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1. Depth Wavelength Reciprocity in Refractive and Diffractive Optics

Most of the CAIl and I-COACH methods use coded masks that are predominantly diffractive
in nature. The research problem is shown in Fig. S1 by comparing a simple single element
imaging system using a refractive (Fig. S1(a)) and a diffractive lens (Fig. S1(b)) for imaging a
point. A diverging spherical wavefront from a point object is converted into a converging

spherical wavefront using the lens. Using Fresnel approximation, the phase error function can
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from 1 to m. Considering a typical case, u = v = 2f with a magnification M = 1, the above error
function is solved for changes in depth from f to u + f and wavelength over the visible region
400 nm to 600 nm with the design wavelength at the He-Ne red laser’s central wavelength
632.8 nm. The root mean square error (RMSE) of arg(®,) for the refractive and diffractive
cases are shown in Fig. S1(c) and Fig. S1(d) respectively. The variation of the normalized
intensity value at the origin of the intensity distribution at the image sensor for the changes in

depth and wavelength for the refractive and diffractive cases are shown in Fig. S1(e) and Fig.



S1(f) respectively. It must be noted that the reference imaging system can have a refractive

lens or a harmonic lens' or a multi-order diffractive lens?® or a wavelength insensitive

engineered diffractive element.® From Figure S1, the problem that is addressed in this study is

presented clearly. With a diffractive lens, a certain phase distribution at the lens and certain

intensity distribution (sharp focus point) at the image sensor can be obtained for different

conditions of depth and wavelength. However, for a refractive imaging system, neglecting mild

dispersion effects, there is only one condition of depth, where a certain phase distribution at

the lens and certain intensity distribution at the image sensor can be obtained. The consequence

of DWR in I-COACH for sensing applications is significant increasing uncertainties in the

measurement.
Refractive i
o Point lens Point Image 2
) \5(; Object # 'é
o Ny E
£ £
- h o \\ [
3 ASETT, ” £
° H ! '
e Ob]:ed Incoming' i \. " Outgoing Uit o
i wavefronts k’/fj‘l’ffr_,oﬂs-;ﬁ»» :
(a) ' u . v (b)
Plot of RMSE of ®,
400 nm
Design point
u=v=2f
L
i)
1=
k)
[
& 1
=
800 nm (€)
f Depth u+f

Plot of intensity value at the origin of intensity distribution
400 nm

Design point
u=v=2f

Wavelength

800 nm
f

Depth u+f

e
“LVJtt_;oing

V !

u i

t Ty 3
Incoming
wavefronts

Plot of RMSE of ®,

400 nm Desi int
esign poin
u=v=2f
L
IS)
1=
o
@
>
©
=
800 nm (4)
f Depth u+f

Plot of intensity value at the origin of intensity distribution
400 nm

Design point
f

Depth u+f

Fig. S1 Optical configuration of (a) refractive imaging and (b) diffractive imaging. Plot of RMSE of arg(®,)
for (c) refractive imaging and (d) diffractive imaging. Plot of intensity value at the origin of the intensity
distribution on the image sensor for (e) refractive imaging and (f) diffractive imaging.



2. Fabricated devices

An extended version of the Polarized Optical Microscopy (OM) and Scanning Electron

Microscope images (SEM) including all the fabricated devices is presented in Fig. S2.
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Fig. S2 Polarized Optical Microscopy images (OM) and Scanning Electron Microscope images (SEM) of all the
fabricated devices. (al — d1) Diffractive lens f=5 cm, (a2 —d2) SPP | =5, (a3 — d3) SPP I = 10, (a4 — d4) SPP |
=30, (@5 - d5) VEG n =4, (a6 — d6) VEG n = 30.

3. Lucy-Richardson Rosen Algorithm (LRRA)

The Lucy-Richardson-Rosen algorithm (LRRA) is a well-established deconvolution
algorithm which has been developed by combining two deconvolution algorithms, i.e., non-
linear reconstruction (NLR) [4] and Lucy-Richardson algorithm (LRA) [5,6]. In NLR, the
reconstructed image is optimized by tuning two non-linear parameters, i.e., @ and £ between
-1 and 1 to obtain minimum entropy. On the other hand, LRA uses an iterative approach,
where the reconstructed image is iterated in a loop until an optimal reconstruction is achieved.
The LRA consists of a forward convolution between the approximate solution and the Irsrand
a backward correlation between the lpsr and the ratio between lo and the estimated solution.
This ratio is multiplied by the previous solution, and this process is continued until an optimal
solution is obtained. In LRRA, the backward correlation (matched filter) is replaced by NLR.
LRRA leverages the combined approach of NLR and LRA, yielding a better estimation of

reconstructed images with a rapid convergence [7].

In LRRA, the reconstructed image is given as
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where ‘xz” is the mnon-linear reconstruction operator given as uxgzv =
FH|U|*|V|Pexp(idy) - exp(—i®y,)}, where U and V are the Fourier transforms of u and v

respectively. p is the number of iterations. The schematic (flowchart) of LRRA is shown in the

Figure S3.
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Figure S3. Schematic of the Lucy—Richardson—Rosen algorithm. OTF — optical transfer function; p—number of
iterations of LRRA; ®—2D convolutional operator; RP is the p™ solution; and p is an integer; when p = 1, RP =
Ip; and « and B are varied from —1 to 1; ~ Fourier transform; ‘*’ complex conjugate; NLR is a nonlinear
reconstruction; and F and F~* are Fourier and inverse Fourier transforms, respectively.
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