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ABSTRACT

Underwater backscatter is a recent networking technology
that enables net-zero-power communication and sensing in
underwater environments. Existing research on underwater
backscatter has focused on designing and demonstrating
early systems with impressive capabilities; however, what
remains critically missing is an end-to-end analysis of the
underwater backscatter communication channel, which is
necessary to understand the potential of this technology to
scale to real-world applications and practical deployments.

This paper presents the first comprehensive theoretical
and empirical analysis of the underwater backscatter chan-
nel, including the downlink and uplink of end-to-end backscat-
ter. We introduce a closed-form analytical model that en-
compasses the physical properties of piezoelectric materials,
electromechanical coupling, electrical impedance, and the
underwater acoustic channel. We verify the correctness of
this theoretical analysis through both finite-element-model
physical simulations and real-world experimental validation
in a river, demonstrating that the analytical model matches
our real-world experiments with a median deviation of only
0.76 dB. Using this model, we then simulate the theoretical
limits of underwater backscatter as a function of different
design parameters and identify pathways for pushing under-
water backscatter toward its theoretical limits.
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1 INTRODUCTION

Recent years have seen mounting interest in low-power, dis-
tributed subsea internet-of-things (IoT) networks because
of their potential in environmental, industrial, and defense
applications [1-6]. Energy-efficient ocean IoT networks can
enable long-term sensing of ocean variables (temperature,
pH, pressure, salinity, etc.) to create more accurate climate
and weather prediction models and monitor the impact of
climate change on the ocean [7, 8]. Similarly, low-cost and
efficient ocean IoT networks can help boost the growth of
the world’s blue economy by enabling active monitoring
of marine infrastructures ranging from oil/gas pipelines to
underwater tunnels [9]. Real-time distributed underwater
sensor networks can help boost aquaculture (seafood farm)
production by monitoring the farm vitals (water tempera-
ture, dissolved nutrients, pH, etc.) and detecting environ-
mental hazards (such as harmful algae blooms) early [10].
Major industrial players, including Google, Microsoft, and
Honeywell, have also become interested in deploying such
networks to monitor underwater infrastructures (ranging
from submerged data centers to gas and oil pipelines) and to
develop sophisticated fish farming technologies [5, 11].
One recent technology that promises to deliver on the
vision of low-cost, low-power subsea I0T networks is un-
derwater piezo-acoustic backscatter [12-15]. Unlike tradi-
tional underwater acoustic communication, piezo-acoustic
backscatter communicates information via reflection of exter-
nal acoustic signals (instead of generating its own carrier),’
which enables backscatter sensor nodes to sense and commu-
nicate at five to six orders of magnitude lower power than
state-of-the-art underwater modems, even at similar data
rates [12]. While the initial demonstrations of backscatter
communication are encouraging, the theoretical and prac-
tical limits of underwater backscatter are largely unknown.
Specifically, recent work on backscatter has shown that it is

IThis also eliminates the need for a power-amplifier at the sensor.
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possible to achieve a few to tens of meters of operation range
but it remains unclear how the achievable range is related
to the system’s parameters - such as input power, operating
frequency, electrical matching, transducer design, etc. - and
whether the range of operation can indeed be extended to
deploy this technology at scale in practical environments,
such as coastal, offshore, and/or deep-sea environments.

In this paper, we present the first end-to-end link-budget
analytical model to characterize the theoretical limits of un-
derwater backscatter. The model captures the impact of sys-
tem parameters on the operation range - downlink power-
up range and uplink communication range - and accurately
predicts the theoretical achievable limits of piezo-acoustic
backscatter under practical constraints. The analytical model
presents a generalizable framework - independent of geo-
metrical and operational assumptions - for the design and
characterization of underwater backscatter.

Before introducing our link-budget analytical model, it
is important to understand why the existing link-budget
models for RF-backscatter and point-to-point underwater
acoustic communication cannot be used to study underwa-
ter backscatter. RF backscatter link-budget analysis is well-
established and has been extensively used to characterize
and study RF backscatter networks, such as RFIDs [16, 17].
This analysis, however, cannot be easily extended to under-
water backscatter systems because of the electromechanical
properties of underwater backscatter nodes. Specifically, un-
like in-air RF systems, underwater systems typically rely on
acoustic waves to communicate. Thus, underwater backscat-
ter leverages piezo-electric transducers to transmit and re-
ceive acoustic signals, and these transducers convert mechan-
ical acoustic waves to electrical signals and vice versa [12].
This electro-mechanical coupling is unique to underwater
backscatter, and it enables backscatter communication by
translating the electrical switching signal to different pres-
sure levels of the traveling acoustic wave. RF-backscatter,
on the other hand, relies on antennas to communicate, and
these antennas translate electrical signals to different levels
of the traveling electromagnetic wave. As a result, past work
on link budget analysis of RF backscatter cannot capture the
electro-acoustic transduction of underwater backscatter. Sim-
ilarly, traditional point-to-point acoustic underwater com-
munication analytical models [18, 19] are also insufficient
for characterizing underwater backscatter communication
as these models do not rely on reflection for communica-
tion. Therefore, these models cannot explain the relationship
between the electrical impedance switching of a backscat-
ter node and the signal-to-noise ratio (SNR) of the received
backscattered signal.

