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ARTICLE INFO ABSTRACT
Keywords: The retina encompasses several cone and rod photoreceptors at fovea region i.e., 90 million cells
Cone photoreceptor of rod photoreceptors and 4.5million cells of cone photoreceptors. The overall photoreceptors

Dielectric Resonator Antenna (DRA)
Electrochemical signals

Array antenna

mfERG

Outer segment

determine the vision of every human. An electromagnetic dielectric resonator antenna has been
presented for retina photoreceptors in order to model them at fovea and its peripheral retina
with the respected angular spectrum. Three coloring primary system of human eye (R, G, B)
can be realized based on the model. Three miscellaneous models i.e., simple, graphene coated,
and interdigital models have been presented in this paper. The nonlinear property of interdigital
structures is one of the best advantages to use for creating the capacitor. The capacitance property
helps improving the upper band of visible spectrum. The absorption of light for graphene as an
energy harvesting material and its conversion into electrochemical signals is making it one of
the best models. The mentioned three electromagnetic models of human photoreceptors have
been expressed as a receiver antenna. The proposed electromagnetic models based on dielectric
resonator antenna (DRA) are being analyzed for cones and rods photoreceptors of retina in the
human eye by Finite Integral Method (FIM) utilized by CST MWS. The results show that the
models are so fine for vision spectrum due to its localized near field enhancement property. The
results indicate fine parameters of S,, (return loss below -10 dB) with invaluable resonants in a
wide range of frequencies from 405 THz to 790 THz (vision spectrum), appropriate .S,, (insertion
loss 3-dB bandwidth), very good field distribution of electric and magnetic fields for flowing the
power and electrochemical signals. Finally, mfERG clinical and experimental results validate the
numeric results by the normalized output to input ratio of these models and it points out that
these models can stimulate the electrochemical signals in photoreceptor cells for the best suiting
of realizing the new retinal implants.

1. Introduction

Stimulation of nerves for eyes to recover the lost vision is necessary for patients. The electromagnetic modeling of retina
photoreceptors is the best way to realize this vital procedure. Photoreceptors in a normal eye are being located at the outer layers of
retina containing photopigments which they are responsible for phototransduction to generate the electrochemical neuronal signals
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Fig. 1. 3 x 3 array of simple cone photoreceptor (a) schematic, (b) S parameters, (c) reflectance, transmittance and absorbance index, and (d) electric and magnetic
fields in one sample frequency - green light (565 THz).

in the presence of light stimuli. These signals can be passed and processed by some neurons at the middle layers of the retina before
reaching the retinal ganglion cells (RGC) within the inner layers of retina and the central nervous system (CNS) by optic nerve.
Vision restoration of blind people can be achieved by creating devices such as retinal prostheses which they can receive the light and
process it. After processing the light, the information can be transmitted in the form of electrical impulses to the remaining inner
retinal layers for the visual function. One of the big electromagnetic challenges is analysis and modeling of retina and its optic nerve
in order to replace a prosthesis as a bionic eye. Many good endeavors for realizing commercial prosthesis (epi-retinal and sub-retinal
implants) are being done so far [1-7]. In [8], a graphene based antenna model has been introduced for the electromagnetic model
of retina photoreceptors. The typical human trichromatic color visual system combines the response of three types of cone cells in
retina as shown in Fig. 1 of [8]. In this paper, the proposed electromagnetic models on array antenna of different models of dielectric
resonator antenna (DRA) are being simulated for cones and rods in retina photoreceptors of human eye by Finite Integral Method
(FIM) utilizing CST MWS.

Two modes of array antenna have been investigated in this paper. Finite array with 9 (3 x 3) elements and infinite array (unit
cell boundary conditions). There are three different models: simple, graphene coated and interdigital one. The dielectric constant of
photoreceptor (cone or rod shapes) and its media (with a cross section of 5 x 5 um?) are €rp, =2:1 and €, =1.85, respectively. The
description of human cone cells dimension has been presented in [8].

The dimensions of human rod cell are being brought into [9] as well.

The distributions of photoreceptors in the retina are defined as the following:

1- Cone photoreceptors at the central region (from 0° to 5°) of retina (fovea) with a high density which it is defined by infinite array
(unit cell).

2- Cone photoreceptors at the near central region (from 5° to 15°) of retina with a moderated density which it can be shown by finite
3 X 3 array.

3- Rod photoreceptors (from 20°-27°) of retina with a high density which it is defined by infinite array (unit cell).

