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Abstract—We address several inter-related aspects of underwa-
ter network design within the context of a cross-layer apprach.
We first highlight the impact of key characteristics of the aoustic
propagation medium on the choice of link layer parameters; n
turn, the consequences of these choices on design of a suleab
MAC protocol and its performance are investigated.

Specifically, the paper makes contributions on the followig
fronts: a) Based on accepted acoustic channel models, theipt
to-point (link) capacity is numerically calculated, quantfying
sensitivities to factors such as the sound speed profile, pew
spectral density of the (colored) additive background nois and
the impact of boundary (surface) conditions for the acoust
channel; b) It provides an analysis of the Micromodem-like ink-
layer based on FH-FSK modulation; and finally c) it undertakes
performance evaluation of a simple MAC protocol based on
ALOHA with Random Backoff, that is shown to be particularly
suitable for small underwater networks.

Index Terms—Underwater acoustic communications, Informa-
tion rate, Access protocols.

|I. INTRODUCTION

autonomous vehicles (UAVS). Another semi-autonomous net-
work - PLUSNET - consisting of fixed bottom and mobile
sensors is oriented toward surveillance applications sash
tracking ships and submarines operating in shallow water
environments typical of the Western Pacific [2].

Real-time observation of the ocean requires reliable dmus
communication between both fixed and mobile underwater
nodes. The objective of this paper is to provide an intedrate
system design approach to such UW acoustic networks, by
highlighting the interplay between the acoustic mediumitnd
consequent impact on design choices at the link and multiple
access (MAC) layers; see [3] for a recent review of UW
network design issues.

Fundamental to UW network performance analysis is the
choice of suitable acoustic channel models - a researctoéirea
considerable sophistication that has yielded detailecherical
computation-intensive models for the received acoustid fie
as a function of the propagation environment. However, our
cross-layer approach necessitates a balance between model

Networked observatories comprised of fixed and mobiRFcuracy and computational complexity, as the latter lgrge
underwater (UW) nodes are being conceived and increasing§férmines the feasibility of simulation-based netwarnel
deployed for many different environmental monitoring sce2€rformance analysis. Accordingly, in our work we have dpte
narios. Of particular significance is the role of monitorind?’ Simpler models that nonetheless capture the important
the physical, chemical and biological properties of theance 970SS features of the acoustic medium; the intent is to peovi
system as a critical component of the overall grand chatiengeNSItvity analysis as a function of the key environmental

problem of climate prediction.
Broadly speaking, there exists a great needdontinual,

real timemonitoring of the ocean’s properties based on den

parameters. Pushing the cross-layer agenda inherentigésd
such compromises, whereby the loss of accuracy in channel
mpdeling is hopefully compensated by the enhanced insights

spatio-temporal sampling. Since as much as 90% of the oc&3@de available into link and MAC layer design choices.

volume is unexplored, severagionalundersea observatories

The insights from the link level analysis coupled with the in

have been recently deployed in partial amelioration of thiended network scenarios and consideration of variougsyst

deficit. One example (pertinent to the Pacific NorthWest)

gonstraints leads to design choice of a simple MAC protocol

the NEPTUNE project [1] that consists of an initial cable§@S€d on ALOHA with random backoff. Evaluation of the

sea-bed infrastructure primarily intended for monitoriofy

sea-floor events. It is expected that this will expand in tinfd"

MAC performance is conducted using the freeware simulation
vironment ns-2, that quantifies the improvement in chianne

to include vertical moored profilers as well as underwat&filization relative to pure ALOHA. We note that the link-
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optimized MAC layer proposed here has been implemented in
the micro-modem, and will be undergoing sea trials in the nea
future. Aside from the US Navy Seaweb profeaur work is
one of few open-source, field validated implementationsnof a
underwater network.

1The Seaweb project seeks to enable undersea sensor netvearks
tonomous/unmanned underwater vehicle (AUV/UUV) commatiin and
navigation, and submarine communications at speed antt ¢€fD). Using
an aggressive experimental program based on a proprietsjon of the
Benthos ATM family of modems, Seaweb seeks to determinetgrlservice
(QoS) trade-offs of underwater networks in terms of religbiavailability,
throughput, area coverage, security, and latency.



