phase    is governed by the 

following equation [16, 30, 53, 74] 

   
  

  
                                                              (6) 

where         is the wavenumber. The variation of     with    is linear in Eq.(6). 

Using the wrapped phases at three wavelengths, it is possible to adjust the wrapped 

phase data at any pixel such that they lie on a best fit line by addition or subtraction of 

multiples of 2π. The slope of this line gives the absolute height at the pixel  as   

           . The value of za obtained is less precise but it is quite close to the 

actual value.  It can be used to remove the ambiguity in single wavelength phase by 

determining the fringe order at each pixel. The ambiguity-free phase with precision of 

phase shifting interferometry can be expressed as [30, 41, 76, 77] 



            
         

  
                                                (7) 

The function        sets the argument to its nearest integer. An improved value of z 

with resolution provided by the phase shifting technique can be obtained as   

         . Thus we have a long measurement range and high precision of the surface 

profile of an object under study. 

 

2.2 Simultaneous measurement of shape and deformation on rough surfaces   

 

If the test surface is rough, the interference between reference and test beams does not 

produce a visible fringe pattern. So, TV holography is used to study speckled surfaces. 

In TV holography, the intensity distributions of speckle patterns acquired before and 

after deformation are subtracted to generate speckle correlation fringes. 

The intensity distribution of speckle pattern before (  ) and after (  ) deformation can 

be written as   

                                                                                (8) 

                                                                          (9)  

where a, and b stand for after and before deformation,   the random speckle 

phase,           is the desired (deformation) phase,   is the out-of-plane 

deformation.  

 

The subtraction of Eq.(8) from Eq.(9), results in deformation fringes  [1, 8] 

                                           

          
                                                                      (10) 

Fig.3 shows the flow chart for generating the correlation fringes in multi-colour speckle 

interferometry. 

 

The intensity distribution of phase shifted frames before and after deformation at 

different wavelength can be written as[14, 17] 

   
              

                                                            (11) 

   
              

                                                            (12) 

 



The phases before   
 and after   

           deformation can be calculated using 

any one of the phase shifting algorithm given in Table-1. Using these phases, the 

possible multiple-wavelength measurements with sensitivities are shown in Table-3. 

 

3. Multi-colour microscopic interferometry  

 

In multi-colour interferometry, the light source is tunable or broad band and the 

detector is a  colour CCD camera. Several configurations have been reported with 

colour CCD cameras : 2λ-interferometry with a 1-CCD[47, 60], 3λ-interferometry with 

1-CCD [48]and 3-CCD[49], and  white light interferometry with 1-CCD [50, 53, 

78]and 3-CCD[49, 63]. A typical system based on white light illumination and a 1-

CCD colour camera is depicted in Fig.4[30, 53]. The interference device is a micro- 

Mirau interference system equipped with PZT for phase shifting. A convex lens (CL) is 

used to collimate the light. The collimated beam illuminates the micro-specimen via the 

beam splitter (BS) and the Mirau objective (MO). The micro-specimen is mounted on a 

3-axis stage for alignment. The microscopic imaging system consists in microscopic 

objectives with different magnifications. The interference pattern can be acquired using 

a colour camera. The camera is interfaced to PC with a frame grabber card. A PZT is 

attached to the Mirau objective for implementing temporal phase shifting technique. 

The PZT is driven by the PC with a Data acquisition card (DAQ) card. Real-time fringe 

visualization, storing phase shifting, and quantitative fringe analysis were carried out in 

LABVIEW and MATLAB software. 

 

4. Colour CCD configurations 

 

To acquire single wavelength interferogram, a monochrome CCD would be sufficient. 

But in multiple-wavelength interferometry, each wavelength generates its own 

interferogram. If R, G, B wavelengths  simultaneously illuminate the object and 

reference mirror, the interferograms can be acquired in single-shot. Three different 

approaches have been used for simultaneous recording of three-colours: (a) Bayer filter 

1-CCD sensor, (b) 3-CCD sensor, and (c) Foveon X3 sensor. Schematic diagrams of 

these sensors are shown in Fig.5. A comparative study of the three sensorshas been 

done in digital 3λ holographic interferometry [52]. In a 1-CCD colour camera, a mosaic 



color filter array (CFA) is used on a single image sensor. Different primary filters are 

distributed over the pixels of the sensor. Each filter has a specific transmission band. 

Commonly used CFA in digital cameras is Bayer RGB CFA as shown in Figure 5a. 

The Bayer filter pattern is 50% green, 25% red and 25% blue. The raw output from 

CCD is an incomplete RGB image which is then CFA interpolated to obtain a full 

RGBimage at resolution reduced by ~ 25%. In 3-CCD colour camera, a beam splitter is 

used to split and project the interferogram into the three image sensors. Each sensor has 

its own primary color filter. Thus interferograms at R, G, B can be collected at high 

resolution. The schematic of the prism-based 3-CCD is shown in Figure 5b.The 

advantages with 3-CCD camera are high spatial resolution and higher color precision. 

But these cameras are very expensive for industrial applications. In recent years, 1-

CCD camera has been used for interferometric applications. But, the spatial resolution 

of Bayer filter based 1-CCD colour camera is ~ 25% less compared to a monochrome 

sensor or 3-CCD sensor technology where all the photons are used for imaging. 

However, this can be overcome by using 1–CCD camera with more pixels which are 

easily available in the market. The schematic diagram of Foveon X3 sensor is shown in 

Fig.5c. It is stack of the layers of colour-specific pixels in the silicon and as a result it 

can capture light at every pixel unlike Bayer filter array. Thus the three-layers of pixels 

directly capture the entire colour in Foveon X3 camera.    

 

5. Applications of RGB interferometry  

 

5.1 Surface profiling of continuous surfaces : Micro-lens array 

 

Measurement of the shape, surface quality, and optical performance of micro-lenses, as 

well as, the uniformity of the parameters across the wafer is an important issue[5, 79]. 

A single-wavelength laser interferometry can be used for surface profiling of microlens 

array, but the long coherence length results in speckle noise, which could introduce 

error in the surface profile[19]. Hence white light is ideal for testing microlens 

array[80, 81]. 3-D surface profiling of a fused silica micro lens array was demonstrated 

using the white light system shown in Fig. 4. The micro lens array and the reference 

mirror were illuminated with a white light source and interferograms were collected 

using a 1-CCD RGB camera. The three wavelengths corresponding to the three 

interferograms were determined by the spectral bands of the colour CCD used. The 



CCD has three separate spectral bands, R, G, B centered at Red (620 nm), Green (540 

nm), and Blue (460 nm) wavelengths respectively. 

 

In this experiment, the PZT was calibrated at 540 nm for phase shift 90º. From Eq.(4), 

the maximum phase shift error involved is ~ 16
o
, which can be compensated by using 

8-step algorithm (Table-1). Eight phase shifted frames were acquired and decomposed 

each frame in to its individual components and the corresponding phases at R, G, B 

were calculated using 8-step algorithm. Any one of them can be used to reconstruct the 

surface profile of microlens array.  The white light colour interferogram obtained on a 

micro-lens array is shown in Fig.6a.Fig. 6(b-d) shows the individual interferograms 

decomposed from interferogram in Fig.6a. The wrapped phase map at 620 nm and 

unwrapped 3-D surface profile of the array are shown in Fig.6(e) and 6(f), 

respectively.The array has well-defined 220μm diameter hemi-spherical  micro lenses 

with pitch 220 μm.  

