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ABSTRACT

We present Piezo-Acoustic Backscatter (PAB), the first technology
that enables backscatter networking in underwater environments.
PAB relies on the piezoelectric effect to enable underwater commu-
nication and sensing at near-zero power. Its architecture is inspired
by radio backscatter which works well in air but cannot work well
underwater due to the exponential attenuation of radio signals in
water.

PAB nodes harvest energy from underwater acoustic signals using
piezoelectric interfaces and communicate by modulating the piezo-
electric impedance. Our design introduces innovations that enable
concurrent multiple access through circuit-based frequency tuning
of backscatter modulation and a MAC that exploits the properties of
PAB nodes to deliver higher network throughput and decode network
collisions.

We built a prototype of our design using custom-designed, me-
chanically fabricated transducers and an end-to-end battery-free
hardware implementation. We tested our nodes in large experimental
water tanks at the MIT Sea Grant. Our results demonstrate single-
link throughputs up to 3 kbps and power-up ranges up to 10 m.
Finally, we show how our design can be used to measure acidity,
temperature, and pressure. Looking ahead, the system can be used
in ocean exploration, marine life sensing, and underwater climate
change monitoring.
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1 INTRODUCTION

Backscatter is the lowest power wireless communication technol-
ogy, which has led to its widespread adoption for ultra-low power
networking [1, 43, 48, 56, 87]. Backscatter sensors can wirelessly
communicate at near-zero power by simply reflecting radio signals
in the environment. In this paper, we investigate the ability to take
backscatter networking to underwater environments. In particular,
since wireless communication is the largest source of energy con-
sumption for many underwater sensors [61, 81], transitioning to
backscatter technology would eliminate the need for batteries which
increase size and cost and require frequent replacement [41]. Battery-
free underwater sensors would enable us to sense ocean conditions
(such as acidity, temperature, and bacteria content) over extended
periods of time and understand how they correlate with climate
change [44]. Scientists may attach these sensors to marine animals
and use them to understand migration and habitat patterns [77]. Such
sensors may even be used in space missions to search for life in the
recently discovered subsurface oceans of Saturn’s moon, Titan [52].
More generally, underwater battery-free sensors can be leveraged in
many long-term ocean applications such as naval deployments, oil
spill monitoring, and scientific exploration.

Unfortunately, existing backscatter networks are intrinsically in-
capable of operating underwater. This is because they rely on radio
signals, which die exponentially in water [26, 38], making them
undesirable for underwater communication and power harvesting.
In contrast, underwater communication typically relies on acoustic
signals, which can travel over long distances underwater [67, 68]. In-
deed, that is why submarines rely on acoustic signals (e.g., SONAR)
rather than radio signals for communication and sensing [79].

To enable underwater backscatter networking, we exploit the
piezoelectric effect.! This effect refers to the ability of certain ma-
terials to generate electrical energy in response to an applied me-
chanical stress [64]. Since acoustic signals travel as pressure waves,
they would induce a strain (deformation) on a piezoelectric material,
causing it to transform the pressure wave into a voltage; hence, this
effect has been used in designing certain kinds of microphones [27].
More importantly, the piezoelectric effect is reversible, meaning
that electrical signals applied on the electrodes of a piezoelectric
device can be used to generate acoustic signals. It is this reversibility
that makes piezoelectricity an enabler for underwater backscatter
communication.

We introduce Piezo-Acoustic Backscatter (PAB), a system that en-
ables underwater networking at near-zero power. We explain PAB’s
high-level operation through an analogy to radio backscatter in Fig. 1.
In radio frequency (RF) backscatter, a transmitting antenna sends a
signal on the downlink, and an RF backscatter node harvests energy
from this signal and communicates by modulating its reflection. On

I'Note that the term “backscatter” is often used in the underwater literature to refer to
SONAR-based imaging of objects by reflection [15, 22] rather than for communication
or networking, which is the goal of this paper.
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Figure 1—Analogy between RF and Piezo-Acoustic Backscatter. (a) shows how
radio backscatter can communicate bits of zero and one by controlling the antenna
impedance switch. (b) shows how PAB system communicates bits of zero and one by
controlling the piezoelectric impedance switch. Note that in the absorptive states, the
sensor can harvest energy.

the other hand, a PAB system consists of an acoustic projector (trans-
mitter), a hydrophone (receiver), and a battery-free sensor. When
the projector transmits acoustic signals underwater, a PAB sensor
harvests energy from these signals and communicates by modulating
their reflections. In particular, it can transmit a ‘0’ bit by absorb-
ing the incoming energy, and a ‘1’ bit by reflecting the impinging
acoustic signal. It can switch between the reflective and absorptive
states by modulating the voltage across the piezoelectric interface,
which in turn determines its vibration amplitude (i.e., reflection).
The hydrophone receives the acoustic signals, senses changes in the
amplitude due to reflection, and decodes these changes to recover
the transmitted messages.

Interestingly, PAB operates a piezoelectric material as a reflector
by preventing it from deforming (i.e., nulling the strain). Intuitively,
if the material cannot deform, it is unable to absorb the incoming
acoustic signal and must reflect it entirely. To do so, the node can
simply activate a switch that connects the device’s electrodes as
shown in Fig. 1(b). Such switching requires near-zero power and can
be done entirely using the harvested energy, enabling PAB sensors
to be battery-free. In §3, we describe this process in detail and the
underlying physics of piezo-acoustic backscatter.

A fundamental challenge facing PAB networks, however, is that
piezoelectric materials are typically designed to operate at a specific
resonant frequency [8].2 While operating at resonance improves
their sensitivity and range of operation, it also limits their bandwidth.
This prevents different links from concurrently communicating over
multiple channels as in standard WiFi or cellular networks. Said dif-
ferently, it precludes the adoption of medium access control (MAC)
protocols like frequency-division multiple access (FDMA), where
concurrent links occupy different parts of the frequency spectrum.

2This is typically denoted by a high quality factor ‘Q’ (quality factor) [76], which is the
ratio of the resonant frequency to the bandwidth.
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To overcome this challenge and enable multiple PAB sensors to
transmit concurrently, our idea is to shift the piezoelectric resonance
frequency itself across the different sensors. If different sensors have
slightly different resonance frequencies, then they would occupy dif-
ferent bands of the acoustic frequency spectrum, naturally leading to
FDMA. Hence, if different projectors transmit acoustic signals at dif-
ferent frequencies, each would activate a different sensor operating
at the corresponding resonance frequency, thus enabling concurrent
multiple access. The hydrophone receives all the reflected signals
and applies software-based filters in order to isolate and decode the
colliding backscatter reflections.

