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complications of UWSNs is the difficulty of changing node batteries after their

replacement by improving node lifetime. For this goal, three energy harvesting
Funding information devices (turbine harvester, piezoelectric harvester, and hydrophone harvester)

Turkish Scientific and Technical Research are analyzed to quantitate their impacts on node lifetime. In addition, two dif-
Council (TUBITAK), Grant/Award Num-

ber: 1145248 ferent power management schemes (schedule-driven and event-driven power
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management schemes) are combined with energy harvesters for further life-
time improvement. Performance evaluations via simulations show that energy
harvesting methods joined by power management schemes can improve node
lifetime substantially when actual conditions of Istanbul Bosporus Strait are
considered. In this respect, turbine harvester makes the biggest impact and
provides lifetime beyond 2000 days for most cases, while piezoelectric harvester
can perform the same only for low duty cycle or event arrival values at short
transmission ranges.
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1 | INTRODUCTION

Over two-thirds of the Earth's surface is covered with water in the form of oceans, seas, rivers, and lakes. Underwater
world created as a result of these formations is rich in natural resources (eg, oil and valuable minerals) and is largely
unexplored. Recently, there has been an increasing demand from both industry and academia for the development
and deployment of Underwater Wireless Sensor Networks (UWSNs) to better exploit underwater environments. The
envisioned industrial, scientific, environmental, commercial, and military applications span a very wide range, including
pipeline monitoring, seismic monitoring, environmental pollution monitoring, tactical surveillance, natural resource
detection, and assisted navigation." In such UWSN applications, nodes in the network are responsible for performing
measurement of environmental variables and send their data to a sink node for further analysis and decision making.
In UWSNS, acoustics communication is usually preferred over radio frequency or optical communication mainly due
to its significantly greater transmission ranges. However, increased path loss, propagation delay, and error rates of
acoustics channel cause power consumption of transceiver hardware to be much higher than that of terrestrial net-
works.? Such high consumption renders existing battery technology insufficient in energizing network nodes for
extended durations. In underwater applications, replacing batteries is not considered as a viable solution since accessing
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deep waters is a costly and challenging task.* As a result, either additional technologies that will supply more energy to
the nodes should be integrated or power consumption of underwater nodes should be decreased.

Energy harvesting methods that exploit ambient energy to generate electrical energy has been a notable solution to
improve node lifetime. This way, the outputs of harvester devices are used to support batteries powering underwater
nodes. There exist different energy harvester devices exploiting different resources, such as mechanical, electromag-
netic, or thermal ambient energy. Analyzing the outputs of different harvesters is vital to prove their effectiveness on
lifetime extension.

In addition to increasing available energy, decreasing node power consumption is also helpful for extended lifetime.
Decreased power consumption can be achieved by adopting less power-hungry hardware or better power management
scheme. While the impact of the former is limited by existing hardware technology, the latter may decrease the node's
power consumption via algorithms that disable certain hardware components when they are not in use. Power manage-
ment schemes also enable providing results for application scenarios with different measurement requirements. In this
respect, while some applications require periodic measurements, others need measurements upon an event arrival,
which alters energy consumption characteristics significantly.

This study aims to analyze how much energy harvesting devices can extend underwater node lifetime when used
with different power management schemes. The application scenario focuses on a single node that transmits its packets
of measurement data to a sink node. The main contributions of this paper are listed as follows:

« Impact of energy harvesting on node lifetime is analyzed when different power management methods are adopted.
To better evaluate the impact, realistic communication channel model and environmental parameters are utilized.

« The impact of energy harvesting is calculated for three different harvester types (hydrokinetic turbine, acoustic
hydrophone, and piezoelectric cantilever) to cover a wider range of possible implementations.

« Two different power management schemes (schedule-driven and event-driven power management schemes) are uti-
lized to consider application specific priorities. To this end, schedule-driven schemes put emphasis on periodic mea-
surements, while event-driven schemes require an event occurrence to perform measurements.

The paper is organized as follows: Section 2 informs the reader about various underwater energy harvesting research
conducted to this date. Section 3 provides an overview of the simulated environment and explains the energy harvesting
methods, power management schemes, and channel model used in this study. Section 4 presents the simulation results
followed by Section 5 concluding the paper.

2 | RELATED WORK

In literature, there exists numerous research to improve underwater node or network lifetime using energy harvesting
devices. Hydrokinetic energy is among the most prominent resource for underwater energy harvesting. Hydrokinetic
turbines are commonly used to exploit hydrokinetic energy to generate electricity. Authors of > use turbines at deep
waters and solar panels on shallow waters to supply power to sensor nodes. In addition, the proposed HyDRO algorithm
considers residual energy levels to decrease average power consumption of the network. Results with varying inter
packet arrival times depict significant positive impact of the algorithm on network lifetime.