 

5.2 Surface profiling of discontinuous surfaces  

 

5.2.1 RGB interferometry with 3-chip colour CCD 

A 3-CCD camera based RGB (3λ) interferometry was demonstrated for large step-

height measurements[49, 64]. The measurement system consisted of a Linnik 

interference microscope with as 3-CCD camera and three lasers with R, G, B 

wavelengths 632.8 nm (He-Ne laser), 532 nm (Nd:YAG laser) , and 473 nm (Nd:YAG 

laser), respectively. An etched silica sample with large discontinuities was 

simultaneously illuminated with these three wavelengths. The colour interferograms 

were simultaneously captured using 3 R, G, B channels (Fig.5a) of the camera. The 

phases at R, G, Bwere calculated using an error compensating 5-step algorithm (Table-

1). The three wrapped phases at R, G, B were then used to reconstruct the ambiguity-

free phase using fringe order approach (Section.2.1b). Fig.7a shows the total 3-D 

profile of an etched silica sample with large steps. Same sample surface was measured 

with a scanning white light interferometry (SWLI). Figure 7b shows the difference 

between a RGB-measurement and a white-light measurement. The RMS of the 

differences is ~3.5 nm[49].    

 

5.2.2 RGB interferometry with white light illumination and 1-chip colour CCD 



Fig.8 shows the surface profiling of a silica sample with large discontinuities using the 

system shown in Fig.4[30, 53]. The  white light interferogram, the interferogram at 620 

nm, and corresponding phase map calculated using 8-step algorithm (Table-1) are 

shown in Fig.8 (a-c), respectively. The 3-D profile obtained using fringe order method 

(Section.2.1b) and phase subtraction method (Section.2.1a)  are shown in Fig.8 (d) and 

8(e), respectively. The step-height (z) values measured from fringe order method, and 

phase subtraction method are 645 nm, and 651 nm, respectively. The phase data at 620 

nm and 540 nm were subtracted to generate an effective wavelength phase at 4185 nm. 

So, step-height less than 2092 nm can be unambiguously measured using this synthetic 

phase. The phase subtraction methods could resolve the large discontinuity, but the 

vertical resolution is affected at effective wavelength as expected. The fringe order 

method could resolve the large discontinuity, and also retain the single-wavelength 

resolution. The RMS noise  (~ 9.5 nm) in the profile measured at effective wavelength 

is (Λ/λ) times the RMS noise (~1.4 nm) in the profile measured at a single wavelength 

as shown in Fig.8f.The maximum step-height that can be measured using this approach 

is determined by the spectral band widths of the R, G, B channels. The bandwidth of  

R, G, B channel of the 1-CCD JAI BB-500GE 2/300 GigE vision camera used for this 

experiment are ~80 nm, ~100 nm, ~90 nm, and hence the coherence lengths of these 

channels become ~3600 nm, ~ 2916 nm, 2351 nm  (         , [78, 82]respectively. 

So, the maximum step-height measurement is limited by the coherence length of the 

channel. To increase the measurement range the channel spectral width needs to 

reduced. 

 

Both RGB interferometry with 3-CCD and white light interferometry with 1-CCD 

allow simultaneous acquisition of multi-colour interferograms. In RGBinterferometry 

the object profile is not scanned like in white light scanning interferometry and hence 

the maximum depth is limited by the depth of focus of the imaging optics. The system 

with three R, G, B lasers and 3-CCD camera is expensive. On the other hand, in the 

white light phase shifting interferometer (WLPSI) with 1-CCD RGB camera, the 

spectral band width of R, G, B channels limits the maximum step height that can be 

measured. Thus WLPSI with 1-CCD RGB camera could be an inexpensive and simple 

alternative for 3-CCD RGB interferometer with lasers within a limited measurement 

range. To make this measurement further simpler, and a single-shot approach using 



Hilbert transformation single frame analysis was demonstrated for profiling of large 

discontinuities[22, 30]. 

5.2.3 Crosstalk compensation in multi-colour interferometry  

Using colour CCD allows simultaneous acquisition of multi-colour fringes. But in 

multi-colour fringe analysis, many issues must be resolved as discussed in reference 

[83].One of the factors affecting the phase retrieval accuracy is the colour crosstalk. 

When R, G, B wavelengths are used, the crosstalk is not negligible due to the spectral 

sensitivity of the colour CCD camera. To compensate for the crosstalk, a linear model 

is discussed in References [51, 83]. A typical crosstalk coefficient matrix obtained 

using linear model is given below [83]:  

 
                      
                      
                     

  

The coefficients were obtained by tuning only onewavelength (say blue) and capture 

the blue image. Using regression analysis, the regression coefficients between B and G,  

B and R were obtained as 0.28 and 0.01, respectively. From similar experiments, the 

coefficient matrix was obtained. Using these coefficients, the crosstalk compensation 

can be achieved so that the phase accuracy will not be affected. 

 

5.2.4 Temporal unwrapping for large step-height measurement  

The approaches discussed in Section-5.2.1 and 5.2.2, use spatial unwrapping for step-

height measurement. It involves searching for 2π discontinuities in the spatial domain. 

Only one phase map is required, but phase errors can propagate out from regions of 

high noise, affect rest of the image. If spatial unwrapping is used to quantify large 

discontinuities, single-wavelength analysis results in ambiguous measurements and 

hence requires multiple wavelength phases to extend the unambiguous measurement 

range of the system as discussed in Section-2.1.  

 

Single wavelength interferometry can also quantify large discontinuities by using 

temporal phase unwrapping method described in Reference [84]. Temporal unwrapping 

treats each pixel independently of the others, with unwrapping being carried out in the 

time domain. But many intermediate phase maps are required, the approach is 

inherently simple and robust, and phase errors are constrained to remain within regions 

of low signal-to-noise ratio. This approach cannot be used for dynamic measurements. 



Fig.9a shows wrapped phase maps of a test object consisting of three 4-mm-wide 

vertical grooves, on 6-mm centers, machined in a flat piece of plastic. The depths of the 

three grooves were approximately 1, 2, and 4 mm. It is impossible to unwrap this 

phasemap correctly by conventional spatial methods becausethe phase jumps at the 

groove edges fall outside the range (-π, π). The incremental phase maps were calculated 

using 4-step method. Fig.9b shows the result of unwrapping the phasemap of Fig. 9a 

through 22 intermediate images.The differences in height between the three 

grooveshave been successfully detected. This has been achieved by direct 

implementation of the temporal phase-unwrapping algorithm [85] without data 

smoothing, windowing, or manual intervention; thiswould not have been possible with 

any of the existing spatial phase-unwrapping algorithms. 

 

5.3 Biological imaging applications 

5.3.1Quantitative phase imaging of Red Blood Cells (RBCs) and Onion cells (OCs) 

 

Quantitative measurement of the refractive index of biological cells is important for 

extracting vital information, such as, concentration of hemoglobin, thickness, average 

mass of cell, etc[6, 7, 82, 86, 87]. The refractive index [n(λ)] of a biological cell is 

wavelength dependent, hence requires multiple wavelength techniques. Several 

microscopy techniques [86, 88]such as Spectroscopic phase microscopy[89], 

Diffraction phase microscopy, Dispersion microscopy [90] etc., have been used to 

measure the refractive index of human red blood cells (RBCs) at multiple wavelengths.  

