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A Robust Backscatter Modulation Scheme for
Uninterrupted Ultrasonic Powering and
Back-Communication of Deep Implants

Lukas Holzapfel

and Vasiliki Giagka™, Senior Member, IEEE

Abstract—Traditionally, implants are powered by bat-
teries, which have to be recharged by an inductive power
link. In the recent years, ultrasonic power links are
being investigated, promising more available power for
deeply implanted miniaturized devices. These implants
often need to transfer back information. For ultrasonically
powered implants, this is usually achieved with on-
off keying (OOK) based on backscatter modulation,
or active driving of a secondary transducer. In this article,
we propose to superimpose subcarriers, effectively
leveraging frequency-shift keying (FSK), which increases
the robustness of the link against interference and
fading. It also allows for simultaneous powering and
communication, and inherently provides the possibility
of frequency domain multiplexing for implant networks.
The modulation scheme can be implemented in minia-
turized application-specific integrated circuits (ASICs),
field programmable gate arrays (FPGAs), and microcon-
trollers. We have validated this modulation scheme in a
water tank during continuous ultrasound and movement.
We achieved symbol rates of up to 104 kBd, and were able
to transfer data through 20 cm of water and through a5 cm
tissue phantom with additional misalignment and during
movements. This approach could provide a robust uplink
for miniaturized implants that are located deep inside the
body and need continuous ultrasonic powering.
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. INTRODUCTION
ONVENTIONAL active implantable devices are pow-

ered 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
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providing access to various, and at times multiple, anatomical
sites which can be located several centimeter 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], [8D).

Active implants often need to communicate information,
for example, the power status of the implant or sensor data
like neural signals [8] or blood pressure [9]. In conventional
battery-powered active implants, Bluetooth low energy (BLE)
is sometimes 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, Kim et al. [10] needed a 90 mAh
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 milliwatt. Such battery sizes and power consumption
ranges are often not acceptable for miniaturized implants.

1525-8955 © 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Highlights

o We introduce FSK-Im for ultrasonic uplink communication, pioneering its application in scenarios involving

movement for the first time.

« Unlike conventional amplitude-based backscatter modulation, such as OOK, our proposed scheme maintains low
bit error rates even in the presence of movement, ensuring reliable communication.

« FSK-Im ensures robust ultrasonic uplink communication during continuous power transfer, particularly beneficial

for small, deeply implanted bioelectronic devices.

For power-aware or battery-less miniaturized implants, custom
wireless electromagnetic or ultrasonic communication links
are state-of-the-art. A comprehensive overview of existing
methodologies for mm-sized networked implants can be found
in [11], [12], and [13].

Electromagnetic links are widely used, however, these are
not suitable for miniaturized and deep implants. As explained
in [11], the link frequency must be kept low to achieve
low attenuation. But for low frequencies, in order to achieve
sufficient coupling, 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. Advanced modulation schemes have been
used with ultrasound to achieve high data rates under water or
through tissue. Specifically, quadrature amplitude modulation
(QAM) achieved data rates of up to 100 Mbit-s~! [14], while a
combination with orthogonal frequency multiplexing (OFDM)
demonstrated more than 300 kbit-s~' through 10 cm of
tissue [15]. Also, chirp spread spectrum (CSS) and frequency
hopping have been investigated [16]. The circuits for such
schemes increase the power demands of the implant, which
may be unrealistic when power is also delivered wirelessly. For
this reason, we only consider schemes that can be implemented
with low circuit complexity. For a fully ultrasonic power-
up and data uplink, two approaches are generally used.
A summary of these approaches is schematically illustrated
in Fig. 1 (left and middle). The first approach, known
as backscatter modulation or load modulation, 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 reflected electrical power back into acoustic
power, effectively acting as a backscatterer. An external
acquisition system can pick up this backscattered signal and
detect the changes. A more detailed explanation of this concept
can be found in [17].

A second approach uses two distinct transducers, one
dedicated to the power link, and an additional one for
the communication uplink, as in [18] and [19]. 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 [19].

