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Abstract—This paper presents a low-cost and low-power
consumption asynchronous Wake-Up (WU) development to
Underwater Wireless Sensor Networks (UWSN).
An asynchronous WU offers important advantages for energyaware network polices, however it needs some specific hardware,
an optimal configuration of system facilities and the
interconnection with a core control unit.
This proposed WU implementation has been specifically
designed to be used in acoustic underwater modems, able to react
to external acoustic stimuli. Both the modem and the Wake-Up
system use a unique piezoelectric transducer dissipating, to our
knowledge, the lowest power published until now. Moreover, the
system is able to detect both simple tones and predefined bit
patterns, being able to wake up a network node UWSN
individually or even to different nodes at the same time.
Keywords— Underwater Networks; Wireless Sensor Networks;
Acoustic Modems; Wake up; Low Power

I. INTRODUCTION
Underwater Wireless Sensor Network (UWSN)
development is of current interest due to their potential number
of attractive applications.
An UWSN is physically composed by a number of nodes,
the smallest computational unit in a network. Nodes are selfpowered by batteries or they can include some energyharvesting resource. In both cases, the tendency is the
reduction of both the size and cost of nodes and consequently,
the size of its batteries. Thus, the design must be oriented to
consume as low power as possible in order to extend nodes
operational life.
In this line, modern microcontrollers usually offer several
operating modes which, depending on performance necessities,
can switch between different clock sources in order to
minimize its power consumption. Among operating modes, the
‘sleep mode’ reduces power consumption to its minimum by
turning off the Central Processing Unit (CPU) and attached
peripherals as much as possible. Exploiting this sleep mode is a
very interesting option in networks with low traffic demand
and, consequently, low communication activity. However, as
long as messages cannot be sent nor received by the wireless
interface in sleep mode, the microcontroller needs a way to
wake up and reactivate its normal activity.
This paper presents a detailed description of an
asynchronous Wake-Up system specifically designed to
underwater communication with acoustic link. The design
observed under two scenarios, numerical computing simulation
and real on sea waters. Firstly, the paper presents the
MATLAB-Simulink model whose results have been explored
to evaluate final system reliability.

The paper is organized as follows. Section II sets the paper
framework. Section II summarizes the most relevant hardware
features of an acoustic modem previously developed to the
present work. Section IV presents the low-power proposed WU
circuit. Section V describes how the WU resource is extended
in order to detect multiple patterns. Section VI describes the
Simulink model of the WU system. Section VII presents and
evaluates some practical experiences carried out to evaluate the
system performance. Section VIII verifies the system. And
finally, section VIII concludes the paper.
II.

RELATED WORK

Strategies to Wake-Up (WU) a node can be grouped into
synchronous or asynchronous. Synchronous WU strategies are
based on time sharing and synchronization, while
asynchronous WU strategies depend on external stimuli.
Synchronous WU strategies need very simple additional
hardware. Time synchronization can be kept by using a Real
Time Clock (RTC) or even a timer. This hardware is well
known, usually dissipates very low power [1] and even is
integrated as on-chip peripheral in several state-of-the-art
microcontrollers [2]. Nevertheless, synchronous WU strategies
are based on the premise that two nodes that want to
communicate will switch on their wireless interfaces at the
same time just synchronizing their corresponding internal
clocks. Time-driven protocols trust energy saving to the
efficiency of their clock synchronization mechanisms.
Generally speaking, synchronous WU strategies present an
additional energy waste to the minimum required to transmit or
receive [3]. Moreover, in an event-driven communication,
which starts when some specific event is recognized, the
wireless interface tends to remain active more time than needed
to complete a packet transmission.
Asynchronous WU strategies, however, need much more
specific hardware. A node must be able to react to certain
stimuli. For example, an acoustic signal can be used to
reactivate the node, but it will need an Acoustic Triggered
Wake-Up (AT-WU) circuit. This circuit must dissipate as low
power as possible since it remains always active either in
microcontroller sleep mode or in active modes. However, the
extra energetic effort done by the node is worthily reinvested
because it has been proved that asynchronous WU can reduce
overall network power consumption more than synchronous
WU [4]. Asynchronous WU is close to the optimal case of
opening the wireless interface only to transmit or receive a
packet in both time-driven and event-driven protocols.
Recently, Harris, Stojanovic and Zorzi published a work
comparing both WU techniques simulating the energy
consumption levels of a synchronous WU solution as STEM [3]
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and a wake up asynchronous design [5] (called in the paper the
wake up mode) [4]. Authors concluded that “for underwater
sensor networks where the expected traffic generation is less
than one packet per node per few hours, the wakeup mode will
save energy over sleep cycling both in terms of the greatest
energy consumption of a single node, thereby increasing the
network lifetime by delaying the first node death”.
However, very little work has been done about
asynchronous AT-WU. The main reference so far is Wills, Ye
and Heidemann work in 2006 [5]. This work includes two
important characteristics expected in any asynchronous WU
system: inexpensive and low-power consumption. The
complete WU circuit draws 500µW when waiting for an
incoming valid wake up signal.