In another study utilizing turbines, generated power output is increased by providing mobility instead of fixing tur-
bines in place.® Attaching turbines on an underwater vehicle enables exploiting underwater flows with higher degree of
freedom resulting in higher efficiency.

Turbine harvester is also adopted in ” to support node batteries combining with a sleep mechanism. In study, nodes
send their measurement to a sink node at around 140 m of distance. However, the results do not include a lifetime anal-
ysis explaining the impact of harvesting or sleep cycles.

Piezoelectric material, which generates electricity when exposed to mechanical stress, is another commonly used
medium to convert hydrokinetic energy into electrical energy by attaching them to beam structures.® These structures
that are forced to perform perpetual forward-backward movement exert push-pull forces on the piezoelectric material
causing electricity generation. In a study adopting piezoelectric cantilever, laminar flow of water is disturbed with a
cylindrical object perpendicular to the direction of flow.” The disturbed flow causes mechanical stress on coupled pie-
zoelectric cantilever initiating electricity generation. In this study, Molino-Minero-Re et al manage to generate up to
0.31 uW of power in water flow of only 0.1 m/s.
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In another study, Shahab et al create piezoelectric beam with macro-fiber composite structure to analyze the amount
of generated electrical energy for different beam sizes.'® Their work analyzes and compares air and water flow scenarios.
According to results, power density in underwater scenario is much higher than that of air flow case.

Toma et al propose a novel hardware design that utilizes piezoelectric bimorphs to exploit mechanical movement of
water particles to generate electrical energy via a pendulum-like structure.'* Their work is capable of providing suffi-
cient power to a network with nodes utilizing high sleep rates.

Authors in '? use piezoelectric-based energy harvesting to energize body implanted underwater transmitters that are
used for animal monitoring. The implant helps generate the required power through fishs natural movements.
Although transmission range in their experiments was quite short, the study represents the first on-body implementa-
tion of its kind.

Similar to piezoelectric materials, ionic polymer metal composite (IPMC) materials also generate electricity when
bent. A unique study conducted by Cha et al uses IPMC shaped as an annular plate.'*> The movement of the base at
the center of the plate generates vibration on the plate itself, which creates a voltage difference between the two elec-
trodes of IPMC.

Ambient energy in underwater environments can also be found in chemical form. Rezaei et al create a galvanic cell
using river water as electrolyte.'* They manage to harvest 25 uW of power, which is sufficient for continuously energiz-
ing some low-power Wireless Sensor Network nodes with low transceiver power requirement.

Biomass is another resource for electricity generation in underwater environments. Wang et al uses microbial fuel
cells to exploit underwater biomass to generate electricity to power sensor nodes."” Their study is capable of improving
lifetime harvesting energy between measurements. Also in '® microbial fuel cells enable continuous monitoring with
around 96% event detection rate.

Acoustic noise is recently started to be used as a resource for underwater harvesters. Bereketli and Bilgen propose a
novel method to remotely power sensor nodes using hydrophones.'” The study consists of an acoustic source connected
to power grid and remotely positioned multiple sensor nodes. The acoustic signal emitted from the source is used to gen-
erate electricity on the nodes using a hydrophone array. This way, the nodes are able to operate continuously with low
duty cycles using 1 kW of power at the acoustic source.

All the abovementioned research work provide valuable efforts for energy harvesting in underwater environments
using various energy sources and hardware as listed in Table 1. However, while some of them disregard the impact
of underwater acoustic propagation characteristics, others simply omit how power management schemes or adopting
different types of it may impact lifetime. In our previous study, this gap is partially filled considering hydrokinetic tur-
bine and hydrophone harvester as well as two power management schemes.'® The objective of this paper is to carry the
study further by adding piezoelectric harvester and considering different transmission distances. This way, the impacts
of energy harvesting and underwater propagation characteristics on underwater node lifetime are analytically quanti-
fied. Also, using power management schemes, lifetime for different application requirements are analyzed.

3 | PROPOSED SOLUTION

This section provides detailed information on calculations for generated and consumed power levels. While generated
power levels are affected by harvester outputs, consumed power levels are mainly affected by power management

TABLE 1 Underwater energy harvesting research

Based on Hardware

Solar and mechanical energy ° Solar panel and turbine
Mechanical energy®’ Turbine

Mechanical energy®*? Piezoelectric beam
Mechanical energy"? IPMC

Chemical energy™* Galvanic cell
Biomass'>'¢ Microbial fuel cell
Acoustic energy'’ Hydrophone

Abbreviation: IPMC, ionic polymer metal composite.
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schemes and acoustics communication channel conditions. The following subsections provide insights into energy har-
vesting methods, power management methods, and acoustics communication channel after providing a general over-
view of the simulated environment.

