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Smart Contact Lens Applied to Gaze Tracking
Loïc Massin, Fabrice Seguin, Vincent Nourrit, Emmanuel Daniel, Jean-Louis de Bougrenet de la Tocnaye,

and Cyril Lahuec

Abstract—Most current eye-trackers are camera-based and
rely on image processing. To improve gaze tracking accuracy,
this paper presents a new approach based on a camera-less
gaze tracking system using a smart contact lens. A scleral
lens is fitted with photodetectors illuminated by specific
spectacles. Photo-currents vary with eye movements as the
light photodetectors received varies. The gaze direction is
obtained then by computing a barycenter from the photo-
currents by means of an integrated circuit implemented on
the lens and powered using an inductive link. Experimental
measurements with a prototype lens fitted with four infrared
photodiodes and mounted on an artificial eyeball validate
the method. Designed for the AMS 0.35-µm CMOS process,
a 170 µW integrated circuit is proposed, including a subthreshold analog barycenter computation unit and an analog-to-
digital converter. Monte Carlo analysis based on the circuit layout and measured photo-currents shows an accuracy of
0.2◦ can be achieved. This is 2.5 times better than current camera-based eye-trackers.

Index Terms— Eye-tracker, smart contact lens, subthreshold CMOS.

I. INTRODUCTION

THE eye is an attractive sensing site to access to several
biological parameters. Smart contact lenses are promising

platforms to measure these parameters in a minimal invasive
way [1]. However, the main constraint for smart contact lenses
is the restricted available space. The largest lens is the scleral
one, Fig. 1. Rigid, it rests on the sclera thus creating a tear-
filled vault between the lens and the cornea, improving comfort
and avoiding eye dryness. Typically, when prescribed for
medical application, materials use to fabricate scleral lenses
has life duration about two years. By machining, a 0.85 mm
wide ring cavity is available.

Despite these limitations, several functions have already
been successfully realized onto contact lenses for biological
measurements. Intraocular pressure has been monitored using
either passive [2] or active devices [3]. Tear glucose monitor-
ing by active lens has also been proposed [4]–[6]. Working
as sensor interrogators, they do not necessitate sampling rates
higher than few samples/min, thus relaxing power issues.
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Fig. 1. Scleral lens for integration of electronic devices. (a) Dimension
of the cavity for components integration. (b) Prototype scleral lens
fabricated with a flexible circuit encapsulated.

Another interesting application of smart lenses that has
drawn little attention so far is gaze tracking.

Indeed, devices measuring the gaze direction are the sub-
ject of many developments. Eye gaze analysis is becoming
an important tool for various applications including medical
diagnosis [7], driver assistance [8], human-computer inter-
action and head-mounted displays with augmented/virtual
reality [9].

Video-based eye-trackers are the most widely used [10].
A camera continuously records the eye and the gaze direction
is determined by means of image processing using one of
the following methods. Feature-based method determines gaze
direction by applying current features of the eye illuminated
in infrared (IR) (such as pupil center and corneal reflection)
to an eye model [10], [11]. Appearance-based method directly
relates raw images of the eye to gaze directions by a mapping
function learned using various regression technique [10], [12].

Feature-based method achieves high accuracy only if several
IR sources and high-resolution cameras are used or if a chin
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Fig. 2. Proposed system: IR source mounted on the spectacle illu-
minates PTDs encapsulated into a scleral lens. (a) Eye tracking data
is computed on the lens by an ASIC and wirelessly transmitted to the
spectacles by NFC. (b) View from the top, (c) from side.

rest immobilizes the head [7]. In addition, the eye model
must be adjusted to many user-dependent parameters (e.g.
eyeball and corneal radius), requiring a long and complex cal-
ibration. Appearance-based method requires a person-specific
training to cover the diversity in the eye appearance caused by
imaging conditions (camera resolution), head poses and user
identities (iris color) [12]. Finally, both methods, using image
processing, are affected by parasitic light and required large
computing unit (needed to run 3D model or neural network
for instance). Thus, over the last decade, the reported accuracy
remains between 0.5◦ and 1◦ [7], [10], [13], [14], resulting at
50 cm depth of view for stereoscopic vision in a maximum
inaccuracy of 0.9 cm and 10.6 cm for the lateral and depth
position of the focusing point, respectively.

Nowadays, gaze tracking applications such as 3D mixed-
reality in operating theater, e.g. for surgery [15], or gaze
contingent control [16], require higher precision.