The ITACA institute has developed an innovative modem
mainly focusing on two parameters: cost and power
consumption. Its nominal data rate is 1kbps. The
implementation is suitable to short range distance dissipating
16mW to 68mW in transmission mode. However, 100 meters
in shallow water have been successfully reached consuming
120mW (reported in [11]). As can be seen in TABLE II,
power consumption is the lowest of the state-of-the-art of
research acoustic modems but still presents a compromise
solution with data rate.
TABLE II.
STATE-OF-THE-ART OF ACOUSTIC MODEMS USED IN UNDERWATER SENSOR
NETWORKS

Modem

However, there exist terrestrial WU circuits that dissipate
less than 100µW waiting. State-of-the-art asynchronous WU
systems for WSN dissipate 52µW [6], 11µW [7] and 12.6µW
[8] as shown in TABLE I. These works agree to use On-OffKeying (OOK) in the wake-up operation in order to save
energy.

TABLE I.
STATE-OF-THE-ART OF RT-WU SYSTEMS
SOLUTION

FREQ
(MHz)

SUPPLY
(V)

PWR.
(µW)

SENS.
(dBm)

ITACA
[11]

Modulation

FSK

Data rate (bps)

1000

Sleep
(µW)
RX
(mW)
TX
(mW)

So this paper proposes the adaptation of terrestrial WU
techniques to the underwater scenario, obtaining a reliable but
ultra-low power Acoustic Triggered Wake-Up circuit.
A previous work in terrestrial networks [9] showed that no
extra hardware is needed to generate and transmit a WU signal.
But, on the other side, additional hardware is needed on the
receiver to analyse incoming signals and to wake up the
microcontroller. As a result, the modem abstraction block
diagram is shown in Fig. 1 in which a specific peripheral has
been added only to the receiver while its own acoustic modem
wireless interface is reused to generate and transmit the OOK
WU signal. This peripheral, a low-cost commercial available
off-the-shelf IC, is usually found to terrestrial RFID (Radio
Frequency IDentification).

CISME

Power
Power
Power

Distance (m)

Freitag
[12]
FHFSKPSK

Iltis
[13]

Wills
[5]

Parsons
[14]

M-FSK

FSK

FSK

5000

133

600

31

3

-

>100

>500

13.6

24

> 500

>300

> 25

65

120 *

> 500

>300

> 25

243

100

2-4 k

-

500

100

Sensitivity
30
10
(µV)
* TX power corresponds to 108 mW power amplifier stage (100m distance)
and 12 mW MCU.

The modem has been equipped with a commercial
HUMMIMBIRD XP 9 10 piezoelectric transducer. Although
this transducer was originally commercialized for other
applications such as fish-finding or depth-metering, it has been
successfully re-targeted for acoustic communications. The
architecture is based on a microcontroller. The modem
implements a mixed Analog-Digital Central Processing Unit
(CPU) capable of synchronous FSK modulating and
demodulating. The possible operating modes within this
architecture are the following:

ITACA [9]

868.3

3.0

8.7

-53

A. Sleep mode:

Berkeley 2008 [6]

2000

0.5

52

-72

Durante [7]

2400

1.5

11

-57

J. Ansari [8]

869

3.0

12.6

n/a

Modem is turned off and messages cannot be neither sent
nor received. Node microcontroller can be activated by an
event or a port change (e.g. external push). Power consumption
is only 3µW (@3.0VDC), which is the lowest ever reported for
such application as compared in TABLE II.

The overall modem, including the WU peripheral,
dissipates 10µW waiting, which absolutely agrees with power
limit constrains of current underwater wireless communication
devices. In fact, ITACA WU power consumption is the lowest
of the state-of-the-art RT-WU systems that appear in TABLE I.
Thus, the proposed WU circuit is a very interesting resource in
the design of low-power consumption UWSN, helping to
extend network lifetime for a reasonable price. Finally, our
results can be exported to other networks simulation tools as
ns-3 [10] to evaluate final system reliability.
III. PREVIOUS HARDWARE
The AT-WU circuit is modular and therefore it is not
restricted to a specific acoustic modem. However, the overall
modem consumption obviously depends on the whole
architecture.

B. Receiving (RX):
ITACA modem only implements one receiving mode in
which frames are decoded and error-free packet reception are
announced to protocol upper layers. Power consumption is
24mW (@3.0VDC). Approximately half of this power
consumption is used to amplify and filter the received signal,
while the computing unit consumes the rest to run a
demodulation algorithm. Receiver amplifier is based on a
passive T-structure LC pass-band filter cascaded to a Variable
Gain Amplifier (VGA) with Automatic Gain Control (AGC)
from 0dB do 80 dB. Measured sensitivity is around 30µV.
C. Transmitting (TX):
Power amplifier stages consumption depends on the
transmission distance to be covered. To reduce wasted power,
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ITAC
CA modem im
mplements ann innovative Digitally-contr
D
rolled
Pushh-Pull B-class (D-PP-B) amplifier witth 75% meaasured
efficciency.

