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Delivering Optical Power to Subcutaneous Implanted Devices
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Abstract— In this paper, a new, easy-to-implement, and
MRI-compatible approach for delivering power to implantable
devices is presented. The idea is to harvest the energy of light
within the therapeutic window wavelengths, where the optical
absorption is small, by using subcutaneous photovoltaic (PV)
cells. Depending on the application, this energy can then be
used to directly drive the embedded electronics of an implanted
device or recharge its battery. To show the feasibility of this
system, a CMOS chip based on this concept has been
implemented and tested. The experimental results demonstrate
that pW’s of power in ambient light conditions can be
harvested using mm’-size PV cells. This amount of power is
sufficient to address the needs of many low-power applications.

I. INTRODUCTION

he progress in the semiconductor industry has

significantly contributed to the healthcare and life
sciences industries. Specifically, implantable devices have
benefitted from the continuous growth in the semiconductor
field and advances of VLSI fabrication processes. Many of
the design challenges in the implantable devices such as
sensing, ability to make autonomous decisions, or
connecting wirelessly to outside, have been addressed by the
downsizing of the circuit structure, advances in packaging
technologies, and other related works [1].

The issue of providing energy for implantable devices is
still a big challenge. This is despite the recent improvements
in that field. It is imperative to realize that the more power is
available and the longer it lasts directly affects the
capabilities of that device and its in-vivo “life-time”.

In the past few decades, various methods have been
proposed to provide energy for implanted devices. Some of
the methods have been successfully reduced to practice and
a couple of them have been even commercialized. The most
common approach is to use high-capacity batteries to
provide the required energy [2-3]. In low-power applications
(e.g., pacemaker [4]) this battery can successfully run the
device for 8 to 12 years and then be replaced afterwards
through surgery. Chemical leakage of in-vivo batteries can
potentially be harmful to the body [5], but by designing
proper packages, any potential risks have been mitigated.

An alternative approach is to create wireless techniques
by which one can recharge this battery (or any other
implanted energy storage element) to prolong the life-time
of the device. Inductive coupling (i.e., near-field coupling) is
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Fig. 1. The proposed method to deliver power a subcutaneous
implanted device.

one technique which can do this. However, proper alignment
of the transmitting coil and the in-vivo receiving coil is
critical for efficient power delivery [6-8]. Far-field coupling
of two antennae to deliver power has also been demonstrated
[9]. This approach results in smaller size devices (i.c.,
receiving antennae) in the expense of higher tissue loss [10-
11]. The directivity of the transmitting antenna is also
critical in this approach with directional alignment
requirements somewhat similar to the inductive-coupling
approach. In both methods the total harvested power is
proportional to the size (area) of the receiving element. This
fundamentally limits the upper bound of the delivered power
for cm’-size implanted devices. Moreover, the necessity of
in-vivo coils or antennas in such devices makes them
inherently MRI-incompatible.

In this paper, a new, easy-to-implement and MRI-
compatible method for delivering power to implanted
devices is presented. The basic idea is to harvest the energy
of the ambient light passing through the tissue and run the
subcutaneous (below the skin) implanted device (see Fig. 1).
The energy harvesting element in this method is essentially a
photovoltaic (PV) cell that can directly drive the implanted
electronics or recharge its battery, if any. The research
presented in this paper has been specifically designed to
provide both the required theoretical and experimental
results for validating the method. Furthermore, it aimed to
discover the advantages as well as the disadvantages of this
method and compare it with the other competing techniques.

In Section II of this paper, the basic theory and
formulations of optical power delivery is discussed. In
Section III, the experimental results and implementation of a
PV-driven implanted CMOS chip are presented. The
conclusion and discussion come in Section IV.
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II. OpPTICAL POWER DELIVERY

Tissue in general is known to be an absorbing and
scattering medium for light [12]. Due to the various
structural components that tissue has, it cannot be considered
as a homogeneous medium obeying Beer-Lambert Law.
However, to simplify the required calculations of light-tissue
interactions, a specific tissue type (muscle, liver, skin, fat
and etc.) is generally modeled as a homogeneous medium
with  specific absorption (g,) and scattering ()
coefficient. In that case, T(1), the optical transmittance at a
specific wavelength (A), defined as the portion of the
optical power that passes through the tissue (/(1)), can be
approximated by

