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Abstract—We present a dual-band approach for HF wireless
power delivery and UHF backscatter communication in
implanted biomedical devices. A testbed is described including
a custom implant device as well as an external system based
around the USRP B210 software defined radio platform. The
implant integrates a binary phase shift keying backscatter uplink
rate of 5 Mb/s, with an HF wireless power transfer link deliver-
ing 1.33 mW at an efficiency of 17%. The implant is 25 mm
in diameter and 2.8 mm thick, including the printed circuit
substrate, dual-band antenna, all circuitry, and biocompatible
silicone encapsulation. It supports up to ten neural and four elec-
tromyogram (EMG) channels with a sampling rate of 26.10 kHz
for the neural channels and 1.628 kHz for the EMG channels.
The communication link is shown to have 0% packet error rate
at an implant depth of up to 2.5 cm.

Index Terms—Biomedical devices, implanted devices, backscat-
ter communication, wireless power transfer, dual band.

I. INTRODUCTION

MPLANTABLE neuroprosthetic devices are an area of
Iincreasing research interest due to the large number of
clinical indications that neuroprosthetics could address. These
clinical indications include muscle spasticity and pain [1],
seizures, dystonia, severe depression and many others [2]. As
a result, numerous research and industry teams are working to
implement a new class of bioelectronic devices incorporating
amplification, digitization and wireless transmission of neural
activity, along with electrical and/or optogenetic stimulation of
neurons. Despite promising early results, significant electronic,
electromagnetic, thermal, and packaging challenges remain to
be solved [3], [4].

Supporting a high channel count of neural inputs is critical
for research in neuroprosthetic and brain-computer interface
(BCI) applications [5], [6]. However, the number of channels
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that a system can telemeter to an external system is ultimately
constrained by its communication rate. High bandwidth con-
ventional wireless systems (such as IEEE 802.11 / WiFi) using
active transmitters consume tens to hundreds of milliwatts
and are therefore thermally unfavorable for implanted appli-
cations where power dissipation into tissue is limited to the
order of 10 mW/cm?>. Since low power dissipation is a crit-
ical constraint for implanted systems, various non-traditional
communication modalities have been explored. A few exam-
ples in the literature include radio frequency (RF) modulated
backscatter [3], [7]-[9], backscatter of ultrasound [10], and
impulse radio ultrawideband (IR-UWB) transmission [11].

In addition to the aforementioned communication chal-
lenges, efficient power delivery is also a significant issue,
especially in chronic (long-term) implanted devices where bat-
tery exchange is undesirable. Wireless power transfer (WPT)
using magnetic induction has been widely used for this pur-
pose; many prior systems (including [12] and [13]) have shown
high efficiency inductive WPT in the 13.56 MHz industrial,
scientific and medical (ISM) band.

An alternative WPT approach relies on near-field coupling
of UHF energy; an integrated BCI system including both near-
field UHF WPT and backscatter communication is described
in [3] and [14]. This work presents a 64-channel implantable
neural recording system using the UHF band for both wireless
power and backscatter communication. However, this system
is limited to 1 Mbps communication rate and thus its sampling
rate is confined to only 1 kHz per channel.

This work aims to combine high speed UHF modulated
backscatter communication with efficient HF WPT in a single
implantable system. The system is a combination of a custom
implant device, with a commercial low-cost software defined
radio (SDR) platform serving as the external system. A block
diagram of this system is shown in Fig. 1. The implanted
device is powered by a 13.56 MHz WPT link, and uplinks neu-
ral recording data at 915 Mhz using a binary phase shift keying
(BPSK) backscatter modulator. The external SDR supplies a
continuous wave (CW) carrier at 915 MHz and downconverts
the backscattered signal to provide a host PC with baseband
I/Q samples for software demodulation using GNUradio and
MATLAB. An external self-jammer cancellation network sup-
presses the reflected carrier energy to greatly improve receiver
sensitivity. To the best of our knowledge, this is the first
demonstration of a complete backscatter-based implantable
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Fig. 2. Implanted device schematic.

system operating at a data rate of 5 Mbps or greater, includ-
ing an off-the shelf external system, HF WPT, and offering
multi-channel neural and electromyography (EMG) recording.