C
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in caase of matchhing, the AT--WU circuit will generatee the
interrrupt signal thaat wakes-up thhe microcontrroller.

I an ideal sccenario, the microcontroller
In
m
r should remaain in
sleepp mode as much
m
time as possible, consuming lesss than
3µW
W when no trransmission, reception
r
or sensor measuure is
requuired.
IV.

WAKE
E-UP SYSTE
EM DESIGN

Fig. 1

Wake--Up Overall Systeem

J
Joining
up thee WU peripheeral to the ITACA modem
m does
not imply any chhange in the architecture of
o the modem
m. As
show
wn in Fig. 1 a WU system involves addiitional hardwaare on
the receiver
r
to reccognize a valid WU signal and to wake up
u the
mainn Micro-Conntroller Unit (MCU), while
w
WU signal
s
transsmission doess not need addditional hardw
ware. Fig. 2 depicts
the block
b
diagram
m of ITACA modem modiified to embeed the
WU circuit.
When the MC
W
CU is in sleeep mode, the WU circuit waits
listenning to the chhannel. If it detects
d
a possible incomingg WU
signaal, this circuitt must process it, waking up
u the MCU just in
case of a positive recognitionn. Moreover, this circuit iss also
activve when the MCU is acctive, an inteeresting featuure to
recognize multiplee WU requestts.
T WU signaal is On-Off Keyed,
The
K
attendinng to the simpplicity
of OOK
O
demodulaation circuits. For example,, the simplest OOK
dem
modulator is knnown as envellope detector and it is form
med by
a diiode and a capacitor;
c
this system disssipates no power.
p
How
wever, a FSK
K demodulatorr based on Phase-LockedP
-Loop
(PLL
L), as used in ITACA moddem [1], dissippates 12mW. Thus,
the consumption
c
o a WU circuuit based on OOK
of
O
demoduulation
will be lower thann the one usingg Frequency-S
Shift-Keying.
B
Besides,
the WU
W circuit is expected
e
to perform extra signal
s
proccessing to avvoid false Wake-Up
W
detecctions, little more
comp
mplex than sim
mple demodulaation.

Fig. 2

IT
TACA Modem wiith Asynchronous WU System

2) WU Signal Frequency Baand
In
n the presenteed prototype iimplementatio
on, frequency band
to bo
oth signal wakke-up and datta is the same (85 kHz) in order
to usse the same transducer. It ssimplifies the architecture, but
b it
does not relieve the network of data-WU signals collissions.
How
wever, this cooincidence is not mandato
ory, as it wiill be
discu
ussed later, atttending to AT
T-WU design portability.
p
3) WU Signal Modulation
Wake-up
W
signnal is OOK (On-Off-Keeying) modullateddepiccted in Fig. 3.
An
A OOK patteern example iss shown in Fiig. 4. It consissts of
threee different parrts: carrier, ppreamble and Manchester coded
c
patteern.

T implementt the described features, the
To
t presentedd WU
systeem has beenn designed using
u
the AS3933 of Austria
A
Micrrosystems [155]. It is a com
mmercial WU
U Integrated Circuit
C
low--cost receiverr, ideal for RFID tags, since it was not
origiinally designned for acouustic signal transmission. The
noveelty of this work
w
is the addaptation of this
t
IC into a WU
acouustic underwatter receiver.
Fig. 3

A. Wake-Up
W
Signnal
1 WU Signall Medium Trannsmission
1)
T
Through
wateer channel, a node transm
mits both waake-up
signaal and data. The wake-up signal will be
b transmittedd and
receiived by everyy node within transmission range. This wakew
up signal
s
is morre complex than
t
a singlee tone. It conntains
idenntification infformation whhich is used by each AT
T-WU
circuuit to comparee it with its asssigned recognnition pattern. Only

OOK M
Modulation Examp
ple

When
W
correlatoor detects a m
matching cond
dition, it will set a
flag to the MCU. In case of tonne detection, only carrier signal
s
is needed to set thiis flag.
B. Wake-Up
W
Trannsmitter
When
W
a node, setting up ass transmitter, needs to estaablish
comm
munication with
w another noode in the network, it willl start
this communicatio
c
on emitting a W
WU signal.
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T
The
WU signal can be configured with
w
two diffferent
comp
mplexity levels: from a singlle carrier frequuency tone, too a bit
chainn with a specific pattern. This
T pattern coould be differrent to
everry node on thee network, alloowing selectivve wake-ups.



ASK
A
receiver with Mancheester coding caapability.