Another approach was proposed recently in [20]. In this
work, the authors combine backscattering with frequency
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Fig. 1. Available solutions for fully ultrasonic power-up and data uplinks.
(Left) Backscatter modulation with time domain multiplexing. (Middle)
Dedicated transducers with frequency multiplexing. (Right) Backscatter
modulation with frequency domain multiplexing.

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.

For all approaches, variants of amplitude modulation (AM)
[21], on-off keying (OOK) [19], or sometimes pulsewidth
modulation (PWM) [22] are used to encode the information.

The ultrasound backscatter modulation as a basis of OOK
or AM (Fig. 1-left) typically requires pulsed ultrasound [21].
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 consecutive pulses ([4] and [22]),
at the cost of dividing the data rate by two. On the other
hand, adding a second, actively driven, transducer, as in
Fig. 1-middle, increases the system complexity and size [21].
The same applies for the approach in [20], described in
Fig. 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 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 robustness of
the communication link against noise [23]. 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 described for inductive links ([12], [24]). A similar
approach for ultrasonic uplinks was also recently proposed
by Ghanbari et al. [21], but the subcarriers were used as a
means of code division multiplexing (CDM), to receive data
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Fig. 2. Simulated 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.

from several implants simultaneously. Our approach would
also allow for multidevice communication based on FDM or
CDM, by choosing different modulation frequencies for each
device. However, 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. On the external
side, we propose to use two distinct transducers, as size
limitations are not as critical and the two transducers can
be optimized for power transmission and signal acquisition,
respectively. 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.

[I. PROPOSED MODULATION SCHEME AND
IMPLEMENTATION CONSIDERATIONS

A. 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 [21]. 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. Fig. 2 shows the most straightforward implementation
of this concept, which is superimposing a single subcarrier
onto an OOK signal, shown in Fig. 3(b).

Superimposing the subcarrier onto the OOK modulated sig-
nal simplifies the detection and decoding of the backscattered
signal in the presence of a strong interference at the carrier
frequency, as shown in Fig. 4. In the frequency domain, copies
of the signal at frequencies 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 [21]. It must be noted that the amplitude of these signal
copies is inherently smaller compared to the amplitude of

blk]

v
(a) £ @—w\—» 00K
fe bl
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Fig. 3. Signal flow diagrams of the mentioned modulation schemes.
(a) OOK with carrier frequency f;, (b) OOK modulation with square
subcarrier modulation frequency fy, used for example in NFC, and
(c) BFSK by switching between two different square subcarriers. The
switch is toggled depending on the current bit b[K].
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Fig. 4. Simulated 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.

the simple OOK signal. Looking at Fig. 2, one can imagine
the subcarrier effectively turning off the carrier signal half
of the time. This means, on average, 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 carrier and the modulation products,
causing further reduction of the amplitudes in the spectrum.

Combining OOK with a subcarrier would allow for contin-
uous 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 fy to encode a binary zero and another
frequency f) to encode a binary one, as shown in Fig. 3(c).
This is equivalent to binary FSK (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 FSK by load modulation (FSK-Im). Fig. 5
compares this modulation scheme with OOK in the time
domain.

Authorized licensed use limited to: TU Delft Library. Downloaded on February 05,2025 at 09:23:11 UTC from IEEE Xplore. Restrictions apply.
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Fig. 5. Simulated 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.

B. OOK Versus BFSK With Multiple Backscatterers

Consider a more realistic channel as shown in Fig. 6 (top).
Apart from the modulating transducer, another secondary
backscattering surface is located nearby (e.g., bone tissue or
the surface of the implant). The backscattered bursts from
the modulating transducer and nearby surface may interfere.
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
Ay, causing a bit error. This could be mitigated, by, e.g.,
sending a reference burst to remove the interference [22],
or subtracting the constant interference during continuous
power delivery. The above techniques can only be used if
the channel is static, but this is unfortunately not the case
within the human body [13]. In contrast, for BFSK such bit
errors can be avoided even in nonstatic channels, 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.
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, 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.