A. System overview

Throughout this study, an underwater intrusion detection scenario, where a node is responsible for monitoring under-
water environment, is adopted. As default, the node is equipped with a color camera that generates the data to be trans-
mitted using an acoustic modem. Since this study focuses on node lifetime, calculations focus on a single
communication link between the node and a sink node on the water surface as depicted in Figure 1. The location of
the sink on horizontal plane changes based on the transmission range of node. In simulations, the node performs mea-
surements and transmits its data directly to the sink node. Timing of measurements and subsequent transmissions is
decided by a power management scheme. The network is assumed to be using carrier sense multiple access (CSMA)
as its medium access control (MAC) protocol. Since there is no relay node between the transmitter and the sink node,
there is no advanced routing layer consideration.

Throughout the study, an underwater sensor node is assumed to have 4 hardware units, namely, communication,
processing, sensing, and power, as shown in Figure 2. In the figure, the items with an asterisk represent additional hard-
ware used when event driven power management is preferred.

In a node, communication unit performs all transmission/reception tasks required for the node to talk to the sink
node. Processing unit is responsible for reading sensors and generating data packets. Sensing unit represents sensors
that convert environmental parameters into electrical signal, which is used both for data generation and event detec-
tion. Finally, power unit supplies required power to other units at any time and charges the batteries using harvested
energy. The states of the hardware units with active power consumption are provided in Section 3.3.

B. Energy harvesting methods
Using energy harvesting methods to extend node lifetime can decrease battery replacement requirements significantly.

Existing harvesting devices can generate electrical energy exploiting ambient energy available in mechanical, thermal,
and electromagnetic forms.'**° In this study, energy is harvested using hydrokinetic turbine, piezoelectric cantilever, or

O Node

FIGURE 1 System overview

Processing Sensing
Communication . .
) Main MCU Main sensor
Transceiver . .
Low-power MCU Event detection sensor*
Power Supply
Battery
Harvester
FIGURE 2 Node hardware
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hydrophone. The output of these harvesters is assumed to be continuously used for charging battery. The magnitudes of
the harvested power levels are calculated based on the previous research conducted in these areas under the conditions
of a specific environment.

1. Hydrokinetic turbine

Hydrokinetic turbines illustrated in Figure 3 convert kinetic energy of the water current into electrical energy. Since
the planned location of application, Istanbul Bosporus Strait, provides water crossing between Black Sea and Sea of
Marmara, it provides a highly suitable environment for hydrokinetic turbine usage as harvester. The flow rates of Bos-
porus Strait are given in Table 2.*!

As seen in the Table 2, the flow rate almost stops at the depth of 13 m. This is the result of Bosporus Strait having two
layers of flow within its maximum depth of 55 m. The upper layer flows from Black Sea to Sea of Marmara and the
lower layer flows in the opposite direction. This situation is explicit in average flow rate values as well.

Output power calculation for hydrokinetic turbine is similar to that of previous studies.”>** The harvesting device
explained in this section is a horizontal axis hydrokinetic turbine with a rotor radius of 5 cm. The power that a water
current flowing through the wing spanning area possesses can be calculated as follows:

1
P= EpA93 €))
In Equation (1), p, A, and v represent water density, circular wing-spanning area, and flow rate, respectively. However,
the turbine cannot exploit all the energy water current possesses. In this study, the value of 0.06 is used as the harvesting

efficiency coefficient.

2. Piezoelectric cantilever

D)
FIGURE 3 Hydrokinetic turbine
TABLE 2 Water flow rates for Istanbul Bosporus Strait*'
Depth(m) Min. (m/s) Max. (m/s) Avg. (m/s) Std. dev. (m/s)
6.3 —2.32 1.18 —-0.91 0.74
10.3 —2.18 1.20 —0.42 0.61
13.3 —-1.72 1.20 -0.03 0.45
20.3 —0.38 1.06 0.55 0.16

40.3 0.42 1.14 0.65 0.08
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In addition to turbines, eel-like flexible beam structures with piezoelectric material are also used to scavenge the
energy of water currents. This type of harvesting devices exploit vertical movement of the cantilever beam with pie-
zoelectric material positioned parallel to the flow as shown in Figure 4. Bending of the beam structure asserts phys-
ical stress on the piezoelectric material, which results in power generation. The external force that causes bending is
created via a bluff, which disturbs the smooth flow of water stream. The behavior of the disturbed currents is
explained via Kdrman vortex street.”*

To calculate the power output of the piezoelectric cantilever, the equations presented in *° are adopted. The formula
for maximum generated power from a single piezoelectric harvester is

P= 2f(WeLcw + Wel,ccw) (2)

where f, W, - o, and Wy, - ., Tepresent vortex frequency and electrical energy in clockwise and counterclockwise direc-
tions. The frequency and electrical energy is calculated using Equations (3) and (4).