To realize this idea, we introduce the concept of recto-piezos.
Recto-piezos are acoustic backscatter nodes whose resonance fre-
quency can be tuned through programmable circuit matching. The
design of recto-piezos is inspired by a concept from RF-based en-
ergy harvesting called rectennas [46]. Rectennas can optimize their
energy harvesting efficiency by matching the impedance of the rec-
tifier (energy harvester) to the antenna. This impedance matching
results in a resonance mode, at which rectennas are known to opti-
mally harvest energy. While recto-piezos are inspired by this idea,
they instead employ it for tuning their resonance frequency. This
matching-based frequency tuning allows us to ensure that different
sensors have different resonance frequencies, and enable multiple
concurrent backscatter transmissions, thus improving the network
throughput.

We built a prototype of PAB’s design and tested it in large exper-
imental water tanks at the MIT Sea Grant. Each battery-free node
consists of a mechanically fabricated piezoelectric resonator, potted
in polyurethane for acoustic matching, and a custom-made PCB that
incorporates the recto-piezo, the energy harvesting unit, a micro-
controller that implements the backscatter logic, and a general and
extensible peripheral interface that can be integrated with different
Sensors.

Our results demonstrate that PAB sensors achieve communication
throughputs up to 3 kbps and power-up ranges up to 10 m. We also
demonstrate how our recto-piezo design enables tuning the reso-
nance frequency and shifting it to an adjacent channel. This enables
doubling the network throughput through concurrent transmissions
and collision decoding.

To show the potential of our design, we implement proof-of-
concepts for three sensing tasks. PAB nodes are integrated with
sensing interfaces that can measure acidity (pH), temperature, and
pressure. Such sensors may be powered by the node’s harvested
energy and the microcontroller samples their analog output or com-
municates with their digital interface using one of its peripherals.
Our evaluation demonstrates the ability to correctly sense these mea-
surement conditions, enabling long-term ocean condition monitoring.
It is worth noting that while these applications can work well with
modest throughputs, PAB’s throughput could support more demand-
ing applications such as recording sound or low-quality images of
marine animals and plants.

Contributions: PAB is the first underwater backscatter communica-
tion system. It introduces a new backscatter technology and sensor
architecture that exploits the piezoelectric effect for backscatter net-
working. It also introduces recto-piezo, a programmable resonance
design that enables multiple PAB sensors to operate concurrently.
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The paper also contributes a prototype implementation and evalua-
tion of a battery-free platform for ocean sensing and communication.

Our current design still exhibits limitations in its modest through-
put and range. These limitations are primarily imposed by the down-
link signal and the desire to keep the implementation battery-free
through energy harvesting. In principle, one could achieve higher
throughputs and ranges by adapting battery-assisted backscatter im-
plementations from RF designs [59], which would enable deep-sea
deployments and exploration, while still inheriting PAB’s benefits
of ultra-low power backscatter communication. The design and im-
plementation of such hybrid systems is outside the scope of this
paper and left for future work. More generally, we hope that PAB’s
approach for underwater networking would follow a similar trend in
throughput and range improvements witnessed by radio backscatter
in recent years.

2 BACKGROUND

The piezoelectric effect was discovered in 1880 by the Curie broth-
ers [49]. They observed that certain types of crystals generate an
electric charge when they undergo a mechanical strain (deformation).
The following year, they demonstrated that this process is reversible,
and an electric signal applied on piezoelectric crystals induces a
strain. Since its discovery, this phenomenon has been widely used in
various applications including Quartz clocks, buzzers, inkjet printers,
and X-ray shutters [13].

Our work directly builds on two main areas of piezoelectric re-
search in the context of underwater environments: energy harvesting
and acoustic transducers. In particular, since the piezoelectric ef-
fect can transform mechanical energy to electrical energy, it has
been used to harvest energy from different kinds of underwater
movements, including those resulting from swimmer body move-
ments [20], fish movements [14, 40], water currents [70, 78], mo-
tor vibrations [39], and even ambient noise [65]. Moreover, due
to their high electromechanical conversion efficiency, piezoelectric
resonators have been used in designing a wide array of underwater
transducers [12]. PAB’s design builds on this past work for energy
harvesting and electromechanical translation. Our contributions are
orthogonal and focus on exploiting the piezoelectric effect to enable
underwater backscatter communication and developing protocols for
underwater backscatter networking.

It is worth noting that the term backscatter is widely used in the
context of underwater sensing [22, 29, 60]. The usage of the term
refers to SONAR-based imaging, similar to how radar imaging is of-
ten called backscatter [18, 32]. This is different from the networking
community’s use of the backscatter term to refer to communication
by modulating reflections [43, 48, 82], which is the focus of this
work.

Finally, our work advances the recently growing interest in bat-
teryless underwater communication [24, 40]. In contrast to PAB,
all existing systems communicate by generating their own acoustic
carriers, which requires multiple orders of magnitude more energy
than backscatter communication [85]. As a result, existing systems
need to harvest power for long periods of time (e.g., from fish move-
ments [40]) before they have enough energy to generate an acoustic
beacon. As a result, their average throughput is limited to few to tens
of bits per second [31, 40]. PAB shares the same motivation of this
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line of work and pushes its boundaries by introducing underwater
backscatter, which significantly decreases the energy required for
transmissions and boosts the network throughput by two to three
orders of magnitude.

3 PIEZO-ACOUSTIC BACKSCATTER

In this section, we first describe the basic physical principles that
enable backscattering acoustic signals in underwater environments,
then describe how PAB uses these principles to design an underwater
backscatter networking system.

3.1 Piezoelectric Transducers

Before we explain piezo-acoustic backscatter, we describe how the
piezoelectric effect is typically employed for underwater acoustic
communication. A piezoelectric transducer can transform acous-
tic signals into electrical signals at the same frequency, and vice
versa [12]. In order to transmit acoustic signals, we can apply a
voltage on a piezoelectric device, causing it to vibrate at the same
frequency of the applied voltage. The vibration creates a pressure
wave which travels as an acoustic or ultrasonic signal depending on
the vibration frequency.

For simplicity, assume that we would like to transmit a sine wave
at a single frequency f. If we apply a signal with some peak voltage
V to the piezoelectric device, that results in the following transmitted
pressure wave:

P =aVsin2nft + ¢)

where ¢ is time, ¢ is the phase offset, « is a proportionality constant
which depends on various factors including the type of piezoelectric
material, transducer geometry, and frequency of operation [12]. Nat-
urally, while the above discussion focuses on a single sine wave, it
can be extended to any modulation scheme (BPSK, QAM, OFDM,
etc.) by multiplying the sine wave by the desired baseband signal as
in typical wireless communication [80].

3.2 Backscattering Acoustic Signals

In standard underwater acoustic communication, a transmitter gener-
ates and amplifies the carrier signal (i.e., the sine wave), a process
that consumes most of the transmitter’s energy. Even low-power
acoustic transmitters typically require few hundred Watts [67, 83].
Below, we show how a PAB sensor can employ backscatter to com-
municate without generating any carrier wave, which enables it to
communicate at near-zero power.

Recall that backscatter communication involves switching be-
tween reflective and non-reflective states. In the non-reflective (ab-
sorptive) state, a PAB sensor can simply operate in a manner similar
to a standard piezoelectric receiver (hydrophone), transforming a
pressure wave into an electric signal. However, the reflective state is
not straightforward and hence is the focus of our discussion.

