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Abstract

This work presents a low-power wearable Photosensor Oculogra-
phy (PSOG) gaze-tracking system for smart glasses, repurposing
the MAX86181 optical analog front-end, originally designed for
photoplethysmography (PPG) to measure periocular reflectance
patterns. Infrared LEDs and photodiodes are arranged around the
eyes, using time-multiplexed illumination to generate 32-element
feature vectors (4 PDs x 4 LEDs x 2 eyes). The system’s integrated
analog/digital ambient-light cancellation preserves signal integrity
across indoor to outdoor conditions, as validated on a humanoid
robot platform. A lightweight Mahalanobis distance-based classifier
achieves ~97% gaze-region classification accuracy for both 5-zone
and 9-zone partitions in the controlled robotic evaluation at 58.6 s
integration time. Power consumption ranges from 11 mW at 50 fps
to 18.5 mW at 150 fps, corresponding to an estimated operating time
from approximately 34 hours to 20 hours, respectively, on a 100
mAh, 3.7 V LiPo battery under ideal conversion efficiency. These
results demonstrate the feasibility of repurposing a PPG-derived
optical front-end for low-power PSOG in smart-glasses form factors.
While the present validation is limited to controlled experiments
on a humanoid robot and coarse gaze-region classification, the ap-
proach represents a promising step toward always-on wearable eye
tracking.
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1 Introduction and State of the Art

Eye tracking measures gaze direction and eye-movement dynamics,
providing a direct window into visual attention, perception, and vi-
suomotor control. By quantifying where and for how long a person
fixates within a scene, it has become a core tool in psychology and
neuroscience, as well as in human-computer interaction, market-
ing research, and medical diagnostics [Duchowski 2017; Mele and
Federici 2012; Wade and Tatler 2005]. In the last decade, the push
toward pervasive sensing (AR/VR headsets and smart glasses) has
shifted the emphasis from laboratory accuracy alone to long-term
wearability, low power consumption, mechanical integration, and
robustness to uncontrolled lighting and motion.

Most commercial and research-grade systems still rely on video-
based oculography (VOG), in which one or more cameras image
the eye and gaze is inferred from features such as the pupil center
and corneal reflections. Classical high-precision solutions exploit
Purkinje images [Cornsweet and Crane 1973; Crane and Steele
1985], while many wearable implementations adopt pupil-corneal-
reflection (PCCR) geometries coupled with calibration models. More
recently, appearance-based methods infer gaze directly from eye
images using machine learning, improving robustness under chal-
lenging imaging conditions [Larrazabal et al. 2019; Zhang et al.
2015]. Despite their maturity and accuracy, camera-based pipelines
require continuous image acquisition, illumination control, and
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non-trivial processing, and can be sensitive to environmental illu-
mination, occlusions, and eye-camera slippage, factors that translate
into increased power draw and tighter opto-mechanical constraints
in lightweight eyewear.

This has motivated growing interest in camera-free sensing
modalities. Electro-oculography (EOG) can offer low-power eye-
movement signals but is affected by drift and user-dependent elec-
trode interfaces [Estrany and Fuster-Parra 2022], while scleral
search coils achieve excellent precision at the cost of invasiveness
and limited practicality for everyday use [Sprenger et al. 2008].
Event-based cameras and other emerging sensors have demon-
strated very high-speed gaze tracking, yet they still rely on dedi-
cated optics and relatively complex processing pipelines [Angelopou-
los et al. 2021]. In parallel, non-imaging optical approaches have
re-emerged as a promising compromise between robustness, inte-
gration, and energy efficiency.

