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Abstract—We present progress toward a wirelessly-powered active contact lens comprised of a transparent polymer substrate,
loop antenna, power harvesting IC, and micro-LED. The fully integrated radio power harvesting and power management system
was fabricated in a 0 13 m CMOS process with a total die area of
0 2 mm2 . It utilizes a small on-chip capacitor for energy storage to
light up a micro-LED pixel. We have demonstrated wireless power
transfer at 10 cm distance using the custom IC and on-lens antenna.
Index Terms—Energy harvesting, flip chip, lens, low-power electronics, optical device fabrication, power management, rectennas,
rectifier.

I. INTRODUCTION
ONVENTIONAL contact lenses are transparent polymers placed on the eye to correct faulty vision. There are
two primary avenues through which contacts lens functionality
could be expanded by creating heterogeneous systems with
embedded electronics.
First, contact lenses could be used as a platform on which to
build a display. Such a device could be remotely powered, communicate with a PDA or cell phone, and continuously provide
the user with pertinent information. A lens with a single pixel
could aid those with impaired hearing or could be incorporated
as an indicator into video games. With more colors and higher
resolution, lens functionality could be expanded to display text
or offer visual cues from a navigation system [1].
Second, an active contact lens could make use of its local
environment to monitor wearer’s health. Tear fluid contains
many biomarkers that closely correlate to levels found in blood,
such as glucose, cholersterol, sodium, and potassium [2]. Thus,
through integrating biological sensors and telemetry, an active
contact lens could provide health professionals with a new tool
for research studies and for diagnosing diseases, without the
need for lab chemistry or needles [3]. Fig. 1 shows a conceptual
diagram of an active contact lens.
Prior work [4]–[6] on active lens has primarily focused on
developing an embedded sensor on a contact lens for medical
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Fig. 1. A conceptual drawing of an active contact lens.

monitoring. Also, to the best of authors’ knowledge, none have
demonstrated a fully autonomous integrated system on lens
using RF power. For example, Leonardi et al. [4] demonstrated
an embedded MEMS strain gauge sensor on a contact lens
for measuring intraocular pressure [4]. However, the device
does not incorporate a telemetry chip and the sensor readout
interface involves wired connection to the lens. In [5], the
single chip intraocular pressure sensor implanted in the eye’s
lens is powered using a 13.56 MHz inductive link with the
external unit embedded in spectacle frame. Inductive links offer
a relatively short range of operation and the external reader unit
needs to be mounted close to the eye. Cong et al. [6] realized
a capacitive pressure sensor on lens but do not implement a
read-out circuitry. In [7], a wirelessly powered LED display
and a driver chip was created to project an image onto the
retina. However, the display was implanted into the ocular lens
to restore vision lost due to opaque cornea, whereas this work
focuses on developing a display contained within a contact
lens for those with normal vision. Additionally, the details of
wireless energy transfer are not provided.
In summary, neither the display functionality nor the
RF-powered lens has been attempted before to the best of
our knowledge. In this work, we focus on incorporating a
fully integrated, elementary display functionality on to a contact lens using far-field energy harvesting. Specifically, we
present progress toward a single pixel display consisting of a
micro-LED, a far-field 2.4 GHz wireless energy harvesting and
energy management chip, and on-lens loop antenna.
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There are four main challenges in developing such a contact
lens. First, sufficient energy must be available to power the sensors, display, and communication circuitry. Environmental photovoltaic generation from the sun or fluorescent lighting may be
appropriate for sensing, where power requirements are very low.
We chose radio frequency power to provide sufficient energy for
wireless operation of a single-pixel display.
Secondly, the lens system must meet biocompatibility requirements. This applies to the contact lens platform and its
constituent components, which could include display elements,
integrated circuits, antennas, and sensors. For example, red
LEDs made of toxic aluminum gallium arsenide must be
enveloped in a biocompatible substance for safe operation.
Additionally, safety standards place limits on incident radio
frequency radiation. Therefore, the energy efficiency of the
electrical and optical subcomponents is of utmost importance.
In order to minimize losses, inorganic single-crystalline components (for display LED) and metal structures (interconnects
and antenna) must be used.
Thus, the third major task is the heterogeneous integration of
components, each created in optimized processes. For example,
silicon can be exploited for circuitry, and a direct bandgap III-V
material can be utilized for LED-pixels, where silicon is not
well-suited. After each component is optimized, they must be
electrically connected and mechanically stable in the lens.
The fourth challenge is creating highly-functional and efficient devices that are extremely small. The area of a stanwith a total thickness of about
dard contact lens is about
. For comparison, the thickness of normal silicon wafers
and the smallest surface mount components are between 200
.
and
In this paper, we present our first generation active contact
lens containing a wirelessly-powered micro-LED, antenna, and
integrated circuit for power harvesting and regulation. First, in
Section II, we discuss microfabrication, including the on-lens
interconnects and antenna, micro-LEDs, and assembly. Section III describes antenna modeling and design. In Section IV,
we present system feasibility analysis using our custom antenna
and micro-LED. Section V describes the design of the integrated circuit containing the power harvesting, energy storage
and management circuits. System integration is described in
Section VI. Section VII presents measurement results, and,
lastly, conclusions are presented in Section VIII.
II. MICROFABRICATION
The contact lens substrate provides a platform on which to
place and connect various components. To this end, the antenna,
electrical interconnects and insulation, soldering pads, and recessed wells to receive complementary-shaped components are
fabricated directly on the lens, shown in Fig. 2 and described
below [8].
First, a suitable polymer substrate was chosen. The lens substrate must have reasonable chemical and thermal resistance in
order to withstand basic microfabrication processing. For example, during photolithography and metal evaporation, temperor greater are common. Additionally, the subatures of
strate must maintain its structure upon exposure to common
solvents such as acetone and isopropyl alcohol. Another re-