To demonstrate that it is possible to transform a piezoelectric ma-
terial into a reflector, we resort to the fundamental physical process
that governs the converse piezoelectric effect. Piezoelectric materials
respond to both electrical and mechanical stimuli. Said differently,
an electric field (E) or a tensor/stress (T) applied on the material
causes charge accumulation (D) at its terminals. We can express the
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relationship using the following equation [12]:

D = dT + €'E )
S~—— S~— S——
charge displacement  mechanical electrical

where d is the piezoelectric coefficient, and e the permittivity
coefficient under constant stress. The above equation shows the
coupled nature of piezoelectric materials.

In order to backscatter an incoming acoustic signal, PAB turns on
a switch that connects the two terminals of the piezoelectric device
as shown in Fig. 1(b). Doing so ensures that the charge distribution
D and the electric field E are both set to zero in the steady state
(since there is no voltage or charge when the terminals are shorted).
Substituting these values into Eq. 1 demonstrates that the net tensor
T experienced by the piezoelectric material must be zero.

But how can the tensor (stress) be zero in the presence of an
incoming acoustic signal (from the projector) which induces pressure
on the piezoelectric material? To answer this question, observe that
the above relationship depends on the net tensor experienced by
the piezoelectric material. We can express the net tensor as the sum
of the incoming pressure wave from the projector (P;,) and the
reflected pressure wave P,..r. Hence, when the two terminals of
a piezoelectric device are connected, any incoming signal will be
entirely reflected as per the following equation:

Pref =T —Pip = —Pysin(2rft)

where Py is the amplitude of the incident pressure wave caused by the
acoustic signal. This derivation demonstrates the power of backscat-
ter, whereby the backscattering node does not need to generate its
own carrier but rather relies on an external one for communication.

We note that our above discussion is simplified in two ways. First,
the derivation assumes that the piezoelectric device itself is lossless.
In practice, some of the incoming signal is dissipated due to heat
and, as a result, the amplitude of the reflected wave is smaller than
that of the incident wave. Second, while the net tensor is directly
related to the applied pressure, this relationship may also involve a
multiplicative factor which depends on the geometry and polarization
of the piezoelectric material [12] as well as the angle of the incoming
pressure wave with respect to the surface of the resonator.

Physical Interpretation. So far, by looking at the relationship gov-
erning the charge displacement D, we have demonstrated that a
piezoelectric material can be used as a reflector. Next, we are inter-
ested in gaining insight into the mechanical interpretation of this
process. Recall that a piezoelectric material deforms when a ten-
sor (stress) or an electric field is applied to its terminals. The total
deformation (strain) is given by the following equation:

S=sET +dE

where sF is the compliance coefficient under constant electric field.
As per our above discussion, when the piezoelectric material is in
reflective state, both the electric field and the net tensor are zero. This
means that the total strain is also nulled. The mechanical interpre-
tation demonstrates that PAB transforms the piezoelectric material
into a reflector by preventing it from deforming. This ensures that an
incoming pressure wave must be entirely reflected, further demon-
strating the reflective phenomenon from a mechanical perspective.
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Figure 2—Received and Demodulated Backscatter Signal. The figure plots the re-
ceived signal after demodulation and low-pass filtering. After PAB starts backscattering,
the larger amplitude corresponds to the reflected state while the smaller amplitude
corresponds to the non-reflected state. The node switches between these two states to
communicate bits of Os and 1s (using FMO encoding).

Testing the Waters. We run an experiment with a PAB sensor un-
derwater. We use an underwater projector to send an acoustic signal
at 15 kHz and configure the PAB sensor to backscatter the signals by
switching its impedance between reflective and non-reflective every
100ms. The design of the sensor is detailed in §4. We receive the
signal using a hydrophone and demodulate by removing the carrier
frequency.

Fig. 2 plots the amplitude of the received output over time. The
plot exhibits a jump to a constant amplitude at ¢ = 2.2s, which corre-
sponds to the start of the downlink transmission from the projector.
Note that even though the projector transmits at 15 kHz, we only see
a constant amplitude since downconversion removes the carrier wave
and only keeps its amplitude. At ¢t = 2.8 s, the amplitude of the re-
ceived signal starts alternating between two states. This corresponds
to the time when the PAB node starts backscattering and the two
amplitudes correspond to the two reflective states. The change in am-
plitude between the node’s two states is weaker than the amplitude
of the constant wave transmitted by the projector. This is due to two
reasons: first, the signal from the backscatter node travels a longer
distance than the one coming directly from the projector (since it
travels from the projector to the node and back to the hydrophone)
and hence experiences larger attenuation. Second, the backscatter
process is lossy, meaning that the reflected signal will be weaker
than the incident one. These observations are in line with those of
radio backscatter [82], and the experiment validates PAB’s ability to
communicate via piezo-acoustic backscatter.

Now that we have demonstrated underwater backscatter, our de-
sign adapts few additional components from RF backscatter de-
signs [23, 85]:

* Modulation: Our above discussion focused on demonstrating the
ability to switch between two reflective states to enable backscat-
ter, and abstracted the two states as bits of ‘0" and ‘1’. In practice,
backscatter communication can be made more robust by adopt-
ing modulation schemes like FMO or Manchester encoding [82],
where the reflection state switches at every bit, enabling the re-
ceiver to better delineate the bits and robustly decode backscatter
signals. Hence, PAB adopts FM0 modulation on the uplink.

Energy Harvesting & Battery-Free Operation: The absorptive
state of backscatter modulation provides an opportunity to har-
vest energy from the projector’s downlink communication signal
since it involves a conversion between mechanical and electrical
energy. Similar to passive RFIDs, PAB harnesses this opportunity.
It employs a rectifier and capacitor to store this energy, and uses
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it for controlling the backscatter switch. This energy may also be
used for powering various onboard sensors. Moreover, to ensure
maximum power transfer and optimize energy harvesting in the
absorptive state, our front-end employs an impedance matching
network (to match the load impedance Z} to the conjugate of the
piezoelectric source Zs). We also adopt the Pulse Width Modula-
tion (PWM) scheme on the downlink since it can be decoded using
simple envelope detection, thus minimizing power consumption
during backscatter and since it provides ample opportunities for
energy harvesting [23].

Maximizing the Signal-to-Noise Ratio (SNR): In order to max-
imize the (SNR) and hence the throughput, we would like to
maximize the difference between the reflected power in the two
reflective states of backscatter communication. To do so, we rely
on the standard backscatter reflection equation [37, 53]:

Zp - Z:

21+ Zs

where P, and P; are reflected and incident power respectively,
and * denotes the complex conjugate. Recall that in the reflective
state, the two terminals are shorted (i.e., Z; = 0), and hence the
entire incident wave is reflected. Thus, to maximize the SNR, we
need to minimize the reflected power in the absorptive state. This
can be achieved by setting Z; = Z;. Notice that this is the same
impedance that maximizes the energy transfer as discussed above.