Improved accuracy can be achieved using a camera-less
approach as proposed in this work, Fig. 2. Photodetectors
(PTDs), encapsulated into a contact lens, are illuminated by
IR light. Photo-currents vary with eye movements as the
light PTDs received varies. The gaze direction is computed
from the PTDs response by an integrated circuit (ASIC) also
implemented on the lens. The result is wirelessly sent to the
spectacles for storage or further processing, using a near-field
communication (NFC) due to the short distance between the
eye and the spectacles. An inductive link powers the system
on the lens. A scleral lens is chosen for encapsulating the
system due to the volume offered and the comfort of use.
In addition, this large lens covers the entire eye as is less
prone to shift and rotate, limiting lens misplacement [17], [18].
Another advantage is that the measurement is independent of
head motions. Moreover, the system formed by the spectacles
and the lens is lightweight. Preliminary work for this approach
is presented in [19].

In [19], the authors described the proposed method briefly.
In addition, a first design of the gaze computing unit was
presented with spice simulations. Other blocks were only
modeled as ideal ones. Also a possible on-chip calibration
method was proposed. This paper presents the design, simu-
lation and layout of the whole gaze computing system includ-
ing the ADC digitizing the results before RF transmission.
Moreover, an improved calibration is proposed. The expected
performances in terms of accuracy are supported by both
full parasitic extraction layout simulations as well as Monte

Carlo (MC) analysis to take into account process variations.
Since the eye is never idle even during fixations, a continuous
gaze monitoring is mandatory. As shown in [20], accurate
tracking requires a sampling rate of at least 200 Hz, having a
significant impact on power consumption. The circuit is thus
carefully designed for power reduction, using subthreshold
CMOS circuits. Only the gaze direction is emitted to reduce
RF transmission power consumption. MC analysis (using
measured photo-currents when a prototype is mounted on an
artificial eyeball) show a system accuracy of 0.2◦, correspond-
ing at 50 cm to a lateral and depth errors of 0.2 cm and 2.6 cm,
respectively. The 170 μW ASIC power consumption is suitable
for NFC.

Compared with video-based head-mounted eye-trackers,
the main advantages of the proposed method are the following:

• accurate spatial tracking (accuracy ≤ 0.2◦);
• accurate temporal tracking (sampling rate ≥200 Hz);
• tracking independent of head movements;
• lightweight and does not constrain user movements;
• does not require cameras or large computing unit, and

therefore easier to integrate in a complex environment.
This paper is organized as follow. The gaze direction

calculation and the calibration are described in Section II.
Section III deals with experimental measurements with a
prototype scleral lens. System architecture is described in
section IV. Section V provides circuit implementation details.
In section VI, MC analysis, based on the circuit layout,
is presented and discussed. Finally, Section VII concludes the
paper.

II. DESCRIPTION OF THE SCLERAL LENS EYE-TRACKER

A. Operation Principle
To study the response of the PTDs according to the gaze

direction, the eyeball is modeled as a sphere and its rotation
center is chosen as the orthonormal coordinates origin O.
In this coordinate system, gaze direction is located by a θ
angle around z-axis and an ϕ angle around x-axis, Fig. 2.
In all directions, eye movements further than ±16◦ are not
considered as beyond this humans prefer turning their head.

To track the gaze, the PTDs, placed on the eye surface
into a scleral lens, are continuously illuminated by an IR light
source to avoid disturbing the user. This source is located on
the spectacles at the common eye-to-spectacles distance, i.e.
d0 = 13 mm. Each PTDs are at the same distance from the
origin O: the first spherical coordinate is the eye model radius
r = 13.1 mm. PTDs coordinates are then �0 + θ and �0 +ϕ,
with �0 and �0 the initial angles. In this setup, PTDs response
changes as the eye moves. In the case of photodiodes, PTD#i
response is a photo-current I i

ph proportional to the received
light irradiance Ei in W/m2:

I i
ph = Ei RλS (1)

where S and Rλ are the photodiode photosensitive surface area
and sensitivity at a given wavelength λ, respectively.

The received irradiance vary according to the PTD position
in relation to the light source. To explain the three phenomena
determining Ei , a single PTD in the plane xy with �0 = 0◦
and only rotation θ is considered, Fig. 3.
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Fig. 3. Top view of the system (plan xy). (a) Considering 1 PTD at the
cornea apex. (b) Geometrical parameters with the eye rotation.