Fig. 2. Process flow of the lens fabrication (a) Start with blank PET wafer (b)
Evaporate, lift-off Cr/Ni/Au (c) Spin-on and pattern electrical insulating SU-8
2 (d) Electroplate 5 m Au antenna (e) Spin-on and pattern thick SU-8 25 for
LED well (center) and chip well (upper left) (f) Cut out contacts.

quirement is that the substrate be clear, so as to not obstruct
the wearer’s vision. Polyethylene terephthalate (PET) is an adequate polymer for this project because it satisfies the aforementioned requirements. Although biocompatibility is a con-
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cern, specifically oxygen permeability for long-term wear, the
primary focus of this work is to determine system-level feasithick sheets of PET, laser
bility. Therefore, we chose
cut into standard 100 mm wafers, as the lens substrate for our
first prototype (Fig. 2(a)).
Next, on-lens electrical interconnects must have very low
resistance, must be solderable, and must adhere to PET. Therefore, a metallization of Cr/Ni/Au (20, 80, 400 nm) was used
for the electrical interconnects to provide adhesion, solderability, and low resistance, respectively. AZ4620 photoresist
(Microchem) was used to pattern the interconnects, and electron-beam evaporation was used to deposit Cr/Ni/Au. Acetone
dissolved the photoresist and removed metal in undesired regions (Fig. 2(b)). This metallization also provided an adhesion
layer for the antenna. Afterward, a thin, transparent layer of
) was used as electrical insulation
SU-8 2 (Microchem,
and to restrict solder wetting (Fig. 2(c)).
The antenna must also have very low ohmic losses. Thus,
an additional gold layer was electroplated to ensure low resistance. Electroplating was utilized for this task because it was
significantly faster and less expensive than alternative solutions.
A seed layer of gold was sputtered over the entire wafer and
AZ4620 was used to define the antenna. Approximately
was electroplated, the resist was removed, and the seed layer
etched (Fig. 2(d)).
Negative photolithography was used to deposit and pattern
to protect the metal structures and
permanent SU-8 25
to provide recesses in the surface in which to place components
(Fig. 2(e)). Within the recesses are portions of the Cr/Ni/Au
metallization that are solderable and complementary to the chip
and LED pads. Lastly, the wafer was cut into 1 cm disks using
laser cutter (Fig. 2(f)).
a

