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1 Abstract

Traditionally, active implants are powered by batteries, which, when discharged, have
to be either replaced or recharged by an inductive power link. In the recent years,
ultrasonic power links are also being investigated, as they promise more available
power for deeply implanted miniaturized devices. Such devices often need to transfer
information back, for example sensor data or some status information of the implant.
For ultrasonically powered implants, this data transfer is usually achieved with On-
Off Keying (OOK) based on load or backscatter modulation, or active driving of a
secondary transducer.

In this paper, we propose to superimpose OOK with subcarriers, effectively leverag-
ing Frequency-Shift Keying, which increases the robustness of the link against interfer-
ence from other nearby scatterers and fading, due to patient movements, for example.
This approach also allows for simultaneous powering and communication, and inher-
ently provides the possibility of frequency domain multiplexing to address individual
nodes in implant networks. The proposed modulation scheme can be implemented in
miniaturized application specific integrated circuits (ASICs), field programmable gate
arrays (FPGAs), and microcontrollers, with little additional complexity. We have val-
idated this communication scheme in a water tank setup during continuous ultrasound
powering. In these experiments we achieved symbol rates of up to 100 kBd (limited in
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this implementation by the selected microcontroller), were able to detect the modu-
lated signal when placing the implant transducer about 4 cm away from the focal axis
and showed that this modulation scheme is more robust than OOK. This approach
could provide a more stable uplink communication, particularly for miniaturized im-
planted devices that are located deep inside the body and need continuous ultrasonic
powering.

2 Introduction

Conventional active implantable devices are powered by batteries that, when empty,
need to either be replaced, or wirelessly recharged, usually inductively. Besides these
conventional implants, a new family of wirelessly-powered, battery-free, active micro-
implants has emerged ([1], [2]). These aim to treat complex neurological disorders
by providing access to various, and at times multiple, anatomical sites which can be
located deep inside the body. For this scenario, ultrasonic power transfer is being
investigated due to its efficiency and miniaturization advantages ([3], [4], [5], [6], [7].
8).

Active implants often need to communicate information, for example the power
status of the implant or sensor data. In conventional battery-powered active implants,
Bluetooth Low Energy (BLE) is often used for communication. This provides high
data rates, at the expense of comparably high power consumption. Communication
then might need a large portion of the total available power. For example, in [9] the
authors needed a 90 mA h battery to achieve a discharge time of up to about 12 h, with
most of the power being spent for the Bluetooth system-on-chip (SoC). This translates
to a power consumption of several mW. Such battery sizes and power consumption
ranges are often not acceptable for miniaturized implants. For power-aware or battery-
less active implants, custom wireless electromagnetic or ultrasonic communication links
have been proposed. A comprehensive overview of existing methodologies for mm-sized
networked implants can be found in [10] and in [11].

Electromagnetic links are widely used, however these are not suitable for miniatur-
ized and deep implants. As explained in [10], the link frequency must be kept low to
achieve low attenuation. But for low frequencies, in order to achieve sufficient cou-
pling, the size of the coils must be at least the distance between the implanted and
the external coils.

Generally, ultrasonic links have demonstrated higher penetration depths. We there-
fore turn to a fully-ultrasonic approach to power and communicate with deep implants.
For the uplink communication of ultrasonically powered implants two approaches are
generally used. The first approach, known as backscatter modulation or load modu-
lation, exploits the bidirectional characteristics of electro-acoustic transducers. First,
the implant transducer converts the incoming acoustic power into electrical power.
Modulating the load connected to the transducer alters the amount of electric power
which is reflected back to the transducer. The transducer, in turn, converts this re-
flected electrical power back into acoustic power, effectively acting as a backscatterer.
An external acquisition system can pick up this backscattered signal and detect the
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Figure 1: Available solutions for fully ultrasonic power-up and data uplinks. left) Backscatter modulation
with time domain multiplexing: The external transducer emits a powering burst. The implant
changes the electric load to its transducer, modulating the amplitude of the backscattered burst.
As bursts are used, the powering of the implant is interrupted. middle) Dedicated transducers
with frequency multiplexing: Two independent transducers are used for power transfer and
uplink communication, working at different frequencies. The implant actively drives the data
uplink transducer. right) Backscatter modulation with frequency domain multiplexing: A single
transducer is used for both powering and data link. Hardware filters are used to separate the
power and data link after the transducer.

changes. A more detailed explanation of this concept can be found in [12].

