Cross-layer Packet Size Optimization for Wireless
Terrestrial, Underwater, and Underground Sensor
Networks

Mehmet C. Vuran

Department of Computer Science and Engineering
University of Nebraska-Lincoln, Lincoln, NE 68588

Tel: (402) 472-5019 Fax: (402) 472-7767
Email: mcvuran@cse.unl.edu

Abstract—In this paper, a cross-layer solution for packet size

optimization in wireless sensor networks (WSN) is introdued
such that the effects of multi-hop routing, the broadcast n&ure
of the physical wireless channel, and the effects of error etrol
techniques are captured. A key result of this paper is that cotrary
to the conventional wireless networks, in wireless sensoretworks,
longer packets reduce the collision probability. Consequdly,
an optimization solution is formalized by using three diffeent
objective functions, i.e., packet throughput, energy consmption,
and resource utilization. Furthermore, the effects of endto-end
latency and reliability constraints are investigated that may be
required by a particular application. As a result, a generig
cross-layer optimization framework is developed to deterrime
the optimal packet size in WSN. This framework is further
extended to determine the optimal packet size in underwateand
underground sensor networks. From this framework, the optmal
packet sizes under various network parameters are determied.
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Another aspect in packet size optimization is the nature of
the WSN. WSN has found wide application areas since the
development of highly sophisticated wireless sensor nfitjes
These networks are mainly being deployed in terrestrisgdsare
such as forests, factories, buildings, etc. In additionendy,
WSN research has developed in to underwater and underground
environments. Underwater acoustic wireless sensor nkgvor
(UW-ASN) are characterized by very low bandwidth and high
error rate underwater channels [2]. Similarly, recentle t
applications and requirements of wireless undergroundasen
networks (WUSN) have been investigated [4], [13]. These
networks impose additional challenges in terms of channel
characteristics. As a result, an optimal packet size fosghe
environments should also be determined.

I. INTRODUCTION In this paper, a cross-layer solution for packet size opti-

The unique characteristics of Wireless Sensor Networggﬁzg?rr‘]é?w\gr'lrg?sssr;esré?]?;%aé’ugﬂ?ﬁ;ﬁvﬁgrérggg_lgng?é%%
(WSN) necessitate rethinking of classical wireless nekwor P y

ing in all aspects [1]. Among these, the determination (5?ult|-hop routing, the broadcast nature of the wirelessaleg

the optimal packet size constitutes a fundamental and s “1d the effects of error control techniques are captured. Fo

an unexplored problem in WSN. Especially, the cross-lay&yTestrial sensor networks, the effect of packet lengtihen
effects of communication due to low power communicatio ollision probability is investigated. Moreover, the iteaship

constraints and intrinsic properties of low cost sensoresod etween routing decisions and the packet size is highkghte

call for a cross-layer assessment of optimal packet size ]lf)lTthhermore,the effects of packet size on dlﬁergnt pentuice
communication in WSN. metrics such as thr_oughp_ut, energy consumption, latemazi/, a
success rate are investigated considering these cross-lay

Traditionally, packet size optimization is performed COMZ et ot Finally, requirements of various types of apyiis in

sidering a point-to-.p.oint link, Wher.e the goal is to ensp(e\% N are considered to develop a comprehensive framework
successful and efficient transmission based on an efﬁueq packet size optimization. The results of this framework

metric [12], [14], [15]. However, in this traditional apgch, g ovide optimal packet size values tailored for differeppli

the influence of multi-hop and broadcast nature of wireless.. S :
communication in WSN cannot be captured. It is well-know tion types. The optimization framework is also extended t

that the packet size directly affects the reliability of th?n
communication since longer packet sizes are susceptibleMére specifically, underwater and underground environsient
wireless channel errors given a certain level of link qgralitare invgsti atedy’ 9

However, in multi-hop WSN