A. LED Fabrication
LEDs were fabricated using aluminum gallium arsenide
because of its highly efficient emission and proven technology.
Fig. 3 shows the process layers and physical dimensions of the
custom LED. The active LED layers were grown on an aluminum arsenide sacrificial layer using metal organic chemical
vapor deposition, and subsequent processing was performed
in-house. The n-type region was etched approximately
into the wafer to reach the p-region. Cr/Ni/Au was deposited
and patterned to create n and p-type contacts. Using this approach, both electrical connections are accessible from one side
of the LED. The size and shape of the LEDs (circular,
diameter) were defined using AZ4620, and then the device was
etched to reach the sacrificial layer. Finally, the LEDs were
released from the wafer using a hydrofluoric acid etch, resulting
in thousands of miniscule, free-standing LEDs [9].
The maximum sizes of the micro-LED and other single crystalline components were determined from typical contact lens
dimensions. Hard contact lenses are approximately
thick, 1 cm in diameter, and have a radius of curvature of
around 7.8 mm [10]. Single crystalline fabrication is performed
on flat surfaces, so the width and thickness of each device
must be limited in order to stay within the confines of a lens.

Fig. 3. (a) Material layers of the custom AlGaAs -LED. (b) LED dimensions.

Assuming a typical human cornea of 7.8 mm and a base sub, we determined that all components
strate thickness of
with thickness less
should have a maximum width of
. The custom IC (Section V) is
thick but
than
could be thinned in the future.
III. ANTENNA DESIGN
The primary challenge for antenna design in small systems
is to achieve adequate efficiency. Antenna efficiency is strongly
influenced by antenna size, and efficiency drops precipitously
if the antenna is much smaller than the electromagnetic wavelength [11]. One potential solution to improve the antenna performance with reduced size is to design the system to operate
at high frequency. Therefore, we chose the 2.4 GHz ISM frequency band. A loop antenna was determined to be a practical
choice to avoid impeding vision. Below we discuss the major
challenges in antenna design and characterization.
A. Antenna Design
For a carrier frequency of 2.4 GHz and a maximum loop antenna diameter of 1 cm, the ratio of the circumference of the
antenna to the wavelength is about 0.25. Thus the antenna can
be loosely approximated as a small loop antenna, and we can
estimate its efficiency. The input resistance of an antenna represents dissipation that occurs in ohmic and radiative losses. The
radiation resistance of a small loop antenna is given by [11]
(1)
is the area of the loop antenna and is the wavewhere
length of the incident RF wave. If the metal thickness is several times the skin depth, and because the RF waves impinge
the thin-film antenna only from the top, we can approximate the
antenna ohmic losses by
(2)
where , , and are loop radius, thickness and width of the antenna trace, respectively, and is the permeability of free space.
is the surface resistance of the trace and is the conductivity
of trace metal (gold). Antenna efficiency is defined as
(3)
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Thus, the radiation resistance should be maximized for high
efficiency. Moreover, due to the unavailability of high-quality
passive components on lens, the antenna impedance must be designed as the complex conjugate of the chip impedance for maximum power transfer. In our design, the chip impedance is about
, which requires a quality factor (Q) of 6.8 in the
impedance of the loop antenna. The choice of chip impedance is
discussed in Section V. A circular loop antenna, which is inherently inductive, can tune out the chip capacitance. The real part
, consists of radiation resistance and
of antenna impedance,
,obtainedusingEMsimulationsis
which
ohmiclosses.
results in a return loss of only 6 dB. At a given frequency, the radiation resistance of the loop antenna is determined by its area
alone (1), which in turn is constrained by the size of the lens. Any
attempts to improve conjugate matching by increasing real part of
. This leads
antenna impedance implies a higher value of
to higher ohmic losses in the antenna degrading its efficiency, in. Using extensive simulation
dicating an optimal value of
in ADS Momentum, the optimum antenna impedance was deterat 2.4 GHz for maximum power transfer
mined to be
under the process constraints. We next describe the antenna modeling and characterization procedure.
B. Modeling and Characterization
The characteristics of antennae are susceptible to the
environment, especially near-field ground planes. Thus,
the first step was to characterize much larger antennas
in air to
avoid near-field effects to confirm simulation accuracy and
develop a GHz range substrate model. These loop antennae
were designed and fabricated using gold traces on a PET substrate. A back-annotated simulation using initial measurement
results was used to create an accurate substrate model for our
process. Fig. 4(a) captures the substrate model used in our
simulations. Fig. 4(b) shows a test antenna matched to
for characterization purposes. Fig. 4(c)shows the measured and
of a 80 mm diameter antenna. Using this model,
simulated
the simulated performance of a small antenna (5 mm in radius
and 0.5 mm in width) and a large antenna (80 mm in radius and
0.5 mm in width) was determined for 2.4 GHz, results of which
are shown in Table I. The thickness of our gold metal trace is
, resulting in a calculated antenna efficiency of 46%.