A second approach uses two distinct transducers, one dedicated to the power link,
and an additional one for the communication uplink, as in [13] and [14]. The two links
operate at different frequencies. The implant then incorporates an active circuit for
driving the transducer used for communication. Such a system is described in more
detail in [14].

Another approach was proposed recently in [15]. In this work, the authors combine
backscattering with Frequency Division Multiplexing (FDM). With this approach, the
implant transducer picks up a signal comprising two frequencies. One frequency is used
for powering and another frequency for the uplink communication. The data uplink is
subsequently separated from the power link via hardware filters at the implant.

A summary of these three approaches for a fully ultrasonic power-up and data up-
link is schematically illustrated in Figure 1. For all approaches, variants of Amplitude
Modulation (AM) [16], On-Off Keying (OOK) [14], or sometimes Pulse Width Modu-
lation (PWM) [17] are used to encode the information.

The ultrasound backscatter modulation as a basis of OOK or AM (Figure 1-left)
typically requires pulsed ultrasound [16]. Also, determining the decision boundary
between the high and the low level of the backscattered ultrasound can be difficult.
Recent papers mitigate this problem by measuring the difference between two consec-
utive pulses ([4] and [17]), at the cost of dividing the data rate by two. On the other
hand, adding a second, actively driven, transducer, as in Figure 1-middle, increases the
system complexity and size [16]. The same applies for the approach in [15], described
in Figure 1-right, as it requires at least two additional inductors and capacitors for the
filter network. These limitations become more relevant for small, low-power implants


https://doi.org/10.1101/2022.08.23.503752
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.23.503752; this version posted August 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

that are placed deep inside the body.

To overcome these, we propose an approach based on combining backscattering with
Frequency-Shift Keying (FSK). Compared to ASK or OOK, this increases the robust-
ness of the communication link against noise [18]. We will show that FSK is also
advantageous compared to ASK when considering interference and a fading channel,
for example, due to patient movements. Similar approaches have already been de-
scribed for inductive links ([19], [11]). A similar approach for ultrasonic uplinks was
also recently proposed in [16] by Ghanbari et al., but the subcarriers were used as a
means of Code Division Multiplexing (CDM), to receive data from several implants
simultaneously. Our approach would also allow for multi-device communication based
on FDM or CDM, by choosing different modulation frequencies for each device. How-
ever, we only experimented with a single device. Importantly, our proposed approach
allows for continuous ultrasound, using only a single transducer for power reception
and communication on the implant side. Furthermore, it adds little complexity to the
design of an application specific integrated circuit (ASIC) or field programmable gate
arrays (FPGAs) and can also be implemented on microcontrollers.

3 Proposed modulation scheme and implementation
considerations

3.1 Frequency-Shift Keying by load modulation (FSK-Im) uplink for
ultrasonic biotelemetry

The proposed modulation scheme is based on the consideration that an implant needs
to transfer back digital data and to be powered continuously, but the design requires a
modulation scheme based on load or backscatter modulation, for example, due to size,
complexity, or power constraints. In the presence of powering ultrasound, the detection
of the backscattered AM signal becomes difficult, as its amplitude may be several orders
of magnitude smaller than the incident ultrasound [16]. To mitigate this problem, we
propose modulating the backscattered ultrasound at specific frequencies, to generate
sidebands in the spectrum, which can be distinguished from the incident signal in the
frequency domain. Figure 2 shows the most straightforward implementation of this
concept, which is superimposing a single subcarrier onto an OOK signal.
Superimposing the subcarrier onto the OOK modulated signal simplifies the de-
tection and decoding of the backscattered signal in the presence of a strong incident
carrier, as shown in Figure 3. In the frequency domain, copies of the signal at frequen-
cies further away from the incident ultrasound are present, providing the possibility to
leverage FDM or CDM, as was done in conjunction with analog AM in [16]. It must
be noted that the amplitude of these signal copies is inherently smaller compared to
the amplitude of the simple OOK signal. Looking at Figure 2, one can imagine the
subcarrier effectively turning off the carrier signal half of the time. This means, on av-
erage, only half of the power is transferred when OOK is combined with a rectangular
subcarrier compared to simple OOK. This already reduced power is spread across the
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Figure 2: Comparison of simple OOK and OOK with a superimposed subcarrier. For simple OOK the
carrier amplitude is kept constant during each symbol duration. The subcarrier causes several
short bursts with a constant repetition rate being generated during a single symbol.

