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Abstract: Dual-wavelength digital holographic microscopy (DHM) can provide sub-nanometer resolution for sample 

profile characterization. We analyze the noise requirement for extension of the vertical measuring range and the noise 

suppression methods in DHM.  
OCIS codes: (090.1995) Digital holography; (100.5088) Phase unwrapping; (120.5050) Phase measurement. 

Digital holographic microscopy (DHM) provides a powerful way for high precision surface measurement [1,2]. With 

the features of non-contact, label-free, and single-shot, DHM can be used in precision measurement, biological 

detection, and characterization of complex motions. New methods like deep learning are introduced recently to 

improve the measuring speed and quality [3,4]. For single-wavelength DHM, the vertical measuring range is known 

as λ 2⁄  which is less than 400nm for using visible laser source. To extend the range, numerous algorithms have been 

proposed for the calculation of unwrapping the phase. The unwrapping procedure will be slow and cause error while 

the object under test is complex or has higher height. Two-wavelength DHM will remarkably extend the measuring 

range without any phase unwrapping process due to its increased equivalent wavelength 𝛬 = 𝜆1𝜆2 |𝜆1 − 𝜆2|⁄ , where 

𝜆1 and 𝜆2 represent the wavelengths of the laser sources. However, some applications may have higher vertical range 

and calls for further increasing of the measurement range. There are two major methods to realize this, one is to replace 

lasers with two relatively close wavelengths, the other is to unwrap phase with the equivalent wavelength. The first 

one needs to replace major elements of the equipment, including lasers, wave plates, polarization beam splitters and 

so on. For comparison, phase unwrapping should be a cost-effective way to realize longer measurement range. 

Unfortunately, noise level will influence the unwrapping accuracy and higher noise ratio will cause abnormal  2𝜋  

difference on the phase map. In this paper, we analyzed the noise level requirement to obtain  2𝛬 and 3𝛬 vertical 

measuring range without any  2𝜋 phase error.  

In DHM, phase and optical path difference could be calculated by the expressions of 𝜑 =  
2𝜋

𝜆
𝐻, and 𝐻 = (𝑛 + 𝜑)𝜆. 

Where 𝜑 is the fractional fringe in the measurement result and 𝑛 is an unknown integer that could be determined by 

two-wavelength DHM. The phase we actually measured is 𝜑 = Frac(𝐻 𝜆⁄ ), where Frac( ) denotes the fractional part 

of the expression.  

For two-wavelength DHM, optical path differences calculated by two different wavelengths should be equals to each 

other with neglecting measurement errors as equation (1). 𝜑1 and 𝜑2 are the phase of the two waves. 

𝑛𝜆1 + 𝜑1𝜆1 = 𝑚𝜆2 + 𝜑2𝜆2.               (1) 

Reference [5] provides three methods to determine the integral number 𝑚 and 𝑛. The expression below indicates one 

of the methods, where 𝜑𝑒𝑞  and 𝛬 represent phase and wavelength of equivalent wave. Variable 𝑛 will keep increasing 

by 1 each time until the calculated result is less than tolerance 𝜀, which should be determined by current noise level. 

Int() represents the integer part of the expression. 

|Frac ((Int((𝜑𝑒𝑞 + 𝑛)𝛬/𝜆1)((𝜑𝑒𝑞 + 𝑛)𝛬/𝜆1) + 𝜑1)𝜆1/𝜆2) − 𝜑2| > 𝜀, 𝜀 → 0, 𝑛 = 𝑛 + 1. (2) 

The equation can be simplified as below without considering the equivalent wavelength.  

𝑓(𝑛) = |Frac (((𝑛 + 𝜑1)𝜆1/𝜆2) − 𝜑2)| > 𝜀, 𝜀 → 0, 𝑛 = 𝑛 + 1. (3) 

Our system is composed with two laser sources, with wavelengths of 661nm and 637nm respectively, which provides 

the equivalent wavelength of 17.5µm. Ideally, tolerance is equivalent to 24nm without any unwrapping. The 𝑛 is 

calculated to be 27. Defining 𝑔(𝑛) as the tolerance considering random phase error Δ𝜑 caused by noise. 
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𝑔(𝑛) = |Frac (((𝑛 + (𝜑1 + Δ𝜑1))𝜆1/𝜆2) − (𝜑2 + Δ𝜑2))| > 𝜀, 𝜀 → 0, 𝑛 = 𝑛 + 1. (4) 

The actual phase difference is as below,  

𝑔(2) − 𝑔(1) = |𝑓(2) − 𝑓(1) + Δ𝜑1𝜆1/𝜆2 + Δ𝜑2|. (5) 

After considering noise level Δ𝜑 ≈ Δ𝜑1 ≈ Δ𝜑2, Δ𝜑’s equivalent height should be less than 12nm to achieve correct 

phase information. Much higher vertical measurement range requires lower noise level. While measuring objects 

between 17.5µm and 35µm, one-time phase unwrapping for equivalent wavelength is operated. The 𝑛 should be less 

than 54, while the noise level Δ𝜑 < 3.72𝜇𝑚.  

Based on the calculation above, noise level should be suppressed to less than 3.72nm to achieve vertical measurement 

range as high as 35µm. There are different noises in system from the optical path itself or environment. The phase 

information 𝜑′ including noises can be expressed below, 

𝜑′ = 𝜑 + Δ𝜑𝑟 + Δ𝜑𝑝 + Δ𝜑𝑠 + Δ𝜑𝑛  (6) 

Δ𝜑𝑟 is the phase difference while moving the frequency domain into center. It only influences the phase tilt and doesn’t 

increase any random noise. Δ𝜑𝑠 is the phase shift of the tilted sample and has the same influence as Δ𝜑𝑟. Δ𝜑𝑝 is the 

distortion from optical path. Defects and dusts in optical elements could increase the noise level at the same time. 

We’ve deducted the reference phase obtained from mirror to suppress noise and compensate distortion. Fig. 1 shows 

the distortions of USAF target (b) is completely compensated by the reference mirror (a). Although the defect noise 

indicated by red circle still exists, but has already been suppressed.  

 

Fig. 1. Unwrapped phases of the reference mirror (a) and USAF target (b). The phase after compensation (c) shows distortion has 

been compensated and noise has been suppressed. Color bar represents the phase value in radian. 

Radom noise Δ𝜑𝑛 is related to the system vibration, camera chosen, and environment light. In DHM measurement, 

the optical table’s vibration criterion (VC) curves should be better than level C since the accuracy is as small as sub-

nanometer. Bit depth of the camera should also be considered since the higher bit depth can record more image 

information and the result should be much more accurate. When the contrast of the image is poor, the difference of 

grayscale value between the bright and dark fringe is small, so the phase difference corresponding to each grayscale 

value difference becomes larger.  
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