To overcome the shortcomings of existing link budget
models and capture the phenomenon of electro-acoustic
transduction, we develop an analytical model that unpacks

the entire path of signal propagation in underwater backscat-
ter communications. Our derivation of the model starts from
the input electrical power at the projector (transmitter) and
concludes with the SNR of the backscattered signal at the
hydrophone (receiver). We use the first principles of under-
water acoustics and circuit theory to derive a relationship for
downlink harvested power as a function of input electrical
power, transducers’ parameters (electromechanical efficiency
and directivity), path loss due to the underwater channel,
and electrical impedance mismatch at the backscatter node.
To capture the effect of switching on the uplink commu-
nication, we derive a relationship for differential scattering
cross-section - analogous to differential radar cross-section in
RF-backscatter [20] - of the backscatter node that relates the
change in electrical impedances (i.e., switching between ON-
OFF) to two distinct pressure levels of the reflected acoustic
waves. These different pressure levels are then translated to
SNR at the hydrophone.

Since the goal of the analytical modeling is to enable the
characterization and understanding of underwater backscat-
ter, we take our analytical model one step further and reduce
the theoretical terms to experimentally measurable quanti-
ties. For instance, we reduce the reflection coefficient (defined
in terms of electro-acoustic impedances) to the backscatter
node’s efficiency and electrical mismatch loss. This reduc-
tion is important because it allows us to develop a plug-and-
play model that accurately predicts the achievable operation
ranges for given experimental conditions.

We verified our analytical framework for the underwa-
ter backscatter model through both numerical simulation
and experimental validations. We developed an end-to-end
backscatter high-fidelity numerical model in COMSOL Mul-
tiphysics [21] for both spherical and cylindrical underwater
transducers. We also fabricated an in-house backscatter node
and a projector, using cylindrical piezoelectric transducers.
We performed experiments for both downlink energy har-
vesting and end-to-end backscatter in a river. Our results
demonstrate the following:

The end-to-end underwater backscatter operation can
be represented in a closed-form analytical model that ac-
counts for the various electrical, mechanical, and acous-
tic system parameters. This model is verified through
physics-based numerical simulations, with a median er-
ror less than 0.4 dB across the simulated frequencies.
The numerical simulations demonstrate that our model
is generalizable and it accurately tracks the backscatter
performance regardless of the transducer’s shape and
size. Additionally, our empirical evaluation in the river
demonstrates that our experimental results from real-
world testing match the analytical model, with a median
error of less than 0.76 dB across frequencies, further
validating the model empirically.



We use our model to show that underwater backscatter
technology, in principle, is scalable to kilometer-long
distances under certain design parameters, and therefore,
it o ers aviable pathway to deliver on the vision of Ocean
loT in a number of key applications.
Contributions. This paper presents the rst end-to-end
theoretical and practical analysis of underwater backscat-
ter. It contributes a closed-form analytical solution of the
underwater backscatter channel that accounts for the vari-

. . _ 1 Figure 1: Canonical Underwater Backscatter Architecture.
ous electrical, mechanical, and acoustic properties of such

systems. It also contributes a numerical validation of this Finally (in Y2.3), we derive the uplink model for the

analytical model through nite-element-model physics sim- backscatter SNR as a function of di erent system param-
ulations and an empirical validation through implementing eters including%.4,and Tx, Rx, and backscatter trans-
and evaluating a backscatter SyStem in real underwater envi- ducer characteristics. To Comp|ete the up“nk mode'y we
ronments. Finally, the paper outlines how this model canbe  derive expressions for the scattering cross-sectibjdf

used to design systems that extend underwater backscatter  the node and the backscattered pressure level)(
to its theoretical limits.

By introducing the rst end-to-end analytical model of
underwater backscatter, this paper takes an important step in ) ) )
ling a gap in the existing literature on underwater backscat- 2.1 Modeling the piezoelectric transducer
ter with a validated theoretical framework. We hope that  We describe two models of piezoelectric transducers for our
this will open the door for researchers and practitioners to  analytical formulation and numerical validation.
propel the eld forward, similar to how RF backscatter / RFID
systems have advanced over the past two decades through
the combination of system building and theoretical advances.

In the subsequent sections, we validate these models through
numerical simulations and experimental evaluation.