 

Recently, quantitative measurement of phase and wavelength-dependent refractive 

index of RBCs was reported using a white light phase shifting interferometry and 1-

CCD colour camera[50]. The measurement system used is similar to the system shown 

in Fig.4. The RGB camera used for this experiment has three spectral bands centered at 

red (620 nm), green (560 nm), blue (450 nm). The RBCs in a saline water medium 

were placed on a cover glass. The refractive indices of saline water at red, green, blue 

wavelengths were measured to be 1.3342, 1.3347, and 1.3349, respectively. Phase 

shifted frames were stored and corresponding phase at R, G, B were calculated using 5-

step algorithm[72]. The unwrapped phases were used to measure the cell refractive 

indices at R, G, B using the relation [50, 55]: 

 



  
     

  

   
      

                                                  (13) 

 

where   
    , and   

   are refractive indices of cell and medium respectively,    is the 

unwrapped phase, t is the thickness of the cell. Fig.10 shows the quantitative analysis 

for red (620 nm) wavelength data. The refractive index of RBCs was found to be 

different for different wavelengths. The indices determined at R , G, and B were 1.380, 

1.392, and 1.401, respectively. These indices values are in agreement with the values 

reported by spectroscopic phase microscopy[89]. 

 

For the phase imaging of RBCs discussed above, phase shifting (multiple-frame) 

method was used. To make the measurements simpler and single-shot, a Hilbert 

transformation single-frame method was used for quantitative phase analysis of 

polystyrene spheres, biological (RBC) cells, onion skin etc[21, 22]. The quantitative 

phase map of onion skin obtained using single-shot Hilbert transformation method is 

shown in Fig.11. The experiment was conducted for the quantitative phase imaging of 

onion cell for three color wavelengths (R, G, B).The onion sample on a glass slide was 

placed on a translation stage. The white light interferogram of onion was recorded as 

shown in Fig. 11 (a) and was decomposed into its red, green and blue 

colourinterferogram. The fringe analysis was done by Hilbert transform method. The 

unwrapped phase maps are shown in Fig. 11(b) for three colours red, green and blue 

respectively. Fig.11(c) shows the refractive indices of the onion cell for three 

wavelengths red, green and blue and was measured to be 1.59, 1.55 and 1.51, 

respectively [22]. 

 

5.3.2 Surface profiling of Fish cornea 

 

Cornea is a smooth membrane that covers the front of the eye and plays an important 

role in focusing images on the retina. Any minor changes in the surface shape of the 

cornea will affect clarity of the image. The cornea is a major refractive surface of the 

eye which contributes ~ 70% to the total dioptic power[91]. Corneal topography 

information is helpful for finding the health of cornea, and for treatment or surgery. 

White light source which has short coherence length can provide high axial resolution 



for precise cross-sectional imaging of Cornea. White light was already used for 

biological tissue imaging applications[55, 92]. 

 

Using the same WLPSI with 1-CCD RGB camera system (Fig.4), topography and 

tomography of fish cornea were obtained[55]. The sample (fish) was mounted on a 3-

axis translation stage for precise alignment of fish-eye under the Mirau-objective. 

White light colourinterferograms at different depths were recorded by moving the 

sample (fish) axially. For each depth position, 5 phase shifted frames were acquired to 

calculate the wrapped phase map using error compensating 5-step algorithm (Table.1). 

From the unwrapped phase maps, the corneal topography and refractive index were 

obtained. And from the amplitude/intensity images the cross-sectional image of fish 

cornea was obtained. The results obtained on corneal topography of fish-eye are shown 

in Fig.12 [55]. Thus the white light interferometry with colour 1- CCD camera is a 

promising tool for biological imaging applications. 

 

5.4 Simultaneous measurement of deformation and shape on MEMS pressure sensor 

 

Shape analysis of the test object is essential for the complete deformation studies where 

a careful analysis of sensitivity vector orientation across the field-of-view is necessary 

for reliable quantitative measurements[12, 93-96]. 3-D shape evaluation has also found 

useful applications in non-destructive testing, quality control, reverse engineering, 

robot vision and tribology. In addition, the surface measurement can be applied to 

determine the dimensional accuracy of the manufactured micro-components. Shape 

measurements have been achieved by changing the refractive index of the surrounding 

medium or the illumination angle or the wavelength of the laser source[42, 93, 94]. In 

addition to shape measurement, use of multiple wavelengths also enables the 

characterization of deformation with reduced sensitivity. For large deformation, the 

single wavelength configuration suffers from overcrowding of fringes that sets it a limit 

due to speckle de-correlation for quantitative fringe analysis. Multiple-wavelength 

method yields speckle correlation fringes with reduced and variable measuring 

sensitivity to extend the range of measurements. The effective wavelength plays an 

important role determining the measuring sensitivity.  The difference between the two 

phases obtained at two different wavelengths provides the macroscopic deformation / 

shape information of the test object at effective wavelength. 



 

Simultaneous shape and deformation measurements were successfully preformed on a 

1500 μm
2
 MEMS pressure sensor with sensor diaphragm thickness ~25 μm[17, 48]. 

The sensor was loaded by applying pressure externally in a controlled manner. 

Multiple-wavelengths λ1 = 632.8 nm (He-Ne laser), λ2 = 532 nm (Nd:YAG laser), and 

λ3 = 441.6 nm (He-Cd laser) were used for measurements. In this experiment, the PZT 

was calibrated at λ2 = 532nm for phase shift α2 =90º. So, from Eq.(4) the maximum 

phase shift error involved at other wavelengths is ~ 18
o
. From the Table-1, it can be 

compensated by using 8-step method. Eight phase shifted frames were stored at each 

wavelength before and after loading the sensor. Using the calculated phases   
  

(i=1,2,3) and   
 (i=1,2,3), it is possible to generate shape and deformation of the sensor 

using the Table-3. Fig.13(a-c) show the deformation wrapped phase maps obtained 

under external pressure 250 kPa at individual wavelengths λ1, λ2, and λ3. The large 

deflection resulted in over crowing of fringes, and hence proper unwrapping was not 

feasible as shown in Fig. 13(d) which represents a line scan profiles along the central 

axis. The phase maps evaluated at effective wavelengths also contains the combined 

information pertaining to shape and deformation as discussed in Table-3.   

 

For evaluation of the deflection and the shape, the effective wavelength phase maps 

were generated by subtracting the single wavelength phase maps obtained at λ1 = 632.8 

nm, and λ2 = 532 nm respectively before and after loading. Shape of the sensor before 

deformation was obtained by subtracting the phase maps generated before deflection at 

λ1 and λ2 as shown in Fig. 13(e).  Similarly, the shape of the sensor after deformation 

was obtained by subtracting the phase maps generated after deflection at λ1 and λ2as 

shown in Fig.13(f). The wrapped phase map in Fig.13(g) contains the information 

about the deflection along with the shape of the sensor. The subtraction of the shape 

before from shape after deformation resulted in deformation phase at Λ12 =3340 nm as 

shown in Fig. 13(g). The evaluated unwrapped line scans along the central axis are 

given in Fig. 13(h). The line scan profile-A in Fig.13(h) represents the shape of the 

sensor before deflection. It indicates that the silicon membrane is projecting out about 

1.6μm with reference to the silicon wafer surface. The line scan profile-B represents the 

deflection along with the shape, while profile-C gives the deflection profile of the 

sensor[17].   



