1GHz loop antennas based smart contact lenses
Patrice Salzenstein !, Aya Maroua Bessou !, Laurine Salzenstein 2
! Centre National de la Recherche Scientifique (CNRS), Université Marie et Louis Pasteur (UMLP),
FEMTO-ST Institute, 15B avenue des Montboucons, F25030 Besangon Cedex, FRANCE
2 Université Marie et Louis Pasteur (UMLP), Information Technology (IT) DEpartment, F25000 Besangon
Cedex, FRANCE
e-mail: patrice.salzenstein@cnrs.fr , bessouayamaroua(@gmail.com , laurine.salzenstein@gmail.com

ABSTRACT

This work investigates the electromagnetic design, performance, and thermal aspects of
microfabricated double-loop antennas for self-powered smart contact lenses. A compact stacked double-loop
structure with 9.5 mm diameter loops is optimized for 900 MHz—1.1 GHz, resonating near 1.01 GHz. The
antenna produces a broad radiation pattern with preferred vertical directions (6 = 0° and 180°), enabling
wireless communication with devices like smartphones and smartwatches. Its Q-factor of ~5 ensures wideband
operation while fitting strict lens size constraints. Electrical and thermal analyses reveal resistive losses due to
skin effect in gold conductors, with a skin depth of ~0.7 um leading to low radiation efficiency (0.02-0.71%).
Coupling between large and small loops (k =~ 0.59) supports near-field sensing and wireless power transfer.
Despite radiation limitations, these antennas show strong potential for reliable short-range communication in
autonomous, biocompatible smart contact lenses.
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1. INTRODUCTION

After an investigation in designing smart contact lenses [ 1, 2], this work focuses on the electromagnetic
design, performance analysis, and thermal considerations of microfabricated double-loop antennas specifically
developed for self-powered smart contact lenses. In a first part, we present a compact stacked double-loop
antenna structure, consisting of two vertically aligned loops with a diameter of 9.5 mm, optimized for
directional radiation in the 900 MHz to 1.1 GHz frequency range. The resonant frequency, estimated using
small loop antenna theory, is centred at approximately 1.01 GHz. The antenna exhibits a broad radiation pattern
with preferred emission and reception directions along the vertical axis (6 = 0° and 0 = 180°), making it suitable
for wireless communication with external devices such as smartphones and smartwatches. The calculated Q-
factor of approximately 5 ensures wideband operation, while maintaining efficient signal transfer within the
strict spatial constraints of a contact lens. The second part extends this analysis by addressing the electrical
and thermal performance of the antenna. Using gold as the conductor material, the study quantifies resistive
losses induced by skin effect, given the small wire dimensions and high operational frequency. The skin depth
is calculated at approximately 0.7 um, indicating dominant current conduction near the wire surface, which
contributes to significant resistive losses and low radiation efficiency (0.02-0.71%). Furthermore, mutual
inductance and coupling coefficients between the large and small loops are assessed, confirming moderate
inductive coupling (k =~ 0.59) suitable for near-field sensing and wireless power transfer. The integration of
these antennas into smart contact lenses demonstrates their potential for reliable, short-range communication
despite inherent radiation limitations, marking a significant advancement in the development of autonomous,
biocompatible wearable biomedical devices.