carrier and the modulation products, causing further reduction of the amplitudes in
the spectrum.

Combining OOK with a subcarrier would allow for continuous ultrasound powering
and simultaneous communication. However, to further simplify the detection, we used
several subcarriers that are selected depending on the data, effectively behaving as
FSK. In the case of two distinct frequencies, we use one frequency fj to encode a binary
zero and another frequency f; to encode a binary one. This is equivalent to binary
Frequency-Shift keying (BFSK). However, we do not actively drive the transducer with
the two frequencies, but generate them through load modulation again. Therefore, we
refer to it as Frequency-Shift Keying by load modulation (FSK-lm). Figure 4 compares
this modulation scheme with OOK in the time domain.

3.2 OOK versus BFSK with multiple backscatterers

Consider a scenario as shown in Figure 5 (top). Apart from the modulating trans-
ducer, another secondary backscattering surface is located nearby (e.g. bone tissue).
The backscattered bursts from the modulating transducer and nearby surface may
interfere, if their distance to the external transducer is similar. This can cause bit
errors in case of OOK that can be avoided with BFSK (and FSK in general). In
both cases, the secondary burst suddenly changes the amplitude of the received signal
compared to the modulated signal from the implant. For OOK, this invalidates the
decoding levels Ay and A;, causing a bit error. In contrast, for BFSK a bit error
can be avoided, as only the amplitudes of the superimposed modulation pulses with
frequencies fy and f; are compared to each other, while the changing offset due to the
secondary scattering is ignored. Considering a fading channel, where the delay of the
secondary scattering fluctuates, similar difficulties exist for differential OOK or OOK
during continuous ultrasound. Of course, the effects of the secondary burst cannot be
completely suppressed with FSK in case it occurs somewhere in the middle of a symbol,
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Figure 3: Comparison of a simple OOK signal with a subcarrier superimposed OOK signal in the frequency
domain. For simple OOK the information of the signal is spread in the frequency content close
to the carrier. This makes it susceptible to fluctuations of the carrier, that alter the frequency
content around it. Superimposing the OOK signal with a subcarrier generates mirrored signals
further away from the carrier, which are therefore more robust against carrier fluctuations. Due
to the additional modulation, the amplitude decreases when adding subcarrier modulation.

which, in reality, is always the case. It is, nevertheless, inherently suppressed by FSK
demodulation, and the robustness against this phenomenon can be adjusted by the
ratio of the modulation frequencies to the symbol rate. This property becomes more
important for deep implants where the received modulated signal may be comparably
weak to that of scatterers closer to the external transducer.

3.3 BFSK signal generation in ASICs and microcontrollers

To generate the necessary control signal for the load switch, an ASIC or FPGA imple-
mentation would require one or more counters, depending on the specific modulation
scheme (subcarrier, BFSK, or multiple Frequency-Shift Keying (MFSK)) and a few
logic gates. Figure 6 shows a simplified system overview needed for binary FSK.

Alternatively, a microcontroller-based implementation could be considered, as mod-
ern uCUs are able to generate the necessary control signal for the switch. They only
need a timer peripheral that generates the control signal. The modulation frequency is
then changed by updating the timer’s compare and period values. While many micro-
controllers include timers, their capabilities differ, causing differences in the maximum
possible data rate or power consumption, for example.

