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Abstract — A first proof-of-concept mm-sized implant
based on ultrasonic power transfer and RF uplink data
transmission is presented. The prototype consists of a 1 mm x
1 mm piezoelectric receiver, a 1 mm x 2 mm chip designed in
65 nm CMOS and a 2.5 mm x 2.5 mm off-chip antenna, and
operates through 3 cm of chicken meat which emulates human
tissue. The implant supports a DC load power of 100 µW
allowing for high-power applications. It also transmits
consecutive UWB pulse sequences activated by the ultrasonic
downlink data path, demonstrating sufficient power for an Mary PPM transmitter in uplink.
Index Terms — Implantable biomedical devices, ultrasonic
power delivery, mm-sized implants, AC-DC power converters,
radio transmitters.

I. INTRODUCTION
Ultra-compact and reliable medical implants with high
available power could enable many new applications in
medical diagnostics, imaging, and drug delivery. A few
example applications include: closed-loop wireless neural
recording and stimulation, diagnostic sensing, and
optogenetics. Realization of these different practical
applications requires both wireless power transfer and bidirectional data links to the implants.
Typical methods for power delivery include inductive
and RF power transfer, however, these methods have
several complications for medical implant powering.
Inductive power transfer is exceedingly inefficient while
transmitting power over distances larger than the coil
dimensions [1]. Also, inductive coupling is highly
dependent on orientation. RF power delivery suffers from
high tissue attenuation (depending on frequency),
significantly limiting implant depth. Additionally, the FCC
limits allowed power densities to ~1-10 mW/cm2 [2].
Additionally, due to mismatch between the aperture and
wavelength for mm-sized antennas (i.e. small electrical
length), low radiation resistances result in non-ideal power
matching and low output voltage. Matching networks can
help with this issue, but they can be bulky and are limited
by low on-chip quality factors, which significantly restrict
the matching efficiency [3], [4].
In contrast, wavelengths for ultrasound are comparable to
mm-sized implants, resulting in better aperture matching
and efficient energy coupling. We have designed sub-mm
dimension acoustic receivers with large source impedances
(kΩ range). These impedances are ideal for high voltage