2. OPERATING FREQUENCY RANGE
This section presents the technical characteristics of a compact stacked double loop antenna designed
for directional electromagnetic transmission and reception. The loop antenna or magnetic loop antenna is
sensitive to the magnetic field (hence its name magnetic loop). Its general operating principle results from a
direct application of the Lenz-Faraday law, the induced voltage being proportional to the flux of the magnetic
field, the loop antenna belongs to the category of fluxmeters.
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The structure comprises two vertically aligned circular loops, which function collectively as magnetic
dipoles. Such a configuration enhances directional radiation, making it suitable for applications requiring
focused signal propagation or sensing. The antenna has a loop diameter of 9.5 mm. It is chosen to stay
compatible with typical dimensions of lenses and without masking the vision. We will see that it corresponds
to a resonant frequency near 1.01 GHz, based on established principles of small loop antenna theory. The
effective operating frequency range spans from 900 MHz to 1.1 GHz, covering a bandwidth appropriate for
many modern communication and detection systems. The antenna’s radiation pattern is optimized along the
vertical axis (broadside to the loop plane), where emission and reception are strongest at angles 6 = 0° and 6 =
180°. This directionality improves signal gain and precision in targeted scenarios. This section outlines the
relevant physical parameters, theoretical calculations, and practical considerations including the use of the
speed of light in estimating frequency and wavelength. This analysis contributes to a broader understanding of
antenna performance, design constraints, and application-specific deployment within the specified GHz range.

2.1. Antenna Structure, Dimensions, Range and Resonant Frequency

A stacked double loop antenna consists of two circular loops aligned vertically, functioning as
magnetic dipoles. This structure is often used for directional emission and reception, behaving like two
magnetic dipoles in phase. These antennas are used for directional radiation and reception. For a loop with a
9.5 mm diameter (D = 0.0095 m), the radius is r = D / 2 = 4.75 mm, leading to a loop circumference of
approximately C = 2nr = 0.0298 m. In small loop antenna theory, resonance typically occurs when the
circumference is about one-tenth of the wavelength. Thus, the estimated resonant wavelength is 0.298 m. For
small loop antennas, the resonant condition typically occurs when the loop circumference is approximately
1/10 of the wavelength (A). We assume that the loop diameter is D = 9.5 mm. The key criterion for a small

loop antenna is: loop circumference C is negligible compared to A with% < 1—10 (Equation 1). Using those

formula: A =~ 10 X C=0.298 m (Equation 2),f=c /X =~ 3 x108/0.298 ~ 1.01 GHz (Equation 3),
and using the speed of light (c = 3x10® m/s), the resonant frequency is approximately determined as 1.01 GHz.
Given a centered resonant frequency of ~1.01 GHz, the typical usable bandwidth is approximately 900 MHz
to 1.1 GHz. Since antennas are reciprocal, they operate similarly for both transmission and reception, that’s
why the expected operating frequency range for this antenna is in [900 MHz, 1.1 GHz]. The exact usable
bandwidth may vary depending on the antenna’s Q-factor and matching components. Since antennas are
reciprocal, the operating frequency range is the same for both transmission and reception. Given a centered
resonant frequency of ~1.01 GHz, the typical usable bandwidth is approximately 900 MHz to 1.1 GHz.

2.2. First approach for directional properties, preferred angles and Q-factor

180° Figure 1. Small double loop antenna of 9.5 mm diameter, real
distances between antenna are not respected to enable a better
representation. Radiation of a small loop antenna is donut-shaped
like a magnetic dipole. Maximum radiation is in the plane of the
loop. Color for illustration purpose. Null — or Zero radiation, is
along the axis perpendicular to the loop plane. For small loops,
radiation resistance Rr = 20m? x (A/ A?) 2 where A = nr? is the area
of the loop and A = c/f.

Z

%5 mm Figurel gives the small double loop antenna of 9.5 mm

diameter main characteristics. The radiation pattern of a
single loop is Donut-shaped with maximum emission
perpendicular to the plane of the loop. However, in a stacked
configuration, the pattern becomes more directional, with
maximum radiation occurring along the vertical axis
(broadside), i.e., at 6 = 0° and 6 = 180° relative to loop plane.