II. IMPLANT DESIGN

A schematic of the envisioned implant is depicted in Fig. 2.
A dual-band antenna, described in [15], receives the incoming
HF carrier, which is rectified and regulated to provide power
to the implant. A previously developed neural/ EMG recording
integrated circuit (IC) [8] is used to digitize up to a total of 10
neural and 4 EMG inputs. The digital bit stream output from
the recording IC drives an SPDT RF switch at the terminals of
the UHF antenna to implement BPSK backscatter modulation.
Additionally, the capability for optogenetic photostimulation is
available via pulse width modulation (PWM) of a blue light
emitting diode (LED).

The antenna and the electronic components are encapsulated
in a biocompatible silicone polymer (Dow Corning MDX4-
4120). The encapsulation procedure uses centrifugation and
vacuum curing to remove air bubbles and ensure a tight bond
to the circuit. The implant prototype measures 25 mm diam-
eter with a total thickness of 2.8 mm including the substrate,
antenna, all circuitry, and biocompatible silicone encapsulation
as depicted in Fig. 3.

A. Choice of Operating Frequencies

The 13.56 MHz HF industrial, scientific, and medical (ISM)
band was chosen for the WPT application because it provides
a high coupling efficiency and low specific absorption rate
(SAR) with a relatively small antenna size. The 902—928 MHz
UHF ISM band was selected due to the 26 MHz of bandwidth

Recording Probe
IC Pads

Optional
Photostimulator UHF Patch

Ant.

F Loop
Ant.

HF Rect. Backscatter ~|——— 25mm ————|
Modulator
Fig. 3. Implant prototype encapsulated in biocompatible silicone.
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Fig. 4. Implant antenna and layered tissue model used for simulations,

from [15].

available and the readily available commercial hardware (e.g.,
the USRP platform) available in this band.

B. Dual-Band Antenna Subsystem

The implant antenna subsystem was previously described
in [15]. In addition to the 25 mm diameter implant antenna,
there is an 85 mm diameter external antenna. The antenna sys-
tem has been previously tested in a saline tissue proxy as well
as in vitro animal tissue. The antenna structure and the layered
tissue model used for full-wave electromagnetic simulation in
CST Microwave Studio are depicted in Fig. 4. In a saline tis-
sue proxy, at an implant depth of 11 mm and an air gap of
5 mm, the measured HF power link efficiency is on the order
of 17% and the insertion loss of the UHF communication link
is on the order of 38 dB.

C. HF Wireless Power Transfer Receiver

A voltage doubling rectifier is used to convert the incom-
ing HF WPT carrier at 13.56 MHz from the external system
into direct current (dc) power. The output of the rectifier
is regulated using low-dropout (LDO) regulators to provide
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input power of 13 dBm and the optional photostimulator circuit at 17 dBm.

3.3V and 1.8V rails. Significant effort was invested in compo-
nent selection for small form factor, low power consumption,
and over-voltage tolerance. Schottky diodes (1N5711, Diodes
Incorporated) were selected due to their high reverse voltage
rating of 70 V as well as their low forward voltage drop of
410 mV. Voltage regulators from the Texas Instruments (TI)
LP5907 series were selected. A 3.3 V regulator powers the
photostimulator and a 1.8 V regulator powers the recording
IC. This regulator series was selected due to its package size
of only 0.65 x 0.65 mm and low dropout voltage of 120 mV.
Most importantly, these regulators have an unusually high
measured power supply rejection ratio (PSRR) of approxi-
mately 20 dB at 13.56 MHz. This specification is critical in
order to reduce the unwanted residual 13.56 MHz ripple com-
ing from the rectifier. For most LDO regulators, the PSRR
will be very high at frequencies within the loop bandwidth
of the regulator (50 dB or more, for frequencies up to, e.g.,
100 kHz), but the PSRR unfortunately decreases to near zero
at frequencies of 1 MHz or above. In contrast, the measured
high frequency PSRR of the LP5907 series is excellent.

In order to achieve maximum performance from the recti-
fier, proper matching to the antenna is necessary. The matching
component values were calculated with the following pro-
cedure: the total dc power consumption of the system was
measured and found to be 0.74 mA at 1.8 V (with the photo-
stimulator disabled). A 2432 2 load was therefore connected
to the output of the LDO to emulate the system power con-
sumption. The return loss (|[S11|) at the rectifier input (prior
to matching) was measured at 13.56 MHz over a range of
input powers. The minimum |S11| value was used to calculate
the corresponding components for a conjugate match. After
matching, the rectifier exhibits 47% efficiency at this operat-
ing point. This is very close to the theoretical 50% efficiency
that can be achieved with a conjugate match.

