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Abstract: Eye stimulation research plays a critical role in advancing our understanding of visual
processing and developing new therapies for visual impairments. Despite its importance, researchers
and clinicians still face challenges with the availability of cost-effective, precise, and versatile tools
for conducting these studies. Therefore, this study introduces a high-resolution, compact, and
budget-friendly multi-wavelength LED light source tailored for precise and versatile eye stimulation,
addressing the aforementioned needs in medical research and visual science. Accommodating
standard 3 mm or 5 mm package LEDs, the system boasts broad compatibility, while its integration
with any microcontroller capable of PWM generation and supporting SPI and UART communication
ensures adaptability across diverse applications. Operating at high resolution (18 bits or more) with
great linearity, the LED light source offers nuanced control for sophisticated eye stimulation protocols.
The simple 3D printable optical design allows the coupling of up to seven different wavelengths
while ensuring the cost-effectiveness of the device. The system’s output has been designed to be
fiber-coupled with standard SMA connectors to be compatible with most solutions. The proposed
implementation significantly undercuts the cost of commercially available solutions, providing a
viable, budget-friendly option for advancing eye stimulation research.

Keywords: LED light source; light engine; optical eye stimulation; ophthalmic instrumentation;
vision science

1. Introduction

The human visual system is a complex and sophisticated mechanism, pivotal in
our perception of the surrounding world. Various applications, ranging from medical
research [1,2] to visual science [3,4], depend on the precise and controlled stimulation of
the eyes. Therefore, the development of specialized tools for eye stimulation [5,6] has
become increasingly crucial for advancing these diverse fields. However, a significant issue
in the widespread adoption of eye stimulation technologies lies in the limitations posed
by current commercially available multi-wavelength tunable LED light sources, such as
Thorlabs” Chrolis [7], Roithner LED multi-F [8] or the more compact Mightex, which goes
up to 8 wavelengths [9].

Indeed, currently available eye stimulation systems are generally expensive (often
reaching into the thousands of euros) [9,10], and often do not meet the special needs re-
quested for modern vision research purposes [11-13]. Among all, light intensity resolution
is one of the most significative limitations, typically being in the range of 10 bits (0.1%),
while the vision science field requires much more precision as the diverse range of the hu-
man visual system extends from 107° to 108 cd/m? [14]. These aspects usually render com-
mercially available options inaccessible to a broader spectrum of small research and medical
laboratories, forcing scientists to build their own stimulators [2,15-17]. Furthermore, many
of these systems are characterized by a lack of possibility of customization, operating as
a sort of black boxes that hinder users from tailoring the configuration and stimulation
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parameters to specific requirements. Finally, the above-mentioned constraints impede
the widespread dissemination and practical application of eye stimulation technologies,
particularly in portable settings where flexibility and affordability are paramount [18-20].

Therefore, in response to these challenges, in this paper, we introduce and describe
a flexible solution for eye stimulation, specifically a compact and cost-efficient multi-
wavelength LED light source designed explicitly to be easily customizable, compact,
and affordable. In particular, our system aims to address the existing limitations by
prioritizing extensibility, empowering users to finely tune the parameters of eye stimula-
tion, such as wavelength selection and optical coupling, to meet the unique demands of
diverse applications.

The proposed LED light source accommodates standard 3 mm or 5 mm package LEDs,
ensuring broad compatibility while facilitating integration with any microcontroller capable
of pulse-width modulation (PWM) generation and supporting serial peripheral interface
(SPI) communication. This adaptability across diverse applications is a pivotal feature,
enabling seamless incorporation into several research and real-world settings. Moreover,
operating at a high intensity and high spatial resolution, within a range of up to 18 bits or
more, and microseconds time resolution, the configurable LED light source offers nuanced
control essential for implementing sophisticated eye stimulation protocols.

In addition to these technical configurations, the cost-effectiveness of our LED light
source is improved by the possibility of 3D printing the mounting components and sup-
ports using standard Fused Deposition Modeling (FDM) commercial printers [21-23]. This
feature not only contributes to its affordability but also enhances its versatility by pro-
viding users with the means to customize and adapt the system to specific experimental
setups. Furthermore, the system’s output can be efficiently fiber-coupled with inexpensive
plastic fibers [24], offering a cost-effective alternative to traditional coupling methods.
By significantly undercutting the cost of commercially available fiber-coupled LED light
sources [7-9], our solution establishes itself as a specific, accessible, and budget-friendly
choice for researchers and practitioners engaged in eye stimulation research applications.