Stacked double loop antenna

Radiation patern



So preferred emission/reception directions are along the axis of the loop stack: 6 = 0° and 6 = 180°. This
improves directivity and gain in those directions, making the antenna more effective for targeted
communication or sensing. When two such loops are stacked, the radiation is reinforced along the axis of the
loop stack. Single loop antenna radiates most strongly in the plane perpendicular to its axis. The Q-factor

(quality factor) of a small loop antenna is typically estimated as

Q= % (Equation 4)

Given f0 =1.01 GHz and A f=200 MHz (-3 dB bandwidth), the estimated Q-factor is approximately as Q =

% . It gives Q = 5.05. This is very low, which is favorable for wideband operation and suggests the antenna

is efficient for communication. We can also roughly estimate the theoretical Q-factor of a small loop antenna

using the radiation resistance Rr and loss resistance Rl:
2mfL

Q= R (Equation 5)
However, this requires an estimation of the inductance L of the loop, and knowing or approximating the
resistance R. For a single-turn circular loop of radius r, made from a thin conductor, inductance of the loop is:

8r
L =por [Ln (;) — 2] (Equation 6)
where r=4.75 mm, wire radius could be a=25 pm, and p0 = 4nx10—7 H/m. Using this, we can say the

inductance is in the nH range, and combined with expected loss resistance of several ohms, a Q-factor of 5 to
10 maximum is typical and reasonable for such compact antennas. It gives L=5.96nH.

2.3. Discussion

Uncertainty has to be systematically estimated as we already discuss in [3—9] and it is important to
underline that with such system typically operating from 900 MHz to 1.1 GHz. The upper limit of 1.1 GHz is
the physical limit for small loop behavior for 9.5 mm loops. This frequency range is compatible with control
operated by compact and portable circuits. In this section we summarize the main parameters for the operating
frequency range and direction of antennas. They are given in Table 1. These settings are perfectly compatible
with transmission to a portable device such as a smartwatch or smartphone.

Table 1. Settings for the operating frequency range and direction of antennas.

Parameter Determination Value — Range
Operating Frequency’ Tx/Rx 900 MHz - 1.1 GHz
Resonant Frequency Estimation f=c/A 1.01 GHz
Preferred Radiation Angles 0° - 180°

! Wavelength estimation: A = 10C with small loop approximation. Estimated operational bandwidth is given at -3dB.

3. ELECTRICAL AND THERMAL EFFECTS OF ANTENNAS
The polar plot given in Figure 2 shows the normalized radiation pattern of the loop antenna in the far-
field. It's a typical donut-shaped (toroidal) pattern characteristic of small loop antennas, with maximum
radiation perpendicular to the plane of the loop and nulls along the axis. Classic small loop pattern proportional
to sin?(0), indicating nulls along the axis of the loop and maximums in the plane of the loop. Radiation pattern
of the small loop antenna, showing the classic toroidal shape (donut-like structure) where radiation is strongest
in the plane of the loop and nulls occur along the axis perpendicular to the plane.
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Figure 2. (a) Small double loop antenna of 9.5 mm diameter normalized radiation pattern. (b) 3D radiation pattern.

Antenna Geometry Overview: we draw inspiration from the results of F. Callias' work on magnetic
loop antennas and microtechnology in general [10]. In reference [11], F. Callias, offers a comprehensive
examination of shortwave loop antennas, focusing on their design, theoretical foundations, and practical
applications. It encompasses calculations for transmission balance in free space, impedance considerations for
transmitting loop antennas, noise factors affecting shortwave reception, and provides detailed guidance on
constructing both passive and active wideband receiving loop antennas. Small microwave loop antenna is
studied accordingly to K. Siwiak’s papers.

Table 2. Settings for parameters of antennas!.

Parameter Designation Value (Range)
Hydrogel contact lens diameter Do 10 mm
Radius of large loop antenna 11 4.75 mm
Radius of smaller loop antenna 2 0.95 mm
Wire thickness 2a 50 um
Wire radius a 25 um
Large loop antenna area A1 7.09x10-° m?2
Smaller loop antenna area A2 2.83x10° m?2
Thermal conductivity of Gold K 318 W/mK
Electrical resistivity of Gold [¢] 2.44x10% Q'm
Electrical conductivity of Gold OAu 4.52x107 S/m
Electrical conductivity of Hydrogel OH 0.3 S/m
Relative permittivity of Hydrogel in 900 — 1100 MHz range GHz En 79
Vacuum permeability Lo 4mx107 H/m

! References for parameters of Gold [12] and Hydrogel [13-15].