A. UW Network Engineering Challenges We next incorporate the results of our link layer analysis

As the demands on underwater data communication ratgtso a proposed MAC protocol that is suited to channels with

increase, so does the need for understandinglithis of ong propagation delays. Our qlesign philosophy is driven by
transport of the acoustic medium. Traditionally, the Skamn pragmatism and seeks to avoid the complexities of network

capacity (or maximum achievable rate with arbitrarily lo timing synchronization while pursuing enhanced channiel ut

. . ization: this implies the need for simple collision avoida
error probability) of any channel perturbed by additive &au echanisms, leading to the choice of ALOHA with a random

sian noise (AGN) has served as the benchmark for point-to-

. 7 ack-off. The value of our work in this regard is two-fold:
point communications. Nonetheless, there have been onl){

few recent attempts to compute and characterize such Ilr)llilrhe proposed simple MAC protocol is consistent with

capacities over underwater AGN channels. Part of this gxisting UW acoustic modem hardware, such as the WHOI

attributable to the fact that channel modeling for undersé@cromodem and can be readily implemented for field eval-

N . . . .. Qations. It can also be used with little or no modification
acoustics is still an ongoing art due to its many additiona .
. . . In other modems such as the one currently being developed
complexities as compared to terrestrial scenarios.

B f le. the bound diti f by Teledyne Benthos that will include both the WHOI and
h I)I/ W‘?B/ (;) afn e>;amp €, th N ofun ary dC(I)an ttl lons ?cr| Benthos link layers. ii) In terms of MAC performance anadysi
shaflow body of waler, 1.. the surface and bottom prof efc nducted with the popular freeware network simulato2)s-

exert considerable impact via energy loss and Scatterlngaoguitable abstraction is used for link losses within thequrol

acoustic waves, and thus on the link capacity. In terrésmé}mulation. To the best of our knowledge, this represents on

c_ommunlcatlons, typical propagation mode_ls betwee_n tvx(/)q the first cross-layer attempts for UW network evaluation
fixed nodes such as the two-ray model provide a relation for.

; . . . . Rhithin an open-source simulation environment.
signal power attenuation as a function of transmitter - ivexe . . .
: . . The rest of the paper is organized as follows. Section
separation that isndependent of frequencyherefore, given . . .
. " " Il gives an overview of Bellhop and its use to model the
a pair of nodes communicating through an additive white . . : .
. underwater acoustic channel. Section Il also includesyarsal

r : . .
and bandwidth, the capacity is only a function of distan:;\{‘(??r underwater channel capacity using a frequency seectiv

However, in underwater communications, both the atteonati GN model for three channels exhibiting varying sound speed

and noise are known to be strong functions of frequencDrOf'Ies' Section Ill performs a link analysis for an FH-FSK

See for example, the recent computations in [4], [5] th{ﬁéodem using a Bellhop channel model. Section IV proposes

- . . .~ a MAC protocol for a network of underwater communications
explicitly recognize the frequency selective nature ofiestic . . .
! . nodes using the Woods Hole Micromodem. The protocol is
attenuation and noise.

. . L . analyzed under one of the same Bellhop Channel profiles given
Additionally, acoustic propagation is characterized bg tl]n Section II. Section V concludes the paper

sound speed profile, which can vary greatly even in shallow
water. The sound speed profile can show great variability at
different times of year and under different weather condii Il. POINT-TO-POINT LINK CAPACITY
Typical non-uniform sound speeds with respect to watertdepi. Acoustic Modeling Using Bellhop

cause a ‘bending’ of acoustic pressure waves.

i _ In modeling underwater acoustic propagation for acoustic
We will show that the channel sound speed profile andiemetry, we are interested in methods that achieve a good

boundary characteristics play a large role in determinii® thance between accuracy in representation of the keyrésatu
capacity between a source and receiver pair. Additioneily, \\ith acceptable run times. In the realm of high frequency
different receivers at the same distance from a transnhittee . ;stic modeling, numerical approaches based on Gaussian

very_diverse capacitic_as depending on their vertical_ |ocati ray tracing provide such a compromise. We adopt Bellhop
relative to the transmitter and_ the sound speed me”e_'_m_o(‘developed by M. Porter) for our work; descriptions of the

work, we undertake an analysis of such parametric sen&@8vi ethod and the code can be found at [7] and [8], respectively.
of the channel capacity to highlight the unique featuresWf U ge|lhop's Gaussian ray tracing generates a complex channel