In summary, the main novel contributions introduced by the proposed LED light
source system are the following;:

*  Resolution: our LED light source presents high-intensity resolution, up to 18 bits (or
more), and high time resolution in the order of microseconds by the combination of
PWM and LED peak current while keeping a high linearity.

*  Flexibility: the proposed LED light source can be used with any standard 3 mm or
5 mm package LEDs and up to 7 different wavelengths. In addition, it is possible to
control the system with any microcontroller capable of generating PWM and with
SPI communication.

e Portability: the whole LED light source can be embedded in any compact device as
the realized prototype optic is about 100 mm long, 46 mm wide, and 20 mm thick,
while the electronic board for up to five LEDs is less than 100 x 55 mm.

e Affordability: our LED light source is conceived to limit the cost of the solution. For
instance, inexpensive mounting and supports can be produced with simple commer-
cially available filament FDM printers. The output can be fiber coupled with cheap
plastic fibers.

2. Materials and Methods

Figure 1 illustrates an overview of the proposed LED light source.
The system can be divided into a few blocks:

* A generic PC-based user interface that communicates with the device through simple
serial commands to configure and customize the output light configuration;

¢ A general purpose 32-bit microcontroller board with PWM, SPI, and UART (Universal
Asynchronous Receiver-Transmitter) communication availability, which handles data
communications and controls the driving circuitry as detailed in Section 2.1);
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*  Driving electronics, thus including the drivers and circuitry necessary for the correct
setting of the average and peak LED current, which enables setting the intensity with
up to 18-bit resolution for each wavelength. These aspect are further described in
Section 2.2;

¢  Standard 3 mm or 5 mm LEDs with custom 3D printable and low-cost optics to achieve
single SMA optical coupling, fully described in Section 2.3).
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Figure 1. Schematic overview of the proposed LED light source. In particular, four different modules
are highlighted and further described in Section 2.

In the following subsections, each block description is provided.

2.1. Microcontroller Unit and Firmware

The main control unit used for the LED light source is an Atmel-based SAM3X8E
ARM Cortex-M3 micro-controller (32-bit architecture) produced by Microchip Technology
(Microchip Technology Inc, Chandler, AZ, USA) embedded in a compact form factor
(54 x 58 mm) board [25] and with up to 116 I/O pins. The microcontroller is the same one
used in the popular Arduino Due board [26] and can be programmed with the user-friendly
Arduino IDE [27] as well as any other C-based Integrated Development Environment (IDE).
Additional information can be found in the relative datasheet [28].

In our LED light source, the micro-controller is responsible for the following tasks:

1.  Handling the low-level serial communication that allows the configuration of the
light output from any type of device equipped with UART communication, e.g., the
personal computer.

2. Generation of PWM signals to control the LEDs dimming (i.e., ON and OFF state) and
intensity modulation;

3. Handling SPI communication with the digital potentiometer on the electronics board
to set the peak current of each LED (see Section 2.2).

More specifically, using the 32-bit based board, which besides the more advanced
and performing microcontroller is equipped with an 84 MHz clock frequency, allows the
generation of proper digital signals (PWM) with variable duty cycle (DC) to control each
LED’s average light intensity and eventually synthesize analog modulation of the output
light intensity, i.e., sinusoidal modulations or square wave modulation. This has been made
possible by using the microcontroller’s internal timer which has been manually set to run
at fr = 100 kHz frequency, i.e., 10 ps time resolution. Generally speaking, depending on
the PWM frequency (fpwa) used to dim the LED average output light, the DC resolution
limit (Rpc) can be derived as follows:

Rpc = 1)

We decided to use a duty cycle resolution of Rpc = 1000 (10-bit) by employing a vari-
able modulation frequency, fpwar € [100,1000] Hz. This approach optimizes modulation
frequency according to the duty cycle, aiming to minimize color flickering perceived by the
subject while ensuring a software-limited minimum time resolution of 10 ps. These settings
are based on the consideration that human eyes are sensitive to light flicker [29]. The flicker
fusion threshold, also known as the Critical Flicker Frequency (CFF) [30], represents the
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frequency above which flicker is no longer perceived, and the light appears continuous.
As long as the modulation frequency remains above this threshold, the perceived intensity
can be changed by altering the relative periods of light and darkness, also known as the
Talbot-Plateau law. The CFF determines the frequency at which a flickering light appears
steady to the average human observer and can be affected by numerous factors, such as
the wavelength of illumination, light or dark adaptation, illumination intensity, and many
others [31,32]. Research [33,34] suggests that most people’s maximum ability to detect
flicker typically ranges between 50 and 90 Hz. However, recent studies indicate that the
human eye may be capable of detecting higher flicker rates than previously thought [33].