4- Rod photoreceptors (more than 27°) of retina with a moderated density which it can be replaced by finite 3 x 3 array.

Every simulated cone photoreceptor array has the equal length of 50 um and the diameter varies from 4 pm (first point) to
1 um (end point). Every simulated rod photoreceptor array has the equal length of 100 pm and the diameter is 2 pm. The results
of the output to input ratio obtained by numerical method of the mentioned arrangement for photoreceptors array have very good
conformance with mfERG ones of a normal subject with a valid interpretation of the signal to noise ratio of the experiments.
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Fig. 2. 3 x 3 array of simple rod photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light (565 THz).
The following sections illustrate the response and electromagnetic fields at one frequency sample of each three models.
2. Array of simple model (equal cone photoreceptor)
3 x 3 array of simple cone photoreceptor model has been illustrated in Fig. 1(a). The array assumed to be equal in size (both
length and width). S parameters (return loss and insertion loss) and reflection, absorption, and transmission indexes of this array have

been shown in Figs. 1(b) and 1(c). The main resonant frequency of finite cone photoreceptor array is around 450 THz (Red Region).
It is noteworthy that these types of structures (Dielectric Resonant Antenna) have several resonant frequencies at visible spectrum. It
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Fig. 3. Unit cell of simple cone photoreceptor (a) schematic, (b) S parameters, (c) reflectance, transmittance and absorbance index, and (d) electric and magnetic
fields in one sample frequency - green light (565 THz).

has no significant transmission coefficient. The absorption is high up to high frequencies around 780 THz and the reflection increases
after frequencies around 650 THz. It will be reached to its maximum at frequencies around 780 THz. Fig. 1(d) shows electric and
magnetic fields of 3 x 3 array for simple cone photoreceptor in its maximum possibility of local magnitude at one of frequency
samples i.e., 565 THz.

3. Array of simple model (equal rod photoreceptor)

3 x 3 array of simple rod photoreceptor model has been illustrated in Fig. 2(a). The array assumed to be equal in size (both
length and width). S parameters (return loss and insertion loss) of this array have been shown in Fig. 2(b). There is no significant
transmission for rod photoreceptors as shown in Fig. 2(b). It is also fine for these types of photoreceptors as rod cell receives lower
luminance of signals in scotopic vision. In other words, it requires less light to function than cone. Fig. 2(c) shows electric and
magnetic fields of 3 x 3 array for simple rod photoreceptor at one of frequency samples i.e., 565 THz.

4. Unit cell of simple model (cone photoreceptor)

The unit cell boundary condition provides criterion which it equals to infinite array. Simple cone photoreceptor infinite array
(unit cell) has the equal length and diameters as shown in Fig. 3(a). The return loss (.5;,) of unit cell is below -15 dB while the
insertion loss (S,;) has a ripple shape at visible spectrum (Fig. 3(b)). It is also obvious from transmittance and absorbance indexes in
Fig. 3(c). Fig. 3(d) shows electric and magnetic fields of unit cell (infinite array) for simple cone photoreceptor at one of frequency
samples i.e., 565 THz.

5. Unit cell of simple model (rod photoreceptor)

Simple rod photoreceptor infinite array (unit cell) has the equal length and the diameter as shown in Fig. 4(a). The return loss
(1) of unit cell shows main resonant at middle frequency of visible spectrum while the insertion loss (.S,,) has a slight ripple at
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Fig. 4. Unit cell of simple rod photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light (565 THz).

visible spectrum (Fig. 4(b)). Fig. 4(c) shows electric and magnetic fields of unit cell (infinite array) for simple rod photoreceptor at

one of frequency samples i.e., 565 THz.

6. Array of graphene coated model (equal cone photoreceptor)

3 x 3 array of graphene coated cone photoreceptor model has been illustrated in Fig. 5(a). The array assumed to be equal in size
(both length and width). A thin graphene layer is being coated around the photoreceptor. S parameters (return loss and insertion
loss) have been shown in Fig. 5(b). The return loss (.S;;) of 3 x 3 array of graphene coated cone photoreceptor is below -10 dB
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Fig. 5. 3 x 3 array of graphene coated cone photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light
(565 THz).

at visible spectrum and the insertion loss (.5,,) has a slight ripple shape near -10 dB at this spectrum. Fig. 5(c) shows electric and
magnetic fields of 3 x 3 array for graphene coated cone photoreceptor at one of frequency samples i.e., 565 THz.