4 Methods

To demonstrate the feasibility of this modulation scheme, we developed a bench top
prototyping platform, which uses analog switches controlled by a microcontroller. Fig-
ure 7 shows a simplified overview of that prototype.
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Figure 4: Comparison of OOK and BFSK by load modulation in the time domain. For OOK, the carrier
is turned on depending on the value of the current bit. For BFSK, the carrier is always pulsing,
only the pulse rate is changed depending on the current bit value.

We then used this prototype in two different experiments, the first investigating
possible data rates and the second exploring the out-of-focus performance. Both ex-
periments were performed in a water tank and share the same setup, shown in Figure 8.

As the external TX transducer, we used an unfocused commercial 1.27 cm sub-
mersible transducer manufactured by Olympus with a resonant frequency of 5 MHz.
The external transducer was driven by a Keysight 33622A waveform generator, set
to a nominal output voltage of 10V, at a 502 load. For the transducer at the im-
plant side, we used one channel of a pre-charged capacitive micromachined ultrasound
transducer (CMUT)-array, described in [20]. As the CMUTs resonant frequency was
measured to be close to 3.5 MHz, both experiments where performed with this carrier
frequency. After measuring the electrical impedance of the transducer in water, we
adapted the impedance matching network of our prototyping platform accordingly.
However, as optimum power transfer was not a focus of this work, we did not optimize
the impedance matching. We then placed the CMUT at a distance of approximately
11 cm on-axis of the externally driven transducer, because it gave us the maximum
voltage across the CMUT. This distance is slightly larger than the theoretical focal
distance of approximately 9.5cm. The CMUT was then connected to our prototyping
platform. The prototyping platform was controlled and powered via USB from a host
laptop. The firmware allowed load modulation with a constant frequency, used for the
out-of-focus experiment, or encoding arbitrary data with BFSK as described above,
used in the data transfer experiment.

The backscattered ultrasound was picked up by a 1 mm diameter needle hydrophone
from Precision Acoustics placed close to the Olympus transducer. Its output, as well
as, the control signal for the analog switches, where captured with an R&S RTA4004
oscilloscope. For the data transfer experiment, we used the switching control signal
as trigger for the oscilloscope, in order to easily capture the message beginning and
reduce recording size. We used the 10 MHz-clock of the oscilloscope output as reference
clock for the waveform generator and the prototyping platform, to keep all clocks
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Figure 5: top) Model to compare ASK/PWM with FSK in the presence of a second backscattering surface.
Depending on the distances of the modulating transducer and the secondary backscatterer to
the external transducer, the backscattered bursts can interfere. Due to patient movements, for
example, the interference may change over time. bottom) Simplified simulation of the amplitude
of backscattered signals for OOK and BFSK in the presence of a secondary scatterer. While the
secondary burst introduces a bit error at the receiver for OOK, the introduced amplitude change
is ignored as offset in case of FSK demodulation.

synchronized.

For the data transfer experiment, the CMUT was kept at the same position, but
we increased the symbol rate from 1kBd to 100 kBd. We also increased the encoding
frequencies accordingly to at least two times the symbol rate, with the highest switch-
ing frequency reaching 400 kHz. For the out-of-focus experiment, we chose a fixed
modulation frequency of 200 kHz and moved the CMUT to the side for 4 cm in 1 mm
steps. To be precise, the hydrophone and TX transducer were slightly tilted inwards,
so their center axes formed an isosceles triangle pointing towards the CMUT. Thus,
the movement of the CMUT was not exactly perpendicular to the TX transducer’s
focal axis. However, measuring the angles and distances of the setup was not possible.
At each step, we recorded the hydrophone signal for 1.2 ms, corresponding to a symbol
rate of 833 Bd, for offline analysis.
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Figure 6: Simplified overview of the components needed to get a BFSK signal by load modulation. A
clock signal is fed to two clock dividers, using integer denominators m and n with m # n
and generating the necessary modulation frequencies. The input signal “data” is a binary data
stream. The logic gates select the modulation frequency depending on the bit value in the data
stream. The symbol time of the data stream must be an integer multiple of the two modulation
periods. The enable signal is optional and might alternatively shut off the whole circuit, when
no communication is needed.
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Figure 7: Simplified system overview of the prototyping platform based on the STM32G474 microcontroller
and ADG1401 analog switch.

