
Ultra-Wideband Underwater Backscatter
via Piezoelectric Metamaterials

Reza Ghaffarivardavagh∗, Sayed Saad Afzal∗, Osvy Rodriguez∗, and Fadel Adib
Massachusetts Institute of Technology

∗Co-primary Authors
{rezagh,afzals,osvyrd,fadel}@mit.edu

ABSTRACT
We present the design, implementation, and evaluation of 𝑈 2𝐵, a
technology that enables ultra-wideband backscatter in underwater
environments. At the core of 𝑈 2𝐵’s design is a novel metamaterial-
inspired transducer for underwater backscatter, and algorithms that
enable self-interference cancellation and FDMA-based medium ac-
cess control.

We fabricated 𝑈 2𝐵 nodes and tested them in a river across dif-
ferent weather conditions, including snow and rain. Our empirical
evaluation demonstrates that 𝑈 2𝐵 can achieve throughputs up to
20 kbps, an operational range up to 62 m, and can scale to networks
with more than 10 nodes. In comparison to the state-of-the-art system
for underwater backscatter, our design achieves 5× more throughput
and 6× more communication range. Moreover, our evaluation repre-
sents the first experimental validation of underwater backscatter in
the wild.

CCS CONCEPTS
• Networks → Network architectures; • Hardware → Wireless
integrated network sensors; • Applied computing → Environ-
mental sciences;
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1 INTRODUCTION
Energy-efficient underwater networking has recently witnessed
mounting interest from academia and industry due to emergent needs
for its environmental, defense, and industrial applications [20, 22, 24,
36]. Concerns about the impact of climate change on ocean health
have prompted oceanographers and climatologists to seek sensor
networks that can be used to monitor ocean vital signs such as carbon
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balance, coral reef conditions, and biodiversity [30, 32, 42]. On the
defense front, DARPA launched the “Ocean of Things” program in
2017 to propel the development of low-cost, low-power distributed
sensor networks that can enhance maritime situational awareness [8].
Major industry players – including Google, Microsoft, and Honey-
well – have also become increasingly interested in deploying such
networks to monitor underwater infrastructures ranging from oil and
gas pipelines [14] to submerged datacenters [57].

Despite major advances in underwater technologies, existing pro-
posals remain far from the vision of a low-cost, low-power dis-
tributed architecture for a subsea IoT. The majority of today’s sys-
tems rely on point-to-point communication between modems that
require at least 50-100 Watts for data transmission [33, 53], a power
level that quickly drains the batteries of underwater sensors and lim-
its their lifetime. Early workarounds for this high power consumption
problem involved heavy duty-cycling which strangled the data rates
to within few to tens of bits per second [21, 23]. Recent work on un-
derwater wireless charging [15, 34] and backscatter [20] promises to
extend battery life and to reduce the power consumption of underwa-
ter communication to sub-milliWatt levels; however, these systems
are still limited in their throughput, operational range, and scale. For
example, the state-of-the-art system for underwater backscatter is
limited to 3 kbps and a maximum distance of 10 m [20].

We present Ultra-wideband Underwater Backscatter (𝑈 2𝐵), a sys-
tem that enables scalable and ultra-low power underwater network-
ing. The system brings the benefits of Ultra-Wideband (UWB) tech-
nology to low-power underwater communication. UWB is a mature
technology in radio frequency (RF) communication1 and has been
used to extend communication range [11], boost throughput [38], and
scale radio networks via concurrent transmissions [18, 19]. However,
existing UWB RF systems cannot be used for underwater commu-
nication because RF attenuates exponentially in water. This is why
today’s underwater communication systems primarily rely on acous-
tic signals, which have good propagation properties in water [16, 50].

Bringing UWB to underwater backscatter faces multiple chal-
lenges. First, underwater communication nodes, including backscat-
ter nodes, rely on resonant piezoelectric transducers. These transduc-
ers have high efficiency when transmitting and receiving sound at
their resonance frequency, but their performance quickly degrades
as the frequency moves away from resonance. Hence, they are lim-
ited to narrow bandwidths. Second, backscatter communication is
inherently full-duplex and suffers from self-interference between
the transmitted signal and the backscatter response. This problem
is exacerbated for UWB backscatter since UWB signals are typi-
cally below the noise floor making it more difficult to detect and

1A communication system is defined as UWB if its bandwidth is larger than 20% of its
center frequency [51].
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decode them in the presence of strong self-interference. Finally, scal-
ing underwater UWB backscatter to multiple nodes will introduce
new forms of interference and require new mechanisms to disentan-
gle interfering signals and decode them in frequency-selective and
time-varying underwater environments.

At the heart of 𝑈 2𝐵’s approach to overcoming these challenges is
a metamaterial-inspired transducer design for underwater backscatter.
Metamaterials are artificial materials (or material composites) that
exhibit properties which would otherwise not occur in nature. In the
context of𝑈 2𝐵, we needed to develop a backscatter transducer that
exhibits wideband properties.

Before we describe our new transducers, let us understand why
traditional low-power designs have a limited bandwidth. Fig. 1(a)
shows a typical underwater transducer consisting of a piezoceramic
cylinder. Piezoceramic cylinders are used for transmitting and receiv-
ing sound underwater because they can transform sound to electric
signals, and vice versa. The geometry of these transducers deter-
mines their resonance frequency. In the above figure, the resonance
frequency is determined by the thickness, radius, and material com-
position of the piezoceramic cylinder. (By analogy, guitar strings
have a resonance frequency that is determined by their thickness,
length, and material). Existing underwater communication systems
leverage this property to maximize the efficiency of backscatter and
energy harvesting by transmitting sound at the resonance frequency
of the transducer.2 However, the signal-to-noise ratio (SNR) and
energy harvesting efficiency significantly degrade outside this fre-
quency (as shown in Fig. 1(a)). In principle, it is possible to use a
non-resonant transducer; however, such a design is undesirable as it
would be inefficient and would further limit the range and SNR of
underwater communication [10, 43].

To overcome the bandwidth limitation while maintaining high
efficiency,𝑈 2𝐵 synthesizes different forms of resonance through the
multi-layer (metamaterial) design shown in Fig. 1(b). The design al-
ternates between active (piezoelectric) layers and passive (polymer)
layers. It makes use of two kinds of resonance: the first (shown in
blue and yellow) is similar to that of standard transducers and arises
from the primary resonance of each individual piezoceramic layer.
The second and more interesting, kind of resonance arises from the
passive coupling between the different active layers. Even though
the polymer layers are themselves passive, by sandwiching them
between two piezoceramic layers, we impose new constraints on
how the active layers may stretch and squeeze concurrently. This
coupled interaction yields additional resonances that fill in the gaps
between the first two types of resonances, thus resulting in wideband
operation (depicted by green curves in Fig. 1(b)). Each of these
resonances corresponds to a complex vibration mode – called eigen-
mode. The combination of these eigenmodes allows 𝑈 2𝐵 to achieve
high-efficiency backscatter over a wide bandwidth. In §3.1, we ex-
plain this multi-layered design in detail, and in §4.1, we describe
how 𝑈 2𝐵 can independently or jointly activate different layers for
communication and energy harvesting.

A major benefit of UWB RF technologies is that they can extend
the communication range between two nodes by allowing them to

2While past systems have tried to shift the resonance electrically [20], they can only do
so by a small amount (around 2-3kHz) but remain limited by the mechanical resonance
of the piezoceramic cylinder’s geometry.

(a) Traditional Single-Layer Resonator

(b)𝑈 2𝐵’s Metamaterial Design

Figure 1—𝑈 2𝐵 Synthesizes Resonances to Achieve UWB Performance. In each of
(a) and (b), the left figure shows the transducer architecture, the middle figure shows the
SNR as a function of frequency, and the right figure shows one of the vibration modes –
or eigenmodes – of the active layers.

decode packets that are received below the noise floor [45]. Specif-
ically, a UWB transmitter can apply a spread-spectrum code (e.g.,
CDMA) before transmitting its packet, and a UWB receiver can
correlate with the same code to boost the received signal and de-
code packets that are orders of magnitude below the noise floor.3

In the context of underwater backscatter, however, the communi-
cation range is not only limited by the noise floor, but also by the
strong self-interference between the transmitted and received signals
(since the nodes communicate by modulating the reflection of a
continuous downlink signal sent from a remote transmitter). This
self-interference limited past systems’ operational range to within a
few meters [20].