P )

r

3.3 From Communication to Networking

A fundamental challenge facing PAB networks is that piezoelectric
materials are designed to resonate at specific frequencies [12].3 On
one hand, operating at resonance maximizes the energy transfer
between mechanical and electrical states, which improves both the
sensitivity and the energy harvesting efficiency. On the other hand,
it limits the operation bandwidth of piezoelectric energy harvesters.
The limited bandwidth prevents adopting MAC protocols like FDMA
where different backscatter nodes may transmit concurrently, each
occupying its own frequency channel.

In this section, we describe how PAB overcomes this challenge
through a hardware-based resonance tuning design and a receiver
design that can decode concurrent transmissions.

3.3.1 Recto-Piezos

To better understand the problem of limited bandwidth of PAB’s
piezoelectric sensors, we run an experiment where we measure the
voltage at the output of the rectifier of a backscatter node. This volt-
age is directly related to the harvested energy and used to power up
the node. The backscatter node used in this experiment is optimized
to harvest energy around 15 kHz (as per the impedance matching
process described in §3.2). We transmit a continuous wave signal
at 15 kHz using our projector, and measure the received voltage at
the output of the rectifier. We repeat the experiment multiple times,
each time transmitting at a different center frequency.

Fig. 3 plots the rectified voltage as a function of frequency using
a solid black line. The plot shows that the rectified voltage (and
hence the harvested energy) reaches its maximum of 4 V around the
resonant frequency of 15 kHz. However, the voltage drops rapidly as

3This is typically referred to as having a high quality factor Q = f/Bandwidth [76].
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Figure 3—Rectopiezo. The figure plots the rectified voltage as a function of the down-
link transmit frequency for two different recto-piezo configurations. One of the recto-
piezos (in black) is electrically matched at 15 kHz and the second (in orange) at 18 kHz.

we move away from that frequency. When the downlink frequency
is outside 13.6-16.4 kHz, the voltage drops below 2.5V, which is the
minimum required by our backscatter node to consistently power up
for sensing and communication.

To overcome this bandwidth constraint and enable concurrent
transmissions at multiple different frequency channels (i.e., via
FDMA),* PAB shifts the resonance frequency itself. In particular,
recall from Eq. 2 that backscatter operates by alternating between
reflective and absorptive states, and that these states can be real-
ized by properly matching the load impedance, Zr, to the source
impedance, Zs. To shift the resonance frequency, PAB exploits the
fact that the impedance Z(f) itself is a function of frequency. Indeed,
this is why the voltage falls off in Fig. 3 beyond a certain band-
width. This frequency dependence provides an opportunity to enable
concurrent transmissions, each of which is matched to a different
resonance. Said differently, we can design different sensors with
matching circuits that are optimized to different center frequencies.
We call this design recto-piezo as it exploits the matching properties
of the piezoelectric interface to the rectifier to tune the resonance
frequency.’

To test this idea, we design another backscatter node, this time
with a recto-piezo optimized to resonate at 18 kHz. The projector
sends a downlink signal at 18 kHz, and we plot the resulting rectified
voltage as a function of frequency in orange in Fig. 3. The plot also
shows that the rectified voltage rises above the threshold around the
new resonance frequency and over a bandwidth of 1.5 kHz. Also,
notice that the responses of the two recto-piezos are complementary.
This suggests that these sensors can operate concurrently while
occupying different frequency channels, thus increasing the overall
network throughput.

3.3.2 Decoding Collisions

In standard FDMA systems, when two transmitters occupy different
channels, a receiver may apply a filter around the center frequency
of interest in order to isolate the desired transmission and eliminate
interference from the concurrent transmission on another channel.
Unfortunately, this does not hold true for backscatter transmissions.

4Note that CDMA requires the same overall bandwidth as standard FDMA since it uses
a spreading code at a higher rate than the transmitted signals, thus requiring a larger
frequency (as it is a spread spectrum technology).

31t is important to note that while the recto-piezo can shift the resonance frequency
through impedance matching, the overall efficiency decreases well outside the geometric
resonance of the piezoelectric material itself. Said differently, the geometric resonance
acts as a bandpass filter, while the electrical matching determines the exact frequency.
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The difficulty in isolating transmissions from different frequen-
cies arises from the fact that backscatter modulation is frequency-
agnostic [48]. Specifically, a backscatter node communicates by
reflecting incoming signals. Hence, as long as a node powers up
(due to a downlink signal within its resonance bandwidth), it would
backscatter and modulate the reflections of al/ signals impinging on
it, even those outside its resonance frequency.® As a result, even if
a recto-piezo requires a downlink signal at a resonance frequency
of 18 kHz to power up, it would also backscatter signals at 15 kHz,
thus interfering with a concurrent transmission at the 15 kHz range.
Indeed, when we tried operating both recto-piezos from §3.3.1 con-
currently, the hydrophone received colliding signals and was unable
to decode them.

To overcome this challenge, we observe that the two backscatter
transmissions not only collide at 15 kHz but also at 18 kHz. This pro-
vides the hydrophone receiver with two equations and two unknowns.
Moreover, because the matching process results in frequency selec-
tivity, the wireless channel experienced by the backscattered signals
would be different. Mathematically, the hydrophone receiver would
obtain the following two signals:

y(f1) hi(fi)x1 + ha(fi)xz
y(f2) hi(f2)x1 + ha(f2)xz

where y is the received signal, fi and f> are the resonance fre-
quencies, x; and x» are the backscattered signals by the two the
recto-piezos, and h; and hy are their corresponding frequency-
selective channels.

The above behavior is similar to the one obtained in MIMO com-
munication between two-antenna nodes. MIMO exploits spatial di-
versity, while our decoding scheme exploits frequency diversity.” By
performing standard channel estimation, we can invert the channel
matrix and decode the two signals using standard MIMO decoding
techniques [80].

Two additional points are worth noting:

¢ Our above discussion focused on the physical and MAC layers
of the communication system. Our design extends to encompass
the entire networking stack and incorporates a protocol similar
to that adopted by RFIDs. Specifically, the projector is similar
to an RFID reader and transmits a query on the downlink which
contains a preamble, destination address, and payload. Similarly,
the uplink backscatter packet consists of a preamble, a header,
and a payload which includes reading from on-board sensors as
we describe in §5.1.

Our description of recto-piezo assumes that each backscatter node
can operate at a single predefined resonance frequency. This
design may be easily extended through programmable hardware
to enable the backscatter node to shift its own resonance frequency.
This may be achieved by incorporating multiple matching circuits
onboard the backscatter node and enabling the micro-controller
to select the recto-piezo.

9The modulation depth of backscattered signals (i.e., difference between reflected and
absorbed power) decreases as their frequency moves away from resonance due to the
degradation in impedance matching and efficiency.