Fig. 4. (a) Substrate model (b) Picture of a larger loop antenna used to
confirm simulations and (c) the simulated and the measured results of antenna
(diameter = 80 mm and width = 4 mm).
TABLE I
SIMULATED ANTENNA PERFORMANCE

IV. SYSTEM FEASIBILITY
In this section, we explore the feasibility of wirelessly powering a micro-LED using a thin film custom antenna on the
lens. We derive the constraints on the CMOS rectifier design
and impedance matching, and calculate a maximum theoretical
distance of operation with a 1 W RF power source.

where
is the LED power consumption and is the ripple
period. Equation (4) leads to a 246 pF storage capacitor, which
is very large considering the fact that tens of such pixels need to
be supplied by the on-chip storage capacitor. The size of storage
capacitor and therefore the total stored energy is constrained by
the fact that the maximum allowable size of the chip is approxdue to the curvature (
[12])
imately
[10]) of the contact lens. Fortunately,
and thickness (
humans cannot perceive light fluctuations above about 60 Hz,
and as a consequence duty cycling can be used to make the LED
appear continuously activated. We employ 3% duty cycling at
1 MHz frequency, resulting in an average power dissipation of
per LED. For 500 mV of maximum allowable ripple,
this leads to a 7.4 pF storage capacitance value. Given that integrated capacitors of the order of a nF can be realized, 7.4 pF
of storage capacitor per pixel is commensurate with our goal of
eventually powering tens of such pixels wirelessly.

A. Energy Calculations

B. Range Calculations

In [9], we present custom LEDs, with operating characteristics shown in Fig. 5. The nominal micro-LED turn-on voltage is
3 V with a
power consumption. If we assume 500 mV
and
)
of maximum allowable ripple (
on the DC voltage, and a
ripple period, the size, , of the
storage capacitor is given by

In order to calculate the maximum range of operation, we
need to consider the minimum input power to the antenna and
maximum allowed transmit power in 2.4 GHz band. We primarily consider two constraints on this minimum input power:
the antenna/rectifier power efficiency, and the input voltage amplitude to the rectifier, which in turn is constrained by the LED
turn-on voltage, rectifier threshold, and impedance matching to
the antenna.

(4)

458

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 4, NO. 6, DECEMBER 2010

Fig. 7. Architecture of the custom chip.
Fig. 5. The lit-up custom LED [8] and its I

0 V characterstic.

where
and
are the received and transmit powers
and
are the received and
(dBm), respectively.
represents the
transmit antennae gains (dBi), respectively.
free path loss given by [11]
(7)
(8)

Fig. 6. Conjugate impedance matching between the antenna and the IC.

Using (1)–(3), with
trace width

, loop radius
,
, thickness
, conductivity
, we determine
and
. This leads to theoretical antenna efficiency of
47.3%. However, due to the surface roughness of the electroplated antenna and additional interconnect contact resistance,
the effective antenna efficiency could be significantly lower than
the theoretical value.
If we assume 10% efficiency of the rectifer and
LED power consumption, the input power to the chip should
. Assuming maximum power transfer and 25%
be
on
antenna efficiency, the minimum incident power
the antenna must be approximately 1 mW (0 dBm).
We now consider the constraint of rectifier input voltage,
resulting from necessary output voltage of about 3 V and
impedance matching.
Fig. 6 shows the equivalent circuit model of the antenna and
the chip. The small loop antenna is approximated as a power
source with inductive impedance at 2.4 GHz. In our design,
,
and
. The quality
of the chip input impedance, defined as
,
factor,
is approximately 6.8. Assuming conjugate input matching, the
is given by
available input voltage amplitude
(5)
is the antenna source power as shown in Fig. 6.
where
,
,
For rectifier input voltage
,
evaluates to be 0.85 mW. Assuming 25% antenna
efficiency, this requires 7.4 mW (8.7 dBm) of minimum inci. This is the deciding constraint on
dent power
which we use in the calculations below to evaluate the maximum
range of operation.
Assuming line-of-sight communication
(6)