To overcome this challenge,𝑈 2𝐵 exploits the multi-resonant wide-
band transducer and shifts the backscatter response to an out-of-band
channel. Specifically,𝑈 2𝐵’s ultra-wide bandwidth allows it to divide
its available spectrum to multiple orthogonal frequency channels and
to use separate channels for downlink and uplink communication.
Let us assume the downlink packet is transmitted at 40 kHz. The
backscatter node can leverage the non-linear nature of backscatter
to shift the uplink response to a different center frequency, e.g.,
20 kHz. A remote receiver that obtains both the strong downlink
(at 40 kHz) and weak backscatter uplink (at 20 kHz) can simply
filter out the downlink signal in hardware. This approach allows it
to cancel self-interference and decode the weak backscatter packet
even if it is orders of magnitude weaker than the transmitted signal
or the noise floor. In §3.2, we describe this approach in detail and
demonstrate how it can increase the communication range by an
order of magnitudes over state-of-the-art designs.
𝑈 2𝐵’s design builds on the above primitives to address many of

the limitations of prior low-power subsea IoT proposals. Beyond
increasing the communication range, it uses the wide bandwidth to
boost throughput and increase the number of frequency channels

3By analogy, GPS receivers use such coding mechanism to decode signals with SNRs
of -20 dBm.
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available for communication, thus scaling the subsea IoT to dozens
of nodes.

We implemented a prototype of 𝑈 2𝐵 and tested it in a river and
indoor pools. We mechanically fabricated our metamaterial trans-
ducers in-house; our fabrication process (detailed in §4) involved
designing and 3D printing the molds, stacking (electrically and me-
chanically) piezoceramic transducers, and curing the transducers
under high-pressure environments. Our prototype evaluation was
performed with integrated energy-harvesting micro-controllers as
well as with software radio-based nodes (USRP N210 [3] with LFRX
daughterboards [2]). Our empirical evaluation across around 400
experimental trials demonstrated the following results:

• In comparison to single-layer backscatter nodes,𝑈 2𝐵’s design
boosts the throughput from 3kbps (of the state-of-the-art system)
to more than 20 kbps. Such throughput is considered on the high
end of underwater communication systems, and can enable new
applications such as streaming low-resolution images (e.g., for
coral reefs or aquafarms).

• 𝑈 2𝐵’s self-interference cancellation approach allows it to mitigate
the direct signal from the projector. Practically, we show that it
enables us to communicate at up to 60 m.

• Our evaluation also demonstrates how 𝑈 2𝐵 can support up to 10
concurrent transmissions (before spatial reuse), and that it can
adapt its throughput based on the distance and size of the network.

Contributions:𝑈 2𝐵 is the first system that enables ultra-wideband
underwater backscatter. Its design introduces a novel metamaterial-
based transducer that synthesizes multiple resonances to achieve
wideband operation. The design brings various capabilities to the
subsea IoT domain, including out-of-band self-interference cancella-
tion and multi-channel communication. The paper also contributes a
prototype implementation and evaluation in challenging real-world
environments.

2 THE NARROWBAND PROBLEM
We start by explaining why existing solutions for underwater
backscatter have a limited bandwidth. Then, in §3, we explain how
𝑈 2𝐵 overcomes this problem by introducing an ultra-wideband de-
sign.

2.1 Underwater Backscatter
Before delving into the narrowband problem, we provide a short
primer of underwater backscatter and refer the interested reader
to [20] for a more detailed explanation. Fig. 2 shows a simplified
example of an underwater backscatter system, consisting of a projec-
tor (transmitting speaker), hydrophone (receiver), and a backscatter
node. The projector sends an acoustic signal which reflects off the
backscatter node and returns to the hydrophone.4 The backscatter
node communicates by modulating its reflections. Specifically, it can
send bits of zero and one by alternating between reflective and non-
reflective states. The hydrophone records the received signals and
senses changes in reflection power in order to decode the transmitted
bits.

4The signal also arrives on a direct path from the projector to the hydrophone, but we
ignore this path for simplicity, and we revisit it in §3.2.

Figure 2—Underwater Backscatter. In underwater backscatter, a projector transmits
an acoustic signal on the downlink, which reflects off the backscatter node and comes
back to the hydrophone receiver. To communicate information, the node can change
its reflection coefficient by controlling an impedance switch across the terminals of a
piezoelectric front-end.

The signal-to-noise ratio (SNR) of the received signal is deter-
mined by the difference between the reflective and non-reflective
states. It is given by the following equation:

𝑆𝑁𝑅 =
|𝑃reflective − 𝑃non-reflective |2

|𝑁 |2

where 𝑃reflective and 𝑃non-reflective refer to the pressure received by
the hydrophone5 in the reflective and non-reflective states and 𝑁
refers to the amplitude of noise. The square indicates the power.

We can simplify the above equation by rewriting it as a function
of the reflection coefficient Γ and the incident pressure 𝑃incident as
follows:

𝑆𝑁𝑅 = |Γreflective − Γnon-reflective |2
|𝑃incident |2

|𝑁 |2
(1)

To modulate the reflection coefficient of sound, underwater
backscatter nodes rely on piezoelectric materials. Specifically, by
opening and shorting the terminals of that material (via a switch as
shown in Fig. 2), they can toggle between the two reflective states,
thus enabling backscatter communication.

2.2 The Resonance Bottleneck
While using piezoelectric materials enables underwater backscat-
ter, it limits the bandwidth of underwater communication. Specif-
ically, piezoelectric materials must be operated at a specific reso-
nance frequency – also called the natural frequency of the material.
At resonance, they vibrate with a large amplitude, which leads to
high efficiency in sending and receiving sound. A popular exam-
ple of resonance is how an opera singer can break glass with her
voice [40, 41]; in particular, when the singer’s voice matches the
resonance frequency of the glass, the glass vibrates with higher and
higher amplitudes and eventually breaks [40, 41]. Similarly, when
piezoelectric materials are excited by their resonance frequency, they
generate stronger signals.

To gain more insight into the bandwidth problem, we simulated a
piezoceramic cylinder’s vibration at different frequencies and mea-
sured the amplitude of vibration. Fig. 3 visualizes the amplitude

5Note that the amplitude of the electric field in RF is replaced by the amplitude of the
pressure wave in acoustics.
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(a) At 𝑓 = 𝑓𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 (b) At 𝑓 ≠ 𝑓𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒

Figure 3—Single-Layer Eigenmode. The figure shows the amplitude of the piezo
vibration across its body when it is excited (a) at resonance, and (b) outside resonance.
The vibrations are visualized as a heat map where red and blue represent high and low
vibration amplitudes respectively.

as a heatmap over the cross-section of the piezoelectric cylinder.6

The heatmap shows the largest amplitude of vibration in red and
the lowest amplitude of vibration in blue. Fig. 3(a) shows that when
the cylinder is excited by its resonance frequency, it expands and
shrinks in the radial direction with a large amplitude; this radial
vibration is called an eigenmode and the corresponding frequency is
called an eigenfrequency. Fig. 3(b) shows that when the same cylin-
der is excited by a frequency far from its resonance, the vibration
amplitude is very small. This simulation verifies that operating at
resonance is necessary to achieve high efficiency in transmitting and
receiving sound. What is less clear – and has not been well-studied
in past work – is why resonance limits the underwater backscatter
bandwidth of piezoelectric materials. The rest of this section focuses
on understanding this problem.

The impact of resonance on SNR. Recall from Eq. 1 that the SNR
depends on the difference between the reflection coefficients in the
two backscatter states. The reflection coefficient itself is a function
of the acoustic impedances of water and the piezoelectric material.
Mathematically, the reflection coefficient can be described using the
following equation:

Γ =
𝑍𝑝𝑖𝑒𝑧𝑜 − 𝑍𝑤𝑎𝑡𝑒𝑟

𝑍𝑝𝑖𝑒𝑧𝑜 + 𝑍𝑤𝑎𝑡𝑒𝑟
(2)

where 𝑍𝑝𝑖𝑒𝑧𝑜 and 𝑍𝑤𝑎𝑡𝑒𝑟 refer to the acoustic impedances of the
piezoceramic cylinder and water. During backscatter, the terminals
of the piezoelectric are opened and shorted, resulting in different
piezoelectric impedances 𝑍𝑝𝑖𝑒𝑧𝑜 across the two states. This, in turn,
modulates the reflection coefficient and enables backscatter.