1) First, the PTD inclination changes with the eye rotation.
The effective surface receiving light decreases with increasing
θ , so that the received irradiance Ei is in cosine of PTD angle,
Eq. (2), where E0 is the light irradiance without inclination.

Ei = E0 cos(θ + αθ ). (2)

2) Second, when a PTD moves away from the light source,
the received irradiance decreases inversely proportional to the
square of the distance D, which depends on eye rotation,
Eq. (3) where Ii is the emitted light intensity by the source.

E0 = Ii/D2. (3)

3) Finally, each type of light source have an emission profile.
Emitted light intensity Ii decreases with angle α respect with
the normal to the surface of the light source. With eye rotation,
this angle between source normal and PTD position increases,
resulting in lower light emitted in this direction and thus
lower irradiance received. Considering a common Lambertian
source, light intensity varies in cosine of α, Eq. (4), where I0
is the emitted light intensity in the axis normal.

Ii = I0 cos αθ . (4)

The PTD actually moves in a 3D space. Associating Eq. (2),
(3) and (4), and considering 3D geometrical parameters of
Fig. 2, the received irradiance Ei is given by Eq. (5):

Ei = I0 cos(α)

D2 cos(�0 + θ + αθ) cos(�0 + ϕ + αϕ) (5)

where αθ and αϕ are the projections of α in the plane xy and
yz, respectively. D, α, αθ and αϕ are geometrical parameters
extracted from Fig. 3. For purpose of eye safety, Ei should be
smaller than 100 μW/mm2 (near-IR lighting) [21].

B. Gaze Direction Computation With a Barycenter
Now, the aim is to measure the gaze direction with the

received irradiance. Two PTDs are symmetrically positioned
in the plane xy as in Fig. 2(b). Initially, each PTD receives
the same light irradiance E1 = E2. When the eye turns, one
PTD moves closer to the light source while the other moves
away from it, leading to E1 < E2 or E1 > E2 depending
on rotation direction. The algebraic difference of the two
irradiances gives thus an indication on the gaze direction. Two
fixed points (initial position of PTDs) with varying weight
(Ei s) correspond to a barycenter calculation in the plane. The
other direction is tracked by adding at least a third PTD.

The gaze direction is thus calculated using a barycenter with
respect to the center of the pupil and considering the plan
onto which the PTDs are positioned. The PTD#i measurable

Fig. 4. PTDs position on the flexible substrate. A scleral lens of 16.5 mm
diameter encapsulates the substrate and PTDs. (a) Substrate dimen-
sions. (b) Configuration with 4 PTDs.

response is I i
ph, proportional to Ei , Eq. (1). The computed

angle in the horizontal direction for N PTDs is given by
Eq. (6) (a similar equation is used for the vertical one):

θcomputed = K

∑N
i=1(±�i

0)I i
ph∑N

i=1 I i
ph

(6)

where the initial position of PTD#i is ±�i
0 in degree. The

sign depends on geometrical considerations given Fig. 2. K
is a slope factor taking into account the illumination profile
and PTDs disposition [22]. Constant K�0 thus converts a
barycentric variation to an angle in degrees. Difference bet-
ween θcomputed and the actual θ gives the accuracy.

C. Optimization of the Number and Location of PTDs
Since the relation between photo-currents and PTDs posi-

tions, Eq. (1) and (5), and the barycenter calculation, Eq. (6),
has been established, a theoretical study is conducted on the
PTDs configuration. As the available volume into the scleral
lens is limited, the number and the location of PTDs must
be carefully chosen to minimize occupied space while maxi-
mizing gaze tracking accuracy. A conical flexible substrate
is considered with an inner diameter of 6 mm and an outer
diameter of 10.5 mm, Fig. 4(a), fitting into the scleral lens.
PTDs are located on an 8 mm diameter circle.

A symmetrical configuration with 4 PTDs is chosen and
shown Fig. 4(b). Applying Eq. (6) in this configuration,
the barycenter computation for horizontal direction is given
Eq. (7) (a similar equation is used for ϕcomputed):

θcomputed = K�0
(I 1

ph − I 4
ph) + (I 2

ph − I 3
ph)

I 1
ph + I 2

ph + I 3
ph + I 4

ph

. (7)

Fig. 5 shows analytical application of Eq. (7) with theoret-
ical I i

phs. An unitary K factor results in a slope error between
the ideal and the computed angle. A simple slope calculation is
used to adjust the factor to the chosen configuration. It remains
an inherent error due to cosine and inverse-square dependency
of Ei , Eq. (5), limiting accuracy to 0.82◦.