T(A)=e M7, (1)

where y(A) is the total attenuation coefficient describing
both the absorption and scattering phenomena such that

HA) = 1, (A) + 11, (A), 2

and X is the thickness of that layer. Now, if there is a tissue
stack that consists of k dissimilar layers with different
thicknesses, the overall transmittance, 7,(A), can be
formulated by

k —i,u,-(l)x,
La=[lrm=e™ . 3)

where index i corresponds to the characteristics of the i™

tissue layer.

To compute the harvested in-vivo current, one needs to
also know the incident optical power density on the tissue
stack, ,(A), and the responsivity of the implanted PV cell,
R(A). If these values are known, then the short-circuit
current generated in the PV cell with surface area A,
denoted by / , becomes

I, =4 Tlo (AT (A)R(A)dA - “4)

The value of /  can subsequently be used to estimate the
available power according to the I-V curve of the PV cell.

III. IMPLEMENTATION AND MEASUREMENT RESULTS

A. Tissue Characteristics

In Fig. 2A, the measured optical loss (i.e. -10logT(1)) for
various types of animal tissue is reported. The tissues used in
this experiment are grinded prior to putting them into the
spectrophotometer to ensure maximized scattering loss and
basically measure the worst-case optical loss. These results
support the widely known fact that photons with A below
700nm and above 2um have little penetration depth in tissue
(T(A)—>0 in these regions) [13]. However, within these
wavelengths, generally referred to as the therapeutic
window, T(A) is non-zero and some portion of the light can

in fact penetrate deeper into the tissue. As shown in Fig. 2B,
the unique absorption characteristics of water and
Hemoglobin (main constituents of the soft tissue) are
responsible for this phenomenon. The data from Fig. 2A and
(3) suggest that -40dB is the minimum expected loss at A =
700nm for subcutaneous applications (i.e., device below skin
and 1 mm fat) and as one goes deeper into the tissue an
approximately 17dB extra attenuation should be added per
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Fig. 2. (A) Measured tissue optical loss and (B) absorption

coefficient of water (/cm) [14] and HbO2 (/emM) [15].
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Fig. 3. (A) Measured responsivity of the CMOS P+/NwgL PV cell,

and (B) its I-V characteristics in absence and presence of light.

B. PV Cells

In Fig. 3A, the measured R(A) for an implemented
silicon-based complementary metal-oxide-semiconductor
(CMOS) P+/Nwg. PV cell is shown. There are two
justifications for using this particular device for optical
power delivery. The first is that silicon has a relatively high
responsivity in the visible and near IR range which
incidentally overlaps with the therapeutic window. The
second is that CMOS is the fabrication process by which
most integrated circuits are built. Hence, by implementing
its already-available PV cells, one can monolithically
integrate the energy harvesting elements with all the
necessary electronics for implanted applications. This not
only simplifies the design and fabrication steps, but also
significantly lowers the manufacturing costs.

The measured I-V curve of the CMOS P+/NwgiL PV cells
is shown in Fig. 3B. The curve is identical to the I-V curve
of P+/Nwgp diode, except that in the PV mode the whole
curve is shifted down by /. As evident, /_ in the presence
of a solar emulator source (Newport, US) is approximately
22uA/mm*. When no light is present (i.e., the chip is
covered), this current drops to below 0.2nA/mm”. The open-
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circuit voltage in the PV mode, V., generally remains
between 0.4V-0.5V.

By considering the tissue optical loss and the results of
Fig. 3A and Fig. 3B, it can be inferred that it is quite feasible
to produce 0.1pAs of PV current in bright light conditions
(e.g, 1 mW/mm® in sunlight) using mm-scale implanted
CMOS PV cells. While this current (and power level) is
small, it is sufficient to run low-power electronics or slowly
recharge an implanted battery [16-17]. In Table I, a
specification comparison between the proposed method here
and other existing methods is shown. As evident, the
advantages of optical power delivery are its simplicity and
MRI-compatibility. The main disadvantage is that the power
delivery efficiency can become very small for deep implants.

