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Abstract—Spectral properties of living organism can provide a 

discriminating method for characterization. However, digital 

holographic microscopy (DHM), a high-resolution, volumetric 

imaging technique that is well-suited for examining microbial 

species is typically monochromatic.  Thus, the spectral 

properties of bacteria are not probed with DHM save only for 

the wavelength of operation. Here we describe a new DHM 

instrument which enhances the method via the simultaneous 

recording of wavelength multiplexed holograms of the sample. 

This coarse spectral encoding is akin to labeling with RGB 

values, thereby producing colorized images of the species which 

enables a new dimension of characterization. This new 

instrument is derived from a previous architecture which has 

already demonstrated superior opto/mechanical stability. 

Herein, this novel instrument is described, and the results of 

experimental measurements taken with this new instrument are 

shown. 
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1. INTRODUCTION 

Many living organisms can be characterized by their unique 

spectral response – both in emission and absorption. For 

instance – chlorophyll, green fluorescent protein (GFP), and 

certain halophilic bacteria such as chromohalobacter 

beijerinckii all have strong spectral features that originate at 

the cellular level. Therefore, when examining microscopic 

samples, measuring a spectral response can provide key 

identifying and discriminating information about the sample 

itself, but also the location of biological processes within the 

cell.  

Holography is a method well suited to microbial studies [1-

5]. It provides high spatial resolution (resolving features < 1.0 

m) and over a large sample volume (~ 0.5 m x 0.5 mm x 1 

mm). When holograms are captured at video rates, this 

volumetric information can be played back as a movie, thus 

providing insight into the 3D motility patterns of the species 

under study. However, our previous holographic instruments 

operated monochromatically, and thus gave amplitude and 

phase information about the sample at a single wavelength 

only.  

 

Our monochromatic architecture has been demonstrated to 

largely remove instrumental error sources (such as vibration 

and alignment sensitivity) while also maintaining the 

intrinsic sensitivity and resolution of the method [6]. This 

instrument has been successfully fielded to harsh environs 

where its capabilities were severely tested. It passed with 

flying color – for that instrument was monochromatic, 

operating only a single wavelength. Recognizing the need for 

chromatic characterization, the instrument has been re-

engineered to be polychromatic.  

Below, we first describe the monochromatic instrument, then 
describe the architecture for the multi-wavelength 

instrument. We describe the additional processing required 

for the multiwavelength instrument, then illustrate its 

performance.  

2. INSTRUMENT DESCRIPTION  

A. Monochromatic, common-mode architecture 

The starting point for this instrument was our previous DHM 

instrument which we refer to as the ‘common-mode’ design.  

The instrument is shown schematically in Figure 1. It is 

described in greater detail elsewhere, so here we provide only 

a cursory overview.  

A single-mode fiber source is first collimated with a 

collimator lens. The source light itself is provided by a 405-

nanometer wavelength laser diode. This light, collimated by 
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the lens, then illuminates two sample chambers: one is a 

reference sample of clear, empty, aqueous solution and the 

other is the science sample which is identical to the reference 

sample save for the addition of the object under study 

(nominally a microbial species of some type).  These two 

sample chambers, reference and science, are made in the 

sample substrate, and thus share the same optical 

components. The difference being that the sample chambers 

are laterally offset from one another by a few millimeters. 

Two objective lenses (NA=0.37) immediately follow the 

sample chambers. The science beam is nominally collimated, 

while the reference beam – having passed through the sample 

chamber unaffected – forms a focus. In the back focal length 

of the science beam is the science pupil. In the back focal 

length of the reference beam is the reference focus. The 

subsequent relay lens performs two operations: 1) it forms an 

image of both the specimen and the reference chambers, and 

2) it over lays them on the detector array thereby producing 

interference fringes. The lateral separation of the two 

objective lenses, and the focal length of the relay lens are 

paired such that the resulting fringes are properly sampled by 

the pixels on the imaging array. That sampling is such that: 

1) an object PSF is sampled by ~ 3 pixels, and 2) that PSF is 

modulated by a full interference fringe.  