networks. _ . impulse response for any user defined input channel condi-
We also conduct a link performance analysis of the Wooggns, that can be used for subsequent link layer performanc
Hole Oceanographic Institution’s (WHOI) Micromodem [6] 5nq)ysis.
The primary reason for doing so is that the Micromodem The relevant environmental conditions that influence the
remains the only acoustic modem available to the communifyanne| impulse response include the channel depth, sound
at large as a platform for research and integration into UW ngpeed profile (SSP), surface and bottom conditions, and the
works. While there exist other commercially available mo€e frequency bands in use. The SSP influences the propagation
(notably by Teledyne Benthos) and there are ongoing effortsyf acoustic rays by 'bending’ them according to Snell’s law.
develop new software defined acoustic modems, none of thigferface conditions and the frequency of transmissiorh bot
offer the support and flexibility of the WHOI Micromodefn  infiyence losses of acoustic energy. Although conservatfon
energy holds, energy in the form of acoustic pressure within
A Communication stack application programming interfadl) for  the medium is lost due to two processes: 1) transmission out
the Micromodem was developed at the University of Washimgté\pplied . . .
Physics Laboratory for this purpose, i.e. for implementthg MAC layer F)f the water medium and into the Sed_'m?nt .at the bottom
described in this work. interface and 2) frequency dependent dissipation as heat. W



model both the top and bottom surfaces as homogeneous ligthidt acoustic attenuation and ambient sea noise chasderi

halfspaces. Under this assumption, losses of acoustieagign induce significant frequency dependence.

occur based on the transmission and reflection coefficientsin order to compute the channel capacity we make the

When rays are incident with the bottom surface, the fraabion following assumptions. We assume that the channel impulse

the ray’s energy transmitted into the soil is determinedh®y tresponse is constant over the period of observation. We also

specific acoustical properties of the bottom material a$ asl assume that the ambient noise temft) is additive colored

the grazing angle of the incident ray. Bellhop allows therus&aussian with a p.s.d determined by the various components

to enter the acoustical properties of the bottom surfacedero (wind, thermal, turbulence, and shipping) given in [11].dgn

to model this loss. Additionally, acoustic energy is diasgul these assumptions, we can compute the channel capacity

as heat due to frequency selective Thorp attenuation, gigenby the usual approach: the signal bandwidth is divided into
sufficiently narrow (ie. frequency non-selective), eqoased

A(d, f) = d - 10log(a(f)) @) frequency bins, and the net transmit poweris allocated
12 12 among the bins via ‘water filling’. The capacity of each bin is
10log(a(f)) = 0.1 1+ /2 + 404100 T2 (2)  then computed and summed to obtain the aggregate capacity.

) _ ) _ The bins are sufficiently small such that the channel impulse
where 10log(a(f)) is Thorp Attenuation, given in dB peryegponse, frequency selective attenuation, and noise ean b
kiloyard. A(d, f) is the absorption loss in dB for a ray atyssumed to be constant across the bin. For this to be true, the

frequencyf, in kHz, which travelsd kiloyards. bandwidth of each bin must be the smaller Iofr, or 100
Scattering at rough interfaces represents the loss of bepg The first requirement ensures that the symbol period is
coherency. The Rayleigh parameté, given in [9] asi = |arger than the delay spread of the channel while the second

2kH sin(ar) can be used to roughly determine if a ray ignsures that the frequency selective attenuation and naise
reflected coherently{ < 1) or is scattered§ > 1) based pe assumed constant across the frequency bin. Under these

on the wavenumberkf, the RMS surface displacemertf), assumptions, the received signal in tixh bin is given as:
and the grazing angleaj. A simple model for analyzing

surface scattering is based on the coherent beam losseg. Uri T (t) = Refan/Poa(t)eV>™ 0] 4, (t)

[9] defines the amplitude reflection coefficient as the ratio L o (5)
of coherent reflected amplitude to the incident amplitude an(t) :ZRe[hn,z(t)e’ﬂ”"”]

u = e %, We determine the RMS wave height in meters, 1=1

H, assuming a Pierson-Moskowitz model for the sea state\gReref, is the center frequency of theth bin andP, is the
H = 5.33 x 10~3w? wherew is the wind speed in meters percorresponding power allocation.

second [10]. We use this simple model to represent losses athe channel capacity is therefore given by [12]:
the sea surface due to roughness.

|, |2 P,
CH= D> Blog(l+—5)b/s (6
B. Link Capacity max Pp:y " Pn<P "
The received bandpass signal in an underwater acousticerea,, is given in Eq. (5),V,, is the noise power spectral
channel may be generally written as density (p.s.d.) for thex-th bin, andB is the bin bandwidth.

I We determine the noise p.s.d. from its various components
r(t) = ZRe[hl(t)e(pﬁfc(tfn))x(t — )] +n) (3 given by Coates [11], v_vhiqh, in the frequency bands use_ful

= for underwater communications, are highly dependent ol win
speed and shipping activity.