 

5.5 Surface profiling of combined (polished and unpolished) surfaces 

 

Many engineered structures such as micro systems (or MEMS), consists of both 

polished and unpolished surfaces on a single platform [12, 35, 79, 96, 97]. For quality 

testing of such samples, 1λ-interferometry cannot be used. The 2λ-interferometry was 

successfully used to study polished-unpolished surfaces [42, 47]. Interference between 

reference and object beams from polished surfaces results in visible fringes. But in case 

of unpolished surfaces the interference is between a scattered object beam and a smooth 

reference beam. No fringes were visible due to random speckle background. A sample 

shown in Fig.14(a) had a smooth region (S) along the boundary while central region is 

rough (R).  Fig. 14(b) and (c) represent the wrapped phase maps at λ1= 632.8 nm and 

λ2= 532nm respectively.  It can be seen from the interferograms that in the rough 

surface region, no fringes are observed, while interference fringes are visible in the 

smooth surface region. To reveal surface contour phase map fringes in the rough 

surface region, phases in Fig. 14(b) and (c) were subtracted. Fig. 14(d) shows the 

effective wavelength wrapped phase map measured at Λ12= 3340 nm,  where one can 

now observe the contour fringes in the rough surface region. The evaluated 3-D surface 

profile and the corresponding line profile along the central x-axis are shown in Fig. 

14(e) and (f) respectively [47].   

 

5.6 Two-wavelength Non-destructive testing (NDT) 

 

Non-destructive testing (NDT) of mechanical elements is an important requirement in 

many industrial applications. TV holography (TVH) and TV shearography are two 

independent optical techniques widely used by the industry as a prominent tool for 

NDT [11, 12, 15, 98-100]. TVH is sensitive to out-of-plane deformation whereas TVS 

is sensitive to the gradient of deformation. Microscopic TV shearography  and a dual 

function microscopic TV holo-shearography systems have been demonstrated for NDT 

of microsystems [15].  Any defect on the object surface will induce anomaly in the 

fringe pattern in and around the defect location. For quantitative measurement of the 

defect, generation of phase map using a phase evaluation approach is necessary. Single 

wavelength TVH with phase shifting facility is widely used for deformation 

measurements and NDT of engineering structures [8, 98, 101]. But, if the deformation 



in the defect location results in overcrowding of fringes, it is difficult to quantify such 

defects using the single wavelength data. Usually, the speckle de-correlation sets a limit 

for quantifying the large deformation [17]. This problem can be eliminated using a two-

wavelength phase subtraction method (Section.2.1a). Shape of the test object can also 

be obtained using this method. This approach desensitizes the measurement by 

synthetically increasing the wavelength. Thus it can convert the high frequency 

crowded fringes at single wavelength to low frequency less number of fringes at 

effective wavelength, which then can be quantified easily using a conventional phase 

unwrapping algorithm.  

 

Two-wavelength speckle fringe analysis for quantifying large defects was demonstrated 

[60, 102].  Experiments were conducted on a flat 4 X 3 mm
2
 specimen with a simulated 

defect in 1 mm
2
 area. The defect was a blind hole in 1mm

2
 area. The sample was 

loaded by applying pressure externally. The specimen surface as well as the reference 

mirror was simultaneously illuminated with the collimated red (λ1) and green (λ2) 

beams. The object and reference waves are recombined at the colour CCD plane. In this 

experiment, the PZT was calibrated for phase shift α2=90
0
at λ2=532 nm, so the phase 

shift error at λ1= 632.8 nm is 14.3
o
, so to compensate this error 8-step algorithm was 

used (Table-1). Eight frames before and eight frames after loading the sample were 

acquired. The real-time colour fringe pattern is shown in Fig.15 (a). The colour phase 

shifted frames then decomposed into its monochromatic components. The correlation 

fringes, and phase maps at single wavelength are shown in Figs. 15(b,c) and 15(d,e) 

respectively. These phase maps show overcrowded fringes in the defect location. The 

3-D deformation plots at λ1 and λ2 are shown in Figs. 15(f), and (g). Due to the high 

frequency of the wrapped phase in the defect location, quantification of the defect is  

not accurate. The wrapped phases at λ1 (Fig.15d) and λ2 (Fig.15e) were subtracted to 

generate an effective wavelength phase at Λ12 = 3340 nm (Fig.15f) which clearly shows 

the contour fringes in the defect location. The phase map at effective wavelength was 

then unwrapped. The 3-D view of the defect is in Fig.15(i) which clearly shows the 

enhanced defect. Thus the two-wavelength analysis allows quantification of large 

defects and also it can provide the shape of the test object at effective wavelength [60, 

102].  

 

 



 

5.7. Zero-order fringe analysis in digital 3λ holographic interferometry 

In interferometry zero-order fringe (ZOF) means zero optical path difference (OPD). In 

white light interferometry, ZOF is identifiable but can be used to only measure small 

path differences correctly. In laser interferometry, the ZOF cannot be identified but by 

counting the fringe number, large path differences can be measured. In RGB-laser 

interferometry, the ZOF generated by the R, G, B lasers is always recognizable and the 

colors always remain identifiable for small and large path differences [103]. 

 

The zero-fringe analysis was used to visualize the variations in refractive index induced 

by candle flame using digital 3λ(RGB) holographic interferometry [46].The optical set-

up used and the colour fringes obtained in the candle flame are presentedin Fig.16a and 

16b, respectively.The color holograms are generated and recorded with a Foveon X3 

sensor allowing a simultaneous recording with a high spatial resolution. From the 

colour fringes, the R,G,B components were separated and corresponding wrapped 

phases were calculated using FFT. At zero order fringe, all the three (R, G, B) wrapped 

phase values are identically null.From Fig.16b, it is clear that ZOF is shifted and 

located inside the candle flame. This indicates that the background has moved slightly 

between the reference and object recording. The colors in the flame are compared with 

simulation data as shown in Fig.16c. The MIDI software, developed by ONERA, 

calculates the color fringes versus the OPD. By comparing the reference color table 

with experimental colours, a variation of δ = 3.55µm in the OPD was measured 

between the center of the flame and theright side of the field of view. The 

developeddigital RGB holographicinterferometry will find applications in 

aerodynamics, visualizing gas in motion, characterization of complex flows etc. 

 

5.8. Sensors influence in digital RGB holographic interferometry  

In digital holographic interferometry, the resolution of the reconstructed image depends 

on the pixel size and pixel number of the sensor used for recording. When different 

wavelengths are simultaneously used for the interferometer, the shape and the 

overlapping of three filters of a color sensor strongly influence the three reconstructed 

images. To better understand these problem 3 different sensors, Bayer filter CCD, 

3CCD sensor, and Foveon sensor, have been tested. The influence of sensor can be 

directly visualized in 2D Fourier planes on R, G and B channels. 