Srx 9
f== 3)
2 5
W = —p2da BL @)

128" €&, Ty

In ?, Sr and D represent Strouhal number and bluff size. D is calculated dividing the cantilever length by 2.125 to enable
the beam oscillate only with its first harmonic mode®*. In Equation (4), p, ds1, B, €, &, L, and T represent pressure
difference, piezoelectric constant, beam width, absolute permittivity, relative permittivity, cantilever length, and canti-
lever thickness, respectively. To calculate the electrical energy for different directions pressure difference, Equations (5)
and (6) are used.

Paw =55 ©

Peaw = —5p% 6)
3. Hydrophone

Another resource for harvesting in underwater environment is the ambient acoustic noise. Hydrophones can be used
to generate electrical energy from acoustic sound waves. In this respect, the sufficiency of the noise generated by ships
passing through the Strait for harvesting is analyzed.

This study assumes using five hydrophones in array as shown in Figure 5. The amount of power each hydrophone
supply is calculated using'’

RL + RVS
10 10 7)
4Rp

q ~_
“

FIGURE 4 Piezoelectric cantilever
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FIGURE 5 Hydrophone array

In Equation (7), RL is received level in dB, RVS is the receiving voltage sensitivity of the hydrophone in dB, and R,, is the
impedance of the hydrophone. In simulations, HTI-90-U hydrophone from High-Tech Inc. is used.*® This hydrophone
provides an RVS value of —186 dB re 1 V/uPa without preamplifier. For impedance, 125 Q is the preferred value.

To calculate RL, attenuation level formula is used with Source Level (SL) values for container ships from *’.

RL =SL—AL (8)

where,
AL =20 X log,,d + a(f) xd ©)

In Equation (9), a(f) represents frequency dependent attenuation coefficient and calculation of this parameter is
explained in Section 3.4.

The power formula in Equation (7) provides the entire available acoustic power. However, the hydrophone cannot
exploit the entire available energy. Thus, an efficiency coefficient of 0.7 is selected.

The total energy a ship provides throughout its single pass is calculated using

Esnp =}, P(t)dt
where [,,,4, is the maximum horizontal distance between the ship and the mote and is taken 400 m as harvested energy
levels drastically decrease beyond this range. Figure 6 depicts this distance for a typical ship passage scenario.

The d parameter shown in Figure 6 that represents the direct distance between the ship and the mote is calculated
using

2
d= \/ (I’"T“x) + depth? (1)

FIGURE 6 Distance parameters for hydrophone
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The average power that can be harvested from all the ships (n,;,) that pass through the strait in a day is calculated via

Eship X Aship

= (12)
24 X 60 X 60

P dailygy,
The harvested power values calculated using the above formulas are subtracted from the power consumption values to
calculate the net power consumption.

Pret_cons = Peons — Pham (13)

C. Power management methods

Although energy harvesting methods may provide significant amount of energy, they still need to be combined with effi-
cient power management methods to further extend lifetime. Consideration of power management schemes with differ-
ent duty cycle and event arrival values enable evaluating distinct application scenarios.

In this study, schedule-driven and event-driven power management schemes as implemented in 2® are used.

1. Schedule-driven scheme

In schedule-driven scheme, each node is turned on and off with predefined intervals. Using such switching mechanism
makes distinguishable contribution to node lifetime based on duty cycle value. The state transition diagram for
schedule-driven operation that depicts the tasks within each cycle as semi-Markov chain is shown in Figure 7. This
scheme comprises four states, namely, sleep, monitoring, processing, and communication. 3 parameter in the diagram
represents the probability of event detection, therefore fourth state is divided into two substates representing the same
state with different event presence. o parameter shows successful data transmission probability. Also, processing and
communication tasks are activated only when an event is detected.

The hardware statuses for all the states can be seen in Table 3.

Using such separated states eases lifetime calculation. The lifetime of a node in terms of cycles is calculated via

E
Lifetime = —! (14)

per_cycle

where, Pp., o Tepresents the power usage in a single cycle consisting above-mentioned states. The formula used to

onitoring
Stage (Sge)

Awake
Stage (S4j)

Processing
Stage

(82)

-

'

Stage

FIGURE 7 State transition diagram for schedule-driven operation
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TABLE 3 Hardware status for schedule-driven operation®

State Radio CPU Sensor
S; OFF OFF OFF
S, OFF ON ON

S3 TX ON OFF

Sy OFF IDLE ON

Ss RX ON OFF

calculate this value considering the possibility of an event detection is shown in Equation (15).