TABLEI
SPECIFICATION COMPARISON FOR POWER DELIVERY

Parameter ~ Battery Induct} ve RF . PV
Coupling Powering

Min. size 1-10 cm’ 1-10 cm’ 1-5 cm® 1 mm’

Tissue N/A Negligible 2dB/mm 20dB/mm

loss [18] [11]

External NA AC RF Light

source source source source

MRI Yes/No No No Yes

comp.

Power 0.1pW 0.8 mW 12pW 0.1pW!

density /mm’ /mm? [19] /mm?[10] /mm’

1kW/m’ light (sunlight) and 40 dB optical tissue loss for 0.5V Voc

C. IC Implementation

As a proof of concept, a model implanted sensor with
integrated PV-cells has been designed and fabricated using
the TSMC 180nm CMOS process. The basic architecture of
this CMOS implantable sensor which measures an in-vivo
resistor or capacitor is illustrated in Fig. 4 and its die
micrograph is shown in Fig. 5. The basic function of this
chip is to create a frequency-shift keying (FSK) output
signal that alternates between fg and fj , a transducer-
dependant frequency and the reference frequency,
respectively. fg and f, , and FSK clock frequency, fr,x .
are all generated by ring-oscillators operating in the sub-
threshold region that are directly driven by integrated PV
cells (D; and D,). For transmitting the measured signal to
outside, a neuromorphic technique is used which its design
was inspired by electrocardiography (ECG) systems. In this
method, the implanted chip mimics the heart muscle by
creating a polarizing-depolarizing electrical field (powered
by Ds) using a set of electrodes within the tissue that can be
sensed by ECG electrodes on the surface of the skin. Details
of the circuitry within this low-power sensor have been
reported before [20]. Here, the experimental results of
optically powering up this system are presented.
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Fig. 5. Die micrograph photo of the implemented CMOS chip.

D. Model-System Measurements

In Fig. 6A the setup for in-vitro measurements is shown
where the animal tissue model (3 mm bovine muscle and
chicken skin) were used to emulate the actual in-vivo
application. Fig. 6B, shows the setup for estimating the
coupling coefficient of the subcutaneous electrode pair with
the external ECG electrodes. The ECG electrodes are placed
on top of the tissue and the polarized electrodes are beneath
it.
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ECG
Electrode
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Fig. 6. Setups for (A) in-vitro measurements and (B) evaluating
subcutaneous-to-surface electrode coupling.

In Fig. 7, the measured sensor transfer functions for
measuring in-vitro resistance and capacitance are reported.
Based on this data, at 2.5 klux, Af =f,—f; has a
sensitivity of approximately 600 Hz/pF and 390 Hz/MQ for
capacitance and resistance sensing modes, respectively.
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Fig. 7. Implantable sensor oscillation characteristics.
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Fig. 9. Measured FSK output signal at 15klux ambient light.

The coupling of the subcutaneous electrode pair with the
external ECG electrodes was measured to be approximately
-35dB V/V within the 0.1 to 20 kHz range (see Fig. 8). Fig.
9, shows the measured output FSK signal of the chip when
measuring a 10pF in-vitro capacitor at the ambient light of
approximately 15 klux. This result, considering the mV-
range amplitude at the output of the CMOS chip, suggests
that we are able to produce 10-100 pV FSK signals on the
skin. This value is well within the detection range of ECG
systems.

IV. CONCLUSION

Optical power delivery to implanted devices is feasible,
easy-to-use, and MRI-compatible. The amount of power is a
function of location of the implanted chip and the
characteristics of the tissue layers covering it. However, for
subcutaneous devices, the optical loss can be as low as 40dB
which makes it possible to harvest uW’s of power in bright
ambient light conditions. This amount of power is small, but
enough for low-power applications. The implant does not
have to be exposed to light continuously but depending on
the application, it should be exposed to light for specific
periods of time to store enough energy. This method of
powering can be applied in any low power application where
the device depth is a couple of mm’s.
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