7We note that our system is not the first to propose decoding backscatter collisions [82];
however, by exploiting the concept of recto-piezo, our proposed approach makes the
decoding matrix better conditioned, which improves diversity.
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Figure 4—Mechanical and Hardware Fabrication. (a) shows the mechanically fab-
ricated transducer with the battery-free analog-digital hardware design, (b) shows the
exploded transducer view.

(b) Exploded transducer view

4 MECHANICAL FABRICATION AND
HARDWARE DESIGN

In this section, we describe our mechanical and hardware fabrication
process for PAB’s backscatter nodes.

4.1 Transducer Fabrication

Fig. 4(a) shows a photo of one of our fabricated transducers. The
main component of the transducer is a piezoelectric cylinder. We
purchased a ceramic cylinder from Stemnic with an in-air resonance
frequency of 17 kHz [66], a radius of 2.5 cm, and a length of 4 cm.
The cylinder vibrates radially making it omnidirectional in the hori-
zontal plane. The choice of in-air resonance of 17 kHz was intended
to create balance between the size of the transducer, the propaga-
tion characteristics of acoustic signals underwater, and throughput.
Specifically, lower acoustic frequencies experience less attenuation
in underwater environments [11], but they also have narrower band-
widths (which further limits their throughput) and require larger
cylinder dimensions since the dimensions of the resonator are in-
versely proportional to its frequency [12].8 Nonetheless, we note
that our design is general and can be adapted to different applications
that have different range, size, and throughput requirements.

Fig. 4(b) shows an exploded view of our transducer design. Our
design follows prior proposals for low-cost underwater transducers
and is adapted to the geometry of our cylinder and its operation
frequency [6, 28].° We encapsulated the piezoelectric resonator with
a polymer and added end-caps on the top and bottom of the cylinder.
The encapsulation and end-caps serve to insulate the electrodes from
water (preventing it from shorting the electrodes) and to prevent wa-
ter from flowing inside the cylinder and loading its resonance. Such
design is called an air-backed, end-capped transducer and is known
to provide high efficiency in electromechanical conversion [12].

8For example, a resonator with center frequency of 500 Hz can propagate over 1000 km,
but has a bitrate of 100bps and is 3600 larger than our cylinder [S1].

9There are various design choices for an underwater piezoelectric transducer; the
efficiency and directionality of each design depend on various parameters including
the type of piezoelectric material, shape of the transducer, backing and encapsulants
used, etc. To demonstrate proof-of-concept of underwater backscatter, we followed
state-of-the-art transducer prototypes from the literature.
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To build the transducer, we first soldered two wires to the two
electrodes of the piezoelectric ceramic (i.e., the inner and outer
surfaces of the cylinder). We 3D printed the base and the top cap from
Fig. 4 as well as a cylindrical mold to house the ceramic cylinder
and encapsulation polymer. We placed polyurethane washers [50]
on the top and bottom of the cylinder, then placed it on a base and
added a top cap. The washers enable the cylinder to vibrate freely
without being loaded by the end-caps. The setup is held tight using
a screw and locking nut, then placed inside the mold.

To prepare the encapsulation polymer, we used the polyurethane
WC-575A mixture from BJB enterprises [9]; this polymer was cho-
sen due to its transparency and because its acoustic impedance
maximizes the energy transfer between water and the piezoelectric
material. We prepared the polyurethane by mixing its components
as per the manufacturer’s guidelines [9] then placed the resulting
mixture inside a vacuum tank to extract any moisture or residual
air bubbles from the mixture. We poured the prepared polyurethane
into the cylindrical mold and left it to pot for 12 hours in a pressure
chamber at 60psi (4atm). Once the potting was done, we removed
the mold and added marine epoxy [45] to seal any remaining holes
and ensure that water does not leak into the transducer. We fabricated
eight of these transducers in total.

As part of our fabrication process, we also experimented with
fully-potted (i.e., non-air-backed) designs, but noticed that these
designed had poorer sensitivity and energy harvesting efficiency
than air-backed transducers. This observation is shared by past
research [28]. We also experimented with various encapsulation
thicknesses but did not observe a significant difference in their per-
formance.

4.2 Hardware Design & Fabrication

Our hardware design is entirely battery-free and was designed and
fabricated on a two-layer printed circuit board (PCB). The design
serves four primary purposes: backscatter communication (for up-
link), energy harvesting, receiving and decoding (for downlink sig-
nals), and interfacing with peripherals. This architecture enables
PAB to serve as a general-purpose and extensible platform for
battery-free underwater sensing and communication.

The overall schematic of our designs is shown in Fig. 5. We used
Autodesk Eagle design software [5] to design the schematic and
layout. A total of 20 boards were manufactured by PCBWay [55] at
the cost of $10. The circuit components were hand-soldered on the
PCBs and individually tested.

4.2.1 Mixed Analog-Digital Circuit Design

A piezoelectric resonator provides a differential output (rather than
a single-ended output with a ground). Hence, our analog front-end
adopts a differential design as can be seen in the mirrored archi-
tecture in Fig. 5, where the upper and lower portion of the energy
harvesting and backscatter units are mirror images of each other. 10

Backscatter. To enable backscatter communication, we insert two
transistors in series between the two terminals of the piezoelectric
device. The middle junction of the two transistors is connected to
ground, enabling symmetric backscatter and maximizing the SNR

19Not accounting for the differential design could lead to unstable performance since
the digital components of the design need to be grounded.
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Figure 5—Representative Circuit Schematic of PAB. The figure shows the circuit
schematic of PAB with a differential analog front-end. The components are: (a) Switches
that control the load impedance to enable backscatter communication, (b) Matching
network, (c) Rectifying circuit that converts AC to DC voltage and passively amplifies
the voltage, (d) Supercapacitor that stores energy from the rectified DC voltage, (e)
Pull-down transistor for improving the SNR of the downlink signal.

of the backscattered si‘gnal.11 The transistors act as switches to
enable toggling the piezoelectric interface between reflective and
non-reflective stages, when they are operating in short-circuit and
open-circuit modes, respectively. The gates of the transistors are
controlled by the microcontroller described in §4.2.2.

Energy Harvesting. To harvest energy from acoustic signals, we
use a rectifier followed by a storage capacitor as in standard en-
ergy harvesting designs [47]. The rectifier transforms the alternating
electrical signal coming from the transducer into a DC voltage by
passing it through diodes and capacitors. We employ a multi-stage
rectifier in order to passively amplify the voltage to the level that is
needed for activating the digital components of the circuit design.
The rectified DC charge is stored in a 1000 uF supercapacitor.

Recall from §3 that maximizing the energy harvesting efficiency
requires matching the output impedance of our piezoelectric trans-
ducer to the input impedance of the load (Z], = Z7). We use the
E4990A Impedance analyzer [35] to measure the output impedance
of the transducer as well as the input impedance of the load. Knowing
these impedances, we can solder an impedance matching network
(which consists of an inductor and a capacitor) between the piezo-
electric transducer and the rectifier. The values of inductance and
capacitance of the network can be derived from standard circuit
equations by substituting the load and source impedances [54].

