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Wireless Power Transfer to Deep-Tissue Microimplants
Efficiency of Power Transfer. The expression for efficiency in the
main text can be derived using coupled mode theory. In this
formalism, the exchange of energy between the source and re-
ceiver is described by the equations

as(t) = (iws —Ts)ac(t) +xas(t)

dc(t) = (ia)c —I'c— FL)ac(l) -|-Kas(l‘)7

where a,, are amplitudes normalized such that |a,|* corresponds
to the energy in the structure, I, the intrinsic decay rates, I';, the
rate of work extraction by the load on the receiver, and « the
coupling coefficient. It is advantageous to operate with the source
and receiver in resonance w=ws=wc (1). The efficiency of
power transfer is defined as

2
, 'L las]

n= .
Fs‘ag‘z + (FC +Fc)|as|2 + RG(K‘a;ac)

In the limit of weak coupling |x|*/T'sT'c < 1, the expression re-
duces to
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which is the product of two efficiencies (2). The left-hand factor
can be understood as the efficiency of power transfer to the coil
in absence of the load. The right-hand factor corresponds to the
efficiency of power extraction by the load—this factor is maxi-
mized when the impedance-matching condition I'c =T, is satis-
fied. From standard power arguments, it can be shown that the
left-hand efficiency is given by
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which is the efficiency in Eq. S2. Equivalent expressions can be
obtained using other formalisms for coupled electrical systems,
such as a two-port lumped element network (3).

[S1]

Penetration of Time-Varying Fields in Tissue. Although electro-
magnetic waves varying in time at high frequencies (>100
MHz) are associated with high absorption in tissue, optimal
transfer is found to occur in the low-gigahertz range. To un-
derstand this result, we consider the penetration of a plane
wave H,(z,t) =Hpexpli(kz — wt)] into a tissue half-space as the
frequency w varies. The depth at which the field extends into
tissue is described by the skin depth 6:=1/Im(k), where
k= w,/ué is the wavenumber. Dispersion in tissue can be described
by Debye relaxation e/ey =€, + A€/ (1 —iwtp) + ic/(weg), where
o is the conductivity, zp the characteristic relaxation time of the
medium, €, the permittivity in the high-frequency limit, and
A€ :=€5 — €, (€5 the static permittivity). The model is valid in
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the regime wrp < 1, in which case the permittivity can also be
approximated as

€/ey~es {1 +i(a)TDf+L)} , [S2]

€g wWTE

where 7p :=€pes/o is the electric time constant. The relative
significance of wrg and 1/wrp determines the imaginary term’s
characteristic dependence on w:

1. At low frequencies when wrr < 1, the permittivity reduces
to e/ey~ies/wrp. The wavenumber is given by kw
opyo/2(1+i), from which one obtains the usual skin
depth for conductors 6= +/2/wu 0.
2. When wrg > 1 but wrg < 1/wzp, the 7p term in Eq. S2 can
be neglected such that § = 27g/ . /ug€o€s.
3. At high frequencies when wrg > 1/wzp, we approximate the
permittivity as e€/ey~es(1l+iwtpA€/eg). The skin depth is
then given by 6~ 2es/(w*zp A€ /lig€oes).

The parameter 1/75 and the geometric mean of 1/7z and 1/7p
demarcate three frequency regimes

/v, w < 1/15
s O(1), 1/tp < w < 1/\/tpte
1e?, o> 1/

Contrary to the notion that losses consistently increase with fre-
quency, we find that there exists an intermediate range of frequen-
cies across which the penetration is approximately constant. This
behavior occurs when the typical time scale of an amplitude var-
iation is much shorter than 7z but substantially longer than zp. If
one operates in this regime, the penetration is expected to be much
greater than that naively extrapolated from a low-frequency con-
ductor model of tissue. For the muscle tissue parameters, we cal-
culate the range to be approximately between 690 MHz and 2.2
GHz, which is consistent with our implementation of midfield
power transfer.