Among these, Photosensor Oculography (PSOG) is a compact
non-imaging technique that uses infrared (IR) emitters and photodi-
odes to measure reflected light from the periocular region [Kumar
and Krol 1992; Van Den Berg and Spekreijse 1997]. As the eye
rotates, the relative contribution of sclera, iris, and pupil within
each emitter-detector geometry changes, producing systematic re-
flectance modulations that can be mapped to gaze with minimal
computation. PSOG can achieve high sampling rates, low latency,
and very low power consumption, making it attractive for always-
on wearable platforms. At the same time, PSOG performance is
strongly influenced by sensor placement, inter-subject anatomy,
frame slippage, and nonlinear reflectance-to-gaze relationships, and
it must contend with ambient light interference and motion arti-
facts, especially outdoors [Palmero et al. 2023; Pezzoli et al. 2026].

Although examples of prototypes embedding a PSOG tracker in a
pair of smart glasses were already attempted by [Pezzoli et al. 2025]
and [Pettenella et al. 2025], a central barrier to widespread PSOG
adoption in consumer eyewear are not only the gaze-inference
model, but the acquisition chain: achieving a high signal-to-noise
ratio (SNR) while maintaining a compact footprint and a tight
power budget under intense and time-varying ambient illumina-
tion. Interestingly, PSOG shares key hardware requirements with
photoplethysmography (PPG): both measure small AC variations
riding on a dominant DC component, typically within a bandwidth
below ~100 Hz, and both are susceptible to displacement artifacts
and ambient light pickup. This observation opens an alternative
design space: repurposing mature, low-power optical AFEs origi-
nally developed for PPG as the front-end for reflectance-based eye
tracking.

In this work, we explore this direction by leveraging the MAX86181
optical analog front-end (AFE) as the core of a wearable PSOG ac-
quisition platform. The MAX86181 integrates multi-channel, high-
resolution optical readout with programmable LED driving and
on-chip ambient light cancellation, offering an unusually compact
and low-power solution for embedded reflectance sensing [Analog
Devices 2026]. Building on this capability, we implement a time-
multiplexed illumination strategy in which individual LEDs are
pulsed sequentially while multiple photodiodes are sampled in par-
allel, yielding a richer set of spatial reflectance measurements per
time step without resorting to imaging optics. In addition, we ex-
ploit the device’s layered ambient-rejection mechanisms, including
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analog and digital cancellation to preserve headroom and mitigate
saturation under harsh illumination. Finally, we evaluate the re-
sulting system in controlled and repeatable conditions, including
standard indoor lighting and stress-test illumination representa-
tive of outdoor environments, to assess whether a PPG-derived
AFE can enable robust, low-power PSOG suitable for smart-glasses
integration.

2 Optical Signal Characteristics for Eye Motion
Detection

Although photoplethysmography (PPG) and optical eye tracking
target fundamentally different physiological phenomena, both rely
on controlled optical emission and photodetection of light reflected
by biological tissues. PPG is a technique used to measure varia-
tions in blood volume within microvascular tissue: it operates by
illuminating tissue with one or more LEDs and measuring the in-
tensity of reflected (or transmitted) light with a photodiode. The
resulting signal encodes the periodic absorption changes driven by
the cardiac cycle, and its informative content is confined to a rela-
tively narrow and low-frequency band, typically below a few tens
of Hz. In contrast, optical eye tracking based on reflectance does
not measure volumetric absorption changes but rather the geomet-
ric modulation of reflected light due to ocular rotation. When the
eye rotates, the relative position of sclera, iris, and pupil changes
with respect to a fixed emitter—detector configuration, producing a
variation in the intensity and distribution of the reflected optical
signal that is directly coupled to gaze angle. Despite these differ-
ences in physiological origin, the two modalities share a number of
fundamental hardware requirements. In both cases, the detected
signal consists of a dominant DC component with a superimposed
AC variation that carries the information of interest: in fact the
relevant frequency content of this AC component typically lies
below approximately 100 Hz. Furthermore, both modalities are
susceptible to similar sources of disturbance which are mainly
mechanical displacement artifacts and ambient light interference:
those phenomena must be adequately mitigated at both the hard-
ware and signal-processing levels to keep the acquisition chain at a
good level of sensing in terms of SNR. These shared characteristics
suggested that integrated circuits developed for PPG acquisition
could represent viable candidates for optical eye tracking as well.
This observation significantly broadened the scope of the compo-
nent search: the market for PPG-dedicated integrated solutions is
considerably larger and more mature than that for eye tracking-
specific hardware, offering a wider range of devices optimized for
low power consumption, miniaturization, and high-sensitivity op-
tical front-ends. Among the solutions surveyed, the MAX86181
emerged as particularly suitable, combining a programmable multi-
LED driver, a high-resolution photodetector acquisition chain, and
an exceptionally compact and low-power profile, properties that
aligned well with the constraints imposed by a flexible, wearable
implementation.