P, + TﬁEe
Ppercycle = é Te (15)
14+
T

c

In Equation (15), P, is the average power consumption of sleep and monitoring states including CPU wake-up energy
consumption, T, is the entire period duration, T, is the extra time spent for event detection, and E, is the extra energy
used for event detection.

Although this scheme is effective in decreasing power consumption, increased chance of missed events during sleep
is not desired in sensitive applications such as warfare intrusion detection.

2. Event-driven scheme

Schedule-driven scheme is not preferable in applications intolerant to missed events since it cannot provide extended
lifetime without risking event detection. For such applications, event-driven scheme offers a better solution.

In event-driven scheme, each node has additional sensor and processor for sensing and processing tasks besides reg-
ular hardware. Although this complementary hardware uses much less power compared to regular hardware, it is only
used for event detection since it cannot measure the actual data. Waking the actual processor and sensor only after an
event detection, power consumption is substantially decreased. In this study, the sensor and microcontroller used for
event detection are BII-7070 series directional hydrophone with BII-1060 low power low noise hydrophone preamplifier

Proc.
Stage a
i
Comm.
Preprocessing -
Stage

(Sp) h

~~—

tage

FIGURE 8 State diagram for event-driven operation
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TABLE 4 Hardware status for event-driven operation®®

State Preprocessor Radio CPU Sensor
S ON OFF OFF OFF

S, ON OFF ON ON

S; ON TX ON OFF
Sy ON OFF IDLE ON

Ss ON RX ON OFF

and Microchip PIC10F200 microcontroller.”>** As opposed to harvesting via hydrophone case, the sensing hardware
requires power supply due to preamplifier usage. In case of event detection, the central CPU with color camera is acti-
vated. The state transition diagram of event-driven scheme can be seen in Figure 8. As opposed to the former scheme,
event-driven scheme has low-power (preprocessing) state instead of sleeping state.

a parameter in the diagram represents the probability of the detected event to be sent to the sink node. Also, hard-
ware statuses can be seen in Table 4. Preprocessor column represents both low power CPU and sensor.

The power consumption per cycle is calculated using Equation (16).

Py, + AE,

16
14 AT, (16

P per_cycle =
In Equation (16), P, and A represent the energy spent for monitoring and event arrival rate, respectively.
D. Acoustics communication channel model

A review of recent literature shows that employing acoustic signals has usually been the first choice for practical
implementations of UWSNSs due to their extended communication ranges compared with radio frequency and optical
signals.>*' Using underwater acoustic channel, the main issue affecting node lifetime is high-energy requirements of
radio hardware due to excessive attenuation levels and error rate of the channel. Importantly, in underwater acoustic
channel conditions, path loss depends on signal frequency and the distance between the communicating nodes. In this
study, the channel model presented in ** is adopted. However, in places where the transmission power value calculated
using the model is smaller than that specified in the datasheet of the acoustic modem, the values listed in the datasheet
are used.*

According to this model, source level at certain distance and frequency, SL(d,f), in dB with 0 directivity index can be
modeled as

SL(d, f) =A(d, f)+N(f)+ SNR 17)

where, A(d,f) and N(f) represent path loss and ambient noise values. SNR value is the signal to noise ratio at the receiver
node. According to this model, path loss is calculated using

A(d, f) = xlog(d) + a(f)d10~3 (18)

In Equation (18), x value represents spreading factor. Practical spreading (x = 15) is the preferred spreading type. In
addition, o(f) represents frequency dependent absorption coefficient, and it is found using Equation (19).

N fof? 2
“(f>—71f1+f2+7’22+f2+7’3f 19)
where,
1

S ) 226 (20)
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r 21
f, = 42e17 @D
pH-8
(22)
7= 0.106; 0.52 L

¥, = 0.52 (1 + E) (£> 6 (23)
( T h ) (24)

— —+ —

75 = 0.00049¢ \27 17

In above equations, T represents temperature in °C, pH represents water acidity, and S represents water salinity.

The total ambient noise in Equation (17) is the sum of water turbulence, surface ship, thermal noise, and breaking
waves ambient noise as shown in Equation (25).