We now apply the capacity calculations defined above to
several different underwater channels. We show the capacit
Under different bottom conditions, wind speeds, and SSks. W
assume that the bottom is composed of ‘silty clay’ unless
Wétherwise mentioned, the acoustical properties of whiah ca

;ssume bthlat thedfl_rstl arn;/r?l Ofﬁurs at_ delayd: q['h I be found in [13]. We use a channel bandwidth of 22 - 26
e e ey i, Tosgra SI1T 2. and vansmit poverof 190 65 e 1 . Addonl
interference (IS1). On the other hand, if the symbol perisd n all plots we include the capacity of the channel based on

anificant ter th th . S| 4 th . dlmiform spreading and Thorp attenuation as a reference for
signiicantly greater tham;, there 1S no 151, and the receive comparison. We do this by calculating the value|eof,|? in
signal becomes:

which represents the superposition bfcopies of the trans-
mitted lowpass (narrowband) signa(t) modulated at carrier
frequency f. arriving at the receiver, with respective delay
T1,...,75. The valuesh;(t),..., h;(t) are the complex gains
introduced by the channel. Without loss of generality,

(6) as:
r(t) = Rf[a(t)a:(t)e“?”fct’] +n(t) 10log(|an[?) = k- 101og(d - 10°) + d - 10log(a(f,))  (7)
ivnfim (4)
a(t) = ;hl(t)e 2 e 10log(a(fn)) =017 ij +40410£ 7 (8)

Due to low symbol rates, we assume that Eq. (4) models thbe value f,, is the center frequency of bim, & is the
received signal. However, despite the lack of ISI, we notpreading coefficient, and is the distance in kiloyards. Bins
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C. Link Capacity Results
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We examine channels exhibiting three distinct sound spe
profiles. The first exhibits a warm mixed layer at the surfacc
with high sound speeds, then a thermocline where the sound (b)
speed_ drops drastically. The second _eXthlts _a dOW”WG}—‘uQ. 2. Capacity for SSP 1 in Fig. 1 with a ’silty clay’ bottonmdwind
refracting sound speed profile, and the third exhibits anargw speed of 2.5 m/s (a) and 10m/s (b).
refracting sound speed profile. These three profiles arershow
from left to right in Fig. 1. These SSPs were measured
the Mediterranean Sea in September, in June in Griffin Bi ' ' '
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Figs. 2 - 5 give capacity calculations for differentsournda . **
receiver locations within these different SSPs under vayyi S
surface and bottom conditions. We can see from these figu > 1
that the specific channel variabilities significantly impéoe g
S 50 1

channel capacity. We can compare Figs. 2(a) and 3 to ¢
the influence of bottom type. Bottom losses due to ‘mediu
sand’ are less than those due to ‘silty clay’, and we see ti %
effect clearly in the estimated capacity. From Fig. 2 whemn tt v
source and receiver are both located either above or bel % 25 5 75 0 Y T
the thermocline, the capacity is greater than when they ¢ Distance (km)

on opposite sides. Additionally, surface losses due to wind
impact the source and receiver above the thermocline mL&%
more than the source and receiver below the thermocline. Fig
5 shows that surface losses due to increased wind noise play

a significa}nt role at all source and_ receiver locations When || | vk PERFORMANCE INACOUSTIC CHANNELS:

the SSP is up_vx_/ard refractmg_. While th_ese re§ults conform FREQUENCY HOPPED-FREQUENCY SHIFT KEYING

to general intuition, they provide numerical estimates s t (FH-FSK)

impact of these important channel parameters vis-a-vig@ho

attenuation and uniform spreading and provide guidance forAchieving rates close to capacity on the underwater commu-
node placements in an underwater network. nications channel continues to be a challenge. For exanmple,

3. Capacity for SSP 1 in Fig. 1 with a 'medium sand’ bottand wind
ed of 2.5 m/s.
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our capacity calculations, we neglected any ISI and assum A 7 0 0 1 0
that the receiver captures all of the transmitted signalegow . gé'ggg L
Since underwater channels typically exhibit significanfage £ 26720
spreads, this is unlikely to be the case. Hence, limitatior g 26.560 .
in terms of processing speed and energy considerations 2 : :
. o
current underwater platforms strongly impact the state-o £ 23520
art in UW modem speeds. UW modems today typically us 23.360 ]
; T ; : 23.200
spe(_:trally |neff|C|e_nt coding and modulatlon_sche_mes,ehyer o3 [ F ) Channel Clering Tirme .
trading off rate with robustness to channel impairments. P - 162-*5
. . d =+ - 1375 i
We now turn our attention to link performance of an FH Time (ms)