3 System Design and Integration

The prototype developed consists of a wearable smart-glasses plat-
form integrating the MAX86181 optical analog front-end (AFE)
together with multiple infrared LEDs and photodiodes positioned



Toward Always-On PSOG: Wearable Gaze Tracking System via a PPG-Derived Optical Analog Front-End

around the periocular region. The MAX86181 is a quad-channel,

high-resolution optical acquisition system featuring two programmable

LED drivers and four independent 20-bit current-mode ADCs: al-
though originally designed for photoplethysmography (PPG), its
architecture makes it suitable for reflectance-based eye motion
sensing.

The distribution of LEDs and photodiodes around the periocular
region was determined through preliminary optical simulations and
analysis of prior reflectance-based eye tracking configurations, with
the objective of maximizing sensitivity to sclera—-iris reflectance
transitions during ocular rotation, while minimizing direct LED-to-
photodiode coupling and inter-channel optical crosstalk.

The physical quantity of interest is the surface reflectance p,
defined as the ratio between reflected and incident optical flux:
this factor, combined with the detector responsivity, yields the
following.

)
P=g =R (1)
1

where ®; is the incident optical flux emitted by the LED, @, is the
reflected flux collected by the photodiode, and R is the photodiode
responsivity (A/W). Substituting the reflectance definition gives:

Ln=Rp®i  Ippxp ()

As the eye rotates, p varies with gaze angle due to the different

near-infrared optical properties of sclera, iris, and pupil: this angular

modulation of p constitutes the informative signal extracted by the
system.

In practice, the photocurrent I, is further influenced by emit-

ter—detector geometry, tissue absorption, and angular emission/collection

profiles: due to such many factors its magnitude is several orders
of magnitude smaller than the LED drive current, imposing strict
requirements on front-end sensitivity and noise performance.

To achieve a measurable signal without violating optical safety
limits, the LED drive current was set to 9mA in compliance with
IEC 62471, moreover preliminary tests indicated that the expected
photocurrent at the detector input is on the order of a few nanoam-
peres. With the MAX86181 configured for a 8 pA full-scale input
range, the useful signal occupies only a small fraction of the con-
verter dynamic range : for an N-bit ADC with full-scale current Irs,
the least significant bit (LSB) and the corresponding quantization
noise power are given by:

_Ips , LSB?
LSB = 2_N 0, q= T (3)
and the RMS quantization noise is:
LSB
O0qg = ——= og < Ipp (4)

Viz
Under the selected configuration (Irs = 8 A, N = 19), the LSB
is on the order of a few picoamperes, making quantization noise
negligible compared to shot noise and ambient light fluctuations.
To maximize the collected signal while maintaining energy ef-
ficiency, the ADC integration time was set to 58.6 us, since LED
activation is confined to the integration window, illumination and
signal acquisition are temporally overlapped and so the energy
dissipated per measurement cycle can be approximated as:
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Emeas = VLED ILED Tint Paug = Emeas fframe (5)

where Tin; is the integration time and fry4me is the frame rate.
The integration time therefore represents a primary design param-
eter for trading signal-to-noise ratio against power consumption.