N(f) = Ni(f) + Ns(f) + No(f) + Nw(f) (25)

The components of ambient noise are calculated using

10log(N,(f)) = 17 — 30log(f) (26)

10log(N,(f)) = 40 + 20(s — 0.5) + 26log(f) — 60log(f + 0.03) 27)
10log(N(f)) = —15 + 20log(f) (28)

L 20log(f ) — 40log(f + 0.4) (29)

10log(Nyw(f)) = 50 + 7.5w2

In Equations (26) to (29), s and w represent shipping and wind factor, which are assumed 0.5 and 1, respectively. To
calculate the SL, SNR should be computed first. This is performed via

SNR(d, f)

SNR =10 10 (30)
Ep R

SNR(d, f) = 5o (31)

To calculate SNR using Equation (31), SNR per bit value (E,/N,), data rate value (R), and noise bandwidth (By) value
should be used. SNR per bit value can be calculated using Equation (32) since BER value for the sensor mote is known.

3 4 Ep
BER = — 32
88VfC< 10N0) (32)

After the source level is found using Equation (17), transmission power can be calculated using the intensity at 1 m of
distance, I,.

C2rxX1lmXh

I; (33)
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SL(d, f) = 10log Gt)
0

In Equations (33) and (34), h and I, represent the water depth and reference intensity of 0.67x10™*%,

TABLE 5 Simulation parameters for turbine harvester
Parameter
Blade radius

Turbine Efficiency

Flow rate (v)

TABLE 6 Simulation parameters for piezoelectric harvester
Parameter
Relative permittivity (,)
Length (L)
Width (B)
Thickness (Tpy)
Piezoelectric constant (ds;)

Strouhal number (Sr)

TABLE 7 Simulation parameters for hydrophone harvester
Parameter
Receiving voltage sensitivity (RVS)
Hydrophone impedance (R,)
Noise at source level (SL)

Daily ship passages (Npip)

TABLE 8 Simulation parameters for acoustic channel
Parameter

Temperature (T)

Acidity (pH)

Salinity (s)

Data rate (R)

Noise bandwidth (By)

Packet size

TABLE 9 Harvested power levels
Harvester type

Turbine harvester
Piezoelectric harvester

Hydrophone harvester

Value

0.05
0.06 =
0.65 !

Value

50434

40

3

60
750x10712 3°
0.2%¢

Value
—186%°
125"
188.1%7
2000

Value

15

35
2000
1000
140

Value
64.41
8.57
0.03

(34)

Unit

m/s

C/N

Unit

dB re 1 V/uPa
Q

dB

Unit

°C

g/kg
bps

Byte

Unit
mW
mW
mW
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4 | PERFORMANCE RESULTS

The results presented in this section are gathered using MATSNL toolbox on MATLAB.?® For all the harvesting scenar-
ios, the node is assumed to be positioned at 40.3 m of depth, where it is closest to the sea bottom, where flow rate infor-
mation is available. Total energy available in the batteries is 5.175 Wh. Also, BER value of 1e-10 is used as specified by
the acoustic modem datasheet.*® This way, the channel model is used to calculate the required transmission power to
satisfy this BER value. Tables 5-8 provide parameters used for harvesters.

Harvested average power levels for each device are presented in Table 9. It is evident that turbine harvester performs
significantly better in scavenging. Moreover, the average harvested power by hydrophone is quite low compared with
other devices. However, it should be noted that the sizes of the harvesters are not the same and, altering the dimensions,
power outputs may be improved. Also, the preferred environment and depth favors the turbine and piezoelectric har-
vester. Choosing a shallower depth, the performance of hydrophone harvester can be improved.

Figures 9-16 show lifetime results for different power management schemes and transmission distances. Figures 9-
12 use schedule-driven power management with transmission ranges of 200 m, 400 m, 800 m, and 1600 m. Similarly,
Figures 13-16 use event-driven scheme with the same transmission ranges. Compared with varying event arrival values
on event-driven operation, schedule-driven operation uses a fixed value of 1000 event arrivals per day and varying duty
cycle values. In each figure, lifetime values with different combinations of harvesters and power management schemes

20004 F—+——+—+——+—+——+—+——+—+——+—+—+—+—+—+—+
—¢— No harvesting & No PM
1800 —v— PMonly B
—+- Turbine harvester & PM
1600 - * - Piezoelectric harvester & PM | |
*- - Hydrophone harvester & PM
1400
2 1200
©
°
o 1000 [ 4
£
2 800+ x 1
600 [ 1
X
400 1 1

¥ .
200 V\V\V\V,L T
TV g X )
R e el el i ok o ., i
01 02 03 04 05 06 07 08 09 1
duty cycle

&

FIGURE 9 Lifetime improvement with schedule-driven operation at 200 m transmission range