and power matching to loads typically interesting for
implants (eg. 1-100 µW). Additionally, the FDA allowed
intensity is 720 mW/cm2 for diagnostic applications in most
of the body (no limit is currently specified for long-term
exposure) [5]. This is roughly two orders of magnitude
greater than the allowed RF intensity. These advantages
allow for larger available power than RF techniques, for
sub-mm sized implants, opening up new high-power
applications (>10 µW) and enabling implant operation at
greater depths. For these reasons ultrasonic power delivery
has been proposed for medical implants [6], [7].
Besides transferring power, an ultrasonic downlink can
be used for low data rate control signals (~kb/s), which we
demonstrate in this paper. An RF downlink can be designed
if higher data rates are required. Conversely, we have
designed an RF uplink (i.e. implant to external receiver) to
enable very high data rates (~Mbps), for applications like
imaging. RF uplink is feasible because data transfer
requires many orders of magnitude smaller power levels
than power transfer. To our knowledge this system
constitutes the first proof-of-concept demonstration of
ultrasound power delivery and RF data transmission in a
mm2 sized system.
II. SYSTEM ARCHITECTURE
Fig. 1 shows our proposed system architecture of the
implant with our current implementation consisting of an
off-chip 1 mm x 1 mm piezoelectric receiver, a 1 mm x 2
mm chip with power recovery and data communication
circuits, and an off-chip loop antenna. The model of the
piezoelectric receiver is shown in Fig. 1. The impedance of
the designed piezoelectric receiver was measured to be
purely real at its intended series resonance frequency of 1
MHz. Furthermore, the value of RPIEZO (2.3 kΩ) is
comparable to the average input resistance of the chip, and
thus, we forego an input matching network.
In order to recover usable DC power from the
piezoelectric receiver, we designed an on-chip AC-DC
converter for high power applications (~100 µW). Due to
low input frequency (1 MHz) and high desired output
power, a typical Dickson voltage multiplier would need
very large capacitor values [8]. Therefore, we implement a
hybrid two-path converter consisting of a high-frequency,
high-power path (main path) in parallel with a low-
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frequency, low-power path (auxiliary path). The main path
comprises of an active full-wave rectifier, followed by a
high-frequency switched-capacitor voltage doubler and a
low dropout regulator (LDO). The auxiliary path consists
of a push-pull voltage doubler that generates the DC rail
(VDC,AUX). VDC,AUX powers the bias circuit and ring oscillator
required for operation of the main path, as shown in Fig. 1.
For demonstrating data communication, we recognize a
falling edge of the ultrasound input as a control data signal.
Upon data recovery, the implant transmits two RF ultrawideband (UWB) pulses which are detected by an external
receiver. Through this protocol we demonstrate the ability
to recover data or clock from the ultrasound input and
implement an ultra-low-power transmitter based on M-ary
pulse-position modulation (PPM). We use an RF frequency
of 4 GHz, based on the trade-off between the implanted
antenna size and tissue losses. Depending on the depth and
the application, the optimal RF frequency can be lower.
III. CIRCUIT DESIGN
A. Power Recovery Circuits
The main path rectifies the input AC voltage using a fullbridge rectifier consisting of a cross-coupled NMOS pair
and active PMOS diodes operating as switches [9], as
shown in Fig. 1. This topology offers the advantage of low
on-state voltage drop across the transistors, resulting in
better rectification efficiency. The active PMOS diode,
shown in Fig. 2, uses a high-speed comparator with a
common-gate input stage. A 0.5 nF on-chip capacitor (C1)
is connected to VDC1 to minimize the voltage ripple.
The rectified voltage (VDC1) is boosted to VDC2 using a
high-frequency switched-capacitor voltage doubler in order
to power the LDO. It is implemented using cross-coupled
MOS transistors with two flying capacitors (Ca and Cb)
driven by anti-phase clock signals, as shown in Fig. 1. The

ripple at the output is minimized by using a large output
capacitor (C2 = 0.8 nF). Fig. 1 also shows the generation of
the clock signal at 30 MHz using a 5-stage current-starved
ring oscillator powered from VDC,AUX.
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An LDO with supply at VDC2 generates a regulated 1 V
DC rail with a load current capability of 100 µA. The LDO
is implemented using a PMOS pass transistor with a
current-mirror OTA as the error amplifier, as shown in Fig.
3. The reference voltage to the error amplifier (VREF) is 0.5
V. We use a load capacitance of 2 nF (CSTOR) at the output
of the LDO to serve as an energy storage element.
B. Envelope Detection for Data Recovery
We use a novel technique for data recovery by re-using
the rectifier active PMOS diode for envelope detection, as
shown in Fig. 4. When the AC inputs (VAC1 and VAC2) fall,
the gate of MN1 goes low, causing current I1 to charge C1 to
VDC,AUX. This signal is level-shifted to VLDO (called VNOTCH).
A digital circuit detects the rising edge of VNOTCH and
generates two trigger voltages, VT1 and VT2, with VT2
delayed by 100 ps. The pulse width of VT1 and VT2 is 2 ns in
simulation. These voltages serve as enable signals to the RF
transmitter. The envelope detection circuit is gated by a
power-on-reset (POR) signal in order to avoid false
triggering during startup.
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of the LDO. The RC high-pass filter at the input of the PA
has a cut-off frequency of 530 MHz. A 1:1 balun with outer
diameter of 170 µm is used at the output of the PA with the
center tap on the primary side biased at VLDO. The PA has a
simulated current consumption of 8.5 mA in the on-state
and a leakage current of 38 nA in the off-state.
Off-chip loop antennas were designed to operate in a
tissue medium for maximizing the power at the external
receiver in a frequency band of 3.5-4.5 GHz.
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C. RF Transmitter
A cross-coupled LC oscillator with a modified tail
current source [10], as shown in Fig. 5, is used to generate
two UWB pulses with a carrier frequency of 4 GHz. Current
sources I1 and I2, triggered by VT1 and VT2 respectively, are
turned on with a 100 ps delay, thereby creating a voltage
drop across CS. This provides an initial condition for fast
startup of the oscillator (startup time < 1 ns). The tank uses
a 3.6 nH spiral inductor with a quality factor of 11. Switches
(MSW1-MSW6) ensure that the oscillator is fully turned off
during the idle state of the transmitter. The nominal current
consumption of the oscillator in the on-state is 4 mA and its
leakage current in the off-state is 36 nA from simulation.
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The output of the oscillator is fed to a cascoded class-A
power amplifier (PA) designed for a peak output power of
0 dBm at the antenna. The DC bias for the input transistors
of the PA is 0.8 V and is derived from the resistor divider