5 Results

5.1 Data transfer rate

For the data transfer experiment, we achieved symbol rates of up to 100 kBd, as shown
in Figure 9. At that symbol rate, the microcontroller started not being able to update
the switching frequency for the next symbol in time. Otherwise, the bandwidth and
noise of the channel would have allowed for higher symbol rates.

5.2 Qut-of-focus performance

For the out-of-focus experiment, an initial 60 ps burst was sent, which allowed us to
estimate the distances and how the ultrasound waves propagate with the CMUT on-
axis. Figure 10 shows the recorded signals of this burst.

After about 80 s, the burst reached the CMUT and after about another 80 ps, the
hydrophone picked up the backscattered and modulated burst. For the voltage at the
CMUT, one can see a periodic disturbance, also without the ultrasound burst being
present. This is caused by the parasitic input capacitance of the analog switches MOS-
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Figure 8: Setup of the performed experiments. The synchronization of the function generator and the
prototyping platform to reference clock output of the oscilloscope is not shown.

FETs, which results in brief current spikes flowing through the CMUT whenever the
analog switches state is changed. To ensure that we did not accidentally misinterpret
the ultrasound pulses generated by this disturbance as our modulation signal, we chose
the modulation frequency in a way that the frequencies of the modulation products
would not be harmonics of the modulation frequency itself. With a carrier frequency
of f. = 3.5 MHz, the closest modulation products become f. — foq = 3.3 MHz and
fe+ fmoa = 3.7MHz. As these frequencies are not integral multiples of the modulation
frequency finod, we can be sure that we did not detect a harmonic of these pulses.

Then we moved the CMUT in 1 mm steps laterally out of the focal axis of the TX
transducer. For each step, the CMUT and hydrophone signal were recorded for 1.2 ms,
equivalent to a symbol rate of approximately 833 Bd. We extracted the modulation
products from the hydrophone signal for each step using an FFT. Figure 11 plots the
calculated amplitudes at the CMUT and the hydrophone depending on the position
of the CMUT.

The figure shows that in our setup the amplitude of the modulation products remains
10dB above the noise floor, with the CMUT array up to 4 cm away from the optimum
position. The only exception is at 32 mm, where the received acoustic power at the
CMUT drops by several orders of magnitude. We estimated the noise floor from the
measured amplitude at frequencies away from the carrier and the modulation products.

10
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Figure 9: Decoding of the recorded signal for a symbol rate of 100kB. Zeros are encoded with a modulation
frequency of fo = 400kHz, ones with f; = 200kHz. top) captured hydrophone signal showing
the beginning of the modulation at ¢ = 0 ms. middle top) Spectrogram of the backscattered
signal. From ¢ = Oms on, the modulation products above and below the carrier frequency
are visible. The signal range was compressed to visually enhance the modulation products at
foy = 3.1MHz, f1; = 3.3MHz, f; = 3.7MHz and fy,;, = 3.9MHz. middle bottom)
Measured amplitude of the modulation products. The respective mean of the upper and lower
modulation products is plotted. During the first four symbols, no modulation happens. From
these, the estimated system noise Ny is calculated. bottom) The demodulated and decoded
binary data.
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switch. From these, the modulation frequency (here 200 kHz) can be verified. bottom) After
approximately another 0.8ms, the backscattered burst reaches the hydrophone with visible
modulation. After about 0.32 ms, secondary backscattered bursts are reaching the hydrophone.
These could interfere with the modulated signal for consecutive pulses and harm the decoding
when using ASK.