2.1.1 Classical Equivalent Circuit Modepiezoelectric
transducer is commonly approximated with its equivalent
circuit parameters 27 as shown in Fig. 2a. The lumped ele-
ments represent the electrical properties (static capacitance
2 LINK-BUDGET THEORY ), mechanical properties (equivalent mdss and equiva-
The overall architecture of a canonical underwater backscat- lent sti ness - ), piezoe|ectric properties (transformer ra-
ter system is shown in Fig. 1. The system encompasses atio q), and acoustic properties (radiation impedarice =
transmitter (TX) that sends a Signal on the downlink to the A, g-A) The representaﬂon also accounts for the trans-
backscatter node. The backscatter node communicates dataducers' dielectric loss (-) and mechanical loss £ ). The
by modulating the re ections of this downlink signal. Ahy-  values of the equivalent parameters can be derived from the
drophone receiver (Rx) senses the modulated re ections and transducer's geometry and material properties for a small
uses them to decode the data transmitted by the backscatter set of idealized transducers (e.g. a spherical transducer), but
node. The backscatter node can also harvest energy from the most Commorﬂy' they are evaluated from numerical simula-
downlink signal to power up. Throughout our derivation,  tjons [23. The mechanical force acting on the transducer's
we assume that the distance between Tx and the backscat-surface due to the incident acoustic pressure is commonly
ter node is large enough to adopt far- eld approximations  referred to as the blocked forcey). Generally, the ; is not
(which is typical for underwater operation). For simplicity,  uniform across the surface, and its value is calculated by inte-
we focus on a single backscatter node, but the same analysis grating the total acoustic pressure eld over the transducer's
generalizes to any number of nodes in the environment.  surface. Assuming a uniform incident pressure eld (plane

The goal of our theoretical modeling is to derive a closed- wave) with a root-mean-square (rms) pressure?gf ©, the

form analytical expression of the backscatter channel start- total rms force acting on the transducer is given by [22]:
ing from the input electrical power to Tx%a.4) to the signal- Lo ou o 1)
0 %8

to-noise ratio (SNR) of the backscatter signal at the hy- 1
drophone (Rx). We do this in three key steps: where s the active surface area of the transduceg! °
First (in Y2.1.1), we de ne a general expression for model- is its di raction constant, and is the solid angle between
ing the acoustic transducer (used as Tx, Rx, and backscat-incident pressure wave and the transducer's main axis. The
ter node) that captures its electromechanical coupling. ~ di raction constant is a measure of thg pressure eld distur-
Second (in ¥2.2), we derive the downlink model starting Pance caused by the transducer and is given by [22]:
from the input electrical power at the Tx to the energy , dc2'p gt °
harvested by the backscatter nodéyfg). ot *°= T dF2 2 @

1 0=



@

(b) (©)
Figure 2: Transducer Circuit Representations. (a) shows a lumped
circuit model using circuit elements to represent electro-acoustic properties.
(b) shows the equivalent 2-port network Z-parameters representation of
the same circuit(c) shows the Thevenin equivalent model at Port 1.

where2 andd are the speed of sound and mass density of
water’. 5! ©isthe directivity factor of the transducer. 5

and' 5 can be expressed analytically for transducers with
simple geometries (e.g. spherical transducer, ba ed piston
transducer), but they are commonly calculated numerically.

2.1.2 Simplified General Mod&he equivalent circuit

where+; and ; are the voltage and current at the trans-
ducer's electrical terminal and, andD; are the force and
the velocity at the external surface of the transducer. In this
representation, the impedance matrix accounts for all the
transducer's parameters (including the acoustic radiation
reactance; p). It is also noted that all the physical variables
are represented in rms unless otherwise stated.

2.2 Downlink Channel

To model the downlink channel, we analyze the signal path
from the electrical source at Tx to the harvesting component
in the backscatter node. We rst calculate the conversion
of electrical power to acoustic power in Tx, then model the
propagation of acoustic waves in the water channel, derive
the received acoustic level at the backscatter nddeand

nally calculate the harvested power by the backscatter node.

2.2.1 Electrical to acoustic powHrne electromechanical
e ciency ([)c) of a transducer captures its ability to convert
electrical energy to acoustic energy:
%2
%42 )
where%: is the output acoustic power from the transducer,
and%:.4zis the input electrical power. Using the 2-port net-
work of Fig. 2b%.42is given by:
_ jri® 8=

il 842

he =

%42 ®)

model described above is useful for designing transducers where/ g-="' g-, 9-g-is the input electrical impedance of

that operate around their fundamental resonance, however,
it is not suitable for transducers operating beyond their reso-

nance. To derive a closed-form expression of backscatter, we

de ne a more general equivalent circuit model (and recast
this model in Y3 in terms of the classical model described
above for completeness).