The capacitor is connected to a low-dropout (LDO) voltage regu-
lator, the LP5900SD [74], the output of which is 1.8 V. The voltage
regulator drives the digital components of the circuit, ensuring they
are not damaged or operated in an unsteady mode.

Decoding. PAB’s decoder operates by envelope detection. In par-
ticular, recall that the downlink communication signal is encoded
using PWM, where a larger pulse width corresponds to a ‘1° bit and
a shorter pulse width corresponds to a ‘0’ bit. In order to decode
these pulses, the receiver needs a simple edge detection mechanism
to identify the bit (pulse) boundaries and durations.

Our receiver design is inspired by the RFID WISP platform [85].
The design employs a Schmitt trigger that can discard small ampli-
tude changes due to noise and discretize the output into two main
voltage levels: high and low. A level shifter scales the voltage levels
to properly condition them as inputs to a microcontroller. We use the
TXB0302 [72], which incorporates both a trigger and a level shifter.

'This series design enables controlling the switches at a lower gate-to-source voltage
(Vis) since the source is always at ground. This allows the microcontroller to switch
between the two states at a lower threshold voltage.
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Our design also employs a pull-down transistor, as shown in Fig. 5
to improve both the energy harvesting efficiency and the decodability
of the downlink signal. Specifically, the pull-down transistor acts as
an open-circuit in the cold-start phase (i.e., when the super-capacitor
is charging) to ensure that all the incoming energy flows to the
capacitor enabling fast charging. Once the capacitor has enough
voltage to power on the voltage regulator and the microcontroller
(MCU), the MCU applies a voltage on the pull-down transistor
changing it to a closed circuit. While this leaks some of the energy
to ground, it also maximizes the difference between the high and
low voltage levels at the input to the Schmitt trigger, thus improving
the SNR for decoding the downlink PWM signal.

4.2.2 Microcontroller

To minimize the power consumption of our design, we use an ultra-
low power microcontroller, specifically the MSPG2553 MCU[75].
The microcontroller can operate with a supply voltage as low as
1.8 V and consumes less than 230 pA at 1.8V in active mode and
0.5 pA in low power mode (LMP3) with just one active clock using
a crystal oscillator operating at 32.8 kHz.

Upon powering up, the MCU prepares to receive and decode a
downlink command by enabling interrupts and initializing a timer
to detect a falling edge at its pin which is connected to the output
of the level shifter; then, it enters LMP3 mode. A falling edge at
the microcontroller’s input raises an interrupt waking up the MCU,
which enters active mode to compute the time interval between every
edge to decode bit ‘0’ or ‘1’ of the query, before going back to
low-power mode.

Upon successfully decoding downlink signals from the projector,
the MCU prepares for backscatter. It switches the timer to continuous
mode to enable controlling the switch at the backscatter frequency
and employs FMO encoding as described in §3. An output pin of
the microcontroller is connected to the two switching transistors
enabling them to toggle the transducer between reflective and non-
reflective states.

The microcontroller can also be configured to communicate with
analog and digital peripheral sensors. The ADC pin is used for sam-
pling analog sensors and the I2C protocol is used to communicate
with digital sensors.

5 EVALUATION
5.1 Implementation

Our implementation setup consists of an acoustic projector, PAB
backscatter nodes, and a hydrophone receiver. The backscatter nodes
are designed and implemented as per our discussion in §4, so we
describe the remaining system components below.

(a) Transmitter. We implemented the transmitter using our in-house
transducers from §4.1 as projectors. Each projector was connected
to the output audio jack of a Lenovo Thinkstation PC through the
XLi2500 Two-channel 750W power amplifier [16]. We configure the
projector to transmit signals at different center frequencies between
12 kHz and 18 kHz. For different configurations, we change the
matching circuit to optimize the power transfer between the power
amplifier and the transducer. The transmitted signal is generated
using MATLAB and employs PWM where the ‘1’ bit is twice as
long as the ‘0’ bit. The transmitter’s downlink query includes a 9-bit

194

Junsu Jang and Fadel Adib

projector " hydrophone

‘OO/

PAB backscatter
node

Figure 6—Evaluation Setup. The figure shows one of the evaluation setups in the long
tank (Pool B) with a projector, hydrophone, and a PAB sensor.

preamble. The transmitter packet may also include commands for
the PAB backscatter node such as setting backscatter link frequency,
switching its resonance mode, or requesting certain sensed data like
pH, temperature, or pressure.

(b) Receiver. The receiver is implemented using the H2a hy-
drophone [3], whose sensitivity is -180dB re: 1V/A;Pa. The hy-
drophone is connected to the audio jack of a Lenovo Thinkstation.
We use the Audacity software package to record the received audio
signals. The signals are processed offline using a MATLAB-based
decoder. The decoder identifies the different transmitted frequencies
on the downlink using FFT and peak detection. It then downconverts
the signals to baseband by multiplying each of them with its respec-
tive carrier frequency. The receiver then employs a Butterworth filter
on each of the receive channels to isolate the signal of interest and
reduce interference from concurrent transmissions. Subsequently,
it performs standard packet detection and carrier frequency offset
(CFO) correction using the preamble.!2 It then employs a maximum
likelihood decoder to decode the FMO decoded bits. It can also use
the CRC to perform a checksum on the received packets and request
retransmissions of corrupted packets.

(c) Sensing Applications. We tested three types of sensing appli-
cations by interfacing the micro-controller with different sensors.
To measured acidity, we use the Mini pH Probe [4], which con-
nects to micro-controllers ADC using an LMP91200 Configurable
Analog Front End for Chemical Sensing Application [73]. We also
experimented with the MS5837-30BA Waterproof Digital Pressure
Sensor [71] to extract temperature and pressure. The sensor has a
digital interface which directly communicates with the MCU through
I2C communication protocol.

(d) Setups. We evaluated PAB in two main settings: Pool A is an
enclosed water tank of 1.3m depth and 3m X 4m rectangular cross-
section, and Pool B is another enclosed water tank of 1m depth and
1.2m X 10m rectangular cross section. We also validated that the

121n contrast to RF backscatter where the reader is typically full-duplex, PAB uses a
separate transmitter (projector) and receiver (hydrophone). Hence, the receiver observes
a CFO due to the different oscillators.
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Figure 7—BER-SNR Curve. The figure plots the BER of the decoded backscatter
signal as a function of the SNR of the signal received by the hydrophone.
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system operates correctly in an indoor swimming pool. Through-
out our evaluation, the transducers were submerged between 50cm
and 1m below the surface, and the distance between the projector,
hydrophone, and backscatter nodes were varied across our experi-
mental trials.

6 RESULTS

To evaluate PAB, we performed controlled experiments in the en-
closed water tanks described in §5.1. Our experiments test the ability
to use PAB for communication and study the communication and
energy harvesting performance as a function of distance, backscatter
rate, and concurrent transmissions.

We performed over 150 experimental trials in total. We varied the
backscatter rate, location, and depth of PAB’s transducers throughput
these experiments. We also varied the distance and placement with
respect to the projector and hydrophone.