The HF WPT system was tested over different input powers
in a saline tissue proxy, with 1 cm implant depth and with the
external antenna having an air gap of 0.5 cm. Fig. 5 depicts

the output of the rectifier and the different board-level and
chip-level supply voltages. The HF input power at the exter-
nal antenna port for which the LDOs enter regulation are as
follows:

o Recording IC, integrated 1.23 V LDO: +13 dBm.

o TI 1.8 VLDO: 414 dBm.

o TI 3.3 VLDO: +17 dBm.
Thus a minimum HF drive power of +17 dBm must be sup-
plied under these implant conditions. A 5.1 V Zener diode is
integrated into the rectifier circuitry (not shown in Fig. 2) to
protect the implant from excess HF power.

III. EXTERNAL SYSTEM

The commercial off-the-shelf (COTS) external system is
depicted in Fig. 6. It is based on an Ettus Research, Inc.
USRP B210 which is connected to an added RF front-end that
consists of an additional power amplifier and a self-jammer
cancellation subsystem.

A. Software Defined Radio Subsystem

The USRP B210 is a low cost ($1100) software defined
radio supporting carrier frequencies of 70 — 6000 MHz, with
baseband bandwidth up to 56 MHz. In our system, the USRP
B210 is responsible for supplying the UHF communication
carrier at 915 MHz and receiving the backscatter subcarri-
ers containing uplink data from the implant. The USRP is
connected to a PC with USB 3.0 to control the USRP and
convey the baseband data to the PC. GNU Radio, an open
source block-based signal processing software was utilized. A
custom GNU Radio flowgraph was designed that sets up the
USRP hardware at a baseband sampling rate of 20 Msps and
processes the incoming 1/Q symbols in real-time.

Fig. 7 depicts a simplified view of the proposed GNURadio
receiver pipeline. First, a phase locked loop (PLL) that exploits
poly-phase filter banks [16] locks to the backscattered sym-
bol frequency and downsamples accordingly. Next, another
PLL that exploits the Costas-loop architecture [17] rotates the
phase of the symbols onto the in-phase axis so that slicing can
be implemented simply by checking the sign of each sample.
Then, a bit decision block outputs a string of demodulated
bits.

The PC that runs the demodulating software employs 16 GB
of RAM and an Intel Core-i7 processor clocked at 3.8 GHz.
For rates up to 1.5 Mbps, a Linux pipe can be utilized and
the output of the flowgraph can be processed in near-real time
from MATLAB using batch processing of 3000 frames at a
time. At higher rates, a post-processing approach is used to
circumvent the slow speed of MATLAB processing. Fig. 8
depicts an I/Q plot of 10000 samples that were collected after
the phase alignment block. The symbols were generated at a
rate of 5 Msps using the recording IC and then collected by
the USRP-based external system.

The MATLAB script is responsible for post-processing the
data generated by the GNU Radio flowgraph. Start-of-frame
(SOF) synchronization is performed by correlation with the
Barker codes that are embedded in the data stream trans-
mitted by the recording IC [8]. After frame synchronization,
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de-interleaving is performed to extract the 16-bit blocks con-
taining the digitized neural/EMG data. The last step is a
Hamming (16, 11) decoder that provides single error correc-
tion, double error detection (SECDED) functionality to extract
the 11-bit neural/EMG samples.

B. RF Interface

A Mini-Circuits ZRL-3500 amplifier increases the carrier
power generated by the USRP up to +25 dBm. The output
of the amplifier is connected to a self-jammer cancellation
circuit as shown in Fig. 1. The latter is comprised of a
Mini-Circuits ZX30-20-20BD+ 10 dB directional coupler, a
Weinschel 980-2K variable phase shifter (having 100 degrees
phase shift range) and a JFW 50R-019 1 dB step attenuator
with 0-10 dB attenuation range. With careful adjustment of the
phase shifter and the attenuator, the signal that exits the output
coupling port contains the backscattered signal with a carrier
suppression of up to ~ 39 dB as shown in Fig. 9. Similar
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Fig. 9. Measured self-jammer carrier suppression ratio with and without the
self-jammer cancellation circuit. The self-jammer canceller reduces the carrier
amplitude by ~ 39 dB.

directional coupler based self-jammer suppression networks
can be found in [18] and [19].

