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Spatially-variant & spectrally-variant PSFs

diffractive-filter array (DFA)

Our Goal: Compact snapshot hyper- (or multi-) 

spectral camera



Step 2 – Mathematical description

I = A · S
Monochrome image I(x’,y’)

(Output)
System matrix A(x’,y’,x,y,λ)

Spatial-spectral point-spread-function

(System)

Hyper-spectral data S(x,y,λ)

(Input)

S = A-1 · I
Ill-conditioned

Regularization: (1) Fast algorithm (~1s or <<1s)

(2) Noise reduction



The architecture of our multi-spectral imager



Diffractive-Filter Array (DFA)



Spatial-Spectral Response Calibration
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Results

λ1=430nm λ2=442nm λ3=454nm λ4=466nm λ5=478nm λ6=490nm λ7=502nm

λ8=514nm λ9=526nm λ10=538nm λ11=550nm λ12=562nm λ13=574nm λ14=586nm

λ15=598nm λ16=610nm λ17=622nm λ18=634nm λ19=646nm λ20=658nm λ21=670nm

λ22=682nm λ23=694nm λ24=706nm λ25=718nm
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Sensor data

Reconstructed RGB image



Multi-spectral video is possible
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Spectral Response: 25 bands, FWHM ~ 12nm

11. Spectral Cross-talk  

To study the spectral cross-talk of the multi-spectral imager, we reconstructed the objects of single pinhole 

illuminated by a set of wavelengths from 422nm to 726nm with 4nm spacing, selected by the VARIA tunable 

bandpass filter (see Sections 2.1 and 2.3 in this Supplementary Materials). The bandwidth is still 12nm. The 

multi-spectral images are reconstructed as usual and then the spectra at the pinhole center are used to estimate 

the spectral cross-talk between channels, as plotted in Fig. S23. As can be seen, the cross-talk between channels 

is trivial except for the longer wavelengths (>700nm), where the sensitivity of silicon-based sensor chip is weak. 

The average cross-talk between neighbor channels is about -5dB and the average cross-talk between channels 

that are not neighbors is far less than -10dB.  

Figure S23 are the results for visible light imaging, while Fig. S24 contains the cross-talk plots for 

visible-IR imaging. Here the last wavelength is replaced by 850nm. The reconstructed IR of 850nm is marked 

by red dot. As expected, the introduction of IR brings negligible cross-talk between the IR wavelengths and all 

the other bands.  

 

Figure S23 | Cross-talk plots for visible light imaging. All 25 calibrated wavelengths are tested.  
Note low sensor QE limits SNR for l>~700nm.



Spectral Reproduction Error < 8%



Spatial Resolution 



Modulation Transfer Functions

C. G. Ebeling, A. Meiri, J. Martineau, Z. Zalevsky, J. M. Gerton and R. Menon, “Increased localization precision by interference fringe analysis,” Nanoscale, 7, 10430-10437 

(2015)



Imaging NIR & Vis bands with single sensor

Experimental setup

10. Visible-IR Imaging  

Figure S20 gives some calibration PSFs at five exemplary object positions for λ=850nm. The PSFs are the 

same with before for the other 24 wavelengths from 430nm to 706nm with 12nm spacing. Figure S21 gives the 

raw monochrome image and the reconstructed full multi-spectral data. Here only one single IR laser beam spot 

projects upon the iPhone screen. However, it is more interesting to introduce some patterns in the IR side. Thus 

we designed a simplest experiment by cutting the IR laser spot into half by a lab blade at 45
o
, which is 

schematically sketched in Fig. S22(a). Figure S22(b) gives both the raw image and the reconstructed 

multi-spectral images. Here, the relative displacement between the iPhone and the IR beam is shifted. The same 

green letter ‘T’ is used as the object pattner.  

 

Figure S20 | Experimentally calibrated PSFs at five object positions for λ=850nm. Again, they are cropped to 150 by 

150 pixels from the original sensor images.  

 

Figure S21 | Raw monochrome sensor image for visible-IR imaging and the reconstructed multi-spectral images at 25 

wavelengths.  

Multi-spectral image

Reconstructed RGBNIR image

No discernible crosstalk



Computationally trade-off spatial & spectral resolutions

Same hardware

30 X 30 pixels X 25 bands 50 X 50 pixels X 9 bands



Imaging with non-equal bands: same 
hardware

l(nm)

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9



Computational spectral filtering: same 
hardware

l(nm)

1 2 3 4 5 6

850nm NIR laser 

NIR laser spot
1 2 3 4 5 NIR laser6

NIR laser spot



Sony Corporation
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Multi-spectral image: 288X288 pixels X 25 bands
Higher NA lens
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Rendered RGB 
Image (288 X 288 

pixels)

Sony Corporation
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Raw sensor Image

each circle represents value in 16 X 16 pixel patch
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We demonstrated: 

• compact
• lightweight
• multi- or hyper-spectral
• programmable spectral bands (no change in 

hardware)
• low-cost

Commercializing a system like this with > 8 spectral bands
Lumos Imaging



• Thin, lightweight
• Broadband (UV, Vis, IR)
• High NA possible
• Full wavefront control
• High efficiency
• Transmissive or Reflective
• Inexpensive to mass manufacture

Applications:
• Flat lens imaging
• IR projectors
• Holograms
• Security devices

Flat Lightweight Optics



Flat-lens camera
Demo camera with single flat lens

(focal length=1mm, f/#=10)
Video under sunlight

• Reduced thickness
• Fewer lens elements 

less expensive assembly
• High NA  thinner HMDs
• Novel form factors

PCB

flat lens

holder for 
handling



Flat broadband MWIR lenses possible
l=8mm to 12mm

l=8mm

400mm

Example PSFs at NA = 0.05. Material used is polymer. 
l=9mm l=10mm l=11mm l=12mm

400mm

Example PSFs at NA = 0.44 (f#=1).
l=10mm l=12mml=11mm





Depth-of-field

±15mm



Dynamic range



11. Spectral Cross-talk  

To study the spectral cross-talk of the multi-spectral imager, we reconstructed the objects of single pinhole 

illuminated by a set of wavelengths from 422nm to 726nm with 4nm spacing, selected by the VARIA tunable 

bandpass filter (see Sections 2.1 and 2.3 in this Supplementary Materials). The bandwidth is still 12nm. The 

multi-spectral images are reconstructed as usual and then the spectra at the pinhole center are used to estimate 

the spectral cross-talk between channels, as plotted in Fig. S23. As can be seen, the cross-talk between channels 

is trivial except for the longer wavelengths (>700nm), where the sensitivity of silicon-based sensor chip is weak. 

The average cross-talk between neighbor channels is about -5dB and the average cross-talk between channels 

that are not neighbors is far less than -10dB.  

Figure S23 are the results for visible light imaging, while Fig. S24 contains the cross-talk plots for 

visible-IR imaging. Here the last wavelength is replaced by 850nm. The reconstructed IR of 850nm is marked 

by red dot. As expected, the introduction of IR brings negligible cross-talk between the IR wavelengths and all 

the other bands.  

 

Figure S23 | Cross-talk plots for visible light imaging. All 25 calibrated wavelengths are tested.  

Spectral response for NIR-VIS imaging