7. Array of graphene coated model (equal rod photoreceptor)
3 x 3 array of graphene coated rod photoreceptor model has been illustrated in Fig. 6(a). The array assumed to be equal

in size (both length and width). A thin graphene layer is being coated around the photoreceptor. S parameters (return loss and
insertion loss) have been shown in Fig. 6(b). The return loss (.S;;) of 3 x 3 array of graphene coated rod photoreceptor is below



M. NoroozOliaei, H. Riazi Esfahani and M.S. Abrishamian Heliyon 9 (2023) e13794

o
=
o
[}
@
£
s
©
o
» 70t 4
-80 4
— S11
-90 —_—S,
-100 ] ] ! | ] | I
450 500 550 600 650 700 750
Frequency [THz]
(b)
x107
0.1 T 5
0.09 I = E-Field, Green Light (565THz) | | 45
. == = = H-Field, Green Light (565THz) : T
Eoos| 4 3
= =
§ 0.07 3.5 é
g 0.06 | 3 é
= L ®
= 0.05 25 E
K=} b =%
g 004 2 2
'S
© 0.03f 15 8
= @
8002} — 15
w A \s =
0.01 - /;’ 0.5
—— — = e ——
1] x 0
-50 0 50

Location on central cylindrical axis (Z) [m]
(c)

Fig. 6. 3 x 3 array of graphene coated rod photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light
(565 THz).

-10 dB at visible spectrum and the insertion loss (.S,;) has a ripple shape between near -10 dB and -20 dB at this spectrum.
Fig. 6(c) shows electric and magnetic fields of 3 x 3 array for graphene coated rod photoreceptor at one of frequency samples
i.e., 565 THz.

8. Unit cell of graphene coated model (cone photoreceptor)

Graphene coated cone photoreceptor infinite array (unit cell) has the equal length and the diameter as shown in Fig. 7(a). A thin
graphene layer is being coated around the photoreceptor. The main resonant frequencies of unit cell are in the green light spectrum
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Fig. 7. Unit cell of graphene coated cone photoreceptor (a) schematic (b) S parameters, (c) reflectance, transmittance and absorbance index, (d) group delay of
transmittance way, and (e) electric and magnetic fields in one sample frequency - green light (565 THz).

as illustrated in Fig. 7(b)). The transmittance, reflectance and absorbance indexes indicate that this is a proper model for considering
as array (Fig. 7(c)). Fig. 7(d) illustrates the group delay of transmitting from port 1 and port 2. Fig. 7(e) shows electric and magnetic
fields of unit cell (infinite array) for graphene coated cone photoreceptor at one of frequency samples i.e., 565 THz.
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Fig. 8. Unit cell of graphene coated rod photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light
(565 THz).

9. Unit cell of graphene coated model (rod photoreceptor)

Graphene coated rod photoreceptor infinite array (unit cell) has the equal length and the diameter as shown in Fig. 8(a). The
return loss (S};) of unit cell shows that it is below -50 dB while the insertion loss (.S,;) has a slight ripple around -10 dB at visible
spectrum (Fig. 8(b)). Fig. 8(c) shows electric and magnetic fields of unit cell (infinite array) for graphene coated rod photoreceptor
at one of frequency samples i.e., 565 THz.
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Fig. 9. 3 x 3 array of interdigital cone photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light
(565 THz).

10. Array of interdigital model (equal cone photoreceptor)

3 x 3 array of interdigital cone photoreceptor model has been illustrated in Fig. 9(a). The array assumed to be equal in size (both
length and width). S parameters (return loss and insertion loss) have been shown in Fig. 9(b). The main resonant frequencies are in
green and blue lights spectrum. The insertion loss (.S,,) has a ripple shape near -10 dB upto 650 THz and then it degrades at higher
frequencies of visible spectrum. Fig. 9(c) shows electric and magnetic fields of 3 x 3 array for interdigital cone photoreceptor at one
of frequency samples i.e., 565 THz.

10
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Fig. 10. 3 x 3 array of interdigital rod photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light
(565 THz).

11. Array of interdigital model (equal rod photoreceptor)

3 x 3 array of interdigital rod photoreceptor model has been illustrated in Fig. 10(a). The array assumed to be equal in size
(both length and width). S parameters (return loss and insertion loss) have been shown in Fig. 10(b). The return loss (S,,) is below
-20 dB and insertion loss (.S,;) of 3 x 3 array of interdigital rod photoreceptor has a ripple shape around -10 dB to -20 dB at visible
spectrum. Fig. 10(c) shows electric and magnetic fields of 3 x 3 array for interdigital rod photoreceptor at one of frequency samples
i.e., 565 THz.