To provide the HF carrier that powers the implant, an
Agilent 3350B arbitrary waveform generator (AWG) was uti-
lized. The output HF power at 13.56 MHz can be provided up
to +23 dBm, but as previously described, only +17 dBm is
required at an 1 cm implant depth, with the external antenna
having an air gap of 0.5 cm.

IV. MEASUREMENT RESULTS

As shown in Fig. 6, benchtop testing employs a 3D-printed
fixture allowing the adjustment of the air gap between the
external antenna and the saline tissue proxy (0.91% w/v saline
solution). The transmit antenna is placed beneath a styrofoam
cup that contains the saline solution, and this fixture is placed
in a Faraday cage in order to shield the experiment from
external interference.

A. Sensitivity/Range Characterization

To characterize the performance of the backscatter commu-
nication link, a benchtop setup with an air gap of 0.5 cm, an
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implant depth of 1 cm and a saline water height of 6 cm was
utilized. The in-channel power of the backscattered subcarrier
was first measured with a spectrum analyzer at the output-
coupled port of the directional coupler. With a +25 dBm
carrier power from the external system, the received channel
power was measured and found to be —40 dBm under the test
conditions.

Variable attenuation in the receive path was used to reduce
the available subcarrier power to measure the receive path link
margin given the receiver’s internally generated noise. Packet
error rate (PER) measurements were first made as a function of
available channel power by counting cyclic redundancy check
(CRCO) errors, after Hamming decoding, from 25000 packets
for different RX attenuation factors. Fig. 10 depicts the corre-
sponding results. The receiver exhibits a PER of under 0.62 %
for an input channel power of —91 dBm.

The system was also characterized for PER as a function of
implant depth. In this experiment, the externally supplied car-
rier power was set to 0 dBm, and the PER was measured using
the same method as implant depth was varied, with a fixed air
gap of 0.5 cm. Fig. 11 depicts the corresponding results. We
observed that the backscatter uplink exhibits a PER of better

TABLE I
MEASURED INPUT-REFERRED NOISE LEVELS

Neural (uV RMS) EMG (uV RMS)

Implant System - Battery Power 17.8 123.1
Implant System - HF Power 18.9 123.8
IC Alone [8] 5.7 43

than 0.19 % at an implant depth of up to 3 cm. Lower carrier
power is better for reducing the specific heat absorption rate
(SAR) and the system’s overall power consumption. Hence, a
carrier power of 0 dBm was utilized for this experiment since
it yields a sufficient implant depth. It is important to note that
time-domain simulations provided a peak UHF SAR value of
0.457 W/kg averaged over 1 g of mass [15]. This peak SAR
value is 3.5 times lower than the regulatory limit of 1.6 W/kg.

B. Measured Frequency Response of Neural/lEMG Channels

The neural/EMG recording IC [8] supports up to 10 neural
and 4 electromyogram (EMG) channels with a sampling rate of
26.10 kHz for the neural channels and 1.628 kHz for the EMG
channels. The EMG and the neural inputs are high-pass filtered
at 5 Hz and 250 Hz respectively. Their frequency response was
characterized by injecting a sinusoidal test signal at the input.
Fig. 13 depicts the measured system response for the neural
and EMG inputs.

C. Input-Referred Noise Characterization

The input-referred noise of the entire implant system was
characterized, including the recording IC plus wireless power
and backscatter communication functions. The noise was
quantified by shorting the inputs of the recording IC and mea-
suring the root mean square (RMS) power of the recorded
signal, then correcting for the previously measured system
gain. To identify any noise contributions from the WPT sub-
system, the input referred noise was measured with the implant
powered via the HF link and separately when the implant was
powered by a battery inside the shielded enclosure.

Table I presents the measured results. The recording IC has a
previously measured input-referred noise of 5.7 uV and 43 uV
RMS for the neural and the EMG inputs respectively [8]. The
increased noise observed in this experiment is due to unwanted
parasitic coupling of the UHF data signal into the neural and
EMG inputs. We believe this noise elevation can be reduced
easily with better attention to PC board layout as well as
including a simple R-C low-pass network at the inputs to the
recording IC. It can be observed that the HF link introduces
less than 2 £V RMS added noise to the system for both EMG
and neural inputs.