FSK modem such as the Micromodem [14] [6]. We assurr..
that the modem transmits at a channel rate of 80 bits per S
ond utilizing binary FH-FSK with 13 hopping bins as shown
in Fig. 6. The modulator and demodulator hop through these

bins in a pre-determined pattern and perform non-coher%rpltam,]eI clearing time.
binary FSK in each bin. The inter-bin frequency separation
is 160 Hz, with 2 frequencies at each bin; therefore the totraél
system bandwidth is approximately 4 kHz. The transmitt%r]c
and receiver spend 12.5 ms in each bin before hopping to
the next one, so a complete cycle time is 150 ms that equalam _ Zhl(t)e(szﬂfcn) lst.mTy <7 < (m+1)T,
the ‘clearing’ time on any single narrowband channel. Since ; -

the bins are presumed orthogonal, inter-symbol interfeges (9)
mitigated for channels with delay spreads less than theeabavhereT is the symbol period andl; andr; are the gain and

I((_.;JT 6. Hopping Pattern for Binary FH-FSK

We now assume a slowly, time varying channel (see Eg. (3))
presented as a discrete tap delay line with taps at ingserva
the symbol period. The complex gain of theth tap is:



delay of the unresolvable arrivals within the-th interval. path gains for the channels, typically called the poweryela
Note that in the following derivation, the channel atteimrat profile. We again use a Bellhop model to accomplish this
and noise p.s.d are assumed constant across any birk-tthe for a given channel, by perturbing the SSP by a sequence

sample of the received lowpass signal is therefore of i.i.d. zero mean Gaussian random variables (one at each
M depth where the SSP is defined). For each SSP, we compute

Ty, = Z T + Nt (10) the squared magnitude of each tap from the channel impulse

o} response given by Bellhop using Eg. (9), and then average to

determineE|[|a,,|?] for each tap.

- . : Using this method, we computed the power delay profile for

Sa{?gew(;ﬁl?fnd;ws [(f;uasal?r:hgorl)sribability of error for non_channels at two dep_ths for SSP 1 in Fig. _1 with a 'medium
sand’ bottom and wind speed of 0 m/s. Fig. 7(a) represents

coherent binary FSK in an ISI-free fading channel can bge .
derived by averaging the probability of the signal to nois% source and receiver both at 70m depth separated by 3

ratio (SNR), v, — ||>E/No, over the probability of error in m. In (b), the source is at 70 m depth and the receiver at
. . . 10 m depth, again separated by 3 km. In these figures, we
AWGN where E, is the energy per bit, and the noise power . . S
L7 i assume that our receiver will acquire timing based on the
spectral density isV,/2: . . .
largest impulse response component, which was aligned to
> be the fourth tap. We see that the channel is much more
Py = / Pe(76) Py, (76)dys (11) P
0

favorable when the source and receiver are each below the

Therefore, the probability of error is dictated by the thihermocline, as the channel is dominated by a large coherent

distribution of ~,. If we assume that the amplitude of thedrival. When the receiver is above the thermocline, thegrow
arrivals is Rayleigh distributed, theR,, (y,) = Le(~7/7) delay profile indicates that the channel is ISI dominated. An
! b Yo

analysis in [16] using experimental data to perturb the SSP
gives similar results. Clearly, these two channel poweaylel

where x;, is the transmitted symbol sequence amgd is a

where+, = El|a|?]Ey/Ny and E[ ] denotes expected value.

The well known result for binary FSK is: profiles will lead to very different modem link performante.
Po(3p) = 1 _ (12) the following section we will explore how, in turn,this adts
24+% MAC design.
To include the effect of ISI indicated by Eq. (10), we use In determining the final probability of error, we also inctud
the expected value of the signal to multipath ratio (SMR) dBe effect of a rater. = 5 convolutional code of constraint
opposed to the SNR in Eq. (12). The expected value of thength 9 with soft decision Viterbi decoding as well as a CRC

SMR, assuming that the tap gains are independent, is giveri2af corrects up to one bit error. The final probability ofoerr

is
_— Efjao*] Eb
Yom = o7 B g (13) _ _oss [288) -
(No + 32, Ellapn[?] Eb) Py(i) = 1—=((1=Po(63)) "+ ) Py(3pi) (1=Py(:))™"")
where the second term in the denominator of Eq. (13) is the (15)

ISI energy during the sampling interval, modeled as eqaival where P, (7,;) is the probability of error at the output of the
Gaussian noise. The index for the ISl is at intervaldifthe the Viterbi decoder which can be determined by equations
number of hops in the hopping pattern. As mentioned earligf, [15]. We use the packet error rate computed above as the
in an FH system there is a channel clearing time that elire®atabstraction for the physical layer (ie. if a packet is reediv
some of the ISI; therefore only the multipath arrivals thaiva  correctly/incorrectly over the channel with SINR;) in our
at the receiver in delay intervals corresponding to an EtegVIAC simulations in the next section.
multiple of the clearing timeDT, are considered as potential
interference.