D. Inherent Non-Linear Error Compensation
As explained above, an inherent non-linear error degrades

accuracy. However, this error is predictive: there is a corres-
pondence between the computed θcomputed and the actual θ .
As presented in [19], a table pre-filled by 1024 values uni-
formly distributed between ±20◦ by means of a theoretical
study allows each calculated angle to correspond to a real
angle.
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Fig. 5. Computed angle θcomputed in function of actual θ with 4 PTDs
according to Eq. (7). The photo-currents used are ideal and based on
theoretical received irradiance given by Eq. (5).

E. Robustness and Calibration
The gaze tracking accuracy is degraded by ambient light,

and scleral lens or spectacles misplacements.
For the first one, differential nature of the barycenter cancels

common mode noise, e.g. parasitic ambient lighting of a
room. Moreover, the PTDs have a peak sensitivity to IR light
emitted by the spectacles, being less sensitive to other light
sources.

To avoid dynamic misplacement during use, spectacles are
first firmly strapped to the head. In addition, a scleral lens
slides only slightly after insertion and stabilizes its position
after about 1.5 h [17]. This period is quite long, but lens
manufacturers (such as LCS) are working on scleral lens stabi-
lization [18]. After this period, a scleral lens is no longer prone
to slippage despite any eye movements. Although precautions
are taken, lens and spectacles may be misplaced at system
setup, resulting in offset and gain errors. Offset between the
geometrical computed angle θcomputed and the gaze direction
is due to scleral lens misplacement and the user-dependent
difference between the optical axis and the visual axis [11].
Gain error, i.e. an incorrect K value leading to a slope error
shown in Fig. 5, is due to spectacles misplacement, (incorrect
distance d0) and non-ideal Lambertian light. Mitigate these
errors by calibration is mandatory. This calibration can also
suppress any systematic linear error introduced by the com-
putation circuit and any electronic components aging effect at
every system start-up.

The calibration process envisaged is an offset cancellation
followed by a gain adjustment, leading to a linear errors
cancellation. The calibration is detailed only for angle θ ,
but similar reasoning applies to ϕ. For offset correction,
the user is asked to look straight ahead, θ = 0◦. The offsets
Oθ , Eq. (8), is recorded and then subtracted from all the
computed angles. For gain adjustment, the user is asked to
look at two know angles, e.g. θ = +16◦ and θ = -16◦.
A simple slope calculation, Eq. (9), yields the gains Gθ to
adjust K at the actual situation. Eq. (10) gives the computed
calibrated θcal.

Oθ = θcomputed[θ = 0◦] (8)

Gθ = 32

θcomputed[θ = 16◦] − θcomputed[θ = -16◦] (9)

θcal = Gθ (θcomputed − Oθ ). (10)

Fig. 6. Instrumented scleral lens prototype used to validated the gaze
tracking method. Six IR LEDs forming a Lambertian source light 4 IRPs.

III. EXPERIMENTAL VALIDATION OF THE EYE-TRACKER

A. Experimental Setup
To validate the presented method, a scleral lens prototype

fitting with 4 IR photodiodes (IRPs) is fabricated. The IRPs
are Silonex SLCD-61N8, being the thinnest off the shelf IR
silicon photodiodes: 1.3 by 3.4 mm with a thickness of 400 μm
for a photosensitive surface area of S = 2.7 mm2. These IRPs
are quite large, taking up 1/4 of the available space, but their
thickness makes them encapsulable in a scleral lens. The eyelid
occlusion could degrade the measurement quality in a real use
case, particularly for people with small eyes or a dropping
eyelid. This issue could be addressed by placing PTDs closer
to the pupil and closer to the horizontal plane.

Preliminary characterization shows a sensitivity of
Rλ = 0.55 A/W at λ = 940 nm. Initial angles are
�0 = �0 = 12.75◦. IRPs are soldered on a flexible substrate
according to the dimensions of Fig. 4. The substrate is a
200 μm thick filled polyimide with copper tracks of thickness
35 μm. A scleral lens encapsulate the bonded IRPs. The
prototype is mounted on an eye-size ball rotating ±16◦ for
angle θ , Fig. 6.

To illuminate the prototype, a 6 IR LEDs (Kingbright
KP-1608F3) ring generates an almost Lambertian source at
λ = 940 nm. For experiments, the light source is in front of
the lens to ensure to have the right source type and placed at
d0 = 13 mm from the prototype. Using a optical power meter
(Thorlabs PM100D), the irradiance at the surface of the lens
is 16.4 μW/mm2, in accordance with eye safety.