6.1 Communication Performance

(a) BER-SNR Curves. First, we are interested in testing the ability
to communicate underwater using piezo-acoustic backscatter. The
performance of a communication system can be evaluated through
plots of the bit error rate to the signal to noise ratio, called the
BER-SNR curves [25, 58]. We computed the BER as the fraction
of correctly decoded bits to the total transmitted bits. We computed
the signal power as the squared channel estimate, and computed the
noise power as the squared difference between the received signal
and the transmitted signal multiplied by the channel estimate.

Fig. 7 plots the BER-SNR curves of PAB in log-log scale. The
plot is generated from our experimental trials across the various
bitrates. As expected the BER decreases with increasing SNR. Our
decoder is able to decode with a minimum SNR around 2 dB, which
is typical for biphase modulation techniques like FM0O. The BER
drops to 10> at SNRs higher than 11 dB. We set the lowest BER to
107> since our packet size is always smaller than 10° bits.

(b) Throughput Evaluation. Next, we are interested in evaluating
the SNR as a function of backscatter bitrate. In particular, since
higher backscatter bitrates occupy a larger bandwidth (while piezo-
electrics have a limited bandwidth), we would like to understand
the impact of bitrate on SNR. We place a battery-free PAB node
in a fixed position, within a meter of both the projector and the

195

SIGCOMM ’19, August 19-23, 2019, Beijing, China

20
18
16
14
5 12
T 10
T g
G5 6
4
2
0
2

0 1 2 3 4 5

Bitrate (kbps)

Figure 8—SNR vs Backscatter Bitrate. The figure plots the SNR of the signal received
at the hydrophone when the PAB sensor is configured to backscatter at different bitrates.
Error bars indicate standard deviation.

hydrophone. In each experimental trial, we configure its microcon-
troller to backscatter at one of the following bitrates: 100bps, 200bps,
400bps, 600bps, 800bps, 1kbps, 2kbps, 2.8kbps, 3kbps, and Skbps.
We vary the bitrate at the backscatter node by configuring a different
MCU clock divider,!3 and repeat the same experiment three times
for each bitrate. We compute the SNR the same as above.

Fig. 8 plots the average SNR and its standard deviation as a
function of the backscatter bitrate. At the same distance, the SNR
decreases when the bitrate increases. This is because a higher bitrate
requires spreading the transmit power over a wider bandwidth. It is
worth noting that the SNR significantly drops for bitrates higher than
3 kbps, which would result in very high bit error rates. This is partly
because the efficiency of the recto-piezo reduces as the frequency
moves from its resonance.

6.2 Performance vs Distance

Next, we would like to evaluate the distance over which we can
power up a battery-free PAB node. To perform this evaluation against
different multipath environments, we test the powering up range in
both pools. Recall that a PAB node harvests energy from the down-
link acoustic signal transmitted by a projector. So, in this experiment,
we fix the voltage (and hence the power) input of the projector and
measure the maximum range over which it can power the PAB sen-
sor. We repeat the experiment at different transmit voltages and in
both pools. Note that we do not report beyond 5 m for Pool A and
10 m for Pool B since these correspond to the largest range possible
in each of the respective pools.

Fig. 9 plots the maximum distance as a function of the input
voltage to the transducer. The figure shows that in both environments,
the distance increases with the increased input voltage. This can be
explained by the fact that higher voltage leads to higher transmit
power, enabling the battery-free node to harvest energy to power up
even at a longer range. Interestingly, the same transmit power enables
a longer powering up range in Pool B than in the Pool A. This is
likely because Pool B is elongated and acts as a corridor, focusing
the projector’s signal directionally, rather than omnidirectionally as
in Pool A.

13The resolution with which we can vary the bitrate depends on the integer clock divider
available in the MCU.
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Figure 9—Maximum Distance vs Transmit Voltage. The figure plots the maximum
distance at which the battery-free sensor node can be powered up remotely by the
transmitter as the input voltage to the transmitter increases.
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Figure 10—System Performance with Concurrent Transmissions. The figure plots
the SINR before (orange) and after (black) projection at 8 different locations.

6.3 Concurrent Backscatter Transmissions

Recall that PAB enables concurrent backscatter transmissions using
the recto-piezo concept, where different nodes have different reso-
nance frequencies and where the receiving hydrophone employs a
MIMO-style decoder to deal with collisions. In order to test PAB’s
approach for enabling concurrent transmissions, we run experiments
where we designed one battery-free sensor to resonate at 15 kHz
and another to resonate at 18 kHz. We create an audio file for the
projector which transmits a downlink signal at both frequencies. We
vary the location of the two backscatter nodes across experimental
trials. The receiving hydrophone captures the concurrent backscatter
transmissions, downconverts them using their respective resonance
frequencies and applies MIMO channel inversion (i.e., it decodes by
zero-forcing through projecting on the orthogonal of the unwanted
channel vector [80]). We measure the SINR (signal-to-interference-
and-noise ratio) of each of the backscattered signals before and after
projection.

Fig. 10 plots the SINR before and after projection across eight of
the locations. We make the following remarks:

* The SINR before projection is less than 3 dB across all the trials.
This low SINR is due to the fact that the concurrent backscat-
ter transmission interferes at the receiver, even though it is pro-
grammed to resonate at a different frequency. Recall from §3.3.2
that this is due to the frequency-agnostic nature of backscatter.
We note that if the projector only transmits at one frequency, then
the SNR would be higher because the second recto-piezo would
not power up altogether. However, this would defeat the purpose
of enabling multiple concurrent transmissions via FDMA.
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Figure 11— Power Consumption vs Backscatter Bitrate. The figure plots the overall
power consumption of the system as it backscatters at different data rates. The system is
idle when it is ready to receive and decode a downlink signal.

» Even though the SINR is relatively low before projection, it is
still greater than zero. This is because even though the concurrent
transmissions interfere, the backscatter node operating at reso-
nance will have a stronger channel than the interfering one (which
is backscattering out-of-band).

After projecting and inverting the channel, the SINR is signif-
icantly boosted and is greater than 3 dB across the recorded
locations, indicating the ability to decode the transmissions de-
spite interference as per §6.1(a). Moreover, since the capacity of a
wireless channel is directly proportional to the SINR, our results
demonstrate that PAB’s decoding approach can boost network
throughput and enable concurrent multiple access.

Finally, it is worth noting that the SINR after projection is differ-
ent across locations. This is expected since the wireless channel
changes with location.

6.4 Power Consumption

Next, we would like to evaluate the power consumption of a PAB
sensor. We used the Keithley 2400 source meter [34] to measure the
current draw, and computed the power as the product of the current
and the voltage when the sensor is connected to a power supply. It is
important to note that in all our previous evaluation, the sensor was
powered remotely and that connecting it to a power supply (instead
of the supercapacitor) is only used in this section for accurately
measuring power consumption.