Fig. 6 shows an annotated die photo of our chip fabricated
in TSMC 65 nm GP CMOS technology. We have
performed measurements in chicken meat (used as a human
tissue phantom) to demonstrate our system for operation in
an implantable setting. Fig. 7(a) shows our experimental
setup consisting of an external ultrasonic transducer,
implant characterization board and chicken meat. We use
mineral oil for acoustic coupling with minimal impact on
the RF link. The piezoelectric receiver and the chip are
encapsulated in a non-conductive epoxy. We tested our
implant with various square loop antennas with side
dimensions of 3 mm, 2.5 mm, 2 mm and 1.5 mm.
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To test the power recovery circuits we transmit acoustic
power from the external transducer to the piezoelectric
receiver on the implant. Fig. 8(a) shows the input voltages
of the chip for an acoustic available power of 130 µW. The
values of the recovered DC voltages are given in Fig. 8(b).
We further characterized the chip using a signal generator
with a series resistance of 2.3 kΩ to emulate the
piezoelectric receiver. Fig. 8(c) shows the measured LDO
output voltage and the AC-DC conversion efficiency of the
chip as a function of LDO load resistance (RL) for an
electrical available power of 190 µW. The LDO regulates
at 1.04 V while supporting a maximum DC load power of
100 µW. The measured peak efficiency of the chip is 54%.
The efficiency reduces at lighter loads since the quiescent
power does not scale with load current. A re-configurable
power recovery circuit can be designed for maximizing
chip efficiency across load currents.

(a)
m

(b)
4

Ultrasonic
transducer

m

Acrylic
tank
Mineral
oil

Chicken
breast

Implant

7.
8

m

m

Position of
external
receiver
antenna

2.5 mm x
2.5 mm

Fig. 7. (a) Implant characterization setup with access to internal
nodes (b) Final packaged implant for end-to-end test

The RF pulses are measured using an external receiver.
Fig. 9(a) shows the UWB pulses for a 3 mm loop antenna
measured through 3 cm of chicken meat. The energy
consumed in transmission is lower than 30 pJ/pulse. The
LDO output discharge time constant was measured to be
1.2 ms, which matches well with simulation.
We also performed a successful end-to-end test with the
miniaturized, fully-packaged implant, shown in Fig. 7(b).
Fig. 9(b) shows the detected UWB pulses, through 3 cm of
meat, with an SNR of ~13 dB. We have also detected UWB
pulses using a 1.5 mm loop antenna and have recovered
significant power from a 0.7 mm x 0.7 mm piezoelectric
receiver, enabling further miniaturization of the system.
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V. CONCLUSION
This work demonstrates ultrasonic power transfer and an
RF data uplink for a mm-sized implant system. AC-DC

conversion, energy storage and data communication
circuits were implemented on a 1 mm x 2 mm IC fabricated
in 65 nm CMOS technology. The chip was capable of
supporting a DC load power of 100 µW with a 54%
efficiency. The implant was also capable of recovering
ultrasonic downlink data and transmitting two RF UWB
pulses, thus, demonstrating the capability of implementing
an efficient PPM transmitter for high data rates (~Mbps).
An end-to-end test of the implant integrated on a 4 mm x
7.8 mm PCB was successfully performed through 3 cm of
chicken meat. Additionally, measurements with smaller
piezoelectric receivers and antennas confirm potential for
further miniaturization of the implant in other applications.
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