0
received power at CMUT drops

z —20 with distance from center axis
S -40
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Figure 11: Measured signal strengths depending on the CMUT transducer’s distance to the TX trans-
ducer’s focal axis. top) Voltage across the CMUT transducer that modulates the ultrasound.
As the modulation switch is shorting the CMUT, the modulation depth is close to 100 %, and
the amplitude of the modulation products is close to the carrier amplitude. At a distance of
32mm, the ultrasound field has a local minimum. Therefore, the amplitude drops by about
two orders of magnitude. bottom) The backscattered signal, picked up by the hydrophone.
While the amplitude of the modulation products has a visible correlation to their amplitude
at the CMUT transducer, the carrier amplitude is mostly dependent on the backscattering of
the surrounding setup i.e. walls of the water tank and mounting posts. The grey line at the
bottom of the graph is the noise floor of the acquisition system estimated from the mean of the
measured values at 3.65 MHz. With the exception at 32 mm, the received modulation products
stay about 10dB or more above this noise floor.
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6 Discussion

In this study, we have proposed Frequency-Shift Keying by load modulation for ultra-
sonic uplink communication from small and deep implants. Our proposed approach, as
opposed to time-multiplexed schemes as in Figure 1-left, allows ultrasonic communi-
cation with uninterrupted power transfer, thus maximizing the amount of power that
can reach the implant. In contrast to [16], the additional subcarrier is not used to
differentiate between several implants, but instead to differentiate the backscattered
signal from the incident ultrasound. Our approach would also allow for multi-device
communication based on FDM, by choosing different frequencies for each device, but
at the expense of lower data rates. A similar modulation approach, using a single
subcarrier, is standardized for inductive Near-Field Communication (NFC) of iden-
tification /proximity cards in ISO/IEC 14443-2 ' . However, NFC is unsuitable for
deep implant uplink communication, due to attenuation and insufficient coupling is-
sues, as described above. Furthermore, the standard does not support multiple access
scenarios.

The frequency of the powering ultrasound, depends on the geometry of the ultra-
sound link and the transducers in use. Thus, finding the optimum modulation fre-
quencies for FSK and symbol rate is a challenge, that has to be uniquely solved for
each system or use case. In theory, in this scheme, the subcarrier frequency can be
adapted on the fly. However, for FPGA/ASIC implementations this would add to the
circuit complexity and the adaption algorithms will have to be developed and adapted
for different systems.

The experimental validation of this scheme comes with some practical limitations,
which are discussed below.

The proposed communication scheme has been validated using a benchtop setup,
and practical choices related to this validation, such as the equipment used, will un-
avoidably affect and often determine the measured experimental performance.

For example, in this study we have demonstrated symbol rates of up to 100 kBd.
This symbol rate can be limited by the bandwidth of the transducer or the impedance
matching network. The spectrogram in Figure 9 shows that the amplitude of the upper
modulation products is a few dB below that of the lower modulation products. The
reason is that the pass band of the transducer or the matching network is not centered
or symmetric around the carrier frequency and the upper frequencies are attenuated
more. A higher symbol rate would have required even higher modulation frequencies,
causing more and more attenuation, and, at some point the modulation products would
not be detectable anymore. In case of an implementation where PZT transducers were
chosen instead, the maximum possible data rate might also be reduced, since their
bandwidth is typically smaller than that of CMUTs. Further optimizing the matching
network might have decreased the bandwidth as well, and so the modulation depth
and Signal-to-Noise Ratio (SNR).

The SNR depends on the inherent noise of the acquisition system. Choosing another

Tt is also combined with Manchester coding, which simplifies clock synchronization. To keep the system
simple, we did not add Manchester coding so far.
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hydrophone or oscilloscope, therefore would have changed the system performance.
The SNR also decreases when increasing the symbol rate. Increasing the distance will
lead to lower SNR as well. In our case, with a symbol rate of 100 kBd and a distance
of 11 cm, we achieved a SNR of approximately 20dB. So, depending on the required
SNR, higher symbol rates and distances are possible.

In this implementation, the main limiting factor for the symbol rate was the time the
microcontroller needed to update its timer peripheral for the next symbol. Increasing
its core clock frequency, using a faster microcontroller, or leveraging direct memory
access techniques would have allowed for higher data rates.