2000 f—+——"+——+—+—+—+

\ —¢— No harvesting & No PM
1800 (1 —v—PM only

\ — - Turbine harvester & PM

. — - Piezoelectric harvester & PM
1600 — %-- Hydrophone harvester & PM |

T

S R R RO Y T TU RN R
L N L ) B

1400} | -

e

n

o

o
T

L

1000} | .

lifetime (days)

800 | \ p
600 X, i
400

200

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
duty cycle

FIGURE 10 Lifetime improvement with schedule-driven operation at 400 m transmission range



14 of 18 Wl LEY

ERDEM AND GUNGOR

2000p—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+
—¢— No harvesting & No PM
1800 | —v—PM only
— - Turbine harvester & PM
— - Piezoelectric harvester & PM
1600 | — %-- Hydrophone harvester & PM |
i
1400 1A
|
2 1200 - i
< i
k) .
o 1000 ‘.-
£ !
o so0f I
+
600 [\ J
\.
\ J
400 X
Sxe
2007 : 1
0 o—¢ 0—¢ = =

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
duty cycle

FIGURE 11 Lifetime improvement with schedule-driven operation at 800 m transmission range

2000 —t——— T T T T T T
i —o— No harvesting & No PM
1800 | 1 —v—PM only
: — - Turbine harvester & PM
! — - Piezoelectric harvester & PM
1600 | — % - Hydrophone harvester & PM | -
|
1400 !

—

1200 - !

lifetime (days
©® o
o o
o o

D

[=]

o
T

N
o
s}

T

04 & 5 (o - = il T " N VY SR W
0.1 0. 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
duty cycle

FIGURE 12 Lifetime improvement with schedule-driven operation at 1600 m transmission range

2000 f——+—F—+—F—+—t—+—+

* * H—
—¢— No harvesting & No PM
1800 | —v—PM only
— - Turbine harvester
— - Piezoelectric harvester
1600 - — % - Hydrophone harvester |
x\
1400 [ X i
N,
— X
1200 Sx i
X

lifetime (days
© o
o o
o o

(2]

o

o
T

400 +
200 M

S e G anlh kel e e s sl i Skl sl
200 400 600 800 1000 1200 1400 1600 1800 2000
event arrival (1/day)

FIGURE 13 Lifetime improvement with event-driven operation at 200 m transmission range



ERDEM AND GUNGOR

2000 f————k——+—F—+—F—F+—F—+—F—F+—+—+—F+—+
AN —¢— No harvesting & No PM
1800 - X —<—PM only
\ — - Turbine harvester
| — - Piezoelectric harvester
1600 N — - Hydrophone harvester |
X
1400 - \ E
—_ .\\
21200 | X, E
© N
° X
o 1000 | N 1
£ N
o 800} x. .
X\
600 X 4
K
R o
400 - 4
3
200 M'
RO 0 900 -0 90 %0 % 0 ¢ 0

200 400 600 800 1000 1200 1400 1600 1800 2000

event arrival (1/day)

FIGURE 14 Lifetime improvement with event-driven operation at 400 m transmission range

2000 mom bt

+— A ———————+—+—+
I —o— l,;l'(\)/lharlvesting & No PM
" —v—PM only
1800 F — - Turbine harvester
! — - Piezoelectric harvester
1600 |- — % - Hydrophone harvester |-
\
1400 ! 4
|
212001 ! 1
[ \
= i
o 1000 d
£ %
QL 800F E
= \
600 - \ d
K;
N\
400 .. d
3 \k“x
200 F s .
N -
00— 0— ¢ o—0 o ——

200 400 600 800 1000

1200 1400 1600 1800 2000

event arrival (1/day)

FIGURE 15 Lifetime improvement with event-driven operation at 800 m transmission range

2000+—+—+—+ *\ T T T T T T T
i —¢— No harvesting & No PM
1800 L . —v—PM only
! — - Turbine harvester
\ — - Piezoelectric harvester
1600 \ — % - Hydrophone harvester |
\
1400 - i g
|
£1200 | | E
< \
k) .
o 1000 | ! J
£ !
8 800} *\ -
\
600 \ E
1
400 \ E
‘\.
200‘- \ +‘\ 4
.
0

200 400 600 800

1000
event arrival

1200

=T . v
1400 1600 1800 2000
(1/day)

FIGURE 16 Lifetime improvement with event-driven operation at 1600 m transmission range

WI LEY 15 of 18



16 of 18 ERDEM AND GUNGOR
WILEY

are depicted. Wherever the harvested power enables perpetual operation (ie, harvested power is bigger than consumed
power) lifetime values are capped at 2000 days to conserve the details of results with low lifetime values.