Next, we would like to understand the impact of frequency on
the SNR. Fig. 4 plots the absolute value of the difference in reflec-
tion coefficients (between open and short cases) as a function of
frequency and as a function of the impedance of 𝑍𝑝𝑖𝑒𝑧𝑜 . We make
the following remarks from the figure:
• At the resonance frequency, the difference in reflection coef-

ficients between the two states is maximized, resulting in the
highest SNR. The SNR degrades quickly outside resonance.

• The figure also plots the difference in reflection coefficients as a
function of the imaginary part of the impedance. It demonstrates
that the SNR is maximized when the imaginary component of the

6We used the COMSOL Multiphysics software [1] to simulate the vibrations of the
piezoceramic cylinder.

Figure 4—Backscatter and Resonance. The figure plots the absolute value of the
difference in the reflection coefficient (between open and short cases) as a function of
normalized frequency and as a function of the normalized imaginary component of
piezo-transducer impedance.

impedance is zero. Intuitively, the imaginary part is zero when the
vibration of the cylinder’s wall and the acoustic wave are in-phase
(i.e, the phase 𝜙 of the complex impedance is zero). In reference
to the opera singer analogy, when the singer’s voice and the glass
vibrate in-phase, the glass’s amplitude increases.
We can also show this mathematically. The impedance is a func-
tion of the cylinder’s mass 𝑀 , its stiffness 𝐾 , and its resistance 𝑅.
Formally, we show in the appendix that the backscatter acoustic
impedance can be given by the following equation:

𝑍𝑝𝑖𝑒𝑧𝑜 = 𝑅 + 𝑗𝜔
(
𝑀 − 𝐾

𝜔2

)
The above equation reaffirms that the absolute value of the
impedance is minimized when its imaginary part is zero. The
equation also shows that the resonance frequency is 𝜔 =

√
𝐾/𝑀 .

• The figure repeats the same simulation for different resistance
values 𝑅, which correspond to different damping coefficients.
While more damping leads to lower SNR, it does not impact the
resonance frequency.
Before we move on to describe 𝑈 2𝐵’s approach to overcoming

this narrowband problem, it is worth reflecting on the difference in
effective bandwidth between underwater piezoelectric backscatter
and RF backscatter (e.g., RFIDs). RF backscatter operates at a much
higher center frequency (𝐺𝐻𝑧) than acoustic/ultrasonic backscatter
(∼ tens of 𝑘𝐻𝑧). As a result, a communication bandwidth of 20 kHz
for piezoacoustic backscatter would be of the same order as its
center frequency, but that same bandwidth would be less than 1% the
center frequency of RF communication. As per Fig. 4, this makes it
significantly more difficult for piezo-acoustic backscatter than for
RF backscatter to achieve high SNR across the same bandwidth
(since the absolute value of the difference in reflection coefficient is
a function of the normalized frequency).
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(I)
(II)

(III)
(I) (II) (III)

(IV) (V) (VI) (VII)

Figure 5—Eigenmodes and Eigenfrequencies of𝑈 2𝐵’s Metamaterial Design. The figure in the top left shows the vibration amplitude across the different eigenfrequencies. (I)-(VII)
depict the eigenmodes associated with some of the eigenfrequencies. The vibration amplitude for each of these eigenmodes is visualized as a heatmap across the body of the transducer,
where red indicates a high amplitude vibration and navy blue indicates low amplitude vibration.

3 ULTRA-WIDEBAND META-MATERIAL
DESIGN

So far, we have explained why existing solutions for underwater
backscatter suffer from a narrow communication bandwidth. In
this section, we describe how 𝑈 2𝐵 overcomes this challenge via
a metamaterial design, and how its design boosts the throughput,
range, and scale of underwater backscatter networking.

3.1 Coupled Eigenmodes
A strawman solution to the bandwidth problem is to connect multiple
piezoelectric cylinders, each having a different resonance frequency.
However, such an approach would result in bulky and costly nodes,
and it does not scale well to a wide bandwidth since it requires adding
a new cylinder for each frequency. The design would also suffer from
a directionality problem since placing multiple cylinders side-by-
side would mimic a fixed antenna array (beamforming) behavior.

To provide a scalable, cost-effective, compact, and omnidirec-
tional solution,𝑈 2𝐵 adopts a multi-layer architecture that alternates
between active and passive layers. This architecture is shown in
Fig. 1(b) and consists of two active piezoelectric layers and a passive
polymer layer sandwiched between them.

Despite its apparent simplicity,𝑈 2𝐵’s multi-layer design has pow-
erful properties that enable it to operate over a wide bandwidth. First,
because its layers are concentric, the transducer does not suffer from
a directionality problem. Second, because the polymer between the
two active layers is mechanically compliant (i.e., flexible), it allows
the inner and outer layers to vibrate independently to some extent.
This enables the overall structure to inherit the Eigenfrequency and
Eigenmode of both Piezoelectric layers without suffering from the
problems of the strawman approach described earlier. Finally, even
though the polymer itself is flexible, it imposes new constraints on
how the two layers can vibrate with respect to each other, thus result-
ing in a coupled behavior. This coupling provides additional degrees
of freedom that lead to new Eigenmodes and Eigenfrequencies that

would not be present in any of the individual active piezoelectric
layers.

We simulated 𝑈 2𝐵’s design at different frequencies and show
some of the resulting Eigenmodes and Eigenfrequencies in Fig. 5.
Similar to our earlier visualization, we overlay a heatmap of the
vibration amplitude on the cross-section of each of the two layers.
Consider mode (I) in the center top of the figure. This mode results
from exciting the transducer at a frequency of 20 kHz, and it cor-
responds to the original radial vibration of the outer piezoelectric
cylinder. Notice how, in this configuration, the outer layer exhibits
large vibrations, while the inner layer is relatively static. This verifies
that𝑈 2𝐵 can indeed inherent the eigenmode of its active layers.

Next, consider mode (III) in the top right of the figure. This mode
is interesting because both the inner and outer piezos exhibit large ra-
dial vibrations as demonstrated by the red and yellow central regions
in both of them. This eigenmode corresponds to the scenario where
both layers vibrate by bending in opposite directions to each other.
Physically, this mode arises from the fact that both piezoelectric
cylinders have the same height, which results in a bending mode
vibration that is enhanced by stacking them together.7

It is important to note that not all eigenmodes of this multi-layer
design have a simple physical interpretation. In particular, the bottom
row of Fig. 5 shows a number of Eigenmodes which would not have
been possible without the coupling between the two active layers.
In mode (V), for example, we can see that the internal layer itself
splits into two concurrent radial modes in the top and bottom half
of the cylinder. Such a vibration mode would not be natural for a
single-layer piezoelectric cylinder in the absence of coupling.

The top left of Fig. 5 plots the vibration amplitude as a function
of frequency. Surprisingly, the figure demonstrates that 𝑈 2𝐵 has
a large number of eigenmodes between 20 kHz and 60 kHz due
to its coupled multi-layer design. Mathematically, it is possible
to derive these eigenmodes by solving the following differential

7Note that this bending mode would also exhibit for each cylinder alone, but would be
weaker than the radial mode (I).
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Figure 6—Characteristic Curve for Single and Multi-layer Designs. The figure
plots the characteristic curve for single-layer (in red) and multi-layer (in black) designs
as a function of frequency.

equation, along the different degrees of freedom of this meta-material
structure [31]:

𝑑𝑒𝑡 (𝜔2𝑀 − 𝐾) = 0

To solve this differential equation, we used the COMSOL Mul-
tiphysics software [1], and we defined the coupling between the
layers (both active and passive) by applying continuity constraints
on both pressure and velocity across the boundaries. The wealth
of resonances arising from this multi-layer design signals that 𝑈 2𝐵
would indeed exhibit the desired ultra-wideband behavior. Specif-
ically, the presence of multiple Eigenmodes and Eigenfrequencies
would ensure that the backscatter SNR remains sufficiently high
over a wide bandwidth.