Siderius et al show in [16] that assuming a Rayleigh
distribution with SMR as the received amplitude metricelys ~ We now apply the above packet level abstraction of the
matches experimental data. Since we are interested in ugifif layer to MAC design and simulation analysis. It has
a suitable physical layer model to drive the probability dpeen well documented that the underwater channel consljtion
error in a MAC layer simulator, we next adapt the receive@specially the long propagation delay, are detrimentaheo t
signal power to include the interference, i.e. arrivalsnfro performance of traditional MAC techniques. It is importémt
neighboring nodes that collide in both time and frequendi wiconsider constraints imposed by the link layer hardwarenen t
the desired signal. We also model these arrivals as additRxailable choices for MAC design. For example, researchers

IV. MAC PRINCIPLES FORUNDERWATER NETWORKS

noise, giving the (final) average SINR as using commercial off the shelf(COTS) acoustic modemsyarel
have access to modem firmware that is necessary to implement
E[jao|2] B their custom designed protocols. As such, many previously
Voi (14) proposed protocols are somewhat academic in nature, as

No + 32 Elleon) 1B + 32 Elldil*] Ep they make assumptions on PHY layer abilities that are not
where the final term in the denominator is the interferencecessarily tenable with COTS equipment. For example, the
power from: interferers with corresponding path gaifis The MAC protocols of [17] and [18] use handshaking schemes
above equation indicates the need to determine the aver@@€S/CTS) prior to a data transmission. The Micromodem in



%107 col, then describe its interactions with the Micromodem FH-
FSK link layer.

1t i A. ALOHA With Random Backoff

A state diagram of our proposed MAC protocol is shown
in Fig. 8. For backoff purposes, each node uses the parameter
0Bt 8 CW, the contention window size. When a packet is received
for transmission, the node randomly chooses a starting slot
value betweeid andCW — 1. The time duration of each slot,

08 B

il | o, iIs an implementation specific parameter which should be
long enough to assess channel state informétidhe node
U T R T then sets a timer accordingly and begins counting down; the
Tap Index timer will pause whenever the channel is assessed to be busy.
@ When the timer reaches 0, the node transmits.
10" The above requires nodes to assess the channel state

(busy/idle) continually at each slot boundary. However,
] many platforms, including the WHOI Micromodem, are not

. equipped with a separate carrier sense capability. Therefo
each node pauses its timer whenever a packet is acquired for
reception at any node. In the case of the Micromodem, all
acquired packets are received in their entirety which &ffely

] results in a form of clear channel assessment or carriergens

3 However it is not robust, as evidenced by the case in which an
interfering transmission arrives at some timeafter a packet
has been acquired and is being received. The later arrival
will not be acquired regardless of its SINR, and (assuming

G B oo equal packet lengths) there will be a periodafter the first
Tap Index arrival has been received in its entirety that the chann#l wi
b be erroneously assessed to be idle.

Fig. 7. Expected magnitude for two different tap delay lihamnels. We use Our MAC IS, defined by the two parametedisand cw.
SSP1 of Fig. 1 with a 'medium sand’ bottom type and the distametween 1he slot durationg, must be long enough to assess channel
source and receiver is 3 km. In (a) both source and receieibalow the state information. In the micromodem this equals the delay
g'lbeor\rgocllne. In (b) the source is below the thermocline amal receiver is in reporting a matched filter detection. We will tur@Ww
' (as a multiple of slot durations) for optimal MAC throughput
and verify these dependencies through simulation for se=dec

FH-FSK mode only allows two packet sizes: 21 bits and 3¥etwork environments.
bytes. If the desired control information cannot be coradiim
21 bits then the control packet size itself must be 32 bytes (iB. ns2 Implementation

plying a significant additional 3.2 second transmissiorayel :
at 80 bits/sec and consequent poor channel utilization). OtherWe have developed new MAC, PHY, and propagation

protocols, such as [19] require node placement informatiat models in the popular freeware network simulator, ns-2.

