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ABSTRACT  

 

Digital speckle pattern interferometry (DSPI) has been widely used for surface metrology of optically rough surfaces. 

Single visible wavelength can provide high measurement accuracy, but it limits the deformation measurement range of 

the interferometer. Also, it is difficult to reveal the shape of a rough surface with one wavelength in normal illumination 

and observation geometry. Using more than one visible wavelength in DSPI, one can measure large deformations as well 

as shape using synthetic wavelength approach. In this work, we will discuss multi-wavelength speckle pattern 

interferometry using a Bayer RGB sensor. The colour sensor allows simultaneous acquisition of speckle patterns at 

different wavelengths. The colour images acquired using RGB sensor is split in to its individual components and 

corresponding interference phase map is recovered using error compensating phase shifting algorithm. The wrapped 

phase is unwrapped to quantify the deformation or shape information of the sample under inspection. Theoretical 

background of RGB interferometry for deformation and shape measurements, and experimental results will be presented.    

Keyword: RGB interferometry, speckles, deformation, shape, phase shifting, colour CCD  

1. INTRUDUCTION 

 

Digital speckle pattern interferometry (DPSI) or TV holography (TVH) based on single wavelength configuration offers 

excellent resolution and high sensitivity for optical metrology applications [1-6]. DSPI system can study specimens 

under static, dynamic, or quasi-static loading [7, 8]. DSPI with phase shifting technique is well established for 

measurement of deformation and surface shape on both smooth and rough samples. Such systems are important in 

quality testing (functionality, reliability and integrity of the components) of Microsystems such as Micro-Electro-

Mechanical Systems (MEMS) [9-13]. In 1λ-phase shifting interferometry (1λ-PSI), a serious limitation to their use is that 

the surface height/depth of less than half a wavelength only can be measured unambiguously[14]. The interferometric 

methods used to overcome such problems are: 2λ-phase shifting interferometry (2λ-PSI) [15-17], scanning white light 

interferometry (SWI)[18-20], spectrally resolved white light interferometry (SR-WLI) [21, 22], white light phase shifting 

interferometry[23-25], and 3λ-phase shifting interferometry (3λ-PSI) [26-28]. Single wavelength DSPI configuration 

suffers from overcrowding of fringes for large deflection that sets a limitation due to speckle de-correlation for 

quantitative phase analysis. And also, shape cannot be determined under normal illumination and observation condition 

(i.e. out-of-plane configuration), when single wavelength is used.  

 

Multiple lasers have been used to overcome these drawbacks. Using two or three wavelengths in conventional DSPI, 

it is possible to reconstruct the shape of a rough surface even in out-of-plane configuration. Along with shape, 

deformation can also be measured at variable sensitivities using multiple wavelength techniques. Multiple wavelength 

techniques can be implemented in sequential illumination mode if monochrome camera [29], or in simultaneous 

illumination mode if colour camera is used [30]. In sequential illumination mode, images are acquired one by one, and 

hence it is a time consuming procedure and not suitable for dynamic measurements. Whereas in simultaneous 

illumination mode, images are acquired in one go. Conventional single-chip monochromatic CCD cameras can be used 

for sequential illumination method. For simultaneous recording of speckle or interference pattern a three-chip, Foveon 

X3 sensor or a single-chip colour CCD cameras is required [31]. If 3-CCD camera is used, there is no loss of spatial 

resolution, however, they are relatively expensive and needs skilled people for alignment. Due to these reasons, single 

chip colour camera is used for multiple laser interferometry, white light interferometry [32-34], etc. In this paper we 

demonstrate a red-green-blue (RGB) wavelength DSPI or TV holography for deflection measurements on rough surfaces 

using a single-chip colour CCD. The speckle patterns are stored simultaneously using a high resolution single-chip 
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colour CCD camera. Thus the data acquisition procedure is as simple as single wavelength case. The colour RGB images 

are decomposed into its monochromatic components using software tools. An error compensating and higher order phase 

shifting algorithm [35] which is suitable for RGB wavelength analysis is used for phase evaluation at individual 

wavelengths. Theoretical background for deflection measurement and experimental results on deflection measured at 

effective wavelength using phase subtraction method are presented.   