Experimental Validation in a River. Next, we would like to em-
pirically verify that 𝑈 2𝐵 exhibits wideband behavior. We ran an
experiment to compare the SNR of a𝑈 2𝐵 node to that of a state-of-
the-art underwater backscatter node, PAB, which uses a single-layer
piezoelectric resonator. Our experiments were performed in the river
which had a depth of around 4 m. In these experiments, the acoustic
transmitter sends a downlink signal at a frequency of 37.5 kHz. The
backscatter node modulates this signal at different rates, and the
hydrophone measures the SNR of the received signal at the corre-
sponding frequency. (The design of the backscatter node is detailed
in §4).

Fig. 6 plots the SNR of the received signal as a function of fre-
quency for both single-layer (PAB, in red) and multi-layer (𝑈 2𝐵, in
black) designs. The figure plots the exact values of the measured
SNR with dotted-dashed lines, and the smoothed SNR curves with
solid lines. In particular, since the experiment is performed in a river
(i.e., an uncontrolled testing environment), the communication chan-
nel is impacted by various factors – including wind, river current,
and depth – and changes rapidly over time. These changes in the
channel impact the result by creating high-frequency variations that
can be seen in the exact values of the resulted SNR. Therefore, we
rely on the smoothed/averaged version of the SNR, shown with the
solid line, to characterize the performance of the two designs.

We make the following observations:

• First, the overall SNR of a 𝑈 2𝐵 node is higher than that of the
single-layer node, PAB, across all frequencies. The increased
SNR results in higher channel capacity – which enables achieving
higher throughputs (as we demonstrate empirically in §5.1) – and
enables communication over further distances (as we demonstrate
empirically in §5.2).

• Second, in the single-layer PAB design, the backscatter SNR
is relatively limited to around 20 kHz (from 10-30 kHz); out-
side this band, the SNR significantly decays due to being far
from resonance. The limited bandwidth in PAB’s design limits
both the throughput and the available spectrum for communica-
tion. In contrast, 𝑈 2𝐵’s multi-layered design exhibits stronger
SNR performance over a wide bandwidth due to its coupled reso-
nance modes. Specifically, the backscatter signal’s SNR in 𝑈 2𝐵
remains sufficiently high across the entire band spanning 10 kHz
to 60 kHz.

• Interestingly, 𝑈 2𝐵 achieves higher SNR than PAB even between
10 kHz and 30 kHz. There are two reasons for this improvement.
First, the acoustic impedance matching for𝑈 2𝐵 is higher than that
of PAB; this is because the added polymer layer in𝑈 2𝐵 reduces
its density, making its acoustic impedance closer to that of water.
Second, even though the downlink frequency in this region is
close to only one of the active piezoceramic layers, the other layer
would still vibrate, thus enhancing the overall efficiency of𝑈 2𝐵.

• It is worth noting that the backscatter performance is not fre-
quency flat and exhibits a dip around 35 kHz. This behavior
mimics the theoretical simulation in the top left of Fig. 5, which
also exhibits a dip around that frequency.

• Another point worth noting is that the single-layer node exhibits
a small peak around 55 kHz. This peak is corresponds to the
bending eigenmode due to the length (rather than radius) of the
cylinder. This corresponds to mode (III) in Fig. 5, and is reinforced
in the multi-layer structure due to coupling.

3.2 Self-Interference Cancellation
Backscatter communication is inherently full duplex, since the
backscatter node communicates by modulating the reflections of
a downlink signal. As a result, the hydrophone receives a strong
downlink signal from the projector as well as a weak backscatter
reflection from a low-power node. Unfortunately, the projector’s
direct signal can overwhelm the receiving hydrophone and prevent it
from detecting the weak backscatter response. Note that increasing
the transmit power from the projector would not solve the problem
because it boosts both the downlink signal as well as the backscat-
ter response. In fact, boosting the transmit power would saturate
the analog-to-digital converter (ADC) of the receiver and prevent
it from being able to sense the backscatter response even if the
backscattering node is nearby.

To better understand this challenge, let us assume that the projec-
tor transmits the downlink signal at 𝑓𝑐 = 40 𝑘𝐻𝑧, which falls well
within the bandwidth of 𝑈 2𝐵’s front-end as per Fig. 6. Addition-
ally, let us assume that the backscatter node wishes to transmit a
packet 𝑝 (𝑡) on the uplink. To do so, the node can simply apply 𝑝 (𝑡)
across the backscatter switch, resulting in the following signal being
received by the hydrophone:

𝑦 (𝑡) = 𝐼 cos(2𝜋 𝑓𝑐𝑡) + ℎ𝑝 (𝑡)𝑐𝑜𝑠 (2𝜋 𝑓𝑐𝑡)
where 𝐼 is the amplitude of the direct path from the projector and
ℎ is the channel from the backscatter node to the receiver. Because
𝐼 >> ℎ, we will have self-interference which limits the ability to
sense the backscatter response of a faraway node.

To overcome this challenge, 𝑈 2𝐵 leverages its wideband front-
end, shifts the backscatter response out-of-band, and filters out the
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(a) Self-interference Cancellation (b) FDMA MAC

Figure 7—Scaling the Range and the Size of 𝑈 2𝐵 networks. The figure plots the
power of the signal received by a hydrophone as a function of frequency. (a) shows how
𝑈 2𝐵 can eliminate the downlink self-interference (in green) and retain a backscatter
response (in red). (b) shows how 𝑈 2𝐵 can scale to multiple nodes by assigning a
different frequency channel to each of them.

strong in-band downlink signal as shown in Fig. 7(a). Specifically,
rather than just applying 𝑝 (𝑡) across the backscattering switch, it can
apply 𝑝 (𝑡) cos(2𝜋 𝑓𝑜𝑡) to shift the response away from the downlink
signal in the frequency domain. In such a scenario, the received
signal by the hydrophone is given by the following equation:

𝑦 (𝑡) = 𝐼 cos(2𝜋 𝑓𝑐𝑡) + ℎ𝑝 (𝑡)𝑐𝑜𝑠 (2𝜋 𝑓𝑐𝑡)𝑐𝑜𝑠 (2𝜋 𝑓𝑜𝑡)
= 𝐼 cos(2𝜋 𝑓𝑐𝑡) + 0.5ℎ𝑝 (𝑡)𝑐𝑜𝑠 (2𝜋 (𝑓𝑐 − 𝑓𝑜 )𝑡)

+ 0.5ℎ𝑝 (𝑡)𝑐𝑜𝑠 (2𝜋 (𝑓𝑐 + 𝑓𝑜 )𝑡)

So, the received signal contains the downlink frequency at 𝑓𝑐 and
the backscatter response at 𝑓𝑐− 𝑓𝑜 and 𝑓𝑐 + 𝑓𝑜 . Assuming 𝑓𝑜 = 25 𝑘𝐻𝑧,
then the backscatter response is at 15 kHz and 65 kHz, while the
downlink signal remains at 40 kHz as shown in Fig. 7(a). Thus, the
receiver can simply apply a low-pass filter whose cutoff is 30 kHz to
eliminate the downlink signal. This leaves it with only the backscatter
response at 15 kHz allowing it to easily decode it.

Few points are worth mentioning about𝑈 2𝐵’s approach for self-
interference cancellation:

• First, by mitigating the strong downlink signal, the projector
can transmit higher power and receive a stronger response from
further away backscatter node. We can also place a low-noise
amplifier (LNA) after the filter but before the ADC to further
improve the sensitivity of our receiver to a further away node. Our
implementation employs both of these techniques to significantly
boost the range of communication of underwater backscatter as
we empirically demonstrate in §5.

• In our above discussion, we employed a low-pass filter to elimi-
nate the downlink signal. Alternatively, it is possible to employ
a high-pass filter (e.g., around 50 kHz in the above example) to
mitigate self-interference. In such an implementation, the receiver
retains the backscatter response at 65 kHz and can still decode
it. Naturally, it can also employ a notch filter around 40 kHz and
retain both 15 𝑘𝐻𝑧 and 65 𝑘𝐻𝑧 to obtain an even better SNR.