C. BFSK Signal Generation in ASICs and
Microcontrollers

To generate the necessary control signal for the load switch,
an ASIC or FPGA implementation would require one or
more counters, depending on the specific modulation scheme
[subcarrier, BFSK, or multiple FSK (MFSK)] and a few logic
gates. Fig. 7 shows a simplified system overview needed for
BFSK.

Alternatively, a microcontroller-based implementation could
be considered, as modern MCUs are able to generate the
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Fig. 6. (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. (Bottom) Simplified
simulation of the amplitude of backscattered signals for OOK and BFSK
in the presence of a secondary scatterer.
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Fig. 7. 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. 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 enable
signal is optional and might alternatively shut off the whole circuit, when
no communication is needed.
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[ Ultrasound
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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.

[1l. METHODS

To demonstrate the feasibility of this modulation scheme,
we developed a bench top prototyping platform, which
uses analog switches controlled by a timer peripheral of a
microcontroller, to short circuit the transducer.

First, we adapted the impedance matching network of
the prototyping platform to the capacitive micromachined
ultrasound transducer (CMUT), which was used as receiver
on the implant side. We used one channel of a CMUT array
described by Kawasaki et al. [25]. The total area of one
transducer channel is 6.3 mm?. As it is precharged, we did
not need to apply a bias voltage. Fig. 8 shows the electrical
impedance of the CMUT over frequency with the connected
matching load.

We then used this prototype in three different experiments.
With the first, we investigated possible data rates and with
the second, we explored the out-of-focus performance. With
the third experiment, we transferred pseudorandom data
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Fig. 9. Setup of the performed experiments, from [26]. (a) Schematic
of the setup. The synchronization of the function generator and the
prototyping platform to reference clock output of the oscilloscope is
not shown. (b) Arrangement of the transducers in the water tank.
(c) Arrangement with additional tissue phantom.

packages using both OOK and FSK, while moving the
backscattering transducer, comparing the bit error ratio (BER).
All experiments were performed in a water tank and share the
same setup, shown in Fig. 9.

A commercial immersible TX transducer (V309-SU,
Olympus, Tokyo, Japan) directs incident ultrasound with a
frequency of 3.5 MHz to the CMUT, which is connected to
the load modulation prototyping platform. The backscattered
ultrasound is then picked up by a needle hydrophone
(NH1000, Precision Acoustics, Dorchester, U.K.) and
recorded with an oscilloscope (RTA4004, Rohde&Schwarz,
Munich, Germany). To the back and the sides of the
TX transducer, we placed absorbers (VK-76000, Gampt,
Merseburg, Germany) at the tank walls, in order to reduce
static interference from the TX transducer to the hydrophone.
After the acquisition the signal is transferred to a PC, where
it is analyzed offline. The prototyping platform and the setup
are described in more detail in [26]. For the transfer rate
experiment, the CMUT was kept at the same position, but we
increased the symbol rate until the system reached its limit.
We also increased the encoding frequencies accordingly to at
least two times the symbol rate. For the out-of-focus exper-
iment, we chose a fixed modulation frequency of 200 kHz
and moved the CMUT to the side for 4 cm in 1 mm steps.
However, measuring the exact 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. For the pseudorandom
data transfers, we first improved the impedance matching.
The resulting impedance is shown in Fig. 8. We then
set the lateral start position of the CMUT to 0 or
5 mm away from the focal axis and the axial distance
to approximately 12 or 20 cm. In total, this gives four
different start positions. The transfers with 12 cm distance
were also performed through a 5 cm tissue phantom (ECHO,
Erler&Zimmer, Lauf, Germany), with an attenuation of
approximately 0.9 dBcm~'-MHz~'. As SNR is becoming
more critical for these scenarios, the immersible transducer
was changed to a highly resonant 3.5 MHz transducer
(Olympus, Tokyo, Japan, A382S-SU). However, to increase
adverse effects due to multipath propagation and fading,
we removed all absorbers in the water tank. For each position,
the transfers were performed with a lateral velocity of 0, 1.8,
and 18 mm-s~!. The same transfer was repeated using OOK
and FSK. For both encoding schemes, we changed the symbol
rate between 1.042 and 104.17 kBd. Using integer multiples
of the symbol rate as modulation carrier frequencies, we made
sure all frequencies are orthogonal, and do not leak into
each other. This is especially important to suppress leakage
from the strong interference at the carrier frequency into the
relatively close-by frequency content of the modulated signal.
For example, with a symbol rate of 104.17 kBd, the carrier
frequency was set to f, = 34 x 104.17 kHz = 3.54 MHz,
and the modulation frequencies where set to f; = 4 x
104.17 kHz = 416.67 kHz, and f; = 6 x 104.17 kHz =
625 kHz, respectively. We demodulated the signal based on the
Goertzel algorithm. The receiver implementation is described
in more detail in [26]. The packet size was chosen as a
power of ten, depending on the symbol rate, to get a packet
transfer duration close to 1 s. For example, for 1.042 kBd,
the packet size is chosen to be the closest power of ten, which
is 10° = 1000.
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400 kBd, ones with f; = 200 kHz. (Top) Captured hydrophone signal
showing the beginning of the modulation at t = 0 ms. (Middle top)
Spectrogram of the backscattered signal. From ¢t = 0 ms, on the
modulation products above and below the carrier frequency are visible.
The signal range was compressed to visually enhance the modulation
products at fp; = 3.1 MHz, fi; = 3.3 MHz, f;, = 3.7 MHz and
fo.n = 3.9 MHz. (Middle bottom) The bipolar signal calculated from the
modulation products. (Bottom) The decoded binary data.