Other studies with a focus on millimeter scale implants have reported data rates of
40kbits™! ([10] and [14]), 95 kbits~! with dedicated transducers for the data uplink
[13], and a possible 200 kbit s~ in [15], derived from the pulse response of the system.
In [4], the symbol rate is in the order of 1kBd, but depends mainly on the pulse
repetition rate. If size and implant depth are of no concern, ultrasound communication
is capable of achieving data rates in the range of 100 Mbits™! (|21] and [22]). We
expect our scheme to also be capable of reaching several Mbits™! in an experimental
setup, if optimized for maximum data rate, ignoring other constraints, such as power,
size, complexity, depth, etc. However, in this case, using other modulation schemes
could be more advantageous as they would allow for even higher data rates and better
robustness, as has been done in [21] and [22]. Overall, for similar scenarios comparable
rates to the literature are achievable with our approach.

However, the focus of our approach is not high data rates but the relatively high
robustness combined with minimum added complexity and versatility (e.g. suitable to
be implemented on virtually any microcontroller). To demonstrate this robustness, we
have considered a scenario where out-of-focus detection is required.

We were not able to find any relevant reports on the out-of-focus detection perfor-
mance in the literature. We assume the reason for that is that perfect alignment is
necessary /implied for systems benchmarked so far. However, out-of-focus performance
might be essential to retain a stable communication link in case of sudden movements,
for example. The experiment shows that for the given setup the SNR remains above
10dB for distances up to 4 cm, as long as the receiving transducer is not located at a
local minimum of the incident ultrasound field. According to [23], the bit error prob-
ability for noncoherent BFSK in this case remains well below 10 % and can be as low
as 0.1 %, depending on the channel’s fading properties. Higher out-of-focus distances
are likely possible, but our setup geometry did not allow moving further.

Comparing the robustness of our scheme to that achieved by OOK/ASK modulation,
we can see that the main advantage of our approach can be derived from the ratio be-
tween the received modulation amplitude and the fluctuations of the carrier amplitude.
This ratio can reach several orders of magnitude. In our experiment, for example, when
moving from 27 mm to 28 mm, the carrier backscattered from the surrounding changes
by about 23011V. However, the modulation changes the backscattered amplitude by
only approximately 2.3V at 28 mm. For OOK, the high ratio makes it difficult for
the decoding algorithms to let the decision boundary track the carrier fluctuations.
FSK, on the other hand, is more robust against amplitude fluctuations, because the
demodulation algorithm suppresses them.

14


https://doi.org/10.1101/2022.08.23.503752
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.23.503752; this version posted August 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

As an additional remark, it should be noted that all experiments were performed in a
water tank, i.e. in a very controlled environment. For example, in a real world scenario,
the medium would be tissue instead of water, which has higher attenuation. We
could also expect larger misalignment and scattering from other surfaces or implants.
This could reduce the SNR, which means the distances or data rates achieved in this
experiment might not be feasible. However, the outlined advantages over OOK should
apply in just these scenarios.

Finally, in the current implementation, all signals were recorded using an oscilloscope
and analyzed offline later. Future work will have to show online decoding to reduce
saved data size and allow for closed loop systems. In addition, the performance of other
modulation schemes like MFSK, Phase-Shift Keying (PSK), or Quadrature Amplitude
Modulation (QAM) can possibly be implemented with our prototyping platform and
may improve performance. For example in [18], binary Phase-Shift Keying (BPSK) is
shown to have a lower bit error rate (BER) than BFSK. Adding Manchester coding
could simplify the clock synchronization. A future version of the prototyping platform
could be powered from the ultrasound carrier itself, to show the feasibility of combining
both links.

7 Conclusion

In this work, we have proposed a data communication scheme based on Frequency-Shift
Keying by load modulation (FSK-lm), to enable robust ultrasonic uplink communica-
tion during continuous ultrasonic power transfer in small and deep implants. A unique
transducer on the implant side is sufficient for simultaneous power reception and com-
munication. Our experiments showed that FSK-Im, compared to the more common
OOK/ASK approaches in ultrasonic uplinks, increases the communication robustness,
while achieving similar symbol rates. We used an off-the-shelf microcontroller to gen-
erate the necessary control signal for the load modulation switch and showed that
integration into an ASIC requires only a few additional circuits.
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