 
 

In this configuration, the fringes are uniquely oriented along 

the imaging array – they are orthogonal to the vector that 

defines the center-to-center separation between the two 

objectives.  

 

 
 

This optical configuration results in a very robust instrument 

which is insensitive to mechanical vibrations, thermal 

changes, and optical misalignments. It has been successfully 

fielded to several different extreme environments and 

operated successfully.  

 

During numerical processing [10], the raw interferogram 

measured on the array is 2D Fourier transformed. The 

resulting 2D Fourier Transform (when re-centered such that 

the zero spatial frequency occurs at the center of the array) 

can be characterized by a circular central portion that is the 

autocorrelation, and two, circular satellite regions that are 

symmetric about the center of the array. These satellites are 

the convolution of: 1) the 2D Fourier transform of the original 

object and 2) two delta functions at the spatial frequency of 

the fringe (the 2D Fourier transform of a cosine fringe). 

Selecting one of these satellite regions and inverse 

transforming will give the full, complex electric field of the 

sample at the nominal imaging plane (U(0)). The field can be 

numerically propagated to a new z distance via the following 

operation 

 U(z;) = 2DFFT[I2DFFT[U(0) G[z;]]  (1) 

Here, 2DFFT represents the 2D Fourier transform, and 

I2DFFT represents the inverse 2D Fourier transform. The 

diffraction kernel is represented by G[z;] and is given by the 

following expression 

 G[z;] = Exp[-i (2z/) Sqrt[1-()-( )]]  (2) 

Where z is the propagation distance,  is the wavelength of 

operation, and  and  are the spatial frequency coordinates 

in the Fourier transform space. These numerical methods for 

off-axis DHM processing are well described in the literature 

[5]. We will return to this when we discuss the multi-

wavelength implementation.  

DHM enables the direct measurement of the electric field in 

object plane. Once this electric field is measured, it can be 

numerically propagated to any other plane of interest.  

B. Multi-wavelength, common-mode architecture 

Other multi-wavlength DHMs have been constructed and 

demonstrated. However, they tend to be somewhat bulky and 

Figure 1. Diagram of the common-mode digital 

holographic microscope 

Figure 2. The orientation of the objectives is shown 

on the left (both science and reference beams). On the 

right is shown the fringe orientation on the detector. 
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sensitive to alignment [7,8,9]. Here, our design follows from 

the lessons learned from our original instrument. The multi-

wavelength implementation modifies the original system in 

the following ways: 1) the monochromatic source is replaced 

by a source with three unique wavelengths 2) the pair of 

objectives is replaced by objectives with a system of objects 

having a single, science objective at the center, surrounded 

by three, wavelength dependent objectives. The wavelength 

for a given reference beam is determined by an optical 

bandpass filter that is in-line with only one of the reference 

objectives. These bandpass filters had to be specified such 

that the substrate thickness was identical in order to maintain 

the optical path length between the science beam and each of 

the three reference beams. A clear, AR coated substrate of the 

same glass and optical thickness was placed in the science 

beam path as well. 

 

The central, science objective is illuminated by all three 

wavelengths simultaneously. In the final focal plane, on the 

imaging array, three sets of fringes are formed, each with a 

unique orientation. Each set of fringes is normal to the vector 

that defines the center-to-satellite objective for that 

wavelength. Because there are three orientations of satellite 

objective lenses with respect to the center objective, there are 

three fringe orientations on the array. This is shown in Figure 

2 below.  

 

 The sample chamber was modified as well. The nominal 

design of the sample chamber is a microfluidics chamber 

formed by sandwiching a watertight gasket between two 

pieces of optical glass. The central portion of sample chamber 

contained the bacterial sample. A single, large continuous 

chamber arched between the three reference beam paths and 

contained a reference solution that was uncontaminated. This 

is illustrated below in Figure 3.  