Additional
A
low
w-power sleepp timer with wake-up
w
capabbility.



Reconfigurabl
R
le via SPI (Seerial Peripheraal Interface).

As observed inn Fig. 1 and Fig.
A
F 2, the trannsmission of a WU
signaal neither reqquires additionnal hardware nor modificaations
on thhe existing modem
m
due to OOK modulaation can be easily
impllemented in any
a microconntroller based architecture. Even
thouugh data transmission is FS
S-Keyed, OOK
K is compatibble by
simpply switchingg node powerr amplifier output
o
on annd off
accoording to thee transmittedd symbol. Biit synchronissm is
achieeved by Mancchester codingg.

D. Wake-Up
W
Harddware Integraation
The
T RX analoog processingg stage of thee original moodem
preseented in [1] has
h been imprroved – Fig. 1. This blockk has
been designed to both
b
filter andd amplify inccoming FSK signal
s
and to
t detect incom
ming valid WU
U signals.

C. Wake-Up
W
Receeiver
O the receivver side, speccific hardwaree is required. This
On
harddware will bee always acttive, listeningg to the chaannel,
waitting for wake-up signals. Thus,
T
it shoulld dissipate as
a low
pow
wer as possible.
B solutionss on terrestriaal RT-WU sysstems are based on
Best
supeerheterodyne structures
s
[9].. Incoming siggnal is shiftedd to a
loweer Intermediatte Frequency (IF). The usee of such struucture
repoorts higher wake-up
w
detecction ranges with lower power
p
conssumption.
F example, in [9], authoors present a RT-WU sollution
For
baseed on an existiing commerciial IC originallly commerciaalized
to RFID
R
applicattions. Austria Microsystem
ms AS3930 detects
d
125 kHz (110-140 kHz) tones.. Moreover, thhe AS3930 chip is
able to detect 8-- and 16- biit patterns. Additionally
A
t the
to
AS3930 IC, the RT-WU solution in [9] coombines the RFID
125 kHz with an ISM
I
band (868 MHz to dataa transmissionn).
A
Austria
Microosystems has made an innteresting effoort to
releaase AS3933 [15]. Differennt blocks, esssential to waake-up
effecctive detectionn, are now em
mbedded. For example, sofftware
reconfigurable inpput impedancee matching neet, Automatic Gain
d
or signal correelator.
Conttrol (AGC), envelope detector
How
wever, this IC was originally designed too be triggered using
magnetic coupledd signals with a coil antennaa for RFID syystems.
m
be speciially designedd that matchess both
Therrefore, a net must
impeedances and suitably
s
couplles the acousttic incoming signal
s
to the
t
RFID baased WU circuit. Thus, the WU circuit
c
incorporates a sppecific matchiing net formeed by a 3-stage Tstruccture band-passs filter with passive
p
inducttors and capaccitors.
During the im
D
mplementatioon, it was foound that thhis Tstruccture with inductors and capacitors is the most suuitable
struccture since caapacitors avoiid any circuitt bias modificcation
and inductors mim
mic coil-antenna magnetic coupling.
c
T final WU
The
U receiver (W
WU-RX) presents the folloowing
featuures:


Wide frequenncy range. 15-150
1
kHz tones
t
with pattern
recognition. One
O over five different bannds can be seleected:
15-23, 23-40,, 40-65, 65-955 and 95-150 kHz.
k



Tone, 16 and 32 bit patternn recognition.



Operating suppply voltage from
f
2.4V to 3.6V.
3



2.7 µA (@3.00VDC) consum
mption in listeening mode.



False wake-up
up control via wake-up
w
reporting and counnter.

Fig
g. 4

AS3933 Paattern Detection E
Example Comparred to the Same Pattern
P
FS-Keyed.

On
O the one hannd, to FSK deemodulation, the needed annalog
proceessing circuit is described in Fig. 5. Itt includes a signal
s
Variaable Gain Am
mplifier (VGA
A) with Autom
matic Gain Coontrol
and a pass-band filter. Its ouutput is conneected to the FSK
demo
odulator.
On
O the other hand,
h
once a W
WU signal is received, deccoded
and verified
v
as vallid, the WU peeripheral sets a flag to the MCU.
M
The WU signal recognition iis expected to
t cause a MCU
M
operaating radio mode
m
change m
managed by a suitable softtware
interrruption handleer, increasing flexibility.
FSK
F
signals caannot generate valid OOK patterns – Figg. 4 and vice-versa.
v
Moreover, in caase the modem
m is in sleep mode,
m
FSK demodulationn is not perfoormed - MCU
U does not execute
any instruction
i
annd the receivinng pre-amplifi
fier is disconnnected
– and
d the incomingg signal is onlly processed by
b the AS39333 IC.
However,
H
wheen the modem
m is active, th
he implementtation
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conttemplates two possibilities:
 If the incom
ming signal iss On-Off-Keyyed modulatedd, the
AS3933 wiill work on the
t signal verrification whiile no
effective innformation will
w
be obtaiined by the FSK
demodulatoor.
 If the incom
ming signal is
i FSK moduulated, the AS
S3933
will not recognize any vaalid WU signaal.