3.1 INlumination Scheme and Signal
Conditioning

The acquisition strategy adopted is based on time-multiplexed il-
lumination: at each measurement cycle, a single LED is activated
while all four photodiodes are sampled simultaneously through
the device’s independent acquisition chains, after which the next
LED in the sequence is switched on and the process repeats. This
approach allows the eye to be illuminated from multiple spatial
positions in rapid succession, extracting richer geometrical infor-
mation about its orientation than would be possible with a single
fixed emitter.

Once the illumination scheme had been defined and simulated,
preliminary tests were performed to better assess the expected sig-
nal magnitude and the possible impact of ambient light disturbances
involving the same LED and photodiode models that were selected
for the final setup. LEDs and photodiodes with peak spectral re-
sponse in the near-infrared region were selected, where the spectral
irradiance of sunlight is naturally attenuated relative to the visible
range. This choice provides an intrinsic degree of ambient-light
rejection, which is particularly valuable in outdoor operating con-
ditions, where broadband illumination would otherwise degrade
signal quality or drive the acquisition chain into saturation. A se-
ries of ambient-light acquisitions was carried out under different
lighting conditions by using a luxmeter to measure the ambient
light intensity; the photocurrent generated by the photodiode was
recorded, with the device oriented approximately normal to the sun:
the resulting data are reported in Figure 1. In parallel, additional
experiments were conducted to estimate the expected photogen-
erated signal by evaluating the coupling efficiency between the
light emitted by the LEDs and the current produced by the photo-
diodes placed in front of them. The data shown in Figure 2 indicate
that, for a 9 mA LED driving current, chosen to comply with the
eye-safety constraints IEC62471, it is on the order of tens of mi-
croamperes, in an environment where full-sunlight conditions can
generate more than 100 uA of baseline current. Starting from these
preliminary data, the system architecture was based on an STM
Nucleo board, used to control and interface with the MAX86181
which was positioned centrally between the two lenses in order to
minimize the analog routing length between the photodiodes and
the AFE inputs along the flexible-PCB traces; this layout reduced
parasitic capacitance and electromagnetic interference, yielding a
measurable improvement in signal integrity.

A built-in photocurrent background cancellation function was
integrated to accommodate DC levels both analogically and digi-
tally: at the analog level, this stage is capable of cancelling up to
200 pA of DC photocurrent, providing the main contribution to
ambient-light immunity. At the digital level, each illumination event
(exposed sample) was bracketed by dark samples acquired with the
LED turned off, and on-board subtraction was applied to remove
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Figure 2: Photogenerated current with infrared LED emitted
light

residual ambient contributions persisting after the analog stage.
In addition, real-time averaging of repeated exposed samples was
supported prior to writing the result to the internal FIFO, thereby
lowering the effective noise floor of each output sample without
increasing the data rate transferred to the host microcontroller.
Together, these mechanisms give the system a robust and layered
rejection of both stochastic noise and structured ambient interfer-
ence, which is essential for reliable operation in an uncontrolled
wearable environment.

3.2 Region Classifier

Once the raw data were acquired and digitised, they were trans-
mitted via UART to a host PC: there, the contribution of each LED
was extracted from the raw photodiode signals, yielding a fea-
ture vector of 32 elements (4 photodiodes x 4 LEDs x 2 eyes), on
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which the classification stage was executed. The purpose of this
stage was to determine the region where the gaze direction was
pointing by analysing the pattern of signals generated by the dif-
ferent LED-photodiode combinations. The algorithm used was a
lightweight distance-based classifier based on the Mahalanobis dis-
tance[Duda et al. 2000], consistent with our previous work. The
main advantage of this approach is that it accounts not only for the
distance between feature vectors but also for the statistical struc-
ture of the data, incorporating both the variance of each feature and
the correlations between them [Pettenella et al. 2025]. During the
training phase, the classifier estimates the mean feature vector and
the covariance matrix associated with each class. The covariance
matrix captures the statistical dispersion of the signals and their
mutual correlations, while its inverse is later used to weight the
contribution of each feature during classification. During inference,
each newly acquired feature vector is compared against the sta-
tistical model of every class. The algorithm evaluates the squared
Mahalanobis distance between the test sample and each class dis-
tribution, and the sample is assigned to the class that minimises
this distance.
The squared Mahalanobis distance is defined as:

d? = (x - %) 3 (x - %) (6)

where d. is the distance between the test point x and the class
¢, % is the mean of the training features for class ¢, and 3! is the
inverted covariance matrix for the class c.