Assuming 10 dBi gain for transmit antenna and an isotropic
and 1 W
receive antenna,
handheld source (maximum transmit power in 2.4 GHz band as
allowed by FCC regulations) the range is 36.5 cm, which satisfies the operational range requirement for our application. However, it must be stated that losses due to suboptimal matching,
interface reflections, and absorption in the eye have not been
taken into account and could substantially degrade performance.
For the bio-safety requirements, we turn to the IEEE standard
C95.1, which states that the radiation level for biological safety
at 2.4 GHz [13].
is approximately
V. RADIO POWER HARVESTING IC
Fig. 7 shows the architecture of the CMOS prototype chip
containing the power harvesting, storage capacitor (450 pF) and
power management circuitry that duty cycles the power-hungry
LED pixel.
The difficulty in realizing very small high quality tank circuits
directly on the plastic substrate and the extremely small size
of the external chip prevents any passive impedance matching
circuit for passive voltage gain. This implies a loss of sensitivity
of the rectifier. Also the energy storage capacitor must be fully
integrated.
Some of the important challenges in making an integrated
RF power harvesting system are designing an efficient rectifier, an intelligent, robust power management system, and realizing a high-density on-chip storage capacitor. To avoid junction and oxide breakdown of the transistors in our technology
CMOS), we used the rectifier scheme shown in Fig. 8.
(
We chose a CMOS process that provides low threshold transistors for enhanced rectifier sensitivity. The diodes were realized
using PMOS transistors with the body terminal tied to the source
in order to eliminate the body effect.
The optimal number of stages in the multiplying rectifier was
determined by considering the trade-off between power efficiency, output voltage, input impedance for matching, and the
micro-LED load (capacitor charging time). For maximum energy storage on the capacitor, the DC voltage must be maximized under the breakdown voltage constraint (10 V). This
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Fig. 10. A flip-chip assembled CMOS die on the transparent contact lens substrate.

Fig. 8. Eight-stage rectifier design using low-V PMOS devices. C
and C
.

= 450 pF

= 1 pF

The frequency doubling pulse generation circuit shown in
Fig. 9 generates an active low pulse at each transition of the
, where
oscillator output of duration approximately
is the frequency of the ring oscillator. This means that the pulse
generator effectively generates active low pulses with a 3% duty
cycle at a frequency . The level shifter circuit uses the rectito upconvert the 1 V active-low pulses with
fier output
active-high and active-low being 3.5 and 2.5 V, respectively.
VI. SYSTEM INTEGRATION

Fig. 9. (a) Low leakage ring oscillator using high-V stacked transistors. (b)
Frequency doubling pulse generation circuit.

breakdown constraint comes from the voltage breakdown of
the high density Metal-Insulator-Metal (MIM) capacitors. However, the large number of stages required for achieving this high
voltage leads to increased capacitor charging time, degraded
quality factor of the input impedance, and unreasonable values
for the antenna impedance matching [14].
Another important aspect of the rectifier design is the choice
. It should be much larger than the
of coupling capacitor
parasitic capacitance of the MOS diodes, but should be small
enough to facilitate input matching and higher quality factor
of the input impedance of the chip (for passive voltage gain).
For our application, 1 pF was found to be a good compromise.
For an on-lens display application using our custom LEDs, the
optimal number of stages was found to be eight. This provides
of DC output for 750
approximately
.
mV of RF input and a 300 mV threshold voltage
As described in Section IV, the LED must be duty cycled to
enable operation using RF power. The duty-cycling circuitry activates the LED for approximately 3% of the time by modulating
the 3.3 V PMOS switch. It consists of a ring oscillator, pulse
generator and a passive level shifter circuit (Fig. 7). The ring
oscillator shown in Fig. 9(a) derives its power supply
from the second stage of the cascaded rectifier. Each inverter
in the 3-stage oscillator uses stacked high- devices for low
at 1 MHz).
leakage and low-power operation (