The fringes generated by the superimposition of 3 reference waves and 3 object waves 

are simultaneously recorded with the 3 different sensors using the digital 3λ 

holographic interferometry (Fig.16a). The colour fringes were separated into its 

individual components. The B-channel data was processed using 2D FFT, the details of 

which can be found in the References [46, 104]. From Fig.17a, where Foveon sensor is 

used, it is clear that in both reference and measurement spectra the parasitic images of 

the G and R light can be seen. It is easy to filter  −1 and 0 orders but difficult to filter 

the parasitic images of the G and R components. Although this camera is not very 

expensive, it can only be used to record stationary events. From Fig.17b, where Bayer 

mosaic sensor is used, the parasitic signals are present in the 4 quarters of Fourier 

planes. The waste light and gaps in the color data, affect the imaging resolution. It is 

difficult to distinguish good data of the 1
st
 order from the parasitic signals. Fig.17c 

obtained with the 3CCD sensor, no parasitic lines coming from R and G are visible in 

the B-channel data. So the filtering of the spectrum will be very easy. The study shows 

that quantities results obtained with 3CCD sensor are better than those from the other 

two sensors. 

 

7. Conclusions 

 

In this article, we reviewed multi-colour interferometry and their applications for 

optical metrology and bio-imaging applications. Applications such as shape and 

deformation characterization of micro systems (MEMS), refractive index imaging of 

RBCs, and NDT of large defects were discussed. The multiple-wavelength RGB 

techniques have several advantages over single wavelength techniques: (i) shape of 

rough surface can be measured at the effective wavelength, (ii) simultaneous 

measurement of shape and deformation with variable sensitivities, (iii) relatively large 

deformation measurements possible, (iv) large step-height measurements possible, (iv) 

quantification of large defects for NDT applications, (v) spectroscopic imaging of 

biological cells, (vi) the use of colour CCD allows the image acquisition as simple as 

single wavelength case. Thus the multi-colour interferometry could be a promising tool 

that can provide simpler, cheaper, and faster quantitative measurements for optical 

inspection and imaging applications.  

 

 



Acknowledgement 

The authors would like to acknowledge the financial support from the Tier 2 grant 

funded by the Ministry of Education in Singapore (ARC2/15: M4020238). 

 

References  

[1] D. Malacara, Optical Shop Testing, John Wiley & Sons, Inc.2007. 

[2] W. Osten, Optical inspection of Microsystems, CRC Press, Boca Raton, FL, 2006. 

[3] M.A. Mentzer, Applied Optics Fundamentals and Device Applications: Nano, 

MOEMS, and Biotechnology, CRC Press, Boca Raton, FL, 2011. 

[4] U. Paul Kumar, N. Krishna Mohan, M.P. Kothiyal, Measurement of static and 

vibrating microsystems using microscopicTV holography, Optik - International Journal 

for Light and Electron Optics, 122 (2011) 49-54. 

[5] S. Kemme, Microoptics and nanooptics fabrication, CRC Press, Boca Raton, FL, 

2009. 

[6] N. Warnasooriya, M.K. Kim, Quantitative phase imaging using three-wavelength 

optical phase unwrapping, Journal of Modern Optics, 56 (2009) 67-74. 

[7] D.F. Buscher, Practical Optical Interferometry Imaging at Visible and Infrared 

Wavelengths, Cambridge University Press, Cambridge, United Kingdom, 2015. 

[8] P.K. Rastogi, Digital speckle pattern interferometry and related techniques, Wiley, 

New York, 2001. 

[9] T. Yoshizawa, Handbook of Optical Metrology: Principles and Applications, 

CRC2015. 

[10] I. Th.Nistea, D. N.Borza, High speed speckle interferometry for experimental 

analysis of dynamic phenomena, Optics and Lasers in Engineering, 51 (2013) 453–459. 

[11] A.F. Doval, A systematic approach to TV holography, Measurement Science and 

Technology 11 (2000) R1-R36. 

[12] A. Bosseboeuf, S. Petitgrand, Characterization of the static and dynamic behaviour 

of M(O)EMS by optical techniques: status and trends, Journal of Micromechanics and 

Microengineering 13 (2003) S23–S33. 

[13] O.J. Løkberg, B.E. Seeberg, K. Vestli, Microscopic video speckle interferometry, 

Optics and Lasers in Engineering, 26 (1997) 313–330. 

[14] U. Paul Kumar, B. Bhaduri, N. Krishna Mohan, M.P. Kothiyal, A.K. Asundi, 

Microscopic TV holography for MEMS deflection and 3-D surface profile 

characterization, Optics and Lasers in Engineering, 46 (2008) 687-694. 

[15] U.P. Kumar, M.P. Kothiyal, N.K. Mohan, Microscopic TV shearography for 

characterization of microsystems, Optics letters, 34 (2009) 1612-1614. 

[16] P.K. Upputuri, N.K. Mohan, M.P. Kothiyal, Measurement of discontinuous 

surfaces using multiple-wavelength interferometry, Optical Engineering, 48 (2009) 

073603. 

[17] U.P. Kumar, N.K. Mohan, M.P. Kothiyal, A.K. Asundi, Deformation and shape 

measurement using multiple wavelength microscopic TV holography, Optical 

Engineering, 48 (2009) 023601. 

[18] J. Schmit, K. Creath, Window function influence on phase error in phase-shifting 

algorithms, Applied Optics, 35 (1996) 5642-5649. 

[19] U.P. Kumar, N.K. Mohan, M.P. Kothiyal, Characterization of micro-lenses based 

on single interferogram analysis using Hilbert transformation, Optics Communications, 

284 (2011) 5084-5092. 



[20] G. Goldstein, K. Creath, Dynamic 4-dimensional microscope system with 

automated background leveling, Proceedings of SPIE--the International Society for 

Optical Engineering, 8493 (2012) 84930N. 

[21] V. Srivastava, T. Anna, D.S. Mehta, Full-field Hilbert phase microscopy using 

nearly common-path low coherence off-axis interferometry for quantitative imaging of 

biological cells, Journal of Optics, 14 (2012) 125707. 

[22] V. Srivastava, D.V. Nicolau, D.S. Mehta, Single shot white light interference 

microscopy with colour fringe analysis for quantitative phase imaging of biological 

cells, Proceedings of SPIE, 8587 (2013) 858706. 

[23] M. Dai, F. Yang, X. He, Single-shot color fringe projection for three-dimensional 

shape measurement of objects with discontinuities, Applied Optics, 51 (2012) 2062-

2069. 

[24] K. Kitagawa, Single-shot surface profiling by multiwavelength interferometry 

without carrier fringe introduction, Journal of Electronic Imaging, 21 (2012) 021107. 

[25] M. Takeda, H. Ina, S. Kobayashi, Fourier-transform method of fringe-pattern 

analysis for computer-based topography and interferometry, Journal of the Optical 

Society of America, 72 (1982) 156-160. 

[26] Q. Kemao, Windowed Fourier transform for fringe pattern analysis, Applied 

Optics, 43 (2004) 2695-2702. 

[27] S.K. Debnath, M.P. Kothiyal, S.-W. Kim, Evaluation of spectral phase in 

spectrally resolved white-light interferometry: Comparative study of single-frame 

techniques, Optics and Lasers in Engineering, 47 (2009) 1125-1130. 

[28] N.E. Huang, Z. Wu, A review on Hilbert-Huang transform: Method and its 

applications to geophysical studies, Reviews of Geophysics, 46 (2008) RG2006. 

[29] D.A. Zweig, R.E. Hufnagel, Hilbert transform algorithm for fringe-pattern 

analysis,  Advanced Optical Manufacturing and Testing, SPIE1990, pp. 295. 

[30] P.K. Upputuri, L. Gong, H. Wang, M. Pramanik, K. Mohan Nandigana, M.P. 