B. Measurements
Photo-currents are measured and recorded using a

Source / Measure Unit Keysight B2900A. These I i
phs, ranging

from 14 to 26 μA, are used to compute barycenter according
to Eq. (7).

The accuracy is shown Fig. 7. Without calibration, non-ideal
Lambertian lighting and prototype misplacements yields an
error as high as 6◦. The proposed calibration reduces the error
to 0.6◦. Applying the tabulated correction to this residual error
further improves the accuracy, the error is then only 0.1◦. This
corresponds to a lateral and depth errors of 0.1 cm and 1.3 cm
at 50 cm, respectively. The precision is 0.03◦, obtained by
repeating measurements 251 times (2 s acquisition) for each
point. Thus, the experiment validates the method and, based on
measurements and an ideal calculation, achieves an accuracy
5 times better than state-of-the-art video-based eye-trackers
like the Tobii Pro Glasses 2 [13]. The aim is now to do a
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Fig. 7. Accuracy of the method θerror = θcomputed − θ, using Eq. (7)
with measured photo-currents. Initially, K = 7.9 (based on theoretical
analysis) and after calibration K = 6.0.

Fig. 8. Gaze tracking system architecture. The constants K,Θ0 and Φ0
are implemented as current references.

hardware implementation of the calculation that preserves this
accuracy.

IV. ON-LENS SYSTEM ARCHITECTURE

A. System Architecture Considerations
An on-lens system architecture implementing the proposed

solution, validated by the experiment, is presented, Fig. 8.
The gaze tracking requires a computation and a calibration
with several constraints. First, the accuracy of 0.1◦ must
not be degraded. Second, all on-lens components must fit
into the scleral lens, i.e. a ring of 4 mm inner diame-
ter, 11 mm outer diameter and a thickness of 0.85 mm.
Finally, the on-lens system is constrained by the available
power.

The accuracy is both related to the calibration and the tab-
ulated correction. An on-lens calibration is presented in [19].
However, this method requires accurate references, which is
technically feasible, e.g. [23], [24], but results in additional
power consumption, complex design, and accuracy depending
on process variations. As the calibration can be done with the
computed angles, it is chosen to perform it on the specta-
cles where power and place are not limited. The tabulated
correction, to cancel inherent error, is implemented as a

look-up table (LUT). This method requiring memory accesses
with a significant power consumption (2.8 mW [19]), LUT
compensation is also located on spectacles.

The ASIC implements all desired functions without any
bulky external component. As the computation is performed
directly on-lens with the four photo-currents, only the two
computed directions are digitized by a single ADC then trans-
mitted, limiting power consumption. The computed angles
being digitized before any calibration, a wide dispersion
of values is expected and the dynamic range of ±20◦ is
extended to take this into account. To conserve the same
resolution than the 1024 values between ±20◦ presented
previously, a 12-bit ADC and LUT is chosen for the system
implementation.

The gaze direction computation is thus on the lens with
a calibration on the spectacles to meet requirements. The
link between these two parts is a NFC module, studied
below.

B. Power Transfer and Data Transmission
A constraint not yet established is the available power on

the lens, linked to data transmission in NFC. Although an
approach encapsulating a flexible battery in a scleral lens
is demonstrated in [25], the capacity remains low. Inductive
power transfer and backscatter communication, already studied
in [4], [6], is preferred. The circuit is not powered during trans-
mission: the backscattering schemes consists in modulating the
load by shorting the coil [26]. A storage capacitor is required
to prevent large voltage drop, and data to transmit must be
limited to reduce the shorting time.

Small off-the-shelf NFC chips exist, e.g. the NTAG
NT3H1101 from NXP (NFC standard ISO/IEC 14443 type
A with a 13.56 MHz operating frequency). Having a surface
area of 2.56 mm2 for a thickness of 0.5 mm, it is suitable for
integration into a scleral lens. A lens-size coil with a 5.5 mm
inner radius and 7.5 mm outer radius is fabricated and carried
out on a 25 μm thick polyimide substrate with 25 μm copper
tracks on each side and a 25 μm coverlay, Fig. 9.