Fig. 11 plots the power consumption when the sensor is in idle
state (waiting to receive and decode a downlink signal) as well as
when it is backscattering at 100bps, 200bps, 400bps, 1kbps, 2kbps,
and 3kbps. The figure shows that the power consumption in idle state
is 124pW and increases to around 500uW for the different backscat-
ter bitrates. These power consumption numbers are in line with those
expected from the datasheets of PAB’s components. In particular,
the microcontroller, which is the most power-consuming component
of PAB’s design, draws around 230pA in active mode (i.e., when
backscattering), and the LDO draws around 25uA at the correspond-
ing current draw from the MCU. These current measurements are
obtained when the voltage into the LDO is 2.1V, making the prod-
uct of total current draw and voltage within 7% of the datasheets
specifications.

Interestingly, the measured power consumption in idle mode is
higher than the datasheet specifications. We identify two contributing
factors for this discrepancy. First, the MCU is not entirely in standby
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since it sets few pins to high (the pull-down transistor, interrupt
handles). Second, the LDO consumes similar power even when the
MCU is in standby. This suggests more room for reducing the power
consumption.

6.5 Applications

Finally, we show how a PAB sensor can be used to measure pH, tem-
perature, and pressure. Having demonstrated the powering up and
communication aspects of our design, we focus our evaluation on in-
tegrating sensing interfaces with the microcontroller and embedding
data into transmitted packets.

pH: As described in §5.1(c), pH measurements are done using a
miniprobe connected to the microcontroller’s ADC via a signal con-
ditioning circuit. The ADC samples the output voltage, transforms
it to a numerical pH, embeds it into the payload of a backscatter
packet, and transmits it from a PAB sensor. We verified that the
MCU computes the correct pH (of 7), thus demonstrating the cor-
rectness of our conversion and interfacing processes. We note that,
in this integration, the signal conditioning circuit was powered using
an external supply and used to amplify the probe’s voltage mea-
surements. Future iterations of the sensor design may eliminate the
power supply by incorporating an onboard battery or by leveraging
the harvested energy and duty-cycling the pH sensing process.

Temperature & pressure: As described in §5.1(c), temperature
and pressure measurements are done using a waterproof digital
sensor which directly communicates with the MCU using an I2C
interface. The digital sensor powers up by drawing current from the
MCU. Similar to the pH measurements, we verified the correctness
of this design through correct readings of room temperature and
atmospheric pressure (around 1 bar).

The above evaluation demonstrates the extensibility of PAB’s
design, its ability to interface with various sensors, and its potential
use for in-situ underwater measurements.

7 RELATED WORK

(a) RF backscatter & Rectennas: RF Backscatter has gained sig-
nificant attention from both the networking and the circuits communi-
ties over the past few years. Recent proposals have demonstrated the
ability to backscatter and harvest energy from TV [43], WiFi [1], and
LoRa [56] transmissions, all of which are radio signals and hence
cannot work underwater. Circuits researchers have also introduced
efficient energy harvesting designs called rectennas where the an-
tenna and the rectifier are matched to improve sensitivity and energy
harvesting efficiency [10, 86], as well as for tuning purposes [46].
PAB is inspired by literature in both communities and brings the
benefits of backscatter communication to underwater environments.

(b) In-body Communication: Similar to underwater environments,
the human body exponentially attenuates radio signals (since 60%
of the body consists of water). This has led researchers to leverage
ultrasonic piezoelectric materials for various in-body applications,
including imaging [69], medical implant communication [21, 36],
and neuronal sensing [62].

Recent systems have explored the use of piezoelectric materials
for backscattering ultrasonic signals inside the human body [21, 36,
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62]. PAB is similar to these past proposals in that it uses piezoelec-
tricity to enable backscatter, but differs from them in its constraints,
design, and capabilities. Specifically, PAB does not enjoy the wide
bandwidth afforded by ultrasound piezoelectrics nor can it rely on
highly directional scanners available in the ultrasound range.14 This
precludes it from adopting the spatial or frequency diversity schemes
employed by ultrasonic proposals which enable them to scale to mul-
tiple sensors. To address these challenges, PAB’s design introduces
multiple innovations including recto-piezos and a MAC protocol.
Moreover, in terms of capabilities, because it relies on acoustic sig-
nals, PAB can operate over much longer distances than ultrasonic
backscatter, making it a more attractive solution for underwater and
ocean applications.

(c) Subsea IoT & Underwater Sensor Networks: Finally, our
work is related to a large body of research on subsea IoT and
underwater sensor networks [33, 42, 79, 81], including DARPA’s
Ocean of Things initiative [17]. It is well-known that the battery
life is one of the most important challenges facing this area of re-
search [33, 42, 63] and that wireless communication is the main
source of battery drain for many applications [61, 81]. Most exist-
ing underwater communication systems rely on acoustic or optical
transmissions [30, 68], which are known to be power hungry. To
overcome this challenge, some proposals considered the use of mag-
netic induction for charging and communication [2, 19]. However,
magnetic induction inherently suffers from a small distance-to-coil
size ratio; hence, practical implementations of this approach have
demonstrated a limited range of few millimeters to few centime-
ters [7, 57, 84]. PAB shares the motivation with this line of work and
combines the long-range communication properties of acoustic sig-
nals with the ultra-low power nature of backscatter communication
to enable practical ultra-low power underwater networking.

8 DISCUSSION & OPPORTUNITIES

This paper presents PAB, the first technology that enables underwa-
ter backscatter networking.]5 The technology leverages the piezo-
electric effect to enable battery-free underwater networking. As the
research evolves, we envision it may be used in a wide variety of
applications such as ocean exploration, marine life sensing, and
underwater climate change monitoring. Below, we highlight poten-
tial development opportunities and discuss some of the challenges
ahead:

e Operation Environment: As the research progresses, we would
like to test and deploy the technology in more complex environ-
ments such as rivers, lakes, and oceans. While we expect the
same principle to hold in such environments, the mechanically
fabricated transducers need to be optimized for the corresponding
environmental conditions, including temperature, pressure, and
salinity. These settings are also likely to introduce new challenges,
such as mobility and multipath, which would be interesting to
explore.

Transducer Tunability: Our design enables multiple access by
tuning the resonance frequency of a PAB sensor. In principle, the

4These systems employ ultrasound signals whose wavelength is few hundreds of
microns, i.e., 1000x larger than PAB’s acoustic wavelength. The short wavelength
enables building highly directional and compact ultrasonic scanners.

15This work does not raise any ethical issues.
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gain from FDMA scales as the number of nodes with different
resonance frequencies increases. However, the tunability of a
PAB sensor will be limited by the efficiency and bandwidth of the
piezoelectric transducer design. This motivates novel transducer
designs and MAC protocols to scale to a large number of nodes.
Sensing Capabilities: Our evaluation demonstrates the ability
to remotely power up the sensors and achieve communication
throughputs of few kbps. The desire to increase range and data
rates motivates further research to reduce power consumption and
increase sensitivity, throughput, and deep-sea sensing capabilities.
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