IV. RESULTS
A. Data Transfer Rate

For the data transfer rate experiment, we achieved symbol
rates of 100 kBd, as shown in Fig. 10. With 150 kBd,
the microcontroller was not able to update the switching
frequency for the next symbol in time. The bandwidth and
noise of the channel would have allowed for higher symbol
rates.

B. Out-of-Focus Performance

For the out-of-focus experiment, an initial 60 us burst was
sent, which allowed us to estimate the distances and how the
ultrasound waves propagate with the CMUT on-axis. Fig. 11
shows the recorded signals of this burst.

After about 80 us, the burst reached the CMUT and
after about another 80 wus, 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
MOSFETs, which results in brief current spikes flowing
through the CMUT whenever the analog switches state is

transducer’s distance to the TX transducer’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. (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.

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 such
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. — finoda = 3.3 MHz and f. + fied =
3.7 MHz. As these frequencies are not integral multiples of
the modulation frequency fi,04, 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. We calculated the amplitude of the modulation
products and the carrier from the hydrophone signal for each
step using an FFT. Fig. 12 shows 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 10 dB 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
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at frequencies away from the carrier and the modulation
products.

C. Measurement of BER During Movement

The results of the pseudorandom data transfer experiment
are summarized in Table I. From the table, it can be seen
immediately that the combination of a symbol rate of 104 kBd
and a velocity of 18 mm-s~! is not feasible for both modulation
schemes (last two columns, first six rows in the table). Out of
the remaining 48 scenarios, the BER for OOK is lower than for
FSK, only for three scenarios, when additive white Gaussian
noise (AWGN) is dominating the adverse effects. For an
ideal AWGN channel, the bit error probability of conventional
BFSK and OOK are equal. But in our case, the signal power
is spread across more than two frequencies, thus reducing
the performance compared to conventional BFSK. However,
the other scenarios show, that interference, as expected for
in-body communication, overall lets BESK outperform OOK.
To improve the SNR, the symbol rate can be reduced for FSK.
In contrast, for OOK, reducing the symbol rate can worsen the
performance when movement is involved. When moving with
18 mm-s~!' with OOK, no usable data rate can be found for
any scenario.