11
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Fig. 11. Unit cell of interdigital cone photoreceptor (a) schematic (b) S parameters, (c) reflectance, transmittance and absorbance index, (d) group delay of
transmittance way, and (e) electric and magnetic fields in one sample frequency - green light (565 THz).

12. Unit cell of interdigital model (cone photoreceptor)

Interdigital cone photoreceptor infinite array (unit cell) has the equal length and the diameter as shown in Fig. 11(a). The
main resonant frequencies of unit cell are in the green light spectrum as illustrated in Fig. 11(b)). The transmittance, reflectance
and absorbance indexes indicate that this is a proper model for considering as array (Fig. 11(c)) like the graphene coated model.
Fig. 11(d) illustrates the group delay of transmitting from port 1 and port 2 which it shows a low magnitude around the 0.3 ps for

12
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Fig. 12. Unit cell of interdigital rod photoreceptor (a) schematic, (b) S parameters, and (c) electric and magnetic fields in one sample frequency - green light (565 THz).

determined phase. It can be conformed by N1 implicit time of mfERG technique. Fig. 11(e) shows electric and magnetic fields of unit
cell (infinite array) for interdigital cone photoreceptor at one of frequency samples i.e., 565 THz.

13. Unit cell of interdigital model (rod photoreceptor)

Interdigital rod photoreceptor infinite array (unit cell) has the equal length and the diameter as shown in Fig. 12(a). The return
loss (S};) of unit cell shows that it has the main resonant in green light frequencies while the insertion loss (S,;) has a slight ripple

13
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Fig. 14. Retina photoreceptors (a) number and distribution of cones and rods in mm? with respect to the distance within retina, (b) illustration of cones and rods
connection to the nerves of retina, and (c) illustration of cones and rods (line scale is 10 um) [16,17].

around -10 dB at visible spectrum (Fig. 12(b)). Fig. 12(c) shows electric and magnetic fields of unit cell (infinite array) for interdigital
rod photoreceptor at one of frequency samples i.e., 565 THz.

14. mfERG experimental and clinical results

The multifocal ERG responses for a normal subject with a valid interpretation of signal to noise ratio are being shown in Fig. 13
[10-15]. The field trace, N1 implicit time, and N1 amplitude of left and right eyes are being illustrated in Figs. 13 (a) to (f)
correspondingly. The N1 waves are related to the signals of photoreceptors.
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Fig. 15. Modeling of retina photoreceptors (cones and rods) in terms of arrays.

15. Analysis

Fig. 14(a) illustrates the number and distribution of cones and rods in mm? with respect to the distance within retina. The cones
and rods connection to the retina nerves has been shown in Fig. 14(b). The microscopic demonstration of cones and rods with a
line scale of 10 um has been shown in Fig. 14(c). The form of Fig. 14 shows that the arrangement of photoreceptor array should
be like Fig. 15. There is infinite array of cone photoreceptor at the center of retina’s field of view (0° to 5°). The distribution of
cones decreases from 5° to 15° meanwhile the distribution of rods increases in this area. The rods distribution will be maximum
around 20°-27° and afterwards it begins to decrease upto 30° and 70°. The maximum input power (intensity) of incidence into
photoreceptors is 0.5 % It is different for any introduced structures in this paper. The ratio between output (electric field at

maximum possibility of local magnitude i.e. central locations) and input (intensity) of all structures (models) have been attained
and then these values have been normalized to their maximum in each model based on the presented local constellation in Fig. 15.
These normalized values (based on numerical method) are being compared with mfERG clinical and experimental ones as illustrated
in Fig. 16. The values for simple, graphene coated and interdigital models have been shown in Figs. 16 (a) to (f). The best array
model conforms to the mfERG results is the interdigital photoreceptor array model. The reason for this can be concluded by the
shape of photoreceptor model as it has been designed with a near structure to the real photoreceptor of human eye at outer segment.
The capacitance of outer segment in this model interacts with its inductance property and consequently affects the mentioned ratio
(output to input) effectively. The interdigital cone photoreceptor has near 150 interdigital segments at outer segment (OS) and its
rod photoreceptor has 1500 ones. It is noteworthy that the interdigital segment thickness and the periodic step of both cone and rod
are 10 nm and 25 nm, respectively.