Figg. 5

C
CISME

a
to the WU patttern received. For
different modes attending
mple, a routerr in a multi-hhop network can be askedd for
exam
receiiving an incom
ming packet oor for sending
g a pending packet
depending on the WU signal reeceived. Furth
her control paackets
can be
b avoided andd some energyy is consequen
ntly saved.
To
T multiple patterns
p
recognition, WU signal has been
exten
nded, as can be
b seen in Figg. 7: carrier; preamble; 8 or
o 16
bits pattern
p
to be detected
d
by AS3933 IC; and
d m additionaal bits
patteern to be deteected by the MCU. Both patterns are OOK
O
modu
ulated whilee Manchesteer decoding is requiredd to
synch
hronize bit recception.

Receiving Pre-amplifier
P
Schhematic

V. MULTIIPLE WU PA
ATTERN REC
COGNITION
A
Although
it would
w
be very interesting too selectively WakeW
Up one
o node of the
t network with
w more thaan one patternn (for
exam
mple, to differrent radio mode changes) the
t AS3933 chip is
onlyy able to detectt one single OOK
O
Manchesster coded patttern.
T
The
followinng example shows the real
r
advantagge of
multtiple pattern detection: broadcast
b
difffusions in unnicast
netw
works. On the one hand, if each node weere only capabble of
wakiing up by the detection of a unique patteern – a node pattern
non--coincident to any other neetwork node - , broadcast would
w
onlyy be accompliished by emiitting the whoole set of nettwork
patteerns, one per node. On thee other hand,, if all nodes were
wokken up with the same patternn – a networkk pattern coinccident
in evvery network node - all thhe nodes would be awakenn with
everry link requuest even when
w
it wouuld be a unnicast
transsmission. In both
b
cases, eneergy wasted iss not negligiblle.

Fig. 7

Multiple Wake-U
Up Pattern Detecttion Signals

The
T proposed multiple
m
patteern detection algorithm
a
is shhown
in Fig. 6:
 The receiveer remains inn sleep mod
de while the WU
peripheral listens to tthe channel – Carrier state.
Dissipation is only 8.1µW
W.
 After deteccting a carrieer signal, th
he WU perippheral
validates prreamble and AS3933-patteern. When a valid
sequence is detected, thee peripheral sets
s
a flag– MCU
M
INT – to waake up the MC
CU.
 In MCU PA
ATTERN state, the MCU reads
r
m addittional
bits. In ordeer to save enerrgy, system cllock frequency has
been configgured to 4066 kHz (60 times slower than
system clocck in FSK T
TX and RX), which implies a
power consuumption of 5440µW in receeption only during
d
16 ms or 32
3 ms for m = 8 or m = 16. This power
p
consumptionn overhead is evaluated in later
l
sections.
VI. AT-W
WU SYSTEM
M SIMULINK MODEL
In
n recent yeaars, several W
Works on un
nderwater acooustic
channel have beenn published [117]. Real dataa concerning depth
d
and sea
s floor matterials can be imported from different global
g
datab
bases to theese models. As resulting
g, communiccation
cond
ditions in certaain localizatioon can be mo
odelled beforeehand
estim
mating final syystem behavioour.

Fig. 6

Multtiple Pattern Recoognition Simplified State Diagram
m

O
Other
interestting applicatioon is controll packet reduuction.
Conttrol packets can be avoidded by activvating the node in

So
S it would bee desirable to accurately an
nd quickly evaaluate
netw
work performaance with AT--WU capabiliity in a predeefined
scenaario. A modell integrated inn a simulation tool is essenttial to
reach
h this goal. Atttending to itss simplicity an
nd its potentiaal for
futurre extensions, we have deccided to deveelop this model by
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usingg Simulink ennvironment off Matlab [18].
I Fig. 8 ITA
In
ACA RX WU
W model is shown. The main
moddules embeddeed in this subsystem have been
b
modelled and
incluuded inside thhis model.
A
Amplitude
is normalized using
u
a Variabble Gain Ampplifier
withh Automatic Gain Contrrol. OOK decoded
d
signnal is
correelated with a programmaable correlatoor. Both tonee and
Mannchester codeed patterns have
h
been considered
c
byy the
correelator. The results
r
are thhe correlationn of the incooming
signaal with the proogrammed paattern (percenttage) and WU
U valid
signaal detection (MCU
(
INT). MCU INT iss set by compparing
the current corrrelation valuue with a certain thresshold,
depeending on the programmablle tolerance coonfiguration.