• One might wonder whether it is possible to simply apply a notch
filter without shifting the backscattered response out of band.
While this is possible in theory, in practice, it would require a
very high-Q filter which may be infeasible and it would result in
mitigating not only the self-interference, but also the backscatter
response [28].

• Another interesting question is whether applying 𝑓𝑜 = 25 𝑘𝐻𝑧
would defeat the purpose of backscatter since it is of the same
order of the downlink frequency 𝑓𝑐 = 40 𝑘𝐻𝑧. Recall that the

primary benefit of backscatter is that the receiver does not need
to amplify its own generated signal since it communicates by
reflecting a powerful downlink signal. In practice, we found that
if the hydrophone is placed very close to a 𝑈 2𝐵 node, it would
indeed sense a much weaker signal at 𝑓𝑜 in comparison to a much
stronger response at 𝑓𝑐 − 𝑓𝑜 and 𝑓𝑐 + 𝑓𝑜 . This verifies the benefits
of backscatter despite the apparent concern.

• It is worth noting that out-of-band backscatter has been explored
in the context of RF communication [28, 56]; however, prior
designs couldn’t adapt it to underwater backscatter because they
had a limited bandwidth [20]. By introducing an ultra-wideband
metamaterial design, 𝑈 2𝐵 can bring the benefits of out-of-band
backscatter to underwater systems.

3.3 Scaling to Many Nodes
Next, we describe how 𝑈 2𝐵 leverages its ultra-wideband perfor-
mance to scale underwater backscatter networks to a larger number
of nodes. At a high level, the system employs an FDMA style MAC
protocol to enable concurrent transmissions. It divides the overall
available bandwidth into different sub-channels and allocates each
sub-channel to a different backscatter node. Because 𝑈 2𝐵 enjoys
a wider bandwidth in comparison to prior designs, it can support
a larger number of concurrent transmissions with minimal interfer-
ence.8

To understand how 𝑈 2𝐵 supports concurrent transmissions, let us
consider a simple network with two backscatter nodes 𝐴 and 𝐵, and
let us assume that the projector wants to allocate channels centered
at 𝑓𝐴 and 𝑓𝐵 to these two nodes, as shown in Fig. 7(b). To do so,
the projector needs to instruct each of the two nodes to shift by the
appropriate frequency in order to occupy their respective channels.
Hence, it sends a downlink command signal, instructing node 𝐴 to
apply a shifting frequency of 𝑓𝑐 − 𝑓𝐴 and node 𝐵 to apply a shifting
frequency of 𝑓𝑐 − 𝑓𝐵 , which would result in the desired shifts as
shown in the figure.

Mathematically, the hydrophone receives the following signal:

𝑦 (𝑡) = (𝐼 + ℎ𝐴𝑆𝐴 (𝑡) cos(2𝜋 (𝑓𝑐 − 𝑓𝐴)𝑡)+
ℎ𝐵𝑆𝐵 (𝑡) cos(2𝜋 (𝑓𝑐 − 𝑓𝐵)𝑡)) cos(2𝜋 𝑓𝑐𝑡)

This results in a shifting behavior similar to that described in §3.2,
as demonstrated in the figure. Subsequently, the receiver can simply
apply a bandpass filter around 𝑓𝐴 and 𝑓𝐵 to decode the two concurrent
transmissions. The same idea can be extended to a large number of
nodes, each occupying a different subchannel 𝑓𝑖 .

Two additional points are worth noting:
• Due to the on-off switching nature of backscatter communication,

the resulting backscatter signal is a square wave (rather than a
simple cosine). One challenge, here, is that the harmonics of
the square wave may interfere with other nodes by overlapping
with their channels. To this end, the projector can pre-determine
orthogonal channels (i.e., ones whose harmonics don’t interfere)
in its channel allocation process. Moreover, 𝑈 2𝐵 adapts its MAC
protocol to maximize the spacing between the allocated channels,
thus minimizing interference.

8Note that PAB could support 2 concurrent transmissions, but required two hydrophones.
In contrast,𝑈 2𝐵 can support a much larger number of backscatter nodes even with a
single hydrophone receiver.
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Figure 8—Exploded Transducer View. The figure shows the exploded transducer
view and the layered piezoceramic structure for𝑈 2𝐵.

• When reasoning about the overall behavior of𝑈 2𝐵, it is important
to distinguish between two different frequency/vibration concepts:
The first is the metamaterial mechanical vibration; when the meta-
material is excited at a certain frequency, it automatically vibrates
at that frequency’s corresponding eigenmode (as shown in Fig. 5).
The second concept is the backscatter frequency, which is de-
termined by how the backscatter switch is modulated (e.g., by
a micro-controller). To program the backscatter frequency, the
transmitter sends a command signal on the downlink instructing
the node to modulate the backscatter switch, resulting in an uplink
frequency 𝑓𝐴. As a result, both the downlink frequency and the
uplink frequency are considered excitations to the metamaterial,
which subsequently vibrates at their corresponding eigenmodes.

4 FABRICATION & IMPLEMENTATION
In this section, we first explain the fabrication process of𝑈 2𝐵, then
elaborate on our overall setup.

4.1 Mechanical Fabrication
Fig. 8 shows an exploded view of our transducer design. The trans-
ducer consists of a layered piezoceramic structure. We purchased
two different types of piezoceramic cylinders from Steminc [4] to
build𝑈 2𝐵. The outer piezoceramic cylinder has a nominal resonance
frequency of 17 kHz and has an outer radius of 27mm, inner radius
of 23.5mm, and height of 40mm [48]. The inner piezoceramic cylin-
der has a nominal resonance frequency of 30 kHz and has an outer
radius of 18mm, inner radius of 15.5mm, and height of 20mm [47];
we stacked two of the inner piezoceramic cylinders and soldered
them together to obtain the same height as the outer cylinder. We
then soldered wires to the inner and outer surfaces of each of the
cylindrical layers, resulting in a total of four terminals for each
𝑈 2𝐵 transducer. To couple the vibration of the two piezoceramic
cylinders, we filled the space between them with polyurethane. It
is very important to ensure that this polyurethane coupling layer is
entirely filled such that it is in contact with the walls of both piezoce-
ramic layers. Otherwise, the possible delamination may significantly
deteriorate the coupled vibration mode.

The fabrication process of 𝑈 2𝐵 starts by 3D printing the base
and cap of the transducer. Then, we laser cut a polyurethane gasket
with 2mm thickness to match the size of each of the two cylinders.

Transducer BaseMold

Top Cap

Inner Piezo Outer Piezo

Transducer BaseMold

Top Cap

Inner Piezo Outer Piezo

(a) Pre-potting Components (b) Potted Transducer

Figure 9—Fabricated𝑈 2𝐵 transducer. (a) shows the different components of a𝑈 2𝐵
transducer prior to potting. (b) shows one of our potted 𝑈 2𝐵 transducers which was
tested in the Charles River.

We placed the gasket and then the piezoceramic cylinders in their
designated locations on the base, then screwed and tightened the cap
and base together. This design process ensures that the inside of the
internal piezo remains air-backed even after dipping a𝑈 2𝐵 node in
the water. This design methodology, referred as air-backed design,
has been shown to yield to better performance [20].

Next, the capped piezocylinders were placed inside the 3D printed
mold, and we poured the polyurethane WC-575A mixture from BJB
enterprise into the cylinder mold [5]. We used a transparent cylinder
mold to ensure that the outer surface of the entire structure is covered
by the polyurethane mixture, which is needed to insulate it from the
surrounding environment. Notice that the transducer base, as shown
in Fig. 8, has several openings in the region sandwiched between
the two piezoceramic cylinders. These openings guide the poured
polyurethane polymer to completely fill the gap and spacing between
two piezoceramic layers. Afterwards, the structure is placed for 12
hours inside a pressure chamber at a pressure of 60psi to remove any
bubbles from the polyurethane solution. We also experimented with
using a vacuum chamber instead of a pressure chamber to remove the
bubbles; however, this approach was less effective in removing the
bubbles because of the high viscosity of the polyurethane mixture.