. . Documentation and the code is available at [21]. For each
precise power control. On typical platforms power contraym node pair in the network. we develob a power delav profile
not be available, and, if node positions are not known, ateur P ' bap yp

underwater localization continues to be a difficult problem (PDP) for the specific environmental conditions and geonetr

With the above in mind, we propose a simple ALOHA based 9 the technique in Section .”l' Thls. mf_ormatmn IS l.ﬁed
. ) calculate the SINR at the receiver which in turn specifies the
scheme with random backoff which makes use of only the

simplest link state information. We believe this protocol tpacket error rate for that FH-FSK link; this provides thelin

be applicable to a wide range of networks implemented cI):?Hyer abstraction in ns-2 for determining whether a tratteahi

. . : acket is successfully received or lost.

virtually any modem hardware. Previous literature has fbu . L
: To account for interference on the frequency hopping link
that ALOHA based protocols are a good candidate for sparse . : .
i I layer, we consider signal power components that overlap in
low data rate networks [20]; the addition of the random bécka. . .
. ) ! 1ime with the reference symbol on a given frequency. For

mechanism will further assist these networks to cope wi . L Lo
. . Instance, a packet with only one significant arrival in itsvpo

(short-term) heavy load bursts such as in a monitoring netwo : . . e . )
: . delay profile will only interfere if it arrives at the receive
employed for event detection. In this case, although long te . ;
. in, an interval [mT;, (m + 1)Ts) before/after the reference
average load is low, when an event occurs, network load

Closely apprommates Satura_t'.on conditions. 3The backoff time is discretized into slots in order to acddon hardware
We next provide the specifics of our proposed MAC protaiming constraints and to simplify implementation.
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packet, whereT; is the symbol period. Calculation of therig. 10. Throughput vs network offered load for a) 10, 15, @8dnodes
SINR follows from Eq. (14) and finally packets are droppet a 500m x 500m region with Poisson traffic and the ALOHA witmdom
according to Eq. (15) using the minimum received SINR ov8fS<fl MAC and b) 15 nodes in 500m x 500m region with Poissaffie
the packet duration. This is in contrast to the usual ‘ciolfis

assumption whereby all packets are conservatively asstmoned

be lost if there isany overlap in time. of CW for 10, 15, and 20 node networks where the nodes are
_ _ _ uniformly placed in a square region measuring 500m x 500m.
C. Simulation of ALOHA with Random Backoff MAC The results are given in Fig. 9. We will use these results to

For the following simulations, we place a receiving nod&ine theCW parameter for further simulations.
in the geographic center of the simulation area and randomlyExample 2: Poisson TraffitWe now present simulation
deploy traffic generating nodes in a square region around ti@sults for 10, 15, and 20 node networks deployed in a 500m
receiver. We assume a constant packet transmission delay df00m region with Poisson traffic arrival§!|V is set to
3.2 s and use a slot length of 0.2 s. All throughput estimatt®e value corresponding to peak throughput found in Fig. 9.
are based on averaging of 7 simulation runs (each lasting Specifically we seCW = 48, CW = 76, andCW = 107
minutes); approximately 500 packets are transmitted ifn edor 10, 15, and 20 nodes respectively. Throughput versus
run, achieving desired confidence levels. We report nomedli normalized network offered load results are shown in Fig. 10
throughput by dividing the measured throughput by the linkhese results show that the maximum achievable throughput
capacity of1/3.2 packets per second. is not dependent on the number of nodes as long'ds is

In the next set of simulations, the environment SSP 1 showned correctly.
in Fig. 1 is used with all nodes at 70 meters depth. This Overlaid with the results of our ALOHA with random back-
deployment is representative of the channel impulse resspowff are simulations carried out with the pure ALOHA protacol
in the upper panel shown in Fig. 7. In the final simulation wh is important to note that the maximum throughput achieved
will show the effect that deploying a single node above theith the pure ALOHA protocol exceeds th¢(2¢) theoretical
thermocline can cause. maximum. This is due to the ‘collision’ model adopted in