 
 

 

 

The full architecture of the multi-wavelength system is 

shown below in Figure 4. In practice, a fiber combiner is used 

to mix the three independent wavelengths.  

 

 
 

The change in the light source, the objective lens assembly, 

and the sample chamber are the only changes to the hardware 

of the system. The other optics (collimator lens, the relay 

lens), and the detector were all unchanged. This made for 

very rapid development and demonstration of the device.  

 

However, the original reconstruction software had to be 

modified in the following ways. In the Fourier plane, the new 

system produces six satellite images which are three pairs of 

data – each pair is associated with a single wavelength. For 

each pair, one of the data sets is windowed and extracted. 

Each data set is then multiplied by a wavelength dependent 

diffraction propagator. Other chromatic effects are also 

included in the propagator beyond just the wavelength 

dependent diffraction effects. For instance, also included is a 

wavelength dependent focus term that is due to: 1) the 

chromatic focal shift of the aspheric objective lenses and 2) 

slight longitudinal positioning errors between the aspheric 

Figure 2. The figure on the left shows the geometry of 

the color filters for the multi-wavelength, and the 

image on the right show the resulting fringe pattern. 

Figure 4. The functional diagram of the multi-

wavelength system is shown above. Here, wavelength 

combination is done via a fiber-combiner. In Fourier 

space, the different wavelengths are cleanly 

separated, thus turning a black and white camera 

into a color camera in post processing.  

Figure 3. The multiwavelength sample chamber has a 

central area for the science beam to pass, while the 

references beams pass around. 
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lenses. After the target was numerically focused at each 

unique wavelength, the three images also needed to be 

rescaled with respect to one another. Once each unique 

wavelength was properly focused and scaled, they were 

overlapped to produce the multi-wavelength image.  

 

3. EXPERIMENTAL DATA 

The multi-wavelength DHM was used to measure Euglena, 

which is a single-celled organism roughly 25 m in length. 

The raw hologram and the reconstructed image is shown 

below in Figure 5.  

 

The three wavelengths used for this measurement where 405 

nm, 532 nm, and 670 nm. The resolution of the image is about 

0.7 m, which is sufficient resolution to allow detection of 

sub-cellular structures such as the stigma (eyespot), nucleus, 

chloroplast, and other sub-cellular stuff. These measurements 

were made a video rates (roughly 15 frames per second), and 

reconstructed over about 10 seconds. During this time, the 

bacteria swam all over the field of view (360 m x 360 m) 

of the instrument. This motion of the species enabled 

methods for noise reduction in the following ways: 1) static 

optical aberrations can be removed by averaging over the full 

time series and subtracting, 2) the speckle noise which 

evolves over very short time scales can be averaged over only 

a few frames. Both methods were used to reduce the data and 

produce a color image with excellent color uniformity and 

superior spatial resolution.  

Finally, we note that the instrument allows us to measure the 

phase of the object for the three different wavelengths. With 

proper calibration, this allows us to also get an estimate on 

the index of refraction of the sample being measured. This 

additional information can be used as a discriminator for 

biologic and mineral species.  

 4. SUMMARY  

We have developed a new architecture for multi-wavelength 

digital holographic microscopy. This new instrument is 

strongly leveraged off of the original common-mode 

instrument, and shares the same benefits of that design: 

simplicity, robustness, stability, and sensitivity.  We have 

used this instrument to measure biological samples and have 

recreated pseudo-color images at high resolution enabling us 

to discriminate and identify key morphologies within the cell. 

We will continue to develop this instrument for use in the lab 

and the field with the goal of refining the engineering for a 

future instrument for a lander targeted for the icy moons of 

the giant planets in our own solar system to search for 

microbial life.  
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Figure 5. The pseudo-color image of the bacteria 

Euglena was made with the multi-wavelength DHM. 

The three wavelengths used are: 405 nm, 488 nm, 

and 532 nm. This image is a still shot for a sequence 

taken at video rates (~15 frames per second).  
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