Besides the generation of PWM that is necessary to control each LED intensity, the mi-
crocontroller communicates through SPI with the digital potentiometers (see Section 2.2 for
details), where the peak current of each LED can be further adjusted with 8-bit resolution.

Lastly, firmware handles an additional serial (UART) communication with an external
device that can be used to configure and control light stimulation protocols and basic light
tests. The developed firmware handles an additional second-level modulation (over PWM)
that can be used to synthesize the most common analog or digital waveforms, especially
simple low-frequency square waves, flashes, sine waves, or linear ramps. Since, in our case,
the first-level modulation (PWM) has a minimum frequency of 100 Hz, to keep the full
18-bit resolution, the second-level modulation must have the same or slower frequency, i.e.,
a minimum time resolution of £, = 10 ms.

2.2. LED Driving Circuitry

A straightforward and efficacious method for regulating a generic LED-based appara-
tus involves controlling the forward current, given the nearly linear correlation between
forward current and output optical power in solid-state sources [35]. It has been noted
previously that the primary approach to adjusting the luminosity of LED sources is by
modulating the average forward current using digital modulation techniques, such as
pulse-width modulation (PWM), wherein the duty cycle of the signal is variable. This
manipulation entails altering the ratio of ON time to OFF time without affecting the peak
forward current. However, merely manipulating the duty cycle, even with advanced micro-
controller units or purpose-built chips capable of 16-bit precision, often proves not enough
to adequately stimulate the diverse range of the human visual system, which spans from
107 to 10® cd/m? [14]. Consequently, there arises a crucial need to explore and develop
more sophisticated driving techniques to effectively meet these demands.

As presented in this section and as detailed in Section 2.2, the driving scheme pre-
sented in Figure 2 combines a boost-led driver CAT4238 [36] and a digital potentiometer
AD4803 [37] which allows controlling both average and peak current of each LED inde-
pendently. This allowed us to extend further the control of the emitted light intensity to
a total of 18-bits given by: 8-bit resolution on the LED peak current regulation and 10-bit
resolution provided by our PWM modulation, implemented through a CAT4238 SHDN pin.

Circuit Detailed Description

First of all, the choice of the led driver fell on the CAT4238 driver from On Semicon-
ductor [36]. CAT4238 is a high-efficiency, boost-led driver, with the capability to power up
to 10 LEDs in series with a maximum current of 100 mA. In our case, the described circuit
is used for each primary wavelength, which is constituted by a single LED. Moreover,
the driver allows adjustable output LED current and PWM modulation up to 1 kHz. The
chip is available in a tiny SOT23 package (2.8 x 2.9 x 1 mm for width, length, and height,
respectively) suitable for space-critical applications.

As can be noted in Figure 2, the reference LED’s current (I;gp) is simply given by

the formula: v v
ID — ( F BR_ x ) (2)
1
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where Vrp is the fixed feedback voltage at the FB node (nominally equal to 300 mV), i.e.,
pin 3 of the LED driver CAT4238, Vy is the voltage at the output of the operational amplifier
M(C33079, and R1 is the fixed resistance connected between the two nodes.

U2 +i_v L D LED series
® Ve 'a'a'aW ® S
1SL21080 l 470H - l
ol ct LED1
denp VN Jcvar|cvre - LED Driver c2 =
vour : 0.22uF UpTo
ouF | 10nF 1 5 |viN sw 1 10 LEDs in
= Voltage = L series
Reference = = -
Vr =900 mV PWM CAT4238
10-Bit LED10 57
R
RP1 I
18k 4| sHON FB| 3 300 mv FB
GND
+5V 8-Bit Digital Potentiometer
of
Ieep
16 | vdd AD8403 Va=315mV L
A123 - -5V
c_oPt
onF R1
= | Mmcasore
< ow|, W1 [0-300] mV 3
SPI to uC 10| SHDN RAIZe + 4 Vx [0-300]mV
15| RS 10 kOhm 2
cw_1
SPI_CS To 1] cs TuF cop2 ¥
SPI_SCLK 14] ok — s
| B1[24 = 10nF
SPI_MOSI 12| soi L av
DGND  spo AGND1|21
8-Bit o)
o o
Peak Current l +8v Voltage Buffer
Control 1 RPU_1 £

To AD8403 n2 (SPI)

Figure 2. Schematic of the LED driving circuitry realized. The schematic can be used to drive up to
10 LEDs in series. In our case, the above circuit is used for each primary, which is constituted by a
single LED. A single PWM signal can be used to turn ON or OFF the less or to modulate the intensity
with a 10-bit resolution. An SPI interface is also used to set the 8-bit digital potentiometer, thus giving
an additional 8-bit resolution on the current peak intensity.

It can be inferred that by changing the V, voltage value it is possible to tune the LED
output current, i.e., output light intensity during the ON state. As a consequence, the I} rp
max is obtained when the R1 is tied between Vrp and virtual ground (Vy = 0 V). In the
realized circuit, Ry can be set for each color as it regulates the maximum current that can
flow through each LED. The variable voltage was then obtained by the conditioning circuit
shown in Figure 2.

The variable voltage VY is generated starting from a 900 mV voltage reference ISL.2108
from Renesas Electronics [38] and a digitally programmable resistive divider, realized
with a digital potentiometer, the AD8403 [37]. The AD8403 provides a quad-channel,
8-bit (256-positions), digitally controlled variable resistor device. The device is digitally
programmable through the SPI interface. The resistance between pin Al and pin Bl is
fixed to 10 k), while the wiper position (referred to as W1) can be programmed with a
standard microcontroller provided with SPI interface protocol. Each chip can be connected
in a cascade to be serially programmed. For the system described here, a total of 4 digital
potentiometers are required; thus, it can be achieved with only a single chip.

It is worth noting that the ISL2108 provides a precise and stable voltage reference that
is of fundamental importance for the constant current generation. Any variation in this
voltage is directly reflected in LED current variation, and thus in unwanted variations in
output light intensity. By adding resistance Rpj, the voltage at pin Al is then fixed to be
slightly above 300 mV. By programming the AD8403 with a digital value in a range from
0 to 255, the voltage at the W1 wiper pin can go from 0 to 315 mV, respectively. A voltage W1
equal to 0 V gives the maximum LED current, that is I; rp = Vrp/R;. Setting W1 voltage
higher than 300 mV gives no current on LEDs, since Vrp — Vx <= 0 V. The output buffer
(Av = 1) stage is added to avoid the breakdown of the digital potentiometer since it can only
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support an absolute maximum current of 5 mA between W1 and B1. For the buffer stage,
the selection of the amplifier is also critical. A low noise, low offset, low output impedance
amplifier capable of sinking the entire Ip is required. Unfortunately, with a single supply,
the output stage of any operational amplifier, even rail-to-rail ones, is limited to a few
dozen mV when sinking high currents. For that reason, the choice of dual supply was the
only alternative to obtain V. output signal swiping between 0 and 300 mV. Considering all
these requirements, the choice for the operational amplifier fell on the Low Noise Quad
Operational Amplifier MC33079 provided by On Semiconductor [39].

As can be seen by observing Figure 2, the I} gp current can be further modulated by
connecting a PWM digital signal to the SHDN pin of the CAT4328 LED driver.

2.3. LEDs and Optical Coupling

The last element of the system is the mechanical design and optical coupling of the
light generated by the sources. To generate visible light four 5 mm LEDs types with different
peak emission wavelengths (RGBY illumination, namely red, green, blue, and yellow) have
been used. In Table 1, the main specifications of the selected LEDs are reported.

Table 1. Specifications of selected Roithner LEDs used for eye stimulation.

Peak Continuous Nominal Luminosity Package Emission
LED Product Code Wavelength Forward Current (Ir =50 mA) Size ¢ Angle (FW)
B56L5111P 470 nm 50 mA 25 cd
G58A5111P 525 nm 50 mA 100 cd 5 mm 150
Y5CAS5111P 590 nm 70 mA 55 cd
R5CA5111P 629 nm 70 mA 55 cd

As can be seen in the table, we opted for high-brightness standard LEDs in a 5 mm
package from Roithner (Roithner Lasertechnik GmbH, Vienna, Austria). As shown in
Figure 3, the four RGBY 5 mm LED housings are constituted by part A which can be easily
swapped to accommodate 3 mm LEDs as well.

We have selected cheap polymethyl methacrylate 1 mm core FSN-1000 optical fibers
with 0.51 Numerical aperture (+30.7° acceptance angle). The four fiber ends are aligned
and placed in close contact with the four LEDs through part B (Figure 3) inside which they
have been glued with clear epoxy.

The low full-width emission angle, also known as the viewing angle, of an LED is a
measure of how wide the angle of light emission is from the LED. It is typically measured
in degrees and it describes the angle at which the intensity of the light emitted by the LED
is half of its maximum intensity. In our case, 15° full-width emission angle has been chosen
to maximize the light entering into the optical fiber as it is lower than the selected fiber
acceptance angle (£30.7°). The light coming from the four-fiber bundle is mixed with the
last stage of the LED light source shown in Figure 4.

While the described coupling method is cost-effective, compact, and customizable,
it suffers from efficiency loss and uneven light mixing. These issues can be mitigated by
implementing a two-lens focusing system to increase overall optical power and minimize
light loss introduced from thick fibers with large numerical aperture (NA). Additionally,
by extending the output fiber, it would be possible to enhance beam uniformity as the
refractive index of the fiber core may slightly vary with wavelength, which can affect the
propagation characteristics of light in the fiber.

In the development of our multi-wavelength LED light source, a key focus was
on achieving a compact, modular design that leverages the accessibility of 3D printing
technology. Figure 5 presents the fully assembled prototype, illustrating its modularity and
compactness, with the possibility to self-3D-print the various mounting components.
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Figure 3. LED light source prototype assembly drawing on SolidWorks (Dassault Systemes, Vélizy-
Villacoublay, France). On the top left (section A-A), parts A and B allow the coupling between the
four LEDs and single FSN-1000 1 mm core fibers, while on the right, the collimator lens (C-Lens)
allows the imaging of the light coming from the four-fiber bundle (F-IN) into a single 1 mm core fiber
(F-OUT). As shown in the middle view, the custom light combiner ends with the single SMA905 fiber
connector, while standard M2 screws keep the parts tight together. The top view of the LED light
source is depicted at the bottom of the figure and shows the overall width and length of the assembly.

9.4mm _  PART-D

PART-C

SMA%05

61.3°

Figure 4. Details of the fiber combiner. As input (F-IN), the four 1 mm core fibers (FSN-1000) have
been glued together inside a cavity (part A) with clear epoxy. Part C, part D, and part E provide
housing and correct spacing for the aspheric collimator lens (C-Lens) [40] used to image the fiber
bundle into one single FNS-1000 fiber (F-OUT). In this case, the longer the output fiber, the more
uniform the mixing will be. Part F provides housing for the single SMA905 [41] output connector.
The fiber combiner is kept together with three standard M3 screws placed at 120°.
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Figure 5. The figure shows an assembled multi-wavelength LED light source, showcasing its compact
design and the possibility to be modular and easily 3D printable. In the figure, A is the microcontroller
board (DUE CORE), B is the PCB board with driving circuitry, C is the flexible connection cable for
LEDs current, D indicates the 3D printable holders to connect 5 mm standard LEDs and FSN-1000
fibers, E is the four-fiber bundle and F is the fiber combiner depicted in Figure 4.

This prototype demonstrates the practical realization of our previously described
design concepts, highlighting the system’s user-friendly assembly and flexible configu-
ration which allows us to mount and adapt the device to many portables and compact
diagnostic tools.

3. Characterization Results and Discussion

The characterization of the LED light source is performed with the help of two
lab instruments:

*  Spectrometer: Hamamatsu PMA-11 [42]. The C5966-31 integrated into the Hamamatsu
PMA-11 is a CCD linear image sensor with 1024 sensitive channels ranging from
300 nm to 800 nm and a wavelength resolution lower than 3 nm. The fiber-coupled
optical head is wavelength and sensitivity calibrated, while the exposure time has
been set to 19 ms for all the measurements.

* Power meter: the Newport (Irvine, CA, USA) 1918R model coupled with a
918d-UV-0d3 optical head designed for radiant flux between 20 pW to 200 mW in the
200-1100 nm wavelength range; it has a sensitive area of ® = 11.3 mm and a typical
uncertainty of £2% in the visible range. Additionally, we ensured proper optical
head alignment to guarantee that the entire output radiant flux effectively reached the
sensor’s sensitive area.

The measurements were carried out on LEDs under controlled environmental condi-
tions and with each color being lit independently.

3.1. Sources Output Spectra Measurement

The spectral characterization of a multi-wavelength LED light source for human eye
stimulation is a crucial aspect of understanding the emitted light color coverage over a
standard human visual range. In our study, we conducted spectral emission analysis
using a Photonic Multichannel Spectral Analyzer, specifically the PMA-11 produced by
Hamamatsu [42]. This tool allowed us to comprehensively evaluate the spectral distribution
of the light emitted by our sources. Figure 6a below shows the normalized spectral
distribution of the three LED sources used and Figure 6b shows the CIE 1931 color space
diagram [43] with our configuration coverage.
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Figure 6. (a) shows the normalized output spectra acquired with the Hamamatsu PMA-11 multi-
channel spectrometer, while (b) shows our device coverage of the standard CIE 1931 chromaticity
diagram and the comparison with the standard sRGB color space.

Furthermore, in Figure 6b, we juxtaposed our configuration’s color coverage with
the sRGB standard color space [44], renowned for its use of the primary colors red, green,
and blue. sRGB is widely recognized for providing a uniform color representation across
screens, displays, and printers.

A visual inspection reveals that our selected LEDs outperform sRGB in terms of
green and red wavelengths while exhibiting a gap in coverage around the blue color
spectrum. This deliberate choice stemmed from our selection of the blue LED (B56L5111P),
tailored to align more closely with the peak sensitivity of intrinsically photosensitive
Retinal Ganglion Cells (ipRGCs) [45]. Our research, including investigations into pupillary
light reflex involving this device [3,46,47], underscores the significance of this tailored
selection. Finally, in Table 2, the measured peak value and the FWHM (full wavelength
half maximum) values of the four sources’ normalized spectral distributions are reported.

Table 2. Source peak level and FWHM measured with Hamamatsu PMA11 Spectrometer.

LED Product Code PEAK [nm] FWHM [nm]
B56L5111P 473 18
G58A5111P 531 30
Y5CA5111P 595 13
R5CA111P 630 14

Given the single spectral flux distributions depicted in Figure 6a, the combined output
from a multi-wavelength source system is generally represented by the sum of the spectral
fluxes emitted by each individual source. This additive principle of spectral flux, supported
by findings in related studies [48], facilitates the precise generation of desired spectral
power distributions (SPDs) through the proportional sum of each component’s intensity.
It is crucial to note that optical components in our design, such as fibers and lenses, may
slightly alter the source output’s spectral composition due to their material properties. We
have rigorously accounted for these effects as our analysis includes measurements of both
spectral and intensity profiles at the output of the light combiner shown in Figure 4.

3.2. Linearity

As explained in Section 2.2, the proposed driving circuitry allows the regulation of
each LED by two acting on two different parameters:
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e Digital modulation: by changing the duty cycle of the PWM signals which enables or

not each one of the LED drivers (10-bit resolution);

*  Peak current modulation: the digital potentiometer AD8403 allows the regulation of
the peak forward current of each LED when the diver is enabled (8-bit resolution).

Accessing the linearity of the emitted light intensity by quantifying duty cycle (DC) is
crucial to facilitate the generation of precise spectral distribution for general eye stimula-
tion [49]. To assess overall linearity, we performed two tests measuring the radiant flux for
each LED by randomly setting the DC between 0 and 100% and between 0 and 5%. The
process for each test involved 50 measurements. During each measurement, the selected
LED was turned ON for 5 s and then turned OFF for an additional 5 s to allow it to cool
down and prevent overheating. Throughout the 5 s ON period, we captured data using an
80% window (4 s, starting 500 ms after turning ON) to measure the average radiant flux
emitted from the device’s output SMA fiber. During the OFF period, lasting 500 ms, we
measured the dark current to account for any changes in ambient illumination. Figure 7
shows the normalized radiant flux of each LED compared with an ideally linear behavior,

i.e., a 1 to 1 match between the DC value and the normalized radiant flux.
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Figure 7. The linearity test was performed on each LED by changing the duty cycle randomly from
0 to 1.0 with a 0.02-step resolution (50 points). Solid circles e show the radiant flux (normalized to
maximum) acquired with the Newport Spectrometer, while the x marks refer to the right Y-axis, show
the absolute error of each point with the best linear fit with an intercept equal to zero, represented by

the solid red line.

As can be seen in Figure 7 the overall linearity is exceptionally good. For all LEDs,
the coefficient of determination R?, which represents the proportion of the variance in the
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dependent variable that is predictable from the independent variable, is above 0.999 in all
LEDs while the average absolute error is in the range of 4.5 x 1073 to 6.7 x 10~2.

Since the linearity assessment conducted in this manner is dependent on the selected
drivers rather than the type of LED, the second test was exclusively conducted on the G58A5111P
LED. In this test, we examined linearity at low duty cycle values, as drivers may exhibit non-
linear behavior when activated with very short pulses. The measurements were conducted
following the same procedure described earlier. The results, obtained by randomly varying the
duty cycle from 0 to 0.05 with a total of 50 steps, are illustrated in Figure 8.

x1073
0.05] ® G58A5111P e
0
o -5
Cd
004 N . #
x y
= &/ * . = [
% * X x4 & ** s T M * *y **1 S
5 0.03 T e *** a’ (O S E
° * w| g® 3 9
- ax x| * o® 5
] .0 ©
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I o 2
£ 0.02 {* ..0° |
S o 2
Cd
pr)
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0.01 1 ..0' ¢ [,
0
@
°
0.00 ; ; ; | 0
0.00 0.01 0.02 0.03 0.04 0.05
Duty Cycle

Figure 8. The linearity at low intensities has been tested by randomly setting the DC from 0 to 0.05
with 0.001 step resolution (50 points). Green circles ® show the acquired radiant flux (normalized
to the value measured with DC = 1) acquired with the Newport Spectrometer. In contrast, the %
referring to the right Y-axis shows the absolute error of each point with a perfectly linear behavior,
represented by a solid red line in the figure.

Even in this case, the control circuitry proved to be mostly linear, where the coefficient
of determination R? in this case is 0.95 while the average absolute error is around 3.3 x 1073.

A third test was conducted to assess the linearity of the digital potentiometer (AD8403;
see Figure 2), which can be adjusted with an 8-bit resolution. Similar to the initial test,
measurements were conducted on a single LED, as the circuitry remained consistent across
all utilized wavelengths. The procedure employed is the same as the first test. Figure 9
shows the results where the normalized radiant flux measured with the Newport power
meter by varying the AS8403 digital value while keeping DC at 100% has been compared
to the best linear interpolation.

The radiant flux proved to vary linearly with the variation in the peak current regulated
by the internal potentiometer resistance value. The R-squared coefficient of determination
is in this case equal to 0.998 while the average absolute error was 8.3 x 1073. A small offset
is present at the very beginning of the curve which indicates that the radiant flux starts
its linear increase at around value 13 (around 5%) of the digital potentiometer. This is as
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expected as we explicitly designed the circuit (see Figure 2) to have some margin reaching
zero current, as the voltage V,; has been set to 315 mV which is indeed slightly higher than
the voltage required to set zero current (Vy = Vrp = 300 mV).

x1072
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Figure 9. Linearity test performed by fixing the DC to 1 and by changing the LED current I;gp
by setting the 8-bit resistance value of the digital potentiometer with 50 different settings. Purple
circles @ show the radiant flux (normalized to maximum) acquired with the Newport Spectrometer,
while the * referring to the right Y-axis shows the absolute error of each point with the best linear fit,
represented by a solid red line in the figure.

3.3. Stability

The stability of the total radiant flux for each LED was assessed by activating each
of the six LEDs with a duty cycle (DC) of 1 (100%) and maximum current for 5 min.
Throughout this period, as shown in Figure 10, we measured the fluctuation in total radiant
intensity with the Newport 1918R power meter.

Each test has been performed with an automated procedure in a light-controlled
environment (dark room) where the device has been turned on from cold-start, i.e., LEDs
at an ambient temperature around 22 °C.

When evaluating LED performance at full power for five minutes (Figure 10), the
blue-light LED retained over 98% of the initial emitted radiant power, while the green
LED remained in the 99% range. However, the radiant flux of the yellow and red LED
exhibited the highest decline, stabilizing at 86% and 89%, respectively. Likely, this behavior
is attributed to the lower quantum efficiency in this wavelength range [50] and the depen-
dency of such LEDs’ light efficiency on temperature. This is to be taken into account when
using very high currents for long periods and LED junction temperatures are not directly
monitored.
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Figure 10. Stability test performed on each one of the LEDs with maximum output current (DC =1
and max current). Each curve has been normalized to the peak. An exponential decay function has
been used to estimate the regime value for each LED.

3.4. Timing

The investigation on the timing component of light pulses emitted by a system for
visual stimulation could be of crucial importance in studies involving very short flashes,
like the observation of electroretinogram (ERG) responses to light [46] which requires
millisecond-length flashes [51] or where sinusoidal pulse-width modulation [52] (SPWM)
waves are involved [53]. Therefore, we tested our device output flash response in terms of
rising time, falling time, duration, and delay with respect to the trigger signal while the
maximum current was set on the digital potentiometer. At this scope, we acquired with the
Newport power meter introduced before (see Section 3), the light flash produced with a
500 us digital trigger. The wave has been acquired by sampling with a digital oscilloscope
the analog signal produced by the power meter, without any active filter. According to the
Newport datasheet [54], the detector used should have a rise time lower than 6 ps. The
acquired optical flash with the respective digital trigger is reported in Figure 11.

We measured comparable rising and falling time in the order of 90 us while the
duration of the flash was 493 ps compared to the 500 ps trigger pulse. The rise time of the
detector is neglected as much slower than the total rising time. This test proved that our
system is capable of delivering short and precise stimulations in the order of ms to cover
even the most demanding eye stimulation protocols.



Electronics 2024, 13, 1127

14 of 17

Rise Time: 93.6 us —— Digital Trigger
1.2 1 Fall Time: 92.0 us Optical Signal
Pos Duration: 493.2 us
Delay: 62.8 ps
1.0 A
z
(%]
§ 0.8 1
<
2
N 0.6 1
©
£
o
=2 0.4 1
0.2 1
0.0 T T t
—200 0 200 400 600 800

Time (us)

Figure 11. The 500 s flash test has been executed to measure the LED driver’s time response. The
graph shows in light blue the digital trigger signal applied to the SHDW pin of the CAT4238 (see
Figure 2) while the dark blue solid line shows the normalized optical radiant flux acquired with the
Newport power meter. Rise and fall time have been measured with the standard 10-90% rule, while
positive duration has been measured by taking the signal width at 50%.

4. Conclusions and Future Work

In this paper, we have introduced a cost-effective and compact multi-wavelength LED
light source designed specifically for precise eye stimulation. Unlike expensive commercial
devices lacking modulation and resolution, our system offers versatility and affordability.
Indeed, by accommodating standard 3 mm and 5 mm LEDs, as well as a standard SMA
fiber output, it ensures compatibility and high-resolution control, allowing it to cover a
wide range of the human visual spectrum [14].

The cost-effectiveness is further enhanced by its compatibility with 3D printing, pro-
viding researchers with an accessible solution that can be integrated into any compact-sized
prototype. With our design, we achieved a resolution of 18 bits, and the potential integra-
tion of a specific modern IC for PWM generation [55], capable of reaching up to 16 bits
alone, could push the total resolution to 26 bits. Additionally, implementing a two-lens
light combiner and slightly longer fiber could enhance light transmission efficiency and
improve color homogenization at the output. Lastly, simple heat dissipation techniques
could be employed to enhance the stability of LED emission at very high intensities.

Our LED light source has been validated in pupillary light reflex studies [13,46,47],
underscoring its utility across both research and clinical domains. Its precise stimulus
control is vital for exploring complex visual functions, benefiting areas like vision therapy,
adaptive optics, and photoreceptor dynamics [56-58].

Additionally, its suitability for color vision, depth perception, and visual acuity experi-
ments under varied lighting [59-61], alongside its potential in circadian rhythm and sleep
disorder research [62,63], showcases its broad applicability. The system’s portability and
affordability facilitate wider access to sophisticated eye stimulation technology.

Notably, its efficacy in ERG response studies marks it as a pivotal tool for retinal disease
diagnosis and research [64,65], enhancing study quality and insights into retinal health.

In future work, we plan to explore these applications further, aiming to demonstrate
the broad utility of our LED light source in addressing the current limitations of eye
stimulation research and clinical interventions.
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Abbreviations

The following abbreviations are used in this manuscript:

PWM Pulse-Width Modulation

SPI Serial Peripheral Interface

FDM Fused Deposition Modeling

IDE Integrated Development Environment
DC Duty Cycle

CFF Critical Flicker Frequency

AU Arbitrary Unit

NA Numerical Aperture

FWHM  Full Wavelength Half Maximum
ipRGCs  intrinsically photosensitive Retinal Ganglion Cells

NA Numerical Aperture
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