Example 1: Saturated Traffi€irst, simulations are con-the simulations that allows the possibility ofpture of the
ducted with saturated traffic in order to find the optimum ealustronger packet when two packets overlap. The simulation
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Poisson traffic. ALOHA
0.8 : : : :
results nonetheless show that the random backoff mechan — 15nodes
still greatly outperforms the pure ALOHA protocol. 0.71 "~ ]- - -6nodes |]
The power expended in underwater sensor networks uni o6t S -~ ~L—_— 24 nodes ||
moderate to heavy load is generally dominated by the transt _
. . . . S 0.5f
power which is orders of magnitude higher than the pow 2
expended in receive or idle modes. As an example, the N g’ 0.4f
cromodem consumes 10W while transmitting and only 80 m' £ 5|
while idle or in receive mode [14]. Given these charactiesst
a significant measurement of the energy efficiency of o 02
protocol is the percentage of transmit power wasted ingiohi 0.1t
which we show vs. the normalized network offered load in Fi¢ 0 ) ) ) )
11. These results show that our protocol offers a significa 0 0.5 1 15 2 25

improvement in energy efficiency over pure ALOHA. Offered Load

To determine the effect of network size on the achievable
throughput we ran simulations of 15 nodes in square regicil 1%, Tt v etvoncoflre ond or o 15 e danetuon
with dimension measuring 200m, 500m, and 1km. The optimg} 15 nodes
value of CW was found via simulation (using the same
method as above) to be 42, 76, and 100 for 200m, 500m, and
1km respectively forr = 0.2 s. The throughput vs. offered Error in estimating network dimension (or equivalently,
load is shown in Fig. 12. As should be expected, the attagnalshaximum propagation delay) will also result in mismatched
throughput is adversely affected by increased network sizeCW. Fig. 14 shows results of a 15 node network with param-
eters tuned for 500m x 500m deployment where the actual
e - deployments are 200m x 200m and 1km x 1km, respectively.
D. SenS|t|V|ty_AnaIy_S|s ] Compared with Fig. 12 with perfect knowledge for 200m x
In the previous simulation examples, we assumed precisgom and 1km x 1km network size, the results illustrate that
knowledge of the number of nodes and the network arggsmatches lead to approximately 4.8% and 2.5% degradation
for tuning of the CW' parameter. We now present results of; ontimum throughput, respectively. This robustness inGA

simulations where knowledge of network parameters - numhghiocol design suggests that on-line adaptation to nétwor
of nodes and network size is mismatched with the true Valu%%ployment size is feasible.

If the number of network nodes is incorrectly estimated
and CW incorrectly tuned, then the network throughput at )
heavy loads is negatively impacted relative to that in Fig. & Environmental Effects
To confirm this, we ran simulations of varying numbers of We have shown through simulation that the MAC perfor-
nodes randomly deployed in a 500m x 500m area Wit mance is dependent on the underlying PHY. We have also
tuned for a 15 node network. The results for the correcthgtunshown in previous sections the impact of environmental zond
network and those for the mismatched network are presentamhs and source and receiver location on link capacity arid |
in Fig. 13. We found that witfCW tuned forn = 15 nodes performance for the FH-FSK modem. We will now present
(CW = 76), throughput at an offered load of 2.5 was withirsimulation results that show how node placement within
10% of the maximum fob < n < 24. the channel also affects MAC performance and tuning via
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increased probability of collision. In our previous sintidas

we placed all nodes, transmitters and receiver, at a depth gf
70m in SSP 1. We now compare results of two simulations, the
first with the receiver still placed at 70m depth and the sdcon
with the receiver placed above the thermocline at 10m dept
In both simulations transmitting nodes will still be placad

a depth of 70m. 15 nodes will be arranged in a star topolog
with each transmitting node at a range of 1.5km from th
central receiver. The results of our simulations are shawn i

Fig. 15.

As indicated by Fig. 7, the power delay profile has manyg
more significant arrivals when the receiving node is aboee th

10

V. CONCLUSION

In this paper, we investigated the influence of environmnlenta
conditions and network geometry on several different layer
of underwater acoustic communications systems. The dgpaci
computations and FH-FSK link performance show that acous-
tic conditions and node locations have considerable impact
the maximum achievable bit rate. We then show how acoustic
propagation geometry and link level losses affect MAC layer
design and tuning for performance optimization.

Our MAC analysis shows that networks using the WHOI
Micromodem can increase throughput over pure ALOHA
by implementing a backoff rule assuming knowledge of the
expected number of contending nodes and the maximum
propagation delay. Sensitivity analysis suggests that ithia
robust approach; exploring techniques for making thisqurott
adaptive to network load and channel conditions is left as
future work. Despite MAC improvements to a WHOI Mi-
cromodem, the achievable rate with current technology is a
small fraction of the theoretical channel capacity. Thisnfo
to the need for continued enhancements to cross layer design
approaches that jointly optimize both the link and MAC to
achieve the potential of the acoustic channel.
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