State-of-the Art Integrated Electronics. To illustrate the range of
applications available with performance characteristics reported
in the main text, Table S1 describes the power requirements of
selected state-of-the-art integrated circuits (ICs). The table is not
exhaustive, but is representative of existing solid-state circuit
capabilities in the microwatt power regime. With the exception of
ref. 4, all devices are currently powered with either wire tethers
or large (>2 cm) near-field coils.

For stimulation, a local field-sensing IC was developed by
Medtronic to enable closed-loop neurostimulation (5). As an
alternative to electrical stimulation, an optogenetic stimulator
consuming 400 pW was designed, with possibility of lower power
with more efficient LEDs or opsins (6). A neural recording device
consuming 0.73 uW per channel was demonstrated in ref. 7; less
than 100 pW was required for 100-channel recording. A pace-
maker IC, developed by St. Jude Medical, contains amplifiers,
filters, analog-to-digital converters, battery management system,
voltage multipliers, high-voltage pulse generators, programmable
logic, and timing control, and consumes only 8 pW (8). A wide
dynamic range bioimpedance sensor was also shown to extract QRS
complex features for the detection of ventricular fibrillation (9).

ICs developed for monitoring physiological processes in-
clude a fluorometer for continuous glucose monitoring (10),
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a cubic-millimeter intraocular pressure sensor (11), and a tem-
perature sensor with an accuracy of +0.15 °C (12). These sensors
require energy in the range of nanojoules to microjoules per
measurement. For imaging, a sensor consuming only 3.4 uJ per
frame of 256 x 256 pixels with 8 bits per pixel has been demon-
strated (13). An implantable device capable of locomotion in
fluid has also been developed (4). Wireless communication
allow remote control and noninvasive readout of these devices.
In ref. 4, the data receiver consumes 0.5 pJ per bit. For the
reverse link (from the device to the external source), the power
consumption depends on the range, varying between picojoules
to nanojoules per bit.

Safety Considerations. We refer to the Institute of Electrical and
Electronics Engineers C95.3-2005 Standard (14) for general
safety thresholds that are protective against all established ad-
verse health effects. The basic metric for rf exposure is the
specific absorption rate (SAR), defined as the power loss in-
tegral over a reference volume of tissue. Limits exist on the
SAR induced by a source of electromagnetic fields to protect
against adverse health effects arising from tissue heating. A
system is compliant with the standard if (i) the whole-body av-
erage SAR is less than 0.4 W/kg and (if) the maximum local SAR
(averaged over 10 g of tissue) does not exceed 10 W/kg. These
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limits are reduced by a factor of 5 for general public exposure
(uncontrolled environments), such as for cell phones.

Local SAR evaluation is more complicated because it involves
estimating the spatial SAR distribution under realistic operating
conditions. Following recommended procedures (15) within a
compliance laboratory setting (Fig. S4), we measured the peak
SAR point to be 2 W/kg for the body and 2.4 W/kg for the head
when coupling 500 mW into tissue. Averaged over the specified
10 g of tissue, these values were found to be 0.89 W/kg and
1.17 W/kg, respectively, which are far below the specified limit
(10 W/kg). Based on this data, the source power can be increased
up to ~4.2 W before the safety threshold is met.

Experimental results in the main text involve source power
levels of 500 mW. These levels are clearly compliant to the whole-
body average—the standard specifies that up to 28 W can be
coupled into the body before exceeding the limit (14), when
considering an average adult male (70 kg).