Kothiyal, Measurement of large discontinuities using single white light interferogram, 

Optics express, 22 (2014) 27373-27380. 

[31] U. Paul Kumar, U. Somasundaram, M.P. Kothiyal, N. Krishna Mohan, Single 

frame digital fringe projection profilometry for 3-D surface shape measurement, Optik - 

International Journal for Light and Electron Optics, 124 (2013) 166-169. 

[32] M.P. Kothiyal, C. Delisle, Shearing interferometer for phase shifting 

interferometry with polarization phase shifter Applied Optics, 24 (1985) 4439-4442. 

[33] V. Heikkinen, K. Hanhijärvi, J. Aaltonen, K. Grigoras, I. Kassamakov, S. 

Franssila, E. Haeggström, Nondestructive static and dynamic MEMS characterization 

using supercontinuum scanning white light interferometry, Proceedings of SPIE, 8250 

(2012) 825008. 

[34] B. Maniscalco, P.M. Kaminski, J.M. Walls, Thin film thickness measurements 

using Scanning White Light Interferometry, Thin Solid Films, 550 (2014) 10-16. 

[35] F. Fang, Z. Zeng, X. Zhang, L. Jiang, Measurement of micro-V-groove dihedral 

using white light interferometry, Optics Communications, 359 (2016) 297-303. 

[36] S.K. Debnath, M.P. Kothiyal, J. Schmit, P. Hariharan, Spectrally resolved white–

light phase–shifting interference microscopy for thickness–profile measurements of 

transparent thin film layers on patterned substrates, Optics express, 14 (2006 ) 4662-

4667. 

[37] S.K. Debnath, M.P. Kothiyal, Experimental study of the phase-shift miscalibration 

error in phase-shifting interferometry: use of a spectrally resolved white-light 

interferometer, Applied Optics, 46 (2007) 5103-5109. 



[38] P. de Groot, L. Deck, Surface Profiling by Analysis of White-light Interferograms 

in the Spatial Frequency Domain, Journal of Modern Optics, 42 (1995) 389-401. 

[39] P. Sandoz, G. Tribillon, H. Perrin, High-resolution profilometry by using phase 

calculation algorithms for spectroscopic analysis of white-light interferograms, Journal 

of Modern Optics, 43 (1996) 701-708. 

[40] P. Picart, M. Malek, J. Garcia-Sucerquia, R. Moalla, M. Edely, N. Delorme, J.F. 

Bardeau, Full-field and contact-less topography of nanometric thin films based on 

multiwavelength interferometry, Proceedings of SPIE, 9525 (2015) 952508. 

[41] U. Paul Kumar, N. Krishna Mohan, M.P. Kothiyal, Multiple wavelength 

interferometry for surface profiling, Proceedings of SPIE, 7063 (2008) 70630W. 

[42] C. Polhemus, Two-Wavelength Interferometry, Applied Optics, 12 (1973) 2071-

2074. 

[43] R. Kästle, E. Hack, U. Sennhauser, Multiwavelength shearography for quantitative 

measurements of two-dimensional strain distributions Applied Optics, 38 (1999) 96-

100. 

[44] J.-M. Desse, Three-color differential interferometry, Applied Optics, 36 (1997) 

7150-7156. 

[45] J.-M. Desse, Oil-Film Interferometry Skin-Friction Measurement Under White 

Light, AIAA Journal, 41 (2003) 2468-2477. 

[46] J.-M. Desse, P. Picart, P. Tankam, Digital three-color holographic interferometry 

for flow analysis, Optics express, 16 (2008) 5471-5480. 

[47] U.P. Kumar, B. Bhaduri, M.P. Kothiyal, N.K. Mohan, Two-wavelength micro-

interferometry for 3-D surface profiling, Optics and Lasers in Engineering, 47 (2009) 

223-229. 

[48] U.P. Kumar, N.K. Mohan, M.P. Kothiyal, Red-Green-Blue wavelength 

interferometry and TV holography for surface metrology, Journal of Optics, 40 (2011) 

176-183. 

[49] A. Pförtner, J. Schwider, Red-green-blue interferometer for the metrology of 

discontinuous structures, Applied Optics, 42 (2003) 667-673. 

[50] D. Singh Mehta, V. Srivastava, Quantitative phase imaging of human red blood 

cells using phase-shifting white light interference microscopy with colour fringe 

analysis, Applied Physics Letters, 101 (2012) 203701. 

[51] K. Kitagawa, Fast Surface Profiling by Multi-Wavelength Single-Shot 

Interferometry, International Journal of Optomechatronics, 4 (2010) 136-156. 

[52] J.M. Desse, P. Picart, P. Tankam, Sensor influence in digital 3λ holographic 

interferometry, Measurement Science and Technology, 22 (2011) 064005. 

[53] U.P. Kumar, W. Haifeng, N.K. Mohan, M.P. Kothiyal, White light interferometry 

for surface profiling with a colour CCD, Optics and Lasers in Engineering, 50 (2012) 

1084-1088. 

[54] V. Srivastava, S. Nandy, D. Singh Mehta, High-resolution full-field spatial 

coherence gated optical tomography using monochromatic light source, Applied 

Physics Letters, 103 (2013) 103702. 

[55] V. Srivastava, S. Nandy, D. Singh Mehta, High-resolution corneal topography and 

tomography of fish eye using wide-field white light interference microscopy, Applied 

Physics Letters, 102 (2013) 153701. 

[56] H. Lee, S.H. Park, S.H. Noh, J. Lim, M.S. Kim, Development of a Portable 3CCD 

Camera System for Multispectral Imaging of Biological Samples, Sensors, 14 ( 2014) 

20262-20273. 

[57] S. Equis, R. Schnabel, P. Jacquot, Snap-shot profilometry with the empirical mode 

decomposition and a 3-layer color sensor, Optics express, 19 (2011) 1284-1290. 



[58] K. Kitagawa, M. Sugiyama, T. Matsuzaka, H. Ogawa, K. Suzuki, Two-

Wavelength Single-Shot Interferometry,  SICE Annual Conference, IEEE, Takamatsu, 

2007. 

[59] Z. Buchta, B. Mikel, J. Lazar, O. Číp, White-light fringe detection based on a 

novel light source and colour CCD camera, Measurement Science and Technology, 22 

(2011) 094031. 

[60] P.K. Upputuri, S. Umapathy, M. Pramanik, M.P. Kothiyal, K.M. Nandigana, Use 

of two wavelengths in microscopic TV holography for non destructive testing, Optical 

Engineering, 53 (2014) 110501. 

[61] J. Wang, Y. Wang, B. Li, D. Feng, J. Lu, Q. Luo, P. Li, Dual-wavelength laser 

speckle imaging to simultaneously access blood flow, blood volume, and oxygenation 

using a color CCD camera, Optics letters, 38 (2013) 3690-3692. 

[62] Z. Buchta, B. Mikel, J. Lazar, O. Číp, Surface diagnostics using low-coherence 

interferometry and colour single CCD camera, Proceedings of SPIE, 7746 (2010) 

77461D-77461-77461D-77466. 

[63] S. Ma, C. Quan, R. Zhu, C.J. Tay, L. Chen, Surface profile measurement in white-

light scanning interferometry using a three-chip color CCD, Applied Optics, 50 (2011) 

2246-2254. 

[64] A. Pförtner, J. Schwider, 3λ-Metrology, Proceedings of SPIE, 4777 (2002) 194-

201. 