For the scenarios with an axial distance of 20 cm and a
lateral distance of 0 mm, the BER of OOK is exceptionally
high. Without movement and with the lowest symbol rate of
1.04 kBd, the BER for OOK reaches almost 50%, in this case.
Near that position, the combination of the phase and amplitude
differences between the useful signal and the interference
“hides” the AM of the useful signal at the receiver. This
effect is so sensitive to the CMUT position, that the precision
of the positioning causes it to happen only in one out of
three scenarios (with same nominal position but different
symbol rates). With added movement of 1.8 mm-s~!, the
BER for OOK increases well above 50% for all symbol rates.
In those scenarios, the movement brings the transducer into a
region, where destructive interference between the secondary
scattering and the useful signal occurs, effectively inverting the
signal at the receiver. The same happens for scenarios with
a tissue phantom and 5 mm offset. We described the above
effects on OOK in more detail in [26].

V. DISCUSSION

In this study, we have proposed FSK-Im for ultrasonic
uplink communication from small and deep implants. Our
proposed approach, as opposed to time-multiplexed schemes
as in Fig. 1-left, allows ultrasonic communication with
uninterrupted power transfer, thus maximizing the amount
of power that can reach the implant. In contrast to [21],
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 multidevice communication based on FDM,
by choosing different frequencies for each device. A similar
modulation approach, using a single subcarrier, is standardized
for inductive near-field communication (NFC) of identifica-
tion/proximity cards in ISO/IEC 14443-2.

The frequency of the powering ultrasound, depends on
the geometry of the ultrasound link and the transducers
in use. Thus, finding the optimum modulation frequencies
for FSK and symbol rate is a challenge, that has to
be uniquely solved for each system or use case. With
this scheme, the subcarrier frequency could be adapted on
the fly.

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

The power transfer efficiency of our setup is not maximized
due to the TX transducer not being used at its resonant
frequency. Precharged RX CMUTSs can achieve efficiencies
of 50% [27]. Assuming random data, on average, the power
consumption of FSK is close to OOK, only the additional
power consumed by the circuit needed to generate the FSK
signal as shown in Fig. 7 has to be added. This would be only
a fraction of the mW-range instantaneous power which was
recently demonstrated ultrasonically [28]. However, for OOK,
the efficiency depends on the data itself, whereas for FSK, the
switch is closed 50% of the time at most, regardless of the
data.

The proposed communication scheme has been validated
using a benchtop setup, and practical choices related to this
validation, such as the equipment used, will unavoidably affect
and often determine the measured experimental performance.
For example, we also considered to use one transducer for both
power transfer and data reception. However, with the given
setup, the dynamic range of the oscilloscope was not sufficient
to detect the backscattered signal using a single transducer,
with the data rates we anticipated. Also, the higher directivity
of the immersible transducer would cause worse performance,
in case the transducers are misaligned.

Additionally, in this study, we have demonstrated symbol
rates of up to 104 kBd. This symbol rate can be limited
by the bandwidth of the transducer or the impedance
matching network. In general, FSK-Im modulation needs
a higher bandwidth than OOK for the same symbol
rate. To achieve orthogonal modulation frequencies with
noncoherent detection, the modulation frequencies must be
integer multiples of the symbol rate. For BFSK, this means
the necessary bandwidth is increased at least by a factor of 2.
For some systems, this might become the limiting factor for
the symbol rate.

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 (DMA) techniques would have allowed
for higher data rates. Other studies with a focus on millimeter
scale implants have reported data rates of 40 kbit-s~' ([11]
and [19]), 95 kbit-s~! with dedicated transducers for the data
uplink [18], and a possible 200 kbit-s~! in [20], derived from
the pulse response of the system. In [4], the symbol rate
is in the order of 1 kBd, 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 Mbit-s~! ([14] and [29]). We expect our

scheme to also be capable of reaching several Mbit-s~! in
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TABLE |
COMPARISON OF THE MEASURED BER oF OOK AND FSK FOR DIFFERENT SCENARIOS

Sym. rate [kBd] Distance [mm]