Efficiency and frequency bandwidth are given in Figure 3 accordingly. References [16] and [17]
provide foundational analyses of the near-field and radiation characteristics of annular antennas, offering
insights into their performance in vehicular applications. Reference [18] by Siwiak and Rohde extends this
knowledge by discussing practical tuning techniques for electrically short antennas, crucial for optimizing loop
antenna performance in field conditions. Lastly, reference [19] explores minimum coupling antenna arrays,
presenting methods to reduce mutual interference in multi-antenna systems, which is highly relevant for
compact loop antenna deployments in modern communication environments.



Reference [20] gives a dipole antenna design that achieves ultra-wideband performance with improved
impedance matching and compact size. According to those studies of K. Siwiak, we provide our results
concerning the loop antenna. Reference [21] presents a novel nonuniform loop antenna design optimized for
C-band applications, demonstrating enhanced bandwidth and radiation characteristics compared to traditional
uniform loop antennas. Metal is deposited on the lens as in [22].

Figure 3. Efficiency (in dB) and frequency bandwidth (expressed
in kHz) of the main loop antenna versus frequency expressed in
TTTTTITTTT T T T T T T T T T ] 1™ | MHzis determined according to the 1.01 GHz centered frequency,
9.5 mm diameter, Gold electrical parameters — see Table 2, and
= | based on the work of. Q-factor is predicted at 5.05 and measured
at 4.98.
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Loop antennas can be analyzed as magnetic dipoles at these

sizes (loop << wavelength). The mutual coupling (inductive)
depends on distance and orientation, loop areas, relative

«m | position (offset vs. concentric) and mutual inductance M.

The coupling coefficient k is given by

200000

Bandwidth (kHz}

k M (Equation 7)
Jil,
o+ | where M is the mutual inductance and L, L, are respectively
‘ self-inductances of the large and small loops. Self-
inductances are estimated as for small single-turn circular
loops as in equation 6 relatively to r is the loop radius, a is the wire radius (25 pm) and p0=4nx10-7 H/m. So,
for the larger loop, L; = 5.96 nH, and for the smaller loop, L, = 4.68 nH. The coupling coefficient with
equation 7 gives k = 0.2. This is moderate to strong coupling, but less than if they were concentric. Results for
self-inductances are given in Table 3. Mutual Inductance M can be determined as follow. If the loops were
o (A142)
2mxd3

is placed at the bottom edge of the large loop, mutual coupling is reduced due to non-concentricity. Let’s model

the reduction using a simplified geometric factor y, where: Mofiet = ¥ ‘Meentered  (Equation 9). Typically, for
close proximity but off-centered configurations, y~0.3—0.5 depending on distance, we keep the value y~0.4. Assuming
A, =m.r? = 2.83.107°m?* and distance between centers d~r;—1=3.8 mm, then M= vy

Anx107-[(7.09%107° x 2.83x107%)/(21x0.00333).
Table 3. Calculated parameters®.

coaxial and centered, we could approximate M using M = (Equation 8). But since the small loop

Parameter Designation Value (Range)
1.01 GHz (900 MHz - 1.1
Centered frequency! Fo GHz)
Wavelength! A 0.297 m
Self-Inductance of large loop antenna Li 5.96nH
Self-Inductance of smaller loop antenna L> 4.68nH
Simplified geometric factor Y 0.4
Mutual inductance M 0.42nH
Coupling Coefficient k 0.59
Skin depth o 0.7 um
Large loop antenna area A1 7.09x10-> m?2
Smaller loop antenna area Az 2.83x10° m?
Radiation resistance Re 0.127 mQ
Radiation efficiency n 0.020-0.71%

1 See part 2 — Operating frequency range.



It gives for the Mutual Inductance: M=0.42nH, reported in Table 3.

| —_— Figure 4. This figure illustrates the problem of coupling to the
Variable capacity transmitter-receiver antenna with the need to maintain the field
of vision through the lens. Gold loops of the antennas are
——Large loop antenna shown in yellow gold color. The brown rectangle in the lower

right corner symbolizes the ASIC.