For a general circuit model of a transducer, we represent
it as a 2-port element with acoustical and electrical ports.
Fig. 2b shows the two-port representation of the transducer
with port-1 connected to an electrical loald; and port-2
connected to the acoustic radiation load. If there is inci-
dent acoustic pressure on the node, it is represented Ly
and similarly, an electrical voltage can be applied on the
electrical port of the transducer (e.g. when used as Tx). The
transducer equivalent impedance looking from the electrical
and acoustic sides ales=and/ -, respectively. We represent
this 2-port element with an impedance matfixde ned as:

+1 l11 112 1
= 3
2 21 122 D ®)

2Note that2 and d vary with temperature, salinity, and pressure in the
vicinity of the transducer. However, these small variations (typically less
than 5%of the nominal values= 148& *Bandd = 10006 +< 3) have a
limited e ect on the transducer dynamics.

3Note that this impedance matrix is a linear transformation from the more
common ABCD matrix representation of underwater transducers [22].

the transducer and is a function of Z-parameters [24]:

l1d 21

lg==1/11 T2 A

(6)

Similarly, we can also expre$§; using the 2-port Z-network:
%2 =12 @)

By using Eq. 3, we can express output forgeas:
2=l211, 120> 8)

where 1 = +1¢/ gzandD, =
and 8 in Eq. 4 yields:

2*' A Substituting Egs. 5,6,7,

Do =il e’ i1 (©)

8= A, /122
The above equation shows thpjs can be represented as a
function' ' g=, and Z-parameters, and this representation
of e ciency will help us simplify our link-budget analysis
as we show in the following sections.

2.2.2 From acoustic power to source |éweinderwater
acoustics, the far- eld pressure level generated by a trans-
ducer is de ned as the source levell (). (! is a function
of input electrical power %49 in Watts electromechani-
cal e ciency of the transducer [)g), and the transducer's
directivity index () measuredir8 . (! is given by [22]:

(11 ©=1708 10log[)c%. 4, * ©>8 A41 %@ K ¥4(10)



The term 1 ©°is the log-scale representation of the di- Notice that the second fraction in Eq. 15 is the e ciency
rectivity factor (= 10>6' 5°) and the constantl708 expression that we derived in Y2.2, except that thg is
captures the e ect of water density, speed of sound, and ref- replaced by 1. Assuming a passive reciprocal transducer
erence pressure level which is'%0in underwater acoustics.  (which is true for most underwater transducers) yieltlg, =
Please note that moving forward the angular dependence of / 23, and thus Eq. 15 simpli es to:

and any derived parameters will be omitted for brevity. i 172 eoad 4" 8=

: S o1 10[=>34 4 8=

2.2.3 Acoustic propagation in the underwater chaitihel. YoAE = e Jel A (16)
fi\gc():l;sat;]cnzllg;\?elrd ae E?S%Zﬁ;tagggﬁl%?éﬁetzﬁ ;: éj;,r\;vr? éeiL‘i':}scous Substituting for 1 from Egs. 1 and 2, we obtain the following:
decay is given by the path los&) [19]: 282 T3 34

e
YoAE=
%N3e®=: 10l0g3°, UI5°3 >3 ¥ (11) dc5?

ila, 82
Using Eqg. 12 and the de nition df = 20log*?g* ?a42 [27] -
where?a45is the reference pressure levdl %Q - we express
%aein3< (3 relmwW) as follows:

7

where: is the spreading factor (analogous to the path-loss
exponent in the radio channel), arldt5° is the frequency-
dependant absorption coe cient in dB/m. The rstterm in
Eq. 11 represents the spreading loss and the second term de- Yoae =777, 10lod)c%;4F. ). =34 (18)
notes the absorption loss which becomes more pronounced .10log{=>34° 20log5° %!, ™ B < Vs

at higher frequencies. The spreading factorepresents the  where _.34is the directivity index of the node (i.e., =34 =

propagation geometry of the traveling wave. Speci cally, 10jog g>340), and the downlink impedance mismatch loss
= 2 denotes spherical spreading, = 1 denotes cylin- "I isde ned as:

drical spreading, and = 15 denotes practical spreading. 4 ge
U15° can be computed for seawater using Throp's formula =10 |091W°
given in [19. Using the path-loss equation and the source ., 4o 8

level tion d ibed ab th ved.. depends on the electrical impedance of the node and
€vel equation described above, we can express the recevety, o -,nnected electrical load. It achieves a max value of
pressure level! , that reaches a backscatter node as:

10Iogl%° when the electrical load is conjugate matched to
T = %! (12) the node's impedance (i.€.4 =/ ), in agreement with the
maximum-power transfer theorem [24].

We can simplify Eq. 18 by de ning the transduce's gain

2.2.4 Fromreceived acoustic level to harvested posuey. () as the logarithmic fum of itos e ciency and directivity:
we derive the harvested electrical power from the acous- =10log(®, (20)
tic pressure incident on the backscatter node. We consider By substituting Eq. 20 in Eq. 18, we arrive ata nal compact
the equivalent Z-parameter circuit shown in Fig. 2b which ~ expression for the downlink power:
can be represented by the Thevenin equivalent circ][ Ypag =777, 10l0d% .48, ). =>34
shown in Fig. 2c. In this circuit, 4 is the electrical load, ¢ is 20log5° %!, ™! B < Y
the Thevenin equivalent resistance, atg is the Thevenin

equivalent voltage. To represent. and+c as a function of Eg. 21 is a complete representation of all the factors that

(19)

'l is measured iB A41 %0and it captures the sound
intensity at a distanc® meters away from Tx.