Bit error ratio [%]

axial lateral 0.0 mm/s 1.8 mm/s 18 mm/s
FSK OOK FSK OOK FSK OOK
104.17 200 5 0799 0.000 0.298 0.000 57.302 47.632
104.17 200 0 0.000 0.005 0.000 71974 32.288 44.360
104.17 120 5 0.002 0.010 2436 9.067 68.966 36.264
104.17 120 0 0.000 0.000 0.000 0.024  39.269 37.068
104.17 120 (5 cm tissue) 5 5781 0.196 9957 39.045 39.772 50.222
104.17 120 (5 cm tissue) 0 0.000 0.000 0.000 0.000 25.779 35.703
10.42 200 5 0.00 0.00 0.00 0.00 0.04 42.09
10.42 200 0 0.00 0.00 0.00 73.35 0.00 50.72
1042 120 5 0.00 0.00 0.00 14.46 0.04 44.37
1042 120 0 0.00 0.00 0.00 4.51 0.00 44.19
10.42 120 (5 cm tissue) 5 0.00 0.07 0.00 80.37 22.41 50.98
10.42 120 (5 cm tissue) 0 0.00 0.00 0.00 0.00 10.29 34.24
1.04 200 5 0.0 0.0 0.0 11.3 0.0 51.5
1.04 200 0 0.0 49.4 0.0 65.5 0.0 49.2
1.04 120 5 0.0 0.0 0.0 24.4 0.0 48.1
1.04 120 0 0.0 0.0 0.0 22.7 0.0 49.3
1.04 120 (5cm tissue) 5 0.0 0.0 0.0 423 6.2 48.5
1.04 120 (5 cm tissue) 0 0.0 0.0 0.0 18.6 0.7 43.7

an experimental setup, if optimized for maximum data rate,
ignoring other constraints, such as power, size, complexity, and
depth. 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 [14] and [29]. 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. To demonstrate
this robustness, we have considered scenarios where out-
of-focus detection is required and movements are involved.
We were not able to find any relevant reports on the out-of-
focus performance or involved movements in the literature.
We assume the reason for that is that perfect alignment is
necessary/implied for systems benchmarked so far. 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 between the received
modulation amplitude and the fluctuations of the carrier
amplitude. This ratio can reach several orders of magnitude.
For OOK, the high ratio makes it difficult for the decoding
algorithms to let the decision boundary track the fluctuations.
Also, destructive interference between the secondary scattering
and the useful signal can cause high BERs for OOK, even in
a static channel. This issue is completely avoided, when using
FSK. It should also be noted, that, as long as the implant
load is not changing with frequencies close to the modulation
frequency, the only effect of the implant on the communication
link will be a changing modulation index resulting in a varying
signal strength. The same is true for OOK, where the load
could be changing with the symbol rate. However, FSK has the
advantage, that the modulation frequencies can be chosen—to
some degree—independently of the symbol rate. So, FSK may
be used to mitigate problems that arise from load fluctuations
of the implant itself.

As an additional remark, it should be noted that all
experiments were performed in a water tank, i.e., in a very
controlled environment. In a real-world scenario, the medium
would be tissue instead of water, which has higher attenuation
and scatters ultrasound itself. 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 QAM can possibly be
implemented with our prototyping platform and may improve
performance. For example in [23], binary PSK (BPSK) is
shown to have a lower BER than BFSK. Adding Manchester
coding could simplify the clock synchronization. The effects
of multipath propagation can be further investigated. A future
version of the prototyping platform could be powered from the
ultrasound carrier itself, to show the feasibility of combining
both links.

VI. CONCLUSION

In this work, we have proposed a data communication
scheme based on FSK-lm, to enable robust ultrasonic
uplink communication during continuous ultrasonic power
transfer in small and deep implants. A single transducer
on the implant side is sufficient for simultaneous power
reception and communication. We were able to transfer
data through water with distances up to 20 cm and through
a 5 cm tissue phantom, with additional misalignment and
during movements. Our experiments showed that FSK-lm,
compared to the more common OOK/ASK approaches in
ultrasonic uplinks, increases the communication robustness,
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while achieving similar symbol rates. We used an off-the-shelf
microcontroller to generate 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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