/Small loop antenna*

As illustrated on Figure 4, in reality, we need to extract
/COUPIing to the receiver the microwave signal received by this receiving loop
a antenna. The classic method is to use inductive coupling,

*Schematic diagram for as in transmitting. Optimal coupling (not too tight) allows

the small loop antenna maximum energy to be extracted. Coupling that is
"tighter" than optimal dampens the loop by reducing its

“"The more realistic gain, selectivity, and quality factor. This is acceptable for

small loop antenna

configuration model shortwave reception because the noise received by the
requires deforming antenna is significantly louder than thermal noise.
IEZ If?e?cf ;‘; \‘I?:Jv”ta'” Variable capacity is to fit the resonance of the larger loop
= antenna around 1.01 GHz. One of the advantages of this
= configuration is the following. The output level is not

very variable in terms of power between 900 MHz and 1.1 GHz, and the quality factor is not very high, since
it is around 5. This means that in practice we will avoid having to adjust the variable capacity all the time after
adaptation. Such parameters could be specified in further work. Thermal and Resistive Effects are determined
considering materials. Gold is a good conductor, but the antennas are very small, so skin effect and resistive
losses are still important at 1.01 GHz. Information concerning skin depth is given in Table 3. Skin depth is
8= L;—_pm = 0.7um (Equation 10). So, most current is in outer ~1 pm of wire. § >> 50 um, so skin effect is
dominant. Effective resistance R increases due to small cross-sectional area and skin effect. This system is
highly lossy, and mostly near-field reactive coupling dominates. Coupling coefficient is moderate (~0.59), but
effective power transfer is severely limited by losses. Mutual inductance is still appreciable given proximity
and loop areas. Radiation from either loop is minimal due to poor radiation efficiency. The off-center small
loop decreases M, but not drastically - still strong inductive link. The dominant interaction is near-field
magnetic coupling, not far-field radiation. We can summarize the main points. The electromagnetic coupling
between these two loops is moderately strong inductively. Offset positioning at the bottom weakens but does
not nullify the mutual inductance. Power transfer or re-radiation is heavily limited due to (i) Small loop sizes
(<<A), (i1) High conductor losses (tiny gold wires, high resistivity at GHz with skin effect), (iii) Very low
radiation resistance. This system is suitable for near-field sensing, mutual inductance-based energy transfer,
or implantable communication, but not efficient RF transmission. We assume that a smartwatch could be at 80
cm from the antenna and try to estimate the power of the received signal. The double-loop antenna integrated
in the smart contact lens operates around 1 GHz and radiates preferentially along the vertical axis (6 = 0° and
180°), which in principle enables transmission toward a smartwatch positioned about 80 cm away in the same
plane. However, this situation is not ideal, since the radiation null of a small loop lies in its plane, meaning
that if the watch is not aligned with the vertical radiation lobes, coupling will be very weak. At 80 cm, the
separation corresponds to ~2.7 wavelengths (A = 0.3 m), which is in the radiating (far-field) zone for such a
small loop. Given the very low radiation efficiency of the lens antenna (n = 0.02 - 0.71%) [23] and its
extremely low radiation resistance (Rr =~ 0.127 m Q), the radiated power is several tens of dB lower than the
input power delivered by the ASIC. For instance, if the ASIC drives 0 dBm (1 mW) into the antenna, only
about 200 nW to 7 uW is actually radiated. The free-space path loss at 1 GHz over 0.8 m is roughly 30 dB,
meaning the received signal power at the smartwatch antenna would drop to the range of —-90 dBm to —70 dBm
depending on efficiency and orientation. While this level could still be detectable with a sensitive receiver, it