C
CISME

been prototyped annd adapted to the modem hardware
h
desccribed
in Seection III. Now
w, we proceed to describe several evaluuation
tests..
A. OOK
O
Pattern Robustness
R
The
T
wake-up circuit topology itself can
c
lead to some
patteern aliasing: more
m
than onne bit string can
c cause positive
patteern detection. The inner fleexibility of thee correlator caauses
this aliasing
a
effecct, more accenntuated to tho
ose patterns whose
w
Mancchester encodding presents similitude with
w
the preaamble
struccture.
For
F example, it
i has been exxperimentally
y realized thatt 0xff
patteern is easily confused
c
withh 0x00 patterrn by the intternal
correelator.
1)) Correlationn Tests
To
T estimate error probaability and pattern deteection
uncertainty, wee have crross-correlated
d all posssible
progrrammable pattterns. Carrierr and preamb
ble have beenn also
consiidered in this experiment too obtain a realistic estimatioon.

Fig. 8

Fig. 9

Fig.
F
11 is buiilt on 8-bits cross-correlatted patterns. Only
thosee with more thhan 87.5% coorrelation (100
0% corresponnds to
perfeect match) aree marked in thhe figure. Each
h pattern has a 100%
correelation with itself
i
(diagonnal line in Fiig. 11). How
wever,
undeesirable 100% correlations aalso exist.

ITACA WU-R
RX Block Diagraam Model

For
F example, Fig.
F 12 detaills the cross-correlation of 0x00
patteern. This figurre shows a 1000% correlatio
on with both itself
and 0xff also. Thhus, the configuration and emission of 0x00
patteern will causee a true validd detection bu
ut also it occurs a
false wake-up withh the emissionn of 0xff patteern.

AT-WU Maanchester OOK Generator
G

Although AT--WU is the only
A
o
hardwaree subsystem to be
addeed to an existinng modem, OOK
O
modulatiion and Manchhester
coding software functions
f
shouuld be also modelled.
m
Sim
mulink
suitee allows makking an absttraction of both hardwaree and
softw
ware to impleement the simpplest functionnal diagram bllocks.
The result of the WU
W signal traansmission is shown in Fig.. 9. In
this case any 8-biits patterns froom 0x00 to 0xxff are sequenntially
geneerated, encodeed and transm
mitted. Howeever, the propposed
patteern generator admits other possibilities such as randoom or
consstant generatioon.

In fact, we have
h
observed that patterrns with a crossc
correelation over 877.5% also cauuse false wakee-up detectionns due
to co
orrelator tolerrance. We caalled this effeect as aliasingg into
the next
n experimenntal test.

Itt has been alsso simulated tthe RX WU model
m
with all the
possiible incomingg 8-bits strings, when 0x0
00 is actuallyy the
confiigured patternn. Simulationn trace is sho
own in Fig. 13.
1 If
simu
ulation results are compareed with the values measured in
the reliability
r
testt for the samee pattern (Fig
g. 12), we observe
that the
t curves perrfectly fit.

F
Finally,
both AT-WU traansmitted siggnal and AT
T-WU
recepption circuit are interconnnected by usiing an underrwater
acouustic channel model.
m
The ovverall WU sysstem is modelled in
Fig. 10 in which Pattern
P
TX coorresponds to Fig.
F 9 and RX
X WU
correesponds to Figg. 8.

Fig. 10 AT-W
WU Whole System
m

VII.
W
WAKE-UP
SY
YSTEM EVA
ALUATION
To carry out a full evaluaation, the propposed solution has
T

Fig. 11 Cross Correelated Pre-prograammed in the WU
U-RX Module (A
AS3933)
and R
Received Patternss
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probability disappears.
If patterns with aliasing are avoided, the performance of the
WU system increases. In the worst observed case, no false
wake-ups were reported while non-detections occur at a rate of
0.6% (Fig. 14 non-aliasing column).

Fig. 12 0x00 Pattern Cross-correlation

Fig. 14 Error Rate Experiments Results in Worst Case

B. Energy Evaluation
A wake-up solution which consumes 8.7 µW means a
reduction on 98.3% compared with [5]. It is a huge
improvement but also was needed. ITACA modem power
consumption is far below of previous acoustic modems for
UWSN. Thus, the impact of the AT-WU on the modem must
be dimensioned to this consumption. The objective of this
section is to compare the overhead of two acoustic wake-up
solutions: Wills [5] and the proposed one in an ideal controlled
scenario with only two nodes.

Fig. 13 Simulink Simulation Results Generating All the Possible Patterns.
AS3933 Pattern: 0x00.

2) False Wake-ups and Non-detections
Two modems were submerged during 24 hours in a water
tank. One of these modems was constantly sending WU signals
with 16 different 8-bit array patterns – including 0x00 and 0xff.
The receiver modem should only recognize one of these 16
patterns.