D. Neural/EMG Measurements

The end-to-end acquisition and telemetry of neural and
EMG signals were also characterized using the in vitro test
setup. Pre-recorded electromyogram (EMG) and neural signals
signal were fed into the implant from an Agilent 33500B arbi-
trary waveform generator (AWG), using an electrode simulator
network and a high impedance attenuator.
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Testing of the neural inputs used prerecorded neural signals
that were acquired from the motor cortex of a non-human
primate by our colleagues under an IACUC approved pro-
tocol. A total of 130 ms of data were captured from the
forearm area of left primary motor cortex of the monkey
Macaca nemestrina. The monkey was implanted with a Utah
microelectrode array [20] and the signals were captured and
digitized with the Neurochip platform [21] at a sampling rate
of 21 kHz. This pre-recorded signal was filtered with a pass-
band of 500-7000 Hz and loaded into the AWG for subsequent
playback.

The proposed system was set up with the receiver recording
in real time and the implant powered by HF wireless power.
An implant depth of 1 cm and an air gap of 0.5 cm were used.
The comparison between the pre-recorded signal and the signal
obtained from the proposed system are depicted in Fig. 12.
On the left side of the figure, the time domain representation
of the entire 130 ms of data is plotted, while on the right a
zoomed-in view depicts a single spike. Excellent agreement is
observed between the two waveforms.

Lastly, the capability of the proposed system for detecting
muscle activity was tested. For this experiment,the terminals of
one of the EMG amplifier inputs were connected to commod-
ity EMG electrodes. The electrodes were placed in adjacent
positions on the left bicep brachii area of a human subject.
Moreover, a reference electrode was placed below the wrist
flexor of the subject and connected to the implant’s ground.
The proposed system was powered over the HF link and the
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Fig. 14.  Measurements of the bicep brachii muscle activity on a human

subject using one of the proposed system’s EMG channels. Top: Raw EMG
voltage values. Bottom: Post-processed data using a moving RMS filter with
a window duration of 300 ms.

receiver was set up to demodulate data in real-time for a
total of 18 seconds. After initiating the recording the subject
was instructed to contract their muscles for 1 second at time
intervals of 4 and 14 seconds.

The corresponding results are depicted in Fig. 14. The time
periods during which the subject contracted their muscles are
designated with vertical red lines. The top part of the figure
depicts the raw EMG voltage values. Spikes with amplitudes
of up to 4 mVpp can be observed during the periods of muscle
activity. EMG signals are typically processed using a moving
RMS filter [22] in order to reduce high frequency noise and
smooth the inherently spiked data. The bottom part of Fig. 14
shows the result of a moving RMS filter with a window dura-
tion of 300 ms that was applied on the raw data. Especially
after filtering, muscle activity can be identified with excellent
clarity.
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V. CONCLUSION

This paper presents a dual-band approach for HF wire-
less power delivery and UHF backscatter communication in
implanted biomedical devices. A testbed is presented includ-
ing a custom implanted device as well as an external system
based on a commercially available USRP B210 software
defined radio (SDR) platform. The implant integrates a BPSK
backscatter uplink rate of 5 Mbps, with an HF WPT link
delivering 1.33 mW at an efficiency of 47%. The implant is
25 mm in diameter and 2.8 mm thick, including the printed
circuit substrate, dual-band antenna, all circuitry, and biocom-
patible silicone encapsulation. It supports up to 10 neural and
4 electromyogram (EMG) channels with a sampling rate of
26.10 kHz for the neural channels and 1.628 kHz for the EMG
channels. The communication link is shown to have 0% packet
error rate at an implant depth of up to 2.5 cm.

Future work includes noise mitigation via a revised PC
board layout as well as including a simple R-C low-pass net-
work at the inputs to the recording IC to reduce unwanted
parasitic coupling between the UHF data signal and the neu-
ral and EMG inputs. Further in vitro testing will be conducted
to ensure both neural and EMG recording performance before
commencing in vivo work with animals such as rodents and
non-human primates. Additional work includes development
of higher communication rate implants by exploiting higher
order backscatter, such as QAM modulated backscatter [23].
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