The E and H fields of dielectric photoreceptors for every model can be presented here as these fields have been shown with
maximum probability location for both conveying and receiving (on Z axis) the signals in the previous figures. Figs. 17, 18 and 19
are illustrating the electromagnetic fields on dielectric models for simple, graphene coated and interdigital ones, respectively.

There are E and H fields for simple cone and rod photoreceptors array in Fig. 17 (a) to (h). The fields for graphene coated
photoreceptors array are in Fig. 18 (a) to (h) as well. The E and H fields of interdigital photoreceptors array model are being shown
in Fig. 19 (a) to (h).

The impedance bandwidth parameter of DRA severely depends on its permittivity. Decreasing the dielectric constant of the model
results in the decrement of the Q-factor and consequently increases the bandwidth of the resonant modes. Moreover, the resonant
frequencies of low dielectric constant are higher than those of with the high permittivity one [18].

As one single cone photoreceptor is connected with one nerve through optic nerve, there is a comparison on Z axis for output
to input ratio of interdigital cone model (the best suited model) by two numerical methods i.e. FIT (CST MWS) and FEM (COMSOL
Multiphysics) at the determined sample frequency, 565 THz (Fig. 20). Fig. 20 (a) illustrates the electric fields of single interdigital
cone photoreceptor in CST MWS whereas Fig. 20 (b) shows its form in COMSOL Multiphysics at one determined frequency. The
maximum probability location for both conveying and receiving of the signals (on Z axis) are being shown for comparison with these
two methods in Fig. 20 (c).

The aim of this research for showing these results is the inquiry of phototransduction process of photoreceptors mainly the
received signals with respect to the input ones. So, dielectric transmission line can be more suitable for using in this note as well.
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Fig. 16. Comparison of numerical method array (at one frequency sample) with mfERG clinical and experimental results in normalized output to input ratio ["VT""]
(a) simple photoreceptor array model-left eye, (b) simple photoreceptor array model-right eye, (c) graphene photoreceptor array model-left eye, (d) graphene
photoreceptor array model-right eye, (e) interdigital photoreceptor array model-left eye, and (f) interdigital photoreceptor array model-right eye.

16. Conclusion

In this paper, electromagnetic dielectric resonator antenna (DRA) was presented for retina photoreceptors as a receiver antenna
concept based on three models i.e., simple, graphene coated and interdigital structure at outer segment (OS) in order to model them
at fovea with the respected angular spectrum. The proposed electromagnetic models based on dielectric resonator antenna (DRA)
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Fig. 17. E (left) and H (right) plots for simple model (a), (b) cone - 3 x 3 array, (c), (d) cone - unit cell, (e), (f) rod - 3 x 3 array, and (g), (h) rod - unit cell.

was analyzed for cones and rods of retina photoreceptors in human eye by utilizing the Finite Integral Method (FIM) associated
with CST MWS. The results showed that these models were so fine for vision spectrum with a proper field enhancement in cone
photoreceptors due to its sensitivity to light by the localized near field enhancement property. The results indicated fine properties of
S|, (return loss below -10 dB) with invaluable resonants in a wide range of frequencies from 405 THz to 790 THz (vision spectrum),
adequate S, (insertion loss 3-dB bandwidth), very good field distribution for flowing the power. Finally, the array of each model
was compared with clinical and experimental techniques, mfERG. It was shown that the results obtained from mfERG validate the
numeric results. The best array model conformed by the mfERG results was the interdigital photoreceptor array model. The reason
for this concluded by the shape of photoreceptor model as it was designed with a near shape to the real photoreceptor of human eye
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Fig. 18. E (left) and H (right) plots for graphene coated model (a), (b) cone - 3 x 3 array, (c), (d) cone - unit cell, (e), (f) rod - 3 x 3 array, and (g), (h) rod - unit cell.

at outer segment. The interaction of capacitance and inductance properties of outer segment in this model was one of these effective
impacts on the mentioned ratio.

Ethical approval
The study followed the tenets of declaration of Helsinki and was approved by the Farabi eye hospital/Tehran University of
Medical Science’s Institutional Review Board (IRB) and written informed consents were obtained from patients (Ethics committee

reference number: ERC/R/332).
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Fig. 19. E (left) and H (right) plots for interdigital model (a), (b) cone - 3 x 3 array, (c), (d) cone - unit cell, (e), (f) rod - 3 x 3 array, and (g), (h) rod - unit cell.
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