(1)

of Fig. 2c to port-1 (by adapting EG4'4'8 of [24], where+g without any restriction on transducer's shape and size.
and/ g are replaced by, and' a, respectively): 2.3 Uplink Channel
o =lge 4= /121 (13) Our next step is to derive the uplink link-budget model and
c - l22," A relate it to the transducer and channel parameters. We de ne
The harvested power on the downlinkRgag) is equivalent I asthe re ected acoustic pressure level at the hydrophone
to the power delivered to the attached electrical lodd, in due to backscatter by the node. can be de ned following
Fig. 2c. Giverc and/ ¢ , we can compute the power deliv-  the de nition of (! (Eq. 10):
ered to the electrical load using the following relation [24]: | =1708, 1010d%45°, =>34 % (22)
YpaE = - itc i 4 (14)  Where%ysis the re ected acoustic power from the node.
jla, 82 The re ected power from an underwater transducer can be
where' 4 denotes the real part of 4. Using Eq.13, and by  de ned in terms of thescattering cross-section (S®@Bich is
simplifying, we can represerffpag as: denoted a$ , (the counterpart of SCS is radar cross-section
. 1P 4s 132 a (RCS) in the radio channel) as follows [25]:
MoAE = (15)

ila, 842 ajl 22, ' A% 8= %as5="T 8 (23)



where gis the incident acoustic intensity and is given b22:

2 ?2
=% g v CAdS
8_d2 10 2 (24)
Using Egs. 12, 22, 23, and 24, we can expiesss:
! =1598, 10lod[)c%:4®. ). 10logf®, .34 2%!
(25)

Note that the received backscatter power at the hydrophone
is a ected by the path loss twice which is inherent to all
backscatter communication. Having de netl as a function
of f , we next derive the relation between and backscatter
switching (the re ection coe cient).

2.3.1 Sca ering Cross Sectiéws mentioned previously,
SCS relates the incident acoustic intensity and the re ected
power (Eg. 23). The re ected powéf 45, in turn, is a func-
tion of the acoustic power absorbed by the notg g-A@nd
the maximum available power at the nod¥;5-41S de ned
in terms of transducer parameters as [24]:

2,

j 107 A
%, - -
G NN

According to the maximum-power transfer theorem, the
available power at the node is maximized whén is conju-
gate matched to A (i.e./ > ="' a). In this case, the maximum
available power%ggs; is given by [24]:

(26)

2
Yor0s:= 4 27)
While %45 is related to%gos:by [24]:
Yo e =i i204 _ i J%a? 5
has =1 1%E0s= =5 (28)

where is the acoustic re ection coe cient, and it is de ned
in terms of the transducer equivalent acoustic impedarege
and its radiation resistancep by [24]:
N AN
1= A, />
Using Egs. 1, 2, 23, 24, 28, and the facts fhat 2c5 and
_= 2, we derive SCS as a function of
2 =>34 2

!

7 (30)
where__is the wavelength of the traveling acoustic waves. As
the backscatter node communicates via switching between
two states, its re ection coe cient also toggles between
two states, and this results in a di erential scattering cross-
section ( f ) which is expressed as:

(29)

f =

2 =>34; i2
=t

4c
It is worth mentioning here that the expression for underwa-
ter backscatter di erential SCS is similar to the di erential

RCS for RF backscatter, indicating that the governing phys-
ical principles of backscatter communication are the same

f= (31)

in both mediums. Using the derived relationship of and
Eq. 25, we express as a function of

2J' j2
)G , 10logt=——"°

| =1598, 10lod(yc %47 . i
:>34 ZOA)|

2

(32)

2.3.2 Breaking down Reflection Coe iciaife next re-
late  tothe backscatter node properties using Z-parameters
(discussed in Sec. 2.1.1) and circuit theory. We start by ex-
pressing the transducer's acoustic impedancejn terms
of Z-parameters [24]:

l12d 21
l11, /4
Next, we eliminate the term 11 by substituting for it in terms
of the easily measurable electrical impedange using Eq. 6:

[1d 21

l19 21
T22,7 A

[>=12

(33)

I>=122 (34)

le=,1a,
Substituting into Egs. 29, and assuming a reciprocal trans-
ducer (i.e./ 12=1 »1), yields:

'RMe=. /4> 2A3
Yoo, ' p9%1 g= [ 4°
Since we modulate between two impedance stateg«(/ 42),
the di erential re ection coe cient simpli es to:

il a2 | 41j
=, 1a1jil 8=, | 42]
where we used the expression for the electromechanical e -
ciency in Eg. 9 to simplify the expression above. Substituting
by Eg. 36 into Eq. 32 yields an expression forin terms of
measurable transducer parameters:

2
_/22

(35)

=2 =534 8= (36)

2 2
! =1598, 10lod[)c% 4P, )G, 10Iog%°
L2 —sza 2% "« (37)
where y [ i
"I 4 =20l0g " g= Va2 1 a1) (38)

il'8=, 1 41jil 8=, I 42]
represents the logarithmic loss due to impedance mismatch.
This loss can be practically calculated by measuring the
electrical impedance of the backscatter transducer, and the
switched electrical load separately. Note that switching the
electrical impedance between open and matched ldag €
1 and/ 42 = - g5, where- g=is the imaginary part of g-)
results in the maximum di erential re ection:

i oG = 2[=>34‘ (39)
The equation above suggests that if the transducer is elec-
trically matched, the re ected power is only limited by the
transducer's e ciency.

By substituting Eq. 20 in Eq. 37, we can simplify to:
2

I =1598, 10lod% .49, )G, 10 Iogl—?°

.2 =>34 201 L«

(40)




Eqg. 40 de nes backscatter level in terms of transducers' gain
and impedance which are easily quanti able (experimentally
and numerically). It accounts for transducer properties and
captures all the electrical, mechanical, and acoustic factors
contributing to backscatter.

While the above analysis focused on piezoelectric trans-
ducers, the derived model for the backscatter channel is
applicable to electromagnetic transducers (e.g., moving-coil
and magnetostrictive transducers). Electromagnetic trans-
ducers have an antisymmetric Z-matrix {o = / 1) (unlike
symmetry in piezoelectric transducefg, =/ 21). Interest-
ingly, this would not change our nal expressions (i.e., Eqg. 21
and 40) because this anti-symmetry would only cause a sign
change in an intermediate equation (Eq. 29) which cancels
out in the nal derivation.

2.4 Extending Backscatter level to SNR

Finally, we derive thg#' from the ! (signal power) by
incorporating underwater noise. Prior work has extensively
studied ambient noise in the ocean as a function of four main
sources: shipping activities, thermal noise, water waves, and
turbulence Rg. The combination of these noise sourcéd, ,
represents the power spectral density of the noise and we
can use it to compute the SNR [19]:
(#' 1 #1 . 10logd,
where , represents the signal's bandwidth. We note that
depending on sea conditions, the ambient noise can vary
between25 553 A41 %G« | in the frequency range
of 10-20 kHz 22. In the case of rivers and lakes, depend-
ing on the shipping/boating activities, the noise can exceed
803 A41 %@« | inthe 10-20 kHz band depending on the
proximity of the activity and its nature [27, 28].

2.5 How to Use the Link Budget
So far, we have derived the analytical expressions for the

=1 00 (41)

To obtain , one can calculate it from Eqg. 20 when the
transducer's and[ are reported separately in the datasheet
which is seldom the casélnstead, transducer manufacturers
commonly report the transmit voltage responge-( ) which
relates the generated acoustic pressure in one direction to
the applied electrical voltage?P 31]. Fortunately, (which
relates the acoustic intensity in one direction to the input
electrical power) can be calculated from' using:

10logirealtls/ © 1708 (42)

The parametery+' and/ (commonly reported in transduc-
ers datasheets) are thus su cient to fully evaluate our up-
link/downlink budget models. Alternatively, a transducer's
)+' can be experimentally characterized using a calibrated
hydrophone placed 1 m from the transducer using standard
transducer calibration procedures [32].

3 NUMERICAL VALIDATION

We assess the validity of the analytical expressions for the
harvested powefgae (EQ. 21) and the backscatter level

(Eg. 40) in two phases. First, we apply the models to spherical
shell piezoelectric transducers which are the simplest form
of underwater transducers, and the only type of underwa-
ter transducers with closed-form expressions for all their
acoustic parameters. However, spherical transducers are om-
nidirectional regardless of their operating frequency, so this
analysis only validates a special case of our analytical expres-
sionwith = 0. Second, we extend our analysis to potted
cylindrical transducers with a directional radiation pattern
that depends on frequency, but does not have closed-form
analytical expressions for most of its acoustic parameters at
practical backscatter frequencies. This is a more general case
that applies to most underwater transducers used in practice.

3.1 Ideal Spherical Transducers
In this section, we rst describe an equivalent circuit model

:)+'

link budget. Next, we describe how engineers can use these for spherical transducers which will be used to evaluate
expressions in modeling and designing backscatter systems.acoustic backscatter metricd ( and%ag) in closed-from.