The millimeter-scale devices described in the main text con-
sume very low levels of power (tens of microwatts) and are thus
unlikely to pose direct safety concerns. Certain applications may
require that the power be dissipated over extremely short time-
scales and/or concentrated in small volumes. Potential adverse
effects should, in these cases, be considered in the context of the
device’s function and physiological environment.
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A B Midfield source C Near-field source

Coil diameter (cm)
N

Wavelength in tissue (cm)

The curves are generated by solving for optimal power transfer in an air-muscle half-space for the indicated depths and wavelength in tissue. (B and C)
Optimal magnetic fields (time snapshot, Hy) corresponding to 5-cm separation in multilayers (tissue layers same as Fig. 1). The operating frequency is 1.6 GHz in
B and 10 MHz in C. (D) Angular spectra of B at the source plane; (E) angular spectra of C at the source plane. ko, wavenumber in air; Kmuscie, Wavenumber in
muscle tissue. The separation between the source and tissue interface is 1 cm.
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Fig. S2. Midfield source implementation. (A) Schematic of source components used to excite the metal plate and implement feedback-enabled control. (B)
Scattering parameter (S11) as a function of frequency, measured at an individual input port. When positioned 1 cm above the human chest or porcine tissue,
the pronounced dip in the spectrum shifts to 1.6 GHz, indicating that power is efficiently coupled into tissue.
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Fig. S1. Midfield and near-field power transfer comparison. (A) Performance curves (coil diameter vs. power transfer range) for fixed power-transfer effi-
ciency n=10"3. To achieve this efficiency at a given wavelength (color bar), the coil size and operating depth is constrained to lie under the performance curve.
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Fig. S3. Circuit schematic for the probe and pacemaker. (A) Lumped circuit model of the receiver. The AC voltage V¢ generated across the coil by the source
fields is converted to DC power through the rectifier circuitry. The power flowing through the pulse control circuitry is encoded in the flashing frequency of the
LED. (B) Equivalent circuit at the nth reference power level when the circuit is at resonance. The nonlinear properties of the rectifier and pulse control unit
enable the unknown parameter Rc¢ to be estimated if the circuit is characterized at two reference flashing frequencies. Once the environment-dependent

parameter Rc is known, the model enables the transferred power to be estimated.
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Fig. S4. SAR measurement setup. Photograph of the measurement setup used in the SAR measurements. The white box shows the location of the wireless
powering source, and the red box the radiofrequency phantom filled with a body-simulating liquid. The robotic arm scans an electric field probe in the volume

directly above the source during measurement.
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Fig. S5. Dynamic focusing for motion tracking. (4) Trajectory of the device in a liquid solution with dielectric properties imitating muscle tissue. The red dot
marks the starting position. (B) Separation between the device (red dot) and the center of the source (white dot). The distance is ~6 cm, including a 1-cm air
gap between the source and the liquid. (C) Power received by the device measured by the flashing rate of the LED. The minimum power to operate the device
is ~10 pW. The dynamic phase adaptation algorithm enables higher levels of power to be transferred as the device moves. (D) Phase of each port, relative to
a phase stationary port 4, controlled by the algorithm as the device is in motion.
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Fig. S6. Size comparison for the electrostimulation device. (A) Photograph of the electrostimulation device (red box), inserted in a 9-gauge (3 mm diameter)
hypodermic needle for size comparison. (B) Device next to a conventional battery-powered pacemaker (Left; Medtronic Adapta), a battery-powered swal-
lowable endoscope (Center), and the millimeter-scale pacing device (Right).
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Table S1. Fabrication process and power consumption of selected integrated complementary

metal-oxide-semiconductor (CMOS) electronics

Function Fabrication process Power consumption
Neural local field potential sensing (5) 0.8 pm CMOS 4.5 pW per channel
Optogenetic stimulation (6) 0.8 pm HV CMOS 400 pW

Neural recording (7) 0.18 pm CMOS 0.73 pW per channel
Pacemaker (8) 0.5 um CMOS 8 pw

Intracardiac impedance measurement (9) 0.18 pm CMOS 6.67 pW per channel
Fluorometer (10) 0.6 um CMOS <1 pJ per measurement
Intraocular pressure sensor (11) 0.18 pm CMOS 1.44 ) per measurement
Temperature sensor (12) 0.16 pum CMOS 0.027 pJ per measurement
CMOS image sensor (13) 0.18 pm CMOS 3.4 pJ per frame
Locomotion (4) 65 nm CMOS 250 pW at 0.53 cm/s
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