 

2. DEFORMATION MEASUREMENT USING PHASE SUBTRACTION  

METHOD - THEORETICAL BACKGROUND 

 

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 (𝐼𝑏) and after (𝐼𝑎) deformation can be written as   

 𝐼𝑏 = 𝐼𝑜(1 + 𝑉𝑐𝑜𝑠[𝜙𝑏])                                                                   (1) 𝐼𝑎 = 𝐼𝑜(1 + 𝑉 cos[𝜙𝑏 + 𝛥𝜙])                                                              (2)  

 

where a, and b stand for after and before deformation,  𝜙𝑏 the random speckle phase,  𝛥ϕ(= 4𝜋𝑤 𝜆)⁄  is the desired 

(deformation) phase, 𝑤 is the out-of-plane deformation. The subtraction of Eq.(1) from Eq.(2), results in deformation 

fringes  [36] 

 |𝐼𝑎 − 𝐼𝑏| = |𝐼𝑜(1 + 𝑉 cos[𝜙𝑏 + 𝛥𝜙]) − 𝐼𝑜(1 + 𝑉𝑐𝑜𝑠[𝜙𝑏])| = 𝐼𝑜𝑉(𝑐𝑜𝑠[𝜙𝑏 + Δ𝜙] − cos[𝜙𝑏])                                                        (3) 

 

The intensity distribution of phase shifted frames before and after deformation at different wavelength can be written as 

[37] 𝐼𝑖𝑁𝑏 = 𝐼𝑜(1 + 𝑉𝑐𝑜𝑠[𝜙𝑖𝑏 + (𝑁 − 1)𝛼𝑖])                                                     (4) 𝐼𝑖𝑁𝑎 = 𝐼𝑜(1 + 𝑉 cos[𝜙𝑖𝑎 + (𝑁 − 1)𝛼𝑖])                                                     (5) 

 

The phases before 𝜙𝑖𝑏and after 𝜙𝑖𝑎(= 𝜙𝑏 + 𝛥𝜙𝑖) deformation can be calculated using any one of the phase shifting 

algorithm. Using these phases, deformation and shape of the surface can be measured at different sensitivities. Once 

phases 𝜙𝑖  at different wavelengths are calculated using phase shifting algorithm (8-step algorithm), they can be 

subtracted to generate synthetic wavelength phases. 

 

If  𝛥𝜙1and 𝛥𝜙2  are the deformation phases at two different wavelengths, 𝜆1 , and  𝜆2  then the deformation phase at 

synthetic wavelength can be generated by using the following equation [38, 39]  

 𝛥𝜙1 − 𝛥𝜙2 = 4𝜋Λ 𝑤                                                                      (6)  

 

where Λ = 𝜆1𝜆2 |𝜆1 − 𝜆2|⁄ . The phase at synthetic wavelength reveals the deformation information at every point on the 

object surface. This approach enhances the measurement range by reducing the sensitivity of the system. The advantage 

is it can provide surface profile and shape simultaneously.   

 

3. DESCRIPTION OF SPECKLE PATTERN INTERFEROMETRY SYSTEM  

WITH MULTIPLE WAVELENGTH ILLUMINATION 

 

A multiple wavelength microscopic interferometry system is used for the deformation or deflection measurements on 

rough micro-specimens. The system is equipped with two lasers [a red laser, 632.8 nm and a green laser, 532 nm], a 

high-resolution colour CCD camera, and a microscope. If 632.8 nm and 532 nm are used for measurements, then the 

synthetic wavelength that can be generated is 3339.8 nm. The test sample was mounted under the microscope. The laser 



 