4 Experimental Acquisition and Model
verification

Once the prototype was assembled, a series of hardware verification
and validation tests were conducted to verify the correct functioning
of the acquisition chain; the experiments were designed to assess
three core requirements that the platform must satisfy: first, as
a baseline, the system must be capable of reliably detecting eye
position under standard indoor lighting conditions. Second, it must
maintain the same capability when exposed to demanding outdoor
illumination, where ambient light represents a significant source of
disturbance. Third, both tasks must be accomplished within a power
consumption budget compatible with a wearable, battery-powered
device intended for extended use. To ensure repeatability, all tests
were conducted on the Ami Desktop humanoid robot, whose eyes
were programmed to execute a controlled sequence of movements
covering a predefined set of gaze positions. The field of view was
partitioned in two different ways, first into 5 zones and then into
9, in order to evaluate two classifiers of different spatial resolution
and assess how classification accuracy scales with the number of
target regions. All experiments were performed under two distinct
illumination conditions: the indoor scenario was characterized by
an ambient light level of approximately 1000 lux, representative of
a typical well-lit indoor environment. The stress test was instead
conducted by emulating harsh outdoor illumination through the use
of halogen lamps capable of producing up to 100,000 lux, pushing
the system’s ambient light rejection to its operational limits.

As shown in Figure 3, the acquired signals exhibit a characteristic
step-like pattern that directly reflects the discrete gaze positions as-
sumed by the eye during the experiment. Each trace corresponds to
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a single photodiode channel, and the contribution of each LED can
be distinguished as it is activated in sequence. The step transitions
in the signals correspond to the eye moving from one predefined
zone to the next, with the five-zone partitioning producing step
patterns of different granularity. During the experiments illustrated
in Figure 3, the ambient light level was gradually increased, starting
from a dark condition and reaching a fully illuminated condition
toward the end of the acquisition. A small DC fluctuation is observ-
able due to imperfect DC-level cancellation; however, by referring
to Figure 1, one would expect a much larger photocurrent that could
drive the system into saturation. In practice, the setup continues
to operate correctly and acquires the signal reliably despite the
increasing ambient illumination, demonstrating its robustness to
ambient-light variations. In the setup, the field of view was lim-
ited between -30 and +30 degrees horizontally and -20 and +20
vertically, then subdivided into 9-zone or 5-zone depending on the
granularity we aimed to achieve. The robot was programmed to fix-
ate each point for 2 seconds, spaced by 5 degrees on the horizontal
and 4 degrees on the vertical, that covered the whole field of view
available. A uniformly distributed random subsample comprising
20% of the observation points was designated as the test set and
excluded from the training data prior to model fitting. This proce-
dure ensured that distinct instances were used during the training
and evaluation phases of the classifier, thereby mitigating the risk
of overfitting. Lastly, power-consumption tests were performed
with the MAX86181 operated in two conditions: deep-sleep mode,
which represents the lowest-power state with the internal oscillator
disabled, and the measurement state, during which the LEDs are
turned on and data are acquired and streamed to the microcontroller.
In the measurement state, tests were repeated while varying the
frame rate which is strictly related to the LED on-time and therefore
expected to be a key contributor to power consumption; moreover
measurements were conducted both in darkness and under ambient
illumination to verify how the ambient-light cancellation scheme
affects the overall power usage and classification accuracy.
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5 Results