Fig. 9 shows the transducer before and after potting. In Fig. 9(a),
the inner and outer piezoceramic cylinders are placed on the trans-
ducer’s base, and are separated by empty space (this separation is
eventually filled with the polyurethane mixture for coupling); the fig-
ure also shows the outer mold and top cap of the transducer. Fig. 9(b)
shows the potted transducer with four electrodes; the electrodes
are connected to the inner and outer surfaces of each of the two
piezoceramic layers. This enables experimenting with different con-
figurations for backscatter and energy harvesting. The total cost of
each fabricated node is around $120, which includes the cost of the
outer piezo ($41) and the cost of the two inner piezos ($35 each).

4.2 Hardware Design
To communicate via backscatter, underwater nodes short and open
two terminals of a piezoelectric transducer as shown in Fig. 2. While
a single-layer transducer has only two terminals (positive and neg-
ative terminals of the piezoceramic cylinder), 𝑈 2𝐵’s multi-layer
design has four terminals – two for each of its active layers. This pro-
vides different options for backscattering by shorting and opening
any of the two terminals.

To enable backscatter while at the same time allowing 𝑈 2𝐵 to
continuously harvest energy, we determined that the best approach is
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to connect the modulating transistor across the terminals of the outer
layer while connecting energy harvesting circuit across the terminals
of the inner layers. This approach allows𝑈 2𝐵 to continuously oper-
ate without the need to alternate periods of energy harvesting and
backscatter. Aside from the front-end,𝑈 2𝐵 adopts a similar approach
to prior designs in terms of rectification for energy harvesting.

In terms of communication protocols, 𝑈 2𝐵 adopts similar tech-
niques to prior backscatter designs, where the downlink projector
encodes bits via PWM and uplink (backscatter) communication
is performed via FM0 modulation. In our evaluation, we experi-
mented with both energy-harvesting backscatter and battery-assisted
backscatter. Since energy-harvesting is not the focus of this paper,
most of our results are reported from battery-assisted backscatter
designs. The power consumption for 𝑈 2𝐵 is similar to PAB [20],
which ranges from 120𝜇W to 500𝜇W. It is important to note that
that battery-assisted nature does not discount the importance of
backscatter since, being the lowest-power communication technol-
ogy, it would significantly extend the battery life of underwater
communication.

4.3 Evaluation Setup
Our evaluation setup is composed of three main components: an
acoustic projector, a hydrophone receiver, and a number of 𝑈 2𝐵
nodes. Since we explained the design and fabrication of𝑈 2𝐵 in pre-
vious section, below we will explain the other two main components
along with the environment where testing is performed.

(a) Transmitter. To generate an acoustic signal, we used one of
our in-house fabricated𝑈 2𝐵 transducers (discussed in the previous
section) as a projector. To drive the node as a projector, a sine wave
with the desired amplitude and frequency is first generated using
the Siglent SDG1032X arbitrary waveform generator [44]. Next, the
output of the signal generator is fed to an XLi2500 Two-channel
750W power amplifier [7]. The output of the amplifier is connected
to the terminals of the outer piezo in differential mode.

(b) Receiver. To record the signal, we used omnidirectional Reson
TC 4014 hydrophone [49] (flat response from 15 Hz to 480 kHz)
with the sensitivity of -180dB re: 1𝑉 /𝜇𝑃𝑎 in the differential mode.
The output of the hydrophone is connected to USRP N210 [3] and
the data is collected with a sampling rate of 1MSps. To capture the
differential output of the hydrophone, we used two LFRX daughter-
boards [2] whose grounds are connected together. Our decoding is
performed offline in MATLAB.

(c) Testing Environments. Unless otherwise noted, all of our ex-
periments were performed in a river. In the river, we chose the test
location based on a number of factors including accessibility, depth,
and water current. Some of our experiments were performed on
rainy and snowy days. While changes in weather impacted the SNR
and channel coherence time,𝑈 2𝐵 was capable of operating correctly
across different weather conditions.

5 RESULTS
To evaluate the performance of𝑈 2𝐵, we performed controlled and
uncontrolled experiments in the river as described in §4.3. Our
experiments tested𝑈 2𝐵’s throughput, communication range, and its
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Figure 10—SNR vs Bitrate. The figure plots the median SNR as a function of bitrate
for both𝑈 2𝐵 (in red) and PAB (in blue) at two different downlink center frequencies:
20 kHz (dashed line) and 40 kHz (solid line). The error bars represents the 25𝑡ℎ and
75𝑡ℎ percentile and the dotted gray horizontal line represents the SNR needed to get a
BER of 10−2.

ability to enable concurrent transmissions. We performed around 400
experimental trials in total. We varied the backscatter rate, location,
and depth of𝑈 2𝐵’s transducers throughout these experiments.

5.1 Throughput
First, we are interested in evaluating 𝑈 2𝐵’s throughput, and com-
paring its throughput to the state-of-the-art underwater backscatter
system, PAB. To evaluate𝑈 2𝐵’s ability to communicate across differ-
ent bitrates, we fixed the locations of the projector, hydrophone, and
backscatter node, and we varied the backscatter bitrate. We repeated
the same evaluation for both 𝑈 2𝐵 and PAB. We also tested each
of them at two different downlink center frequencies: 20 kHz and
40 kHz. In each of our experimental trials, the hydrophone receives
the backscatter node’s packet and computes the SNR of the received
signal. The SNR is computed as the ratio of the signal power (i.e.,
the square of the channel estimate) to the noise power.

Fig. 10 plots the median SNR as a function of the bitrate for
PAB (in blue) and 𝑈 2𝐵 (in red) at the two center frequencies men-
tioned earlier. The dotted horizontal line in the figure represents the
SNR needed to achieve a throughput of 10−2, which is considered a
standard threshold for reliable underwater communication [54]. We
make the following remarks:

• 𝑈 2𝐵 maintains high SNR (i.e., above the dashed lines) at through-
puts up to 20 kbps. In contrast, the PAB baseline cannot achieve
good SNR above 5 kbps. These results are in line with those
reported in the PAB paper [20] and demonstrate that 𝑈 2𝐵 in-
creases the throughput by about 4 − 5× in comparison to the
state-of-the-art baseline. This result is expected because 𝑈 2𝐵’s
transducer enjoys a much wider bandwidth as we demonstrated
experimentally in Fig. 6.

• The baseline, PAB, performs better when the downlink frequency
is at 20 kHz vs at 40 kHz. This behavior is also expected according
to the characteristic curve in Fig. 6, which showed that the system
has a higher SNR around the 20 kHz region, which matches its
primary resonance.9 In contrast, 𝑈 2𝐵 performs better when the
center frequency is 40 kHz, a result that is also expected since

9Note that the SNR from Fig. 6 is that of a single-carrier as described in §3, which is
different from the communication SNR described in this section.
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Figure 11—Self-Interference Cancellation. The figure plots the median SNR with
(red) and without (blue) self-interference cancellation as a function of transmitter voltage.
The error bars represent the 10𝑡ℎ and 90𝑡ℎ percentile. The dotted line represents the
SNR needed to get a BER value of 10−2.

it has high SNR between 10 kHz and 60 kHz according to its
characteristic curve.

• Both 𝑈 2𝐵 and PAB follow similar SNR curves when the down-
link frequency is at 20 kHz. This is also expected since their
characteristic curves are much closer in the bandwidth surround-
ing 20 kHz. Here,𝑈 2𝐵 achieves slightly higher SNR because it is
more efficient even at lower frequencies as described §3.1.

• Beyond 20 kbps, the SNR drops close to 0 dB for both 𝑈 2𝐵
and PAB. This is expected because the backscatter node becomes
inefficient beyond 60 kHz (i.e., 40 kHz center frequency + 20 kHz
backscatter rate) which can also be seen from the characteristic
curve in Fig. 6.

5.2 Range
(a) Self-Interference Cancellation. Recall that 𝑈 2𝐵 employs self-
interference cancellation in order to mitigate the direct path from
projector to hydrophone and enable communication with further
away nodes. Specifically, by canceling self-interference, the projec-
tor can transmit signals at a higher power (without saturating the
hydrophone) and receive stronger SNR from the backscatter node.