 

beams are expanded using a spatial filtering and collimated using a convex lens. Variable neutral density filters are used 

to control the intensity of individual laser beams. The collimated laser beams illuminate the microspecimen under study 

and a reference mirror via a beam splitter simultaneously. The microscopic imaging system consists of a microscope 

with an extended zoom range and a RGB colour camera. It is a color progressive scan camera with 5 million pixels 

resolution. These are single-chip colour sensors which contain the primary colours red, green, and blue and are used in 

most single-chip digital image sensors used in digital cameras to create a color image. It has 2456(H) X 2058(V) active 

pixels with a 3.45 μm square pixel. A PZT driven reference mirror is used for introducing the phase shifts between the 

object and reference beams. The scattered beam from the rough micro-specimen and the smooth beam from the reference 

mirror for each wavelength are recombined coherently onto the CCD plane. The interfeograms corresponding to each 

wavelength are recorded simultaneously using the colour CCD. The PZT is calibrated for known phase shift 90º for 532 

nm wavelength. This will introduce a phase shift error at 632. 8 nm. To compensate for this error, a higher order phase 

shifting algorithm is used. Speckle patterns before and after loading the sample are subtracted to visualise the speckle 

intensity correlation fringes related to the deflection using software programs suitable for colour CCD camera. Also, 

phase shifted frames are stored in PC and analysed in for quantitative deflection information. Figure 1 shows the 

procedure to calculate effective wavelength deformation phase. 

 

 

Fig. 1. Flow chart for the calculation of deformation phase at effective wavelength using simultaneously acquired phase shifted frames 

before and after loading the test sample. The colour images are decomposed in to in its individual components; here it is red and green.  

 

4. MEASUREMENT OF MICRO-DEFORMATION ON ROUGH SURFACE  

Initially, we have carried out experiments on a flat 1.5 X 2.0 mm2 rough specimen. The test sample was mounted under 

the multiple-wavelength microscope equipped with two lasers and colour CCD. The red and green laser beams are 

simultaneously illuminated on the test surface and the reference mirror mounted on the PZT. The resultant speckle 



 

 

patterns are recorded by the colour CCD camera interfaced with the PC. Phase shifted frames are recorded by shifting the 

PZT mirror. Following the simultaneous recording procedure, multiple phase shifted frames before and after tilting the 

specimen are stored in the PC. Figure.1 shows the procedure for multiple wavelength speckle fringe analysis for 

deformation measurement. The speckle pattern stored by simultaneously illuminating the object (before loading) with 

red and green wavelengths is shown in Figure 2(a). The pattern thus stored are then decomposed in to its monochromatic 

components i.e. red@632.8 nm and green @ 532 nm, which are shown in Figure 2(b) and 2(c), respectively. The speckle 

patterns at single wavelength before and after loading are subtracted to generate speckle correlation fringes and the 

correlation fringes at 632.8 nm is shown in Figure 2(d). Similarly, correlation fringes can be generated for all the phase 

shifted frames and phase can be calculated from them using phase shifting algorithm. This procedure is called phase of 

difference in which the resultant phase is effected by the random speckle noise.  

We used difference of phases method where there the phase before and after deformation are subtracted to yield 

deformation phase. This phase is more accurate and is suitable for pure static loading. The speckles phases before and 

after loading the sample are calculated at red and green wavelength separately as shown in the flow chart in Figure 1. 

The speckle phase before loading the sample calculated at red wavelength is shown in Figure 3(a). Figure 3(b) is the 

deflection phase obtained by subtracting the phase before and after loading at red wavelength. Here the number of 

fringes generated on the surface is less, i.e., small surface deflection, hence any one of the phase map (measured at red or 

green) can be used to measure the deflection of the sample. If the surface variation or curvature is large, i.e., more 

number of fringes is expected. If single wavelength fails to quantify the data, then one can use effective phase evaluation 

method in such case. The wrapped phase map generated at red wavelength is unwrapped and quantified, which is shown 

in the Figure 3(c). The quantified deflection profiles measured at red and green wavelengths are compared in Figure 3(d). 