For testing purposes, an RFID-RC522 NFC reader mod-
ule, including a primary coil, operating at 13.56 MHz, and
controlled by an arduino is used. The coil has dimensions
suitable for spectacles, 35 by 40 mm, and so can be used for
design. It is chosen to excite the primary coil by a 140 mW
power source based on the datasheet. This ensures both the
proper working of the NFC tag and human safety. Indeed,
the specific absorption rate (SAR) must be less than 2 W/kg
to avoid dangerous tissue heating. Simulations in a similar
case (13.56 MHz and coil ∼10 mm away from the eye) show
a SAR of 0.021 W/kg with a 2 W power source [27] and
0.9 W/kg with a 10 W power source [28]. Hence, a 140 mW
power source complies with the standards for human safety.

Experimental measurements, Fig. 10, show that the NXP
NTAG delivers 510 μA at 1.8 V in the eye-tracker config-
uration, giving a power budget of 0.92 mW for the ASIC
design. A storage capacitor Cstore of 150 nF, fitting into a
scleral lens (0.18 mm2 with a thickness of 300 μm), ensures
a stable voltage during data transmission. The NXP NTAG
consumes 0.28 mW.
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Fig. 9. Experimental setup for power transfer measurement. The primary
coil, a module RFID-RC522 operating at 13.56 MHz and controlled by
an arduino, has dimensions suitable for spectacles (35 by 40 mm).

Fig. 10. Experimental measurement of the output VDD with a load
of 3.5 kΩ, with and without Cstore during data transmission.

From the NXP NTAG datasheet, a duration of 4 ms is
imposed for data transmission, consisting in data acquisition
from the ASIC, tag memory accesses and data emission.
To meet the 200 Hz requirement for eye movement sam-
pling rate, the ASIC has 4 ms to compute and digitize both
directions. Considering the latency introduced by the analog
computation negligible compared to these 4 ms, the 12-bit
ADC must digitize each direction in 2 ms (one by one) leading
to a conversion rate of 500 Hz. The data transmission is
6 kbit/s, well lower than the 106 kbit/s proposed by the NXP
NTAG.

V. ON-LENS ASIC IMPLEMENTATION

A. Preliminary Remarks
A low-cost 0.35-μm CMOS process from AMS is chosen

for circuit implementation. Based on the NXP NTAG chip
characterization, a 1.8 V VDD voltage supply is chosen.
To limit power consumption, subthreshold biased MOS tran-
sistors are used as much as possible [29]. This approach
has the drawback to have high sensitivity to fabrication
process variations and to transistors mismatches. Since the
calibration can cancel any systematic linear errors at system
startup, including misplacement, the circuit must not introduce
non-linear errors.

B. Analog Barycenter Computing Unit
The first operation of the ASIC is to compute gaze direc-

tion, Eq. (7), directly with the photo-currents. Barycenter
computation requires addition, subtraction, multiplication and
division as mathematical operators. An appropriate method
to perform computation with low power consumption and
low circuit complexity is current-mode analog circuit, based
on [19]. The CMOS implementation is shown Fig. 11. First,
the four photo-currents are divided by 100, by means of
current mirrors, being set in the hundreds nA range to reduce
power consumption. Then, subthreshold biased MOS tran-
sistors implements translinear loops for the multiplying and

Fig. 11. Simplified schematic of the CMOS implementation of barycenter
computation, Eq. (7). Only cascode current mirrors are used in the CSBs
(not represented).

dividing blocks (MDB). The constants K�0 and K�0 are
current sources IK�0 and IK�0 of hundreds of nA. Finally,
current mirrors and current nodes form the subtracting blocks
(CSB). One current-mode circuit per direction, horizontal and
vertical, is used. Output current Iθ in nA is proportional to
θcomputed in degrees with 1 nA equivalent to 0.1◦ and an offset
of 2 × IBIAS = 300 nA (required for CSBs to work correctly).

As this unit is the main source of non-linear errors, special
attention is paid to its design. Cascode current mirrors lim-
its the impact of process variations. To reduce mismatches,
large transistors are used and common centroid layout is
applied.

C. Analog to Digital Converter
The analog computed angles must be digitized for trans-

mission to the spectacles. A 12-bit successive approximation
register ADC (SAR ADC) with an operating frequency higher
than 7 kHz is thus designed, Fig. 12, to best meet the
constraints of the low power available on the lens and the
required data rate of 500 Hz [30], [31]. Other approaches
exist for smart lenses but the sampling rate is too low
[4], [5] or the power consumption too high [6]. As the
resolution of low power current-mode SAR ADC is limited
to 8 bits due to transistor mismatches [32], a voltage-mode
is adopted. To have the required dynamic range, a reference
of 900 mV is used.