The key link budget equations for system design are Eq. 21,

Then, we present a high- delity multiphysics nite-element

Eg. 40, and Eq. 41. To use these in practice, an engineer needsnodel (FEM) for a complete acoustic backscatter system and

to plug in the values for their di erent parameters. We dif-
ferentiate between three types of parameters. The rstis
determined by design; it includes the frequendy)(wave-
length (), electrical power%a.45), and bandwidth (). The

second set of parameters are those of the channel, speci cally

path loss ¥0) and noise level#! ); these can be obtained
from models in past literature{9. The third set of param-

eters needs to be derived from the transducer datasheets

(or through experimentation). It includes the gaing and
=>34, italso includes" and " +,which are functions

of the electrical impedances and resistances. While/

and' are commonly reported in transducer datashee28 [

37]] (or can be experimentally obtained using an impedance

analyzer), the transducer's gain is not commonly provided.

use this model to validate the analytical results.

3.1.1 Closed-Form Analytical modéie equivalent cir-
cuit parameters (shown in Fig. 2a) for spherical shell trans-
ducers are well-known and can be found i@ as a function
of transducer geometry and material properties. We used the
equivalent circuit model (Fig. 2a) to evaluate the impedance
matrix representation for a spherical transducer and to cal-
culate analytical backscatter as detailed in Y2.2 and Y2.3.

3.1.2 Modeling backsca er numericallg. validate the
analytical backscatter, we build a high- delity numerical
4Empirically measuring a transducer's e ciency or directivity separately

requires a 2-axis rotational setup to measure the acoustic power generated
by the transducer in all directions which is prone to experimental errors.



Figure 3: Numerical Simulations. (a) The backscattered pressure from a spherical transducer. Positive pressure is in red and negative pressure in blue. (b) A
model for characterizing cylindrical transducers. The heatmap shows the sound level generated by the transducer at 30 kHz (red indicates higher sound level).
(c) The backscatter level from a cylindrical transducer at 40 kHz. Black arrows highlight acoustic propagation from Tx to two receiver locations Rx1 and Rx2.

3.1.4 Spherical Transducers Reskits.4a compares an-
alytical ! (solid blue) to numerical predictions from FEM
(dashed red) for the backscatter system shown in Fig. 3a. The
backscatter level is normalized by the input electrical power
at Tx (e.g. assuming a uniform 1 W of input electrical power
at each frequency). The results shown are reported for an
Rx located 50 cm away from Tx (Fig. 3a), and for switching

(a) Backscatter Level (b) Harvested Power between two arbitrary resistors with values and100
Figure 4: Numerical validation for spherical transducers. shows the We note:
Analytical (blue) and numerical (redj) backscatter levels and harvested The analytical and numerical results are in excellent agree-

power for two spherical transducers separated by 0.5 m as observed bya  ment throughout the simulated frequency range, with a
hydrophone 0.5 m away from the backscatter node. median deviation of 0.17 dB.

model of backscatter in COMSOL Multiphysica1]. The The analytical model slightly overpredicts since it
model, shown in Fig. 3a, is an electro-piezo-acoustic FEM  adopts the thin shell approximation which neglects the
simulation in the frequency domain. It models Tx (including transducer's radial stresses.

the driving electrical circuit), backscatter node (including ~ The backscatter level peaks near 16 kHz which is slightly
load circuit), and acoustic propagation in an in nite under- lower than the water-loaded transducer resonance.

water domain. The system is simulated as a 2D axisymmetric Fig. 4b shows the harvested electrical power by the backscat-

model to reduce computational resources and solution time. €7 node in dBm when 1 W of power is fed to Tx andl@0
resistor is connected to the backscatter node. The plot shows

3.1.3  Numerical model implementatidhe system com-  the analytical predictions (solid blue) and the numerical re-
prises two piezoelectric spherical shell transducers (2.5 cm sults (dashed red) as a function of frequency. We note:

in diameter and 0.5 mm in thickness) in a large spherical  The analytical and numerical results are in excellent agree-
acoustic domain as shown in Fig. 3a. The transducers ma-  ent for the entire frequency range.

terial is PZT-4 which is a common material in underwater The harvested power peaks at 15 kHz which is lower than
piezoelectric transducers. Tx is driven by a voltage source of a1 peak, and is mainly determined by the impedance
amplitude 1V, while the backscatter node is connectedtoa  |9ss factor (Eq. 19) between the load resistt@ ) and

variable resistor. The transducer separation distance is kept  ihe packscatter node's electrical impedance.

small (50 cm) to reduce the number Of degTeeS of freedom in Fig. 4a and Fig. 4b demonstrate the validity of the analyti-
the model, since the model complexity (size, memory, and . . ; e
cal models for the special case of idealized omnidirectional

solution time) scales with the square of the distance. The . : ; :
. S . : - spherical transducers. The modeling and analysis of practical,
acoustic domain is discretized with a minimum of ve ele- = . 2
directive backscatter transducer is discussed next.

ments per wavelengthl]. Perfectly matched layers (PMLS) .