To assess the benefit of self-interference cancellation, we ran two
kinds of experiments: one with and one without the filtering mech-
anism described in §3.2. In each kind of experiment, the projector
transmits a downlink signal at 40 kHz, and the backscatter node
is set to shift its response out-of-band by 20 kHz. The projector,
hydrophone, and backscatter node were all placed within a short
distance of about 1 m in order to better understand the effect of the
direct bath and the benefits of self-interference cancellation. In each
of the two experiments, we increased the transmitted power (voltage)
fed into the power amplifier described in §4.3, and we measured the
SNR of the received backscatter signal.

Fig. 11 plots the SNR as a function of the input voltage to the
transducer. We make the following observations:

• Without self-interference cancellation, the SNR starts around
15 dB but experiences a sharp decline around 50 V and plateaus
around -7dB beyond 80V. This is because when the input voltage
to the transducer exceeds 50V, the receiver’s ADC clips, pre-
venting us from being able to decode the received packet. In

such scenarios, the strong self-interference pushes the backscat-
ter signal outside of the dynamic range of the receiver, and the
backscatter signal becomes undetectable. As a result, the system
can achieve reliable communication (i.e., BER below 10−2) only
for low values of transmitter voltages.

• With self-interference cancellation, the SNR starts around 2 dB
and continuously increases with increased transmit voltage, fol-
lowing the theoretically predicted improvement in backscatter
SNR. This is because a higher transmit voltage results in a
stronger reflection, which in turn leads to high backscatter SNR.
This result demonstrates that self-interference cancellation can
indeed mitigate the direct path and keep the backscatter response
within the dynamic range of the receiver’s ADC. This result also
demonstrates that𝑈 2𝐵’s self-interference cancellation mechanism
allows increasing the backscatter SNR and indicates the potential
to communicate with further away backscatter nodes.

• Interestingly, at low transmit voltage, the configuration with-
out self-interference cancellation outperforms that with self-
interference cancellation. Specifically, the SNR around 20V is
around 15 dB without cancellation but only 2 dB with cancel-
lation. This is because the low-pass filter adds an insertion loss
which degrades the receive SNR. Note that it is straightforward
to overcome this loss by adding an LNA at the receiver (or by
amplifying the transmit signal).

• One might wonder whether self-interference cancellation is in-
deed useful if the highest SNR with amplification (i.e., 120V) is
similar to that with no amplification (i.e., 20V) in the absence of
cancellation. Note, however, that this is due to an reduction in
SNR arising from the filter’s insertion loss. By accounting for this
loss and adding an LNA, the received signal with cancellation
would be around 13dB higher than the highest backscatter SNR
without cancellation and results in increasing the communication
range as we demonstrate below.

(b) Communication Range. Next, we would like to evaluate the
range at which we can reliably communicate with 𝑈 2𝐵. In this
experiment, we varied the distance between the backscatter node
and the hydrophone/projector pair. The hydrophone and projector
were co-located (1m apart) and the backscatter device was moved
further away (up to 62m round trip). At each distance, we applied
a CDMA-style code and measured the received signal’s SNR after
coding. To deal with the low power of the backscatter response, we
applied codes of different lengths: 30s, 60s, and 120s. We repeated
each experiment at least 3 times at each rate and distance.

Fig. 12 plots the SNR as a function of distance for each of the
coding rates. We make the following remarks:

• The figure shows that 𝑈 2𝐵 nodes can be used to communicate
up to 60 m (SNR >3dB).10 Such range represents more than 6×
improvement over the baseline (PAB) [20].

• The SNR decreases with distance across different coding rates.
This is expected because the signal power decays with distance.
Moreover, the trend follows the theoretically expected decay
resulting from the round-trip path loss.

10Note that we used the 3 dB threshold here instead of the 7 dB one since we use coding.
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Figure 12—Backscatter SNR vs Distance. The figure plots the backscatter SNR as a
function of distance for different coding rates. Error bars indicate standard deviation,
and solid lines indicate smoothed curves.

• Applying longer codes enables us to communicate over further
distances. Specifically, 30s, 60s, and 120s codes can communi-
cate up to 32m, 48m and 60m respectively. Moreover, since our
USRP receiver is limited to a 14-bit ADC, it would be possible to
communicate over longer ranges with higher-bit ADCs due to the
higher dynamic range.

5.3 Scaling Performance
Finally, we would like to evaluate 𝑈 2𝐵’s ability to scale to a large
number of nodes and enable concurrent decoding. Recall from §3.3
that 𝑈 2𝐵 employs an FDMA-based mechanism that allows it to
allocate different frequency channels to different backscatter nodes
and decode each independently.

To evaluate this capability, we ran a controlled experiment in an
indoor pool whose dimensions are 3m×4m×1.5m. In each experi-
mental trial, we varied the number of backscattering nodes from 1 to
10. Each node was assigned a different frequency channel as per the
protocol described in §3.3. The hydrophone receives the concurrent
responses, applies appropriate software-based filters to isolate them,
and decodes each of them separately. We repeated each experimen-
tal trial at least 10 times for each number of nodes. For any given
number of nodes, we varied the location of the nodes across different
trials to average out the effect of the frequency selective channel.

Fig. 13 plots the median BER and SNR as a function of the
number of nodes. We make the following observations:
• The SNR starts at around 18 dB for one node and gradually drops

as we add more 𝑈 2𝐵 nodes to the environment. This gradual
degradation is due to the residual interference caused by neigh-
boring nodes. Nonetheless, even with 10 nodes,𝑈 2𝐵 can achieve
a median BER of 10−1. This result shows that 𝑈 2𝐵 can indeed
scale up to 10 concurrent nodes despite their close proximity
(and interference), thus demonstrating a 5× improvement over the
state-of-the-art baseline (PAB) [20].

• It is also interesting to note here that the BER doesn’t change
much as we add more nodes. This is because we operate these
nodes at a relatively low bitrate of 100 kbps.

• Finally, it is worth noting that the above performance is achieve
even though all the nodes are in close proximity. It is possible to
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Figure 13—BER and SNR vs Concurrent Transmissions. The figure plots the me-
dian BER and SNR as a function of the number of concurrent transmissions. The error
bars represent the 25𝑡ℎ and 75𝑡ℎ percentile.

scale the system to more concurrent transmissions by exploiting
spatial reuse.

6 RELATED WORK
(a) Low-power underwater networking. Recent research on low-
power underwater networking has resulted in various proposals
for energy harvesting, duty cycling, and low-power communica-
tion [15, 34]. Among these proposals, underwater backscatter has
emerged as the most energy-efficient communication primitive by
demonstrating orders of magnitude reduction in energy consumption
in comparison to other underwater communication technologies [20].
However, prior work on underwater backscatter relied on piezoelec-
tric resonators, which limited its bandwidth, throughput, range, and
scale of operation. 𝑈 2𝐵 directly builds on this work and introduces
UWB to the underwater backscatter problem. This results in achiev-
ing 5x more throughput, range, and scale than the sate-of-the-art
system as we showed empirically in §5.

(b) Transducer Design. Underwater transducer design is a well-
studied area of research that dates back to the development of
submarines in WWI. There are many forms of underwater trans-
ducers including multi-layer, micro-fabricated, and composite de-
signs [6, 9, 35, 37, 39, 46]. 𝑈 2𝐵 differs from prior acoustic trans-
ducers in both design and functionality. In terms of design, the two
cylindrical active layers with a polymer layer between them is, to the
best of our knowledge, unique and novel. In terms of functionality,
𝑈 2𝐵 maximizes the backscatter SNR (over a wide bandwidth) – i.e.,
the difference between two acoustic impedance states; in contrast,
classical underwater transducer designs focus on transmitting and/or
receiving, and thus they need to only maximize the direct SNR – i.e.,
a single acoustic impedance.

(c) Acoustic metamaterials is a relatively new field that has intro-
duced novel mathematical frameworks to understand and design
acoustic devices and has also enabled interesting new applications
such as sound silencing [12], acoustic beam forming [13, 26], and
broadband impedance matching [25]. 𝑈 2𝐵 uses these frameworks
in order to optimize for the parameter described above: namely the
backscatter SNR over a wide bandwidth. Specifically, in §2.2, §3.1
and §A, we show that it is possible to optimize the difference be-
tween acoustic impedances (hence the backscatter SNR) over wide
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bandwidth by synthesizing various resonances. To the best of our
knowledge, this is the first application of metamaterials to acoustic
backscatter communication.