The acquisitions described in section 4 were analyzed for both the
9-zone and 5-zone classifiers: with an integration time of 58.6 ys and
on-board averaging over four samples, and with both analog and
digital ambient-light cancellation enabled, the algorithm achieved
an accuracy of approximately 97 % in both dark and illuminated
conditions. Figure 4 reports the confusion matrix for the 9-zone
classifier under the final operating configuration. Most predictions
lie on the main diagonal, confirming that classification errors are
limited and mainly occur between neighboring gaze regions.
Power-consumption results are summarized in Table 1: among
the parameters investigated, the frame rate emerged as the primary
factor affecting power usage since it is directly correlated to the
LED’s on time duration and to the numbers of data present on the
data bus. In deep-sleep mode, the device consumes only 7.16 mW,
while enabling ambient-light cancellation in a worst-case condi-
tion of 100 klux increases the power by a fixed amount of about
2 mW. The reported power values were obtained by measuring
the voltage drop across a shunt resistor placed on the IC supply
line. Therefore, the reported power refers to the MAX86181 during
LED driving, photodiode acquisition, on-chip processing, and I12C
communication with the microcontroller: it does not include the
power consumed by the STM Nucleo development board, the host
PC, or battery-conversion losses. A frame is defined as a complete
acquisition cycle composed of eight sequential LED—photodiode
measurements, which can be regarded as a single snapshot of the
periocular reflectance pattern. The number of frames acquired per
second therefore has a direct impact on the overall energy bud-
get. The required frame rate depends on the target application:
high-speed saccadic eye movements may require sampling rates of
around 150 frames per second, whereas tracking slower voluntary
gaze shifts can be reliably achieved with frame rates in the 50-100

frames-per-second range, enabling a substantially more favorable

2204]
frame

power profile, consuming ~
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Table 1: Power consumption as a function of frame rate

Power Consumed Frame Rate
11 mW 50 fps
14.9 mW 100 fps
18.5 mW 150 fps

6 Conclusions

The work presented in this paper demonstrates that repurposing a
highly integrated PPG analog front-end for reflectance-based eye
tracking is not only technically viable but represents a genuinely at-
tractive direction for the development of next-generation wearable
gaze sensing systems. The MAX86181, through its combination
of high-resolution optical acquisition, on-board ambient light can-
cellation, and flexible configuration of power-critical parameters,
proved capable of supporting reliable coarse gaze-region discrim-
ination across indoor and emulated harsh outdoor illumination
conditions in a controlled robotic setup. From a power consump-
tion standpoint, the architecture already exhibits a favorable profile,
and the margin for further optimization remains significant. Fea-
tures such as dynamic drive current adaptation and frame rate
scaling, which were not fully exploited in the current prototype,
offer concrete levers to reduce energy dissipation in real operating
scenarios, pushing the system closer to the autonomy requirements
of a practical all-day wearable device. Looking ahead, perhaps the
most compelling perspective opened by this work is the possibility
of embedding the classification and gaze estimation logic directly
on-board, eliminating the dependence on an external host for signal
processing and moving toward a fully self-contained eye tracking
module. Combined with the inherent advantages of flexible PCB
integration in terms of form factor and wearability, this trajec-
tory points to a system that could help bridge the gap between
laboratory-grade eye tracking performance and the constraints of
everyday wearable use, a challenge that remains largely open in
the field, and one that this architecture appears well positioned
to address. The present evaluation was designed as a controlled
hardware-verification study rather than a human-subject valida-
tion: the use of a robotic platform ensured repeatable eye positions
and illumination conditions, but it does not capture human-specific
variability such as blinking, eyelid and eyelash occlusion, anatom-
ical differences, sensor slippage, or motion artifacts. Future work
will extend the evaluation to human participants and finer-grained
gaze estimation.

Privacy and ethics statement

The methods and findings presented in this study, based on data
acquired in a controlled environment using a robotic system with-
out involving human participants or personal data, pose no risks
to privacy, fairness, safety, or human rights beyond those already
addressed by institutional review board protocols and adheres to
ethical and safety standards. We foresee minimal societal risks as-
sociated with this work and believe it contributes positively to
eye-tracking research.
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