Having the biggest harvested power output enables turbine harvester to provide perpetual lifetime for almost all duty
cycle and event arrival values at all transmission ranges shorter than 1600 m (Figures 9, 10, 11, 13, 14, and 15). Fig-
ures 12 and 16 show that, at 1600 m of transmission range, the case is still valid until 0.3 duty cycle or 500 event arrivals.
But, beyond these values, lifetime improvement almost vanishes no matter what harvester or power management
scheme is used due to higher number of event detection and communication costs. As a result, turbine harvester should
be preferred for applications without extreme conditions in similar environments. In extreme conditions, the benefit
may not justify the increased cost.

The impact of piezoelectric harvester highly depends on the application scenario. Piezoelectric harvester is capable to
provide perpetual lifetime for transmission ranges of 200 m and 400 m for low duty cycle or event arrival values as
shown in Figures 9, 13, and 14. While schedule-driven operation at 200 m transmission range enables perpetual oper-
ation up to 0.15 duty cycle (Figure 9), event-driven operation enables it up to 1200 and 500 event arrivals at 200 m and
400 m transmission ranges, respectively (Figures 13 and 14). Therefore, piezoelectric harvester can be used in applica-
tions without strict missed event requirements.

The impact of hydrophone harvester cannot go beyond 2% of improvement under any scenario. This shows that the
proposed harvesting technique is not yet viable even in a strait with high ship passages. However, a wider array of
hydrophones or a closer positioning to passing ships may help improve the result. Also, as the technology develops,
received voltage sensitivity of hydrophones may be improved in the future. Although preamplifiers are used for exactly
this purpose, they are not utilized in this study since they are active devices and consume power to operate. Conse-
quently, the usage of hydrophones as a medium for energy generation is not yet viable.

To compare the performances of event-driven and schedule-driven schemes, event-driven results at 1000 events/day
can be used since this is the value that is also used in schedule-driven scheme. At this event arrival rate and 1600 m of
transmission range, trigger-driven scheme provides 59 days of lifetime with turbine harvester (Figure 16). For schedule-
driven scheme to provide at least the same lifetime, the duty cycle value should be decreased to 0.55 (Figure 12), which
will cause high number of missed events.

At 800 m, both power management schemes enable perpetual operation with turbine harvester. Thus, piezoelectric
harvester can be used for comparison. With event-driven scheme, the provided lifetime is at 149 days, while schedule-
driven scheme requires duty cycle to be decreased to 0.3 to provide the same lifetime (Figures 11 and 15).

At 400 m, the lifetime event-driven scheme provides is 929 days. 0.15 is the maximum duty cycle for schedule-driven
scheme that enables at least the same performance (Figures 10 and 14).

At 200 m, piezoelectric harvester enables perpetual operation; hence, hydrophone harvester can be used for compar-
ison. With hydrophone harvester, lifetime with event-driven scheme is 266 days. For schedule-driven scheme to perform
at least the same, the duty cycle value should be decreased to 0.1 (Figures 9 and 13).

Therefore, if the duty cycle values listed above meet the application requirements in terms of event miss probability,
then schedule-driven scheme should be preferred. Otherwise, event-driven scheme outperforms schedule-driven
scheme in exchange for higher costs due to additional hardware requirements.

5 | CONCLUSIONS AND FUTURE WORK

In this paper, different power management schemes and energy harvesters are examined with an objective of underwa-
ter node lifetime improvement. To this end, three different harvesting methods that exploit water flow and acoustic
waves have been utilized. Specifically, the ambient energy present in water flow and acoustic waves are converted to
electrical energy using hydrokinetic turbine, piezoelectric cantilever, and hydrophone to assist powering the nodes.
Although hydrophones are usually utilized for monitoring tasks, their capability of converting acoustic waves into
electrical signals enables them to be used as harvesters. In this scenario, the underwater streams and the acoustic noise
generated by the ships passing through Istanbul Bosporus Strait is considered as the energy resource. Moreover,
schedule-driven and event-driven power management schemes are utilized to extend node lifetime. Performance eval-
uations show that water flow-based energy harvesting methods can improve node lifetime substantially for different
transmission distances considering real-life conditions of Istanbul Bosporus Strait. However, the impact of hydrophone
harvester is negligible. Moreover, it is shown that event-driven management provides longer lifetime except extremely
low duty cycle values. Consequently, this scheme should be preferred in applications intolerant to high sleep rates.
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For further lifetime analysis, future work with a focus on a network with high number of nodes instead of a single
node is planned. This way, the impact of routing on lifetime can be included in the analysis. Also, the impact of different
MAC mechanisms is planned to be analyzed to show how variable delay characteristics of underwater environments
affect the performance of MAC layer.
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