(d) RF Systems: 𝑈 2𝐵 is related to two areas of research in RF
systems: backscatter networking and UWB communication. The
past few years have seen significant progress in RF backscatter
networking, including high throughput, full-duplex, and FDMA de-
signs [17, 27, 52, 56]. Such systems, however, are not suitable for
underwater environments because radio signals die exponentially
in water, and bringing their benefits to underwater environments
requires addressing new constraints that are imposed by this medium
and the acoustic nature of communications. Similarly, UWB sys-
tems have been well-studied for RF communication, but are also
unsuitable for underwater environments for the same reasons.𝑈 2𝐵’s
contributions are orthogonal to past work on RF and aim at bringing
the benefits of state-of-the-art RF backscatter designs and UWB
communication to the subsea IoT domain.

(e) High-Throughput Ocean Communication Systems: Past
work has considered increasing the throughput of ocean commu-
nication systems by using optical communication [33, 55] or high-
frequency ultrasound (in the MHz range) [9, 29]. Such systems
are too power-hungry for the subsea IoT domain, and they suffer
from a limited communication range and directionality due to their
higher frequencies of operation. 𝑈 2𝐵 targets a different set of appli-
cation domain than these past systems. Finally, it is worth noting that
some research has looked into a theoretical understanding of UWB
acoustic communication [51]; such work is orthogonal to 𝑈 2𝐵’s
contributions and provides channel modeling rather than proposing
systems that can enable ultrawideband underwater backscatter.

7 CONCLUSION
Motivated by recent advances in underwater backscatter and ultra-
low power networking, this paper introduces a new design,𝑈 2𝐵, that
marks a significant step forward in this domain. The design bridges
recent advances in metamaterials to the underwater backscatter prob-
lem, and demonstrates significant improvements over state-of-the-art
proposals. As the research evolves, we hope that these techniques
would enable truly ubiquitous subsea IoT systems that can be used
for climate change monitoring, marine life sensing, and ocean ex-
ploration.
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A APPENDIX
Appendices are supporting material that has not been peer-reviewed

The interaction of an incoming acoustic wave with the piezoelec-
tric transducer is determined by how the transducer wall vibrates
under the wave. To model this interaction, we present a simplified so-
lution assuming the boundaries of piezoelectric cylinder are moving
only in one degree of freedom. By analogy to the spring-mass sys-
tems, the equation of motion of the Piezoceramic transducer under
external time harmonic excitation may be written as:

𝑖𝜔𝑚𝑈 + 𝑟𝑈 + 𝑘𝑈 /𝑖𝜔 = 𝑆 (𝑃𝑖𝑛 + 𝑃𝑟𝑒 𝑓 − 𝑃𝑡𝑟 ) (3)

where𝑚, 𝑟 and 𝑘 are the equivalent mass, resistance and stiffness
of the Piezo-transducer’s lumped model, respectively;𝑈 and 𝑆 are
the velocity of the transducer wall and the area of the transducer’s
surface, respectively; 𝑃𝑖𝑛 , 𝑃𝑟𝑒 𝑓 , and 𝑃𝑡𝑟 denote the incident acoustic
pressure, reflected acoustic pressure and transmitted acoustic pres-
sure, respectively; and, 𝜔 is the angular frequency. By defining the
parameters for the unity transducer’s surface area, one may rewrite
the Eq. 3 as:

[𝑖𝜔𝑀 + 𝑅 + 𝐾/𝑖𝜔]𝑈 = 𝑃𝑖𝑛 + 𝑃𝑟𝑒 𝑓 − 𝑃𝑡𝑟 (4)

where 𝑀 =𝑚/𝑆 , 𝑅 = 𝑟/𝑆 , and 𝐾 = 𝑘/𝑆 .
Applying the continuity of velocity on the transducer’s surface,

we can write:
𝑈 = 𝑈𝑖𝑛 +𝑈𝑟𝑒 𝑓 = 𝑈𝑡𝑟 (5)

Assuming plane wave propagation, we can write:

𝑈𝑖𝑛 =
𝑃𝑖𝑛

𝑍𝑤𝑎𝑡𝑒𝑟
(6)

𝑈𝑟𝑒 𝑓 = −
𝑃𝑟𝑒 𝑓

𝑍𝑤𝑎𝑡𝑒𝑟
(7)

𝑈𝑡𝑟 =
𝑃𝑡𝑟

𝑍𝑎𝑖𝑟
(8)

𝑈 =
𝑃𝑡𝑜𝑡𝑎𝑙

𝑍
=
𝑃𝑖𝑛 + 𝑃𝑟𝑒 𝑓 − 𝑃𝑡𝑟

𝑍
(9)

where 𝑍𝑎𝑖𝑟 , 𝑍𝑤𝑎𝑡𝑒𝑟 , and 𝑍 are the acoustic impedances of air, water,
and the piezoelectric respectively. As per Eq. 3 and Eq. 9, we can
derive the effective acoustic impedance of the piezoelectric as:

𝑍 = 𝑖𝜔𝑀 + 𝑅 + 𝐾/𝑖𝜔 (10)

As per Eqs. 4-10, we obtain the following relationships between
incident and reflected pressure:

(𝑍 + 𝑍𝑎𝑖𝑟 )𝑈 = 𝑃𝑖𝑛 + 𝑃𝑟𝑒 𝑓 (11)

(𝑍𝑤𝑎𝑡𝑒𝑟 )𝑈 = 𝑃𝑖𝑛 − 𝑃𝑟𝑒 𝑓 (12)
Thus, the acoustic reflection coefficient of an air-backed under-

water piezoelectric transducer can be written as:

Reflection coefficient =
𝑃𝑟𝑒 𝑓

𝑃𝑖𝑛
=
𝑍 + 𝑍𝑎𝑖𝑟 − 𝑍𝑤𝑎𝑡𝑒𝑟

𝑍 + 𝑍𝑎𝑖𝑟 + 𝑍𝑤𝑎𝑡𝑒𝑟
(13)

https://www.mbari.org/technology/emerging-current-tools/communications/wave-glider-based-communications-hotspot/
https://www.mbari.org/technology/emerging-current-tools/communications/wave-glider-based-communications-hotspot/
http://www.oceanhealthindex.org/
https://www.prescouter.com/2017/06/internet-of-underwater-things/
https://www.scientificamerican.com/article/fact-or-fiction-opera-singer-can-shatter-glass/
https://www.scientificamerican.com/article/fact-or-fiction-opera-singer-can-shatter-glass/
https://www.youtube.com/watch?v=rRZT7xO5KN4
https://www.youtube.com/watch?v=rRZT7xO5KN4
https://www.nceas.ucsb.edu/news/ocean-vital-signs-are-stable-no-clean-bill-health
https://www.nceas.ucsb.edu/news/ocean-vital-signs-are-stable-no-clean-bill-health
https://siglentna.com/product/sdg1032x/
https://siglentna.com/product/sdg1032x/
https://www.steminc.com/PZT/en/piezo-ceramic-cylinder-36x31x20mm-30-khz
https://www.steminc.com/PZT/en/piezo-ceramic-cylinder-36x31x20mm-30-khz
https://www.steminc.com/PZT/en/piezo-ceramic-cylinder-541x47x40mm-17-khz
https://www.steminc.com/PZT/en/piezo-ceramic-cylinder-541x47x40mm-17-khz
http://www.teledynemarine.com/reson-tc-4014
http://www.teledynemarine.com/reson-tc-4014

	Abstract
	1 Introduction
	2 The Narrowband Problem
	2.1 Underwater Backscatter
	2.2 The Resonance Bottleneck

	3 Ultra-wideband Meta-material Design
	3.1 Coupled Eigenmodes
	3.2 Self-Interference Cancellation
	3.3 Scaling to Many Nodes

	4 Fabrication & Implementation
	4.1 Mechanical Fabrication
	4.2 Hardware Design
	4.3 Evaluation Setup

	5 Results
	5.1 Throughput
	5.2 Range
	5.3 Scaling Performance

	6 Related Work
	7 Conclusion
	References
	A Appendix