[65] G. Rajshekhar, S.S. Gorthi, P. Rastogi, Simultaneous measurement of in-plane and 

out-of-plane displacement derivatives using dual-wavelength digital holographic 

interferometry, Applied Optics, 50 (2011) H16. 

[66] B. Bhaduri, C.J. Tay, C. Quan, H. Niu, M. Sjödahl, Two wavelength simultaneous 

DSPI and DSP for 3D displacement field measurements, Optics Communications, 284 

(2011) 2437-2440. 

[67] P.M. Hubela, M. Bautschb, Resolution for Color Photography, Proceedings of 

SPIE, 6069 (2006) 60690M. 

[68] R.S. Sirohi, M.P. Kothiyal, Optical components, techniques, and systems in 

Engineering, CRC press Boca Raton, FL, 1990. 

[69] K. Creath, Phase-shifting speckle interferometry, Applied Optics, 24 (1985) 3053-

3058. 

[70] Y.-Y. Cheng, J.C. Wyant, Phase shifter calibration in phase-shifting 

interferometry, Applied Optics, 24 (1985) 3049-1985. 

[71] J. Schmit, K. Creath, Extended averaging technique for derivation of error-

compensating algorithms in phase-shifting interferometry, Applied Optics, 34 (1995) 

3610-3619. 

[72] P. Hariharan, B.F. Oreb, T. Eiju, Digital phase-shifting interferometry: a simple 

error-compensating phase calculation algorithm, Applied Optics, 26 (1987) 2504-2505. 

[73] P. Hariharan, Two-wavelength interferometric profilometry with a phase-step 

error-compensating algorithm, Optical Engineering, 45 (2006) 115602. 

[74] Y.-Y. Cheng, J.C. Wyant, Multiple-wavelength phase-shifting interferometry, 

Applied Optics, 24 (1985) 804-807. 

[75] K. Creath, Step height measurement using two-wavelength phase-shifting 

interferometry, Applied Optics, 26 (1987) 2810-2816. 

[76] K. Houairi, F. Cassaing, Two-wavelength interferometry: extended range and 

accurate optical path difference analytical estimator, Journal of the Optical Society of 

America A, 26 (2009) 2503-2511. 



[77] K. Meiners-Hagen, R. Schödel, F. Pollinger, A. Abou-Zeid, Multi-Wavelength 

Interferometry for Length Measurements Using Diode Lasers Measurement science 

review 9(2009) 16-26. 

[78] Z. Lei, X. Liu, L. Chen, W. Lu, S. Chang, A novel surface recovery algorithm in 

white light interferometry, Measurement, 80 (2016) 1-11. 

[79] K. Schneefuß, T. Pfeifer, A new measurement systemfor microscopic formtesting 

of microstructures by means of multiple wavelength interferometry, Proceedings of 

SPIE, 4400 (2001) 144-151. 

[80] J.C. Wyant, White light interferometry Proceedings of SPIE, 4737 (2002) 98-107. 

[81] C. O’Mahony, MartinHill, M. Brunet, R. Duane, A. Mathewson, Characterization 

of micromechanical structures using white-light interferometry, Measurement Science 

and Technology, 14 (2003) 1807–1814. 

[82] N. Warnasooriya, M.K. Kim, LED-based multi-wavelength phase imaging 

interference microscopy, Optics express, 15 (2007) 9239-9247. 

[83] K. Kitagawa, Multi-Wavelength Single-Shot Interferometry,  ISOT2009, IEEE, 

Istanbul, 2009, pp. 34-39. 

[84] J.M. Huntley, H. Saldner, Temporal phase-unwrapping algorithm for automated 

interferogram analysis, Applied Optics, 32 (1993) 3047-3052. 

[85] H.O. Saldner, J.M. Huntley, Temporal phase unwrapping : application to surface 

profiling of discontinuous objects, Applied Optics, 36 (1997) 2770-2775. 

[86] B. Bhaduri, C. Edwards, H. Pham, R. Zhou, T.H. Nguyen, L.L. Goddard, G. 

Popescu, Diffraction phase microscopy: principles and applications in materials and life 

sciences, Advances in Optics and Photonics, 6 (2014) 57. 

[87] N. Warnasooriya, Quantitative phase imaging microscopy with multi-wavelength 

optical phase unwrapping,  Department of Physics, University of South Florida2008. 

[88] N.T. Shaked, Z. Zalevsky, L. Satterwhite, Biomedical Optical Phase Microscopy 

and Nanoscopy, Academic Press2012. 

[89] Y. Park, T. Yamauchi, W. Choi, R. Dasari, M.S. Feld, Spectroscopic phase 

microscopy for quantifying hemoglobin concentrations in intact red blood cells, Optics 

letters, 34 (2009) 3668-3670. 

[90] D. Fu, W. Choi, Y. Sung, Z. Yaqoob, R.R. Dasari, M. Feld, Quantitative 

dispersion microscopy, Biomedical optics express, 1 ( 2010). 

[91] D. Pavan-Langston, Manual of Ocular Diagnosis and Therapy, LWW2007. 

[92] A. Dubois, K. Grieve, G. Moneron, R. Lecaque, L. Vabre, C. Boccara, Ultrahigh-

resolution full-field optical coherence tomography, Applied Optics, 43 (2004) 2874-

2883. 

[93] Y. Salvade, R. Daendliker, Shape measurement by multiple-wavelength 

interferometry Proceedings of SPIE, 3824 (1999) 72-78. 

[94] C. Quan, C.J. Tay, S.H. Wang, H.M. Shang, K.C. Chan, Study on deformation of a 

microphone membrane using multiple-wavelength interferometry, Optics 

Communications, 197 (2001) 279-287. 

[95] S. Dilhaire, S.p. Grauby, S.b. Jorez, L.D.P. Lopez, J.-M. Rampnoux, W. Claeys, 

Surface displacement imaging by interferometry with a light emitting diode, Applied 

Optics, 41 (2002) 4996-5001. 

[96] D. Grigg, E. Felkel, J. Roth, X. Colonna de Lega, L. Deck, P.J. de Groot, Static 

and dynamic characterization of MEMS and MOEMS devices using optical 

interference microscopy, Proceedings of SPIE, 5455 (2004) 429-435. 

[97] L. Yang, C. Paul, Digital laser microinterferometer and its applications, Optical 

Engineering, 42 (2003) 1417–1426. 



[98] W. Steinchen, L. Yang, Digital Shearography: Theory and Application of Digital 

Speckle Pattern Shearing Interferometry, SPE Press ,Washington DC, PM100 (2003). 

[99] Y.Y. Hung, H.P. Ho, Shearography: An optical measurement technique and 

applications, Materials Science and Engineering: R: Reports, 49 (2005) 61-87. 

[100] L.X. Yang, W. Steinchen, M. Schuth, G. Kupfer, Precision measurement and 

nondestructive testing by means of digital phase shifting speckle pattern and speckle 

pattern shearing interferometry, Measurement, 16 (1995) 149-160. 

[101] D. Francis, R.P. Tatam, R.M. Groves, Shearography technology and applications: 

a review, Measurement science and technology, 21 (2010) 102001. 

[102] P.K. Upputuri, M. Pramanik, M.P. Kothiyal, K.M. Nandigana, Two-wavelength 

microscopic speckle interferometry using colour CCD camera, Proceedings of SPIE, 

9302 (2015) 93023K. 