The required comparator is a dynamic latch, consisting of a
pre-amplification stage followed by a decision circuit. The pre-
amplifier is a subthreshold OTA with a 600 nA bias current,
a trade-off between power consumption, required speed, and
enough gain against kickback noise [33]. The comparator off-
set, since a linear error, is canceled by the proposed calibration,
thus avoiding additional circuit as in [31], [34]. A capacitor
array implements the charge scaling digital-to-analog converter
(DAC) [30], also acting as a sample and hold switch. A split
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Fig. 12. Block diagram of the designed SAR ADC, digitizing successively
each of the two gaze directions. The end of conversion (EoC) signal
controls the loading of output buffer registers and registers switch.

Fig. 13. Circuit layout.

capacitor array is used with 100 fF unit capacitors, a trade-off
between area occupied, power consumption and accuracy [35].
The array is carefully laid-out so as to minimize systematic and
random mismatches affecting the SAR ADC performances.

Since barycenter is output as a current, an 1 M� high
resistive poly resistor implements a current-to-voltage conver-
sion, due to its linear response over a wide dynamic range
(0 to 900 mV). Moreover, poly resistor, although highly
sensitive to process variation (±20% of its value according
to the manufacturer data), remains strictly linear with these
variations. In addition, a subthreshold folded-cascode amplifier
implements a unity gain buffer amplifier [30] between the
barycenter computation and the SAR ADC for impedance
matching. To limit power consumption while providing a gain
large enough to track voltage variations according to the eye
movements, a 300 nA bias current is chosen. The use of high
swing cascode and PMOS differential pair leads to a common
mode input range from 0 to 1 V.

D. Reference Current, Voltage and Clock Generator
Clock, voltage and current generators are biased above the

threshold to ensure the robustness of references.
A 400 kHz Wien bridge harmonic oscillator based on

a Miller amplifier [36] provides, after being divided down
to 12.5 kHz, the SAR ADC clock. For stability purpose,
the amplifier biasing current is set to 20 μA.

A low complexity beta multiplier is chosen as current
and voltage generator [30]. The generated reference current
of 450 nA is then distributed by means of current mirrors
sized in accordance with the different blocks current values.

E. Circuit Layout and Power Consumption
Once all the blocks designed at schematic level, the circuit

is laid-out, Fig. 13. Table I resumes ASIC occupied surface

TABLE I
ASIC POWER CONSUMPTION AND SURFACE AREA SUMMARY

area and the estimated power consumption. Current required
is less than 100 μA at VDD = 1.8 V.

VI. SIMULATION RESULTS AND DISCUSSION

Preliminary simulations during circuit design showed that
the ASIC performance was particularly sensitive to fabrication
process variations (e.g. transistors mismatch, oxide thickness,
random dopant fluctuations). For this reason, simulations
based on full parasitic extracted layout and Monte Carlo
analyses using components statistical models are performed
to investigate the accuracy in the most realistic way. All
simulations are done with actual measured photo-currents to
only have the impact of the circuit on the system accuracy.

A. Post-Layout Simulations
To verify the correct operation of the circuit and adjust

transistor, capacitor and resistor parameters, simulations with
parasitic extracted from the layout are performed. For instance,
post-layout simulations for the DAC of the SAR ADC are
done to adjust the capacitors array and ensure good matching
performance. To assess the accuracy of the circuit versus
inherent fabrication process variations, Monte Carlo analyses
are ran on individual blocks as well as on the complete circuit.

B. Monte Carlo Analysis
MC analysis being time consuming, the number of runs

performed is relatively low, especially when simulating the
overall circuit (1 run takes 3.4 hours on Intel Xeon E5-1630).
However, it is sufficient to assess the expected performance of
the ASIC even if it has not been fabricated.

Thanks to the careful design, 1000 runs of the analog
barycenter computing unit show a mainly linear error, cor-
responding to an offset of ±8◦ and a gain error of ±0.3.
For the folded-cascode amplifier 2000 runs show that the
error introduced is only an offset of ±2◦ on θcomputed. In the
same way, the error introduced by the SAR ADC is an offset
of ±0.5◦. The harmonic oscillator has a high sensitivity to
process variations, the oscillation frequency depending on
capacitors and resistors values. Simulations show a frequency
between 9.2 kHz and 18.1 kHz, higher than the minimum
requirement for the SAR ADC of 7 kHz.