are used at the acoustic domain boundaries to simulate an 3-2 Practical Transducers

in nite domain. Acoustic backscatter is calculated by run- Encapsulated (potted) cylindrical transducers were used in
ning the simulation twice with a di erent electrical resis-  previous underwater acoustic backscatter implementatiati |
tor to emulate electrical switching. The backscattered pres- 13, but similar to most practical transducers, they do not
sure eld (shown in Fig. 3a) is the di erence between the have a closed-form analytical expression. In this section, we
steady state pressure elds calculated from each simulation develop a semi-analytical approach to predict the backscat-
I =20log 1?1 ?2°¢?a45. ter performance of practical transducers, and validate this



(a) Rx1 (b) Rx2

Figure 5: Backscatter Level vs Frequency. Analytical backscatter level
(solid blue) compared to numerical results (dashed red) for two encapsulated
cylindrical transducers separated by 0.5 m as observed by hydrophones (a)
Rx1 and (b) Rx2 whose locations are shown in Fig. 3c.

approach by comparing its predictions to pure numerical
models for calculating backscatter.

3.2.1 Analytical ModeCylindrical transducers with mod-
erate aspect ratios are di cult to model analytically for prac-
tical frequencies, especially, when the fully potted (encapsu-
lated for electrical insulation and waterproo ng) transducer
is considered. Instead, we extract the transducer parameters
numerically using a FEM simulation. To extract transducer
parameters, we simulate a single transducer placed in an
in nite acoustic domain, as shown in Fig. 3b. Onlyand/ g-
are required to fully characterize a piezoelectric transducer
according to Eqgs. 21&40. To calculateand/ g, we excite
the transducer with a voltages-, and calculate the acoustic
pressure 1 m away from the transducer (in the far el@)pc
The transducer gain is then calculated as:

?>pé5e °

?A45
where%-= %A4+8: g= is the input electrical power to the
transducer, g_is the complex conjugate of the input current,
and is the angle at which the pressure is measured. We
calculate the transducer's electrical impedance frbga =
+g=* g=and, nally, use Eq. 40 to nd the analytical .

15+ = 20]og 1708 10log%-=°  (43)

3.2.2 Numerical ModalVe calculate acoustic backscatter
numerically for the cylindrical transducers using the FEM
model shown in Fig. 3c. We follow the same procedure used
to construct the FEM in the previous section. The transduc-
ers are oriented such that the bottom caps are facing each
other, so that the model is axisymmetric, avoiding a resource-
intensive full-3D model. The backscatter level is calculated
using the di erential pressure at multiple locations to assess
the in uence of directivity on the results.

3.2.3 Practical Transducer ResiMs investigate the abil-
ity of our analytical expression to predict acoustic backscat-
ter in di erent directions. Fig. 5 compares the analytical and
numerical results for backscatter from a practical directional
transducer. As shown in Fig. 3c, the backscattered eld from
a cylindrical transducer is complex and directional at fre-
guencies higher than its fundamental resonancd { kHz).
Thus, we present the results for two di erent receivers (Rx1

@ (b)
Figure 6: Experimental Setup: (a) shows our in-house backscatter node.
(b) shows an experimental setup including the projector (Tx), backscatter
node and hydrophone (Rx) locations.

in Fig. 5a and Rx2 in Fig. 5b), and their locations are indicated
in Fig. 3c. We make the following remarks on Fig. 5:

The analytical and numerical predictions match extremely
well for both directions (median error less than 0.4 dBm),
suggesting that our analytical expressions can be applied
to predict backscatter in multiple directions.

The plots show large variability in the backscattered level
versus the operation frequency and Rx location, suggest-
ing that backscatter needs to be evaluated versus angle for
directional nodes to select optimum operating frequency
based on Rx location and node orientation.

The plots show that backscatter peaks for both locations
around 40 kHz suggesting that it is a favorable operating
frequency when the transducers are oriented with the
end-caps facing each other.

The numerical and analytical results deviate at the valleys
(transducer nulls) for both directions because of minute
re ections from acsoustic domain boundaries. Using PML
layers reduces such re ections signi cantly, but it does
not eliminate them causing a mismatch with the analytical
predictions which assumes an in nite acoustic domain.

4 EXPERIMENTAL VALIDATION

To experimentally validate the analytical model, we imple-
mented and evaluated an underwater backscatter system.

4.1 Implementation

Our implementation consists of three components: (1) Piezo-
acoustic backscatter nodes, similar to the one shown in Fig 6a.
We fabricated these nodes in-house following similar proce-
dures to past work 12 13 using the SMC5447T4011 piezo-
ceramic B3, whose nominal frequency is 17 kHz. (2) An
in-house fabricated Tx (similar to the node) connected to a
Crown XLi 3500 audio ampli er 84, which is in turn con-
nected to an N210 USRBY software radio to generate the
downlink signal. (3) A receiver consisting of an omnidirec-
tional Reson TC4014 hydrophon&g which has a di er-
ential receive voltage sensitivity of -180 dB re I¥a. The

5Recall that we oriented the transducers toward each other here to avoid a
resource-intensive simulation required for modeling lateral placements.
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