After the substrate, antenna, electrical interconnects, and various independent components were fabricated, they were integrated to form a complete system. To this end, a low tempera, Indium Co.) was melted and pipetted over
ture solder (
the contact lens templates (Fig. 2(f)) to wet the exposed gold
within the SU-8 recesses. The pads of power harvesting and
regulation circuit, discussed in Section V, were electrolessly
plated with nickel and gold to create a solderable surface. After
plating, these pads were independently coated with solder because the surface roughness made wetting difficult. LED pads
were sufficiently smooth, and did not require independent solder
coating. In a fluidic environment, components were placed using
a micro-positioner or pipette, and the solder was reflowed to
connect the substrate to the components [15]. Capillary forces
of the mold solder acted to very accurately align the components
and correct for misplacement (Fig. 10). Lastly, the planar lens
with components attached was placed and pressed in a heated
to obtain the correct curvature. After
aluminum mold
molding, the lens edges were polished, and several micrometers
of biocompatible parylene were conformally deposited over the
entire device at room temperature.
VII. MEASUREMENT RESULTS
Fig. 11 shows the measured efficiency of the rectifier system
while powering the LED at 3 V. At low input power, the efficiency drops due to leakage in the rectifier, while at high input
power, ohmic losses in the rectifier degrade the efficiency. The
peak efficiency of 10% compares favorably with the start-ofthe-art value for 2.4 GHz [16]. Rectifier DC output is shown in
Fig. 12 for 2.4 GHz input signal.

460

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 4, NO. 6, DECEMBER 2010

Fig. 14. Unlit and wirelessly lit active lens assembly.

TABLE II
PERFORMANCE COMPARISON.

Fig. 11. Measured efficiency of the power harvesting system.

Fig. 12. Rectifier output voltage with 2.4 GHz input under no-load condition.

Fig. 13. (a) The level-shifted duty-cycled pulse and the voltage pulses applied
to the -LED. (b) Chip micrograph.

Fig. 13(a) captures the waveforms,
and
at the drain and gate terminals of the PMOS duty-cycle control switch, respectively. Fig. 13(b) shows the chip micrograph
.
while
The total power dissipation of the system is
of average power to the display LED. The
delivering
measured power breakdown of the individual building blocks is
not available as we do not have their supply nodes available for
current measurement. Due to size constraint on the IC, we could
not accommodate more output pads for characterization.
Fig. 14 shows the pictures of the contact lens assembly and
RF source.
wirelessly lit lens using a

Using a 2 GHz dipole antenna at the RF source, we have
demonstrated an LED turn-on range of approximately 10 cm
RF source. Therefore, we are operating close
using a
to the far field of the dipole antenna.
Table II presents the comparison of this work with recent
work on RF-powered sensor systems. Higher frequency of opin diameter) and die size,
eration, very small antenna (
and absence of any off-chip components are unique features of
this work that lead to lower system efficiency than what is possible in meso-scale implementations.
With improved matching and antenna efficiency (with
lower surface roughness) we expect a longer operational
distance. In addition, we expect to improve LED efficiency
significantly, which would greatly decrease system power requirements. Going forward, we plan to conduct in-vivo testing
on a lens incorporating multi-pixel display, bio-sensors (temperature, intra-ocular pressure and glucose) and full-fledged
bio-telemetry.
VIII. CONCLUSION
We have taken the first steps toward creating an active contact
lens. We have demonstrated that a small loop antenna connected
through a power harvesting IC can power a micro-LED on a
transparent substrate. We verify the operational distance to be 10
cm while satisfying biological radiation safety criteria. Through
optimization of the antenna and impedance matching, we hope
to create a system with a multiple LED pixels and sensing capability with operating distance over several tens of centimeters.
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