Now that the simulations of each block reveal that mainly
linear errors are introduced, 270 runs of the complete circuit
is performed. The analysis result is shown Fig. 14. Before
any calibration, the error is as high as 15◦. The calibration,
Eq. (10), cancels any linear errors so that only the non-
linear error remains. Applying then the LUT compensation,
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Fig. 14. MC analysis for the entire circuit (150 out of 270 represented,
showing worst and typical cases), before and after calibration Eq. (10).
Accuracy shown for the horizontal direction.

Fig. 15. MC analysis after calibration by part Eq. (13) (150 out
of 270 represented, showing worst and typical cases).

the system accuracy is reduced to 0.4◦, degrading by 4 the
ideal value obtained with Eq. (7). This is due to mismatches
in the analog computing unit. Their effects can be mitigated
by slightly modifying the calibration.

C. Calibration Modification to Improve System Accuracy
A simple way to improve calibration in order to reduce

inaccuracies, e.g. the parabolic error, is to adjust the gain
depending on the sign of the barycenter. If the barycenter result
is negative, a corrective gain G-θ given by Eq. (11) is applied
while a corrective gain G+θ is applied otherwise, Eq. (12).
The new calibrated θcal is given by Eq. (13) where Oθ is still
given by Eq. (8).

G-θ = 16

θcomputed[θ = 0◦] − θcomputed[θ = -16◦] (11)

G+θ = 16

θcomputed[θ = 16◦] − θcomputed[θ = 0◦] (12)

θcal =
{

G+θ (θcomputed − Oθ ) if θcomputed − Oθ ≥ 0

G-θ (θcomputed − Oθ ) if θcomputed − Oθ < 0.
(13)

Not requiring further calibration points, calibrating by part
divides the error by 2, i.e. 0.2◦, Fig. 15, corresponding to
a lateral and depth errors of 0.2 cm and 2.6 cm at 50 cm,
respectively.

VII. SYSTEM SUMMARY

Once the ASIC is designed, laid-out and simulated, it is
possible to assess the overall performance of the system.

TABLE II
SYSTEM POWER CONSUMPTION SUMMARY

TABLE III
PERFORMANCES COMPARISON WITH CAMERA-BASED EYE-TRACKER

Taking into account the consumption of the NXP NTAG
of 0.28 mW, the overall on-lens system power consumption
is 0.45 mW, compliant with the NXP NTAG power supplied
capacity of 0.92 mW. Table II resumes the power consumption
of the whole system. In addition, a comparison between the
proposed eye-tracker and modern mobile video-based eye-
trackers is presented Table III.

A low cost 0.35 μm CMOS technology is used to design
the ASIC. Thinner technology down to 0.13 μm could be
considered so as to integrate other parts of the system (e.g.
the NFC module) for the same surface area at an acceptable
cost while ensuring the proper functioning of the analog
subthreshold biased part.

A critical point for medical device is overheating of biolog-
ical tissue. SAR and eye safety for infrared light has already
been discussed in previous sections. However, during operation
the electronic heats and can injure a user. As the whole system
is not yet encapsulated, no overheating measurements were
made for this prototype. However, studies show prototypes
of electronic lens encapsulating a LED, consuming up to
10 mW and worn by humans without a significant rise in
temperature [28]. The system presented, consuming less than
1 mW, should be only moderately heated and be compliant
with human safety. In addition, by using scleral lens, contact
between the eye and the circuit is avoided by a tear vault.

VIII. CONCLUSION

In this paper, a smart contact lens achieving accurate gaze
tracking is presented. A first prototype scleral lens integrating
wisely placed photodiodes and mounted on an artificial eyeball
achieves an accuracy of 0.1◦. A complete electronics design
that is compatible with the scleral lens geometrical constraints
is proposed. Monte Carlo and post-layout simulations of the
on-lens ASIC implemented in a AMS 0.35-μm CMOS process
demonstrates an achieved accuracy of 0.2◦, corresponding to
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a lateral and depth errors of about 0.2 cm and 2.6 cm at
50 cm, respectively. This result is 2.5 times better than state-
of-the-art camera-based eye-trackers. In addition, the power
consumption of 170 μW is compliant with NFC constraints.

The results presented are derived from measurements on an
artificial eye. Further studies are needed to ensured accuracy
when the system will be put on the human eye. However,
the results show a real advance compared to the performance
of video-based eye-trackers. The method is validated and a
realistic implementation of the system is presented.
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