The comparison will use the following ITACA modem
parameters: Power consumption to communicate 25 vertical
meters is RX 24mW and TX 28mW. Sleep mode consumption
is 3µW. Messages are assumed to be of 64 bytes, which at
1kbps data rate is translated in 0.512s to either transmit or
receive a packet.
Wills AT-WU module has been already joined up to WHOI
modem [12] and tested in a previous study on wake-up impact
on UWSN [4]. However, to the present estimations, both
modules Wills and the proposed AT-WU will be connected to
the ITACA modem.

Besides, two additional estimations will be added to the
comparison which will act as energy consumption boundaries:
idle and optimal. On the one hand, idle boundary assumes that
a node is always listening to the channel (RX) waiting for new
messages. This scenario can be considered a worst case
scenario since the node does not exploit low power modes. On
the other hand, optimal boundary assumes that a node is only
listening while a packet is received, going to sleep the rest of
the time. Since it assumes perfect synchronization, it is the
lowest possible power consumption scenario. These boundaries
have been also proposed in a previous study on wake-up
The non-emitted column corresponds with the first scenario. impact on UWSN [4]. Other alternatives based on varying
Neither false wake-ups nor non-detected pattern were reported. listening duty cycles, e.g. STEM [3], have not been considered
However, in case of patterns with high aliasing probability since they are enclosed between idle and optimal boundaries.
(such as the 0x00 example) the false wake-ups probability is
It will be evaluated power consumption of a single node in
higher of 60%.
a simple scenario with the following duty cycle sequence: the
As another fourteen different patterns were also transmitted node receives a message, once received, it sends back an
with lower cross-correlation than 87%, false wake-up detection Acknowledgement (ACK) packet and waits for next incoming
Two parameters have been observed with this experiment.
Firstly, it was measured the number of false wake-ups which
lead the modem to become unexpectedly active. Secondly, the
number of detection failures when the emitted pattern is
coincident with the configured one but pattern recognition fails
was also measured. Two scenarios were set. In the first one,
the WU pattern configured into the receiver was never sent.
This scenario characterizes false waking up probability. In the
second scenario, the configured WU pattern is emitted
periodically. Results are shown in 0.
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packket in three poossible modes, depending on
o the case stuudied:
sleepp mode (in optimal),
o
RX (in idle) or sleeping witth the
attacched AT-WU active (in Wills
W
or ITACA
A-WU). This cycle
longgs around 1 second
s
TX+R
RX plus 60 seconds
s
into sleep
repeated cyclicallyy.
1 Packet Genneration Rate Analysis
1)
results are shown in Fig.. 15. Inter-aarrival
E
Experimental
timee between packkets ranges froom 0s to 300ss:
 When packkets are contiinuously receeived (the shhortest
interval bettween packetss), all solutionns achieve the same
power perfoormance.
 Up to onne minute tiime interval between paackets
(maximum period considdered in work [4]) both Willls and
ITACA AT
T-WU solutionns improve idlle boundary arround
75%.
 With five minutes
m
time interval,
i
whicch is not far from
fr
a
real underw
water case scenario, signnificant differrences
come up. This
T
differencee comes from
m both the AT
T-WU
module connsumption reeduction togetther with thee low
modem connsumption in sleep
s
time.
Both configurrations single and multiplee pattern capaability
B
are analysed
a
in Fiig. 11 (single and
a MCU-Patttern). We asssumed
in prrevious sectioons that multiple capabilityy still agreedd with
origiinal system coonstraints althhough MCU iss actually actiivated
but for
f a very shoort time (16 too 32 ms) conssuming 540µW
W. As
can be seen in iss Fig. 15, eneergy wasted by
b multiple pattern
recognition is pracctically negliggible compareed to single paattern.

Fig
g. 17 Overall Pow
wer Consumptionn Attending to Wake-up
W
System Power.
P
Y-axys: mean
m
power consuumed normalized to idle. X-axis: WakeW
Up cirrcuit consumption
n.

Fig.
F 16 showss energy savinng within two
o possible reaalistic
time interval bouundaries. On the one haand, with paackets
receiived every minute,
m
our solution saves 13% compareed to
Willss solution.
On
O the other hand, with uultra low trafffic demand, e.g.
e 1
pack
ket per hour, 88% energy is saved. In an upper
u
time intterval,
maxiimum theoreetically imprrovement is 97%, whicch is
practtically achieveed by receivinng two packetss per day.
Because
B
thesee results set energy savin
ng benefits too any
UWS
SN which inntroduces sleeep times witthin its nodees, it
motiv
vated us to thhe developmeent of this new
w AT-WU syystem
with such lower coonsumptions tto be especiallly used withinn also
low-p
power acoustiic modems.
2) Wake-up Poower Consump
mption Analysiss
In
n case of varyying the wakee-up circuit co
onsumption due
d to
desig
gn or appliccative decisioons (addition
nal amplificaation,
filterring, etc.), an interesting sstudy consists of evaluating the
impaact that will reepresent to thee whole embed
dded system.
Results
R
will shhow if a wakee-up system with
w certain power
p
consu
umption is feaasible in a speecific scenario
o or not.
To
T get a widerr perspective, two different inter-arrival time
perio
ods have beenn configured: one packet per minute andd one
pack
ket per hour.