[103] R.D. J.M. Desse, Shadow, Schlieren and Color Interferometry, Journal 

AerospaceLab, AL01-09 (2009) 1-10. 

[104] P. Tankam, P. Picart, J.M. Desse, D. Mounier, J.-c. Li, Method of digital 

holographic recording and reconstruction using a stacked color image sensor, Applied 

Optics, 49 (2010) 320-328. 

[105] P.K. Upputuri, M. Pramanik, K.M. Nandigana, M.P. Kothiyal, White light 

interferometer with color CCD for 3D-surface profiling of microsystems, Proceedings 

of SPIE, 9302 (2015) 93023R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Figure Captions 

 

Fig.1.(a) Modulated interference signal generated in 2λ-interferometry, Typical colour 

fringes acquired with a 1-CCD RGB camera : (b) Single wavelength (R) interference 

pattern, (c) RG wavelength interference pattern. The corresponding decomposed R and 

G components are also shown, (d) RGB- interference pattern, and (e) white light 

interference pattern. 

 

Fig.2. Generating the effective wavelength phase map by subtracting the single-

wavelength phase maps.  

 

Fig.3.Generating speckle correlation fringes in multiple-wavelength speckle 

interferometry: (a) speckle patterns acquired using 1-CCD RGB camera, (b) 

decomposed speckle patterns, and (c) subtraction correlation fringes at individual 

wavelengths. 

 

Fig.4. Schematic of a white light interferometer with a colour CCD and a provision for  

PZT phase shifting :  CL- Collimating lens, IML-Imaging lens, CBS- Cubic beam 

splitter, MO- Microscopic objective, RM- Reference mirror, PBS- Partial reflecting 

beam splitter, PZT-Piezoelectric transducer; DAQ-Data acquisition card. Figure 

reproduced from[53]with permission. 

 

Figure 5. Demonstration of simultaneous recording of  R, G, B coloursusing different 

sensors : (a) Bayer Mosaic filter 1-CCD colour sensor, (b)Prism-based 3-CCD colour 

sensor, and (c) Foveon X3 sensor.  

 

Fig.6. 3-D Surface profiling of the fused silica microlens-array: (a) white light 

colourinterferogram, interferogram at (b) 620 nm, (c) 540 nm, (d) 460 nm, and (e) 

wrapped phase map at 620 nm, (f) 3-D surface profile of the array.Figure reproduced 

from[105]with permission. 

 



Figure 7. (a) 3-D surface profile of an etched fused silica sample measured with the 

RGB-interferometer, (b) Difference between a RGB-measurement and a SWLI-

measurement. The RMS value is ~3.5 nm.Figure reproduced from[64]with permission. 

 

Fig.8.   3-D Surface profile analysis of an etched silicon sample with large 

discontinuity: (a)  white light interferogram, (b) the extracted interferogram at 620 nm, 

(c) wrapped phase at 620 nm, (d) 2π ambiguity corrected 3-D surface profile using 

fringe order method, (e) 3-D surface profile measured using phase subtraction method 

at effective wavelength 4185 nm, and (f) The surface profiles obtained using fringe 

order method (Profile-A) and phase subtraction method (Profile B). The RMS noise 

values are indicated on the profiles. A shift is given to the profiles for clarity.  

 

Fig.9. Temporal unwrapping for large step-height measurement: (a) wrapped phase 

map, (b) unwrapped 3D profile. Figure reproduced from[85] with permission.  

 

Fig.10. Quantitative phase imaging of red blood cells (RBCs) :  (a) white light 

interferogram acquired using 1-CCD RGB camera, (b) decomposed interferogram at 

620 nm and (c) unwrapped phase map at 620 nm, (d) 3-D refractive index profile and 

(e) line profile of a single RBC (identified in Fig.9c) for 620 nm.Figure reproduced 

from[50]with permission. 

 

 

Fig. 11. (a) White light interferogram of onion skin, (b) unwrapped phase map of onion 

for three colors red, green and blue, respectively, and (c) Refractive index of onion for 

three color wavelengths red, green and blue, respectively.Figure reproduced from[22] 

with permission. 

 

Fig.12.(a) Schematic of Mirau interferometer and fish-eye, (b)white light 

colourinterferograms at 10 μm, 20 μm and 38μm, respectively, along axial direction, 

and (c) 3D unwrapped phase map at 38 μm. Figure reproduced from [55]with 

permission. 

 

Fig.13. Multiple-wavelength deflection fringe analysis on a MEMS pressure sensor 

under large pressure load, P=250 kPa: Wrapped phase at (a) λ1 = 632.8 nm, (b) λ2 = 532 



nm, (c) λ3 = 441.6 nm, (d) deflection line scan profiles at individual wavelengths, 

Effective wavelength (Λ12=3340 nm) analysis : (e) shape before loading, (f) shape after 

loading, (g) deflection phase obtained by subtracting the phase maps in Fig.(e) and (f), 

and (h) lines scan profiles (A- shape before loading, B-shape after loading, C-deflection 

profile). Figure reproduced from[17]with permission. 

 

Fig.14. 3-D surface profiling of a polished-unpolished sample using 2λ-interferometry: 

(a) photograph of the sample, phase map at (b) 632.8 nm, (c) 532 nm,(d) 3340 nm, (e) 

3-D surface shape, and (f) corresponding central line-scan profile showing the 

quantified depth of the rough region with respect to smooth boundary. Figure 

reproduced from[47]with permission. 

 

Fig.15. Two-wavelength NDT of large-defects: (a) real-time color fringes, fringes at (b) 

λ1 = 632.8 nm, (c) λ2 = 532 nm, phase maps at (d) λ1, (e) λ2, (f) Λ12, 3D-view of the 

defect at (g)  λ1,(h)  λ2, (i)  Λ12. The large defect is clearly visible in effective 

wavelength phase.  Figure reproduced from[60]with permission. 

 

Fig.16. (a) Digital three-color holographic interferometer : DM-Dichroic mirror, AOC-

Acousto-optical cell, CBS- Cubic beam splitter, AL-Achromatic lens, FM-Flat mirror, 

(b) Experimental color fringes in a candle flame, (c) Numerical colour fringes.  Figure 

reproduced from[46] with permission. 

 

Fig.17. 2D Fourier spectra for different sensors : (a) Foveon sensor, (b) Bayer mosaic 

sensor, (c) 3CCD sensor. Figure reproduced from [52] with permission. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Table 1. Various phase shifting algorithms (PSA) and their percentage tolerance for 

phase shift error from the nominal value of π/2[18, 37, 69, 71, 72] 

 

PSA Equation for Phase calculation Tolerance (%) 

3-step 
         

         
     

  
0 

4A-step 
          

     
      

  
0 

4B-step 
          

            
            

  
±3 

5-step 
         

        

          
  

±3 

6-step 
         

                   
              

  
±10 

7-step 
         

           
              

  
±10 

8-step 
         

                                  
                                 

  
±20 

 

 

Table 2. Effective wavelengths and their unambiguous step-height measurement range. 

 



 

 

 

 

 

 

 

Table 3.Multiple-wavelength analysis of deformation and shape measurements at 

variable sensitivities. Table reproduced from[17]with permission. 
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Fig.6. 
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Fig.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.10. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11. 
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Fig.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 
Fig.14 
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Fig.16 
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