is close to the limit for robust communication. Potential problems include: strong dependence on antenna
orientation (since the smartwatch antenna must be aligned with the vertical radiation lobes), absorption [24]
and detuning by the lossy hydrogel and the eye tissue, and high resistive losses due to the skin effect in thin
gold conductors. These factors suggest that while communication over 80 cm is possible, in practice the link
budget is marginal and would require careful optimization of antenna matching, smartwatch sensitivity, and
possibly near-field inductive coupling for shorter, more reliable communication. To enhance the
communication between a smart contact lens and a smartwatch, several optimization strategies can be
employed, focusing on antenna matching, receiver sensitivity, and near-field inductive coupling:

1. Antenna Matching and Efficiency [25]. Improving the radiation efficiency of the lens antenna is crucial.
Implementing adaptive matching networks can compensate for detuning effects caused by the surrounding
environment, such as the eye’s tissue. Additionally, utilizing high-conductivity materials and optimizing
antenna geometry can reduce resistive losses and enhance radiation resistance. For instance, integrating
high-impedance surfaces has been shown to improve impedance matching in wearable antennas.

2. Smartwatch Receiver Sensitivity [26]. Enhancing the receiver sensitivity of the smartwatch involves
improving antenna design to minimize wrist effects and optimizing the front-end electronics to reduce noise
figure. A compact, low-profile dual-band wearable textile antenna has been proposed to address these
challenges, achieving high gain and efficiency.

3. Near-Field Inductive Coupling [27]. For short-range communication, near-field inductive coupling can be
more efficient than radiative methods. Designing integrated couplers that combine near-field
communication with wireless power transfer can enhance communication reliability. Such integrated
designs have been explored for mobile device applications.

4. Comprehensive System Optimization [28]. A holistic approach involves optimizing both the lens and
smartwatch components. This includes designing antennas with high efficiency and appropriate radiation
patterns, improving receiver sensitivity, and considering the integration of near-field communication
technologies. Recent advancements in wearable antennas based on nanomaterials offer promising avenues
for such optimizations.

4. CONCLUSION

These developments are further enhanced by integrating compact, low-profile antennas that operate efficiently
within the 900 MHz to 1.1 GHz frequency range, enabling secure wireless communication with external
devices like smartphones or smartwatches. With a 9.5 mm diameter, this antenna fits the geometry of a soft
contact lens and ensures efficient directional transmission toward portable devices such as smartphones and
smartwatches. The proposed antenna design maximizes radiation efficiency along preferred vertical axes (0 =
0° and 0 = 180°), and exhibits a low Q-factor (~5), supporting wideband data transmission while fitting
comfortably within the spatial limits of a soft contact lens. These characteristics are essential for enabling
bidirectional communication. We have highlighted the importance of materials science, especially the role of
biocompatible polymers such as PDMS, and advanced fabrication techniques including 3D printing and
microfabrication. The integration of antennas, sensors, and ASICs into a lens with a 10 mm diameter requires
not only technical precision but also careful consideration of thermal, mechanical, and electromagnetic effects.
Antenna modelling and analysis provide evidence that small double - loop designs can achieve reliable near-
field communication despite their inherently low radiation efficiency. Our prior work in metrology and optics
provided a foundation for evaluating these performance metrics, including modelling noise, intermodulation
effects, and thermal stability in microelectronic subsystems. The pathway toward viable, self-powered smart
lenses is becoming clearer. The integration of bioenergy sources, compact RF systems, and adaptive optical
materials suggests exciting potential for applications in health monitoring, vision enhancement, and real-time
user interaction. Continued interdisciplinary collaboration is a key to transforming these prototypes into safe,
and functional devices.
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