Figg. 15 Energy Coonsumed by Diffeerent Configuratioons Compared too IDLE
with Differrent Generation Inntervals

As
A observed inn Fig. 17, one packet per miinute saves 933% of
energ
gy. When poower consumpption of a wake-up
w
systeem is
abou
ut 100µW thee whole systeem only wastees 10% of ennergy
addittional to the opptimal solutioon.
In
n case of pacckets receivedd every hourr, wake-up syystem
poweer consumption becomes significant. When a wakke-up
systeem dissipates 50µW, appproximately 10% of energgy is
wasteed compared to the optimall solution. Ho
owever, this ennergy
wastee difference increases as long as thee wake-up circuit
consu
umption gets closer to nodde consumptio
on in RX modde. At
this moment,
m
indeependently of the traffic, power consum
mption
is equ
ual and not uppper to idle soolution.
C. Small
S
Craft Maarina Experim
ments

F 16 Energy Saved
Fig.
S
If AS3933 Is Used Instead of
o Wills Wake-upp [12]

The
T followingg experimentss have been run in a reaal sea
water scenario ass a craft mariina, shown in
n Fig. 18. Suuch a
noisy
y environmentt represents ann ideal scenarrio to evaluatee WU
systeem prototype.

C 2011-2012 Wo
CISME Vol.2
V
No.2 20122 PP.1-10 www
w.jcisme.org ○
orld Academic P
Publishing

-8-

Com
mmunications in
i Information
n Science and
d Managementt Engineering

C
CISME

1 Wake-up Detection
1)
D
Distaance
T transmissiion distance reached
The
r
depennds on transmiission
pow
wer amplificatiion. The ITAC
CA modem haas been testedd with
12m
mW, 48mW, and
a
108mW. In October 2011, the modem
m
reachhed 240 meterrs with 108mW
W in sea wateer.
S
Signal
degradaation at differrent distances can be observved in
Fig. 19. Amplitudde has been noormalized via using the VG
GA. At
40m
m with maxim
mum TX poweer (108 mW),, the magnituude of
noisee can be obseerved. Althouugh our measuurement equippment
[15] was not cappable of deteccting any signnal over the noise
levell with longer distances, AT
T-WU still deetected successfully
incoming tones annd patterns.
2 False Wakee-up Detectionn Test
2)
W wanted too determine iff false wake-uups can occurr in a
We
noisyy scenario. Thhe AT-WU was
w configuredd to carry outt only
carriier frequency detection (witthout pattern recognition).
r
A node remainned submergeed during 24 hours
h
and anyy false
wakee-up occurredd during the whole
w
experimeent.
However, patttern recognitioon is still recommended too both
H
facillitate extensivve UWSN deeployment andd as an additional
depeendability mecchanism. In fuuture, the studdy will be exteended
withh a correlationn among existting oceans accoustic frequeencies
and low-cost piezzoelectric resoonance frequeencies to deterrmine
whicch transducerrs are better to be adapted to the IT
TACA
moddem.

Fig.
F 19 OOK Reeceived Signal in Small Craft Marrina Test at Differrent
Distances (Ampplitude Scaled with a VGA)

VIII.
CON
NCLUSIONS
This
T
work preesents an asyynchronous Wake-Up
W
acooustic
systeem for Underw
water Wirelesss Sensor Nod
des which has been
practtically implem
mented and tessted on sea waaters.
The
T
system inncludes speccific hardwaree and operattional
confiiguration on the
t reception side, consum
ming within 8..1µW
whilee it waits for wake-up exteernal stimuli. To the best of
o our
know
wledge, this iss the lowest consumption reported
r
until now.
The transmission of the Wakee-Up signal does
d
not needd any
speciific circuit or variation
v
on thhe modem arcchitecture.
The
T Wake-Up system is ablee to react to an
n external acooustic
stimu
ulus in the foorm of simplee carrier frequ
uency detectioon or
addin
ng pattern recoognition usingg OOK modullation. Besidees, we
have extended pattern
p
detecttion concept to an optim
mized
multiiple pattern reecognition sysstem.
We
W have run several expeerimental testss in a small craft
marin
na reporting detections aat 240 meter with 108mW
W of
transsmission poweer.
Finally,
F
an acccurate model for Simulink
k suite of MaatLab
has been
b
implemeented and validdated. This module
m
will bee very
usefu
ul in future complex networrk simulationss.
In
n conclusion, the work preesented in thiss paper wouldd help
in th
he definition and evaluatioon of energy
y-efficient nettwork
comm
munication policies
p
basedd on asynch
hronous Wakke-Up
Mediium Access Control.
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