The profiles are similar and maximum deflection is same i.e. 2.2 micrometre. If the deflection is large, the deflection 

phases measured at red and green can be subtracted to yield effective wavelength phase, following the Equation (6). 

Another MEMS pressure sensor sample with circular membrane at its centre was tested for deformation 

measurement using the system. Pressure was applied externally in a controlled manner to deflect the membrane. The 

membrane was illuminated with red and green wavelengths simultaneously. Before applying the pressure, multiple phase 

shifted frames were recorded and similarly after applying the static pressure frames were acquired. Figure 4(a) is the 

wrapped phase of deflected membrane at red wavelength whereas Figure 4(b) is the wrapped phase at green wavelength. 

Even though the deflection was same, the fringe density in these two phase maps is different. The green wavelength 

phase has more number of fringes due to the wavelength difference. Green wavelength is about 100 nm shorter than the 

red wavelength. Shorter wavelength show high sensitivity for deflection measurement. Here the sensitivity of single 

wavelength system is half of the wavelength i.e. 266 nm for 532 nm. However, to characterize the pressure sensor under 

large loading single wavelength data may not be sufficient. Because at large loading, the deflection and hence the fringe 

density is more. In such cases, measuring the deflection accurately with single wavelength may be difficult. So the two 

wavelength data will help to increase the measurement range by reducing the sensitivity of the system. The deflection 

phase maps at red and green wavelengths are subtracted to generate wrapped phase at effective wavelength, which is 

6.28 times longer than the 532 nm wavelength. The effective wavelength phase is shown in Figure 4(c). The sensitivity 

of this measurement is about 1.67 micrometre.             

5. CONCLUSIONS 

A multiple wavelength speckle pattern interferometry system was demonstrated for nano- to micro-deflection 

measurements on rough surfaces. Using single visible wavelength in interferometry can provide high accurate and high 

sensitive measurements. Using two-wavelength phase subtraction, measurement range can be extended to several 

microns depending on the choice of the two wavelengths.  In implementing this approach, one of the major constraints is 

selection of closely neighboring wavelengths. If the two wavelengths are widely spaced, the effective-wavelength and 

hence the measurement range is reduced.  The setup can be used to work at single wavelength, giving a very sensitive 

measurement with a limited range, or with multiple wavelengths, giving less sensitive measurements with an extended 

range. Interference patterns at all the wavelengths are recorded simultaneously using color CCD camera which makes the 

data acquisition process faster than the case when monochromatic camera (requires sequential illumination) is used. 

Thus the data acquisition and phase evaluation procedures are as simple as in case of single wavelength method. It also 

offers great flexibility in sensitivity and measurement range by an appropriate choice of the different wavelengths.   

 



 

 

 

Fig. 2. Generation of speckle correlation fringes in multiple wavelength speckle pattern interferometry: (a) colour speckle pattern 

obtained with red and green light, (b) decomposed speckle pattern corresponding to red, (c) decomposed speckle pattern 

corresponding to green, and (d) deflection correlation fringes generated after subtracting the speckle pattern before and after deflection 

at red wavelength.    

 

 

Fig. 3. Deflection phase analysis: (a) wrapped phase map at red before tilting the sample, (b) wrapped phase map obtained after 

subtracting the phase before and after tiling the sample at red wavelength, (c) unwrapped phase of the tilted sample at 632.8 nm, and 

(d) Unwrapped profiles measured at red and green wavelengths. The deflection profiles are similar at both the wavelengths. 

 



 

 

 

Fig. 4. Effective-wavelength deformation analysis on a MEMS circular pressure sensor: (a) deformation phase measured at red 

wavelength, (c) wrapped phase at green wavelength, and (c) effective wavelength phase obtained after subtracting two single 

wavelength phases. Here the sensitivity is reduced to about 1670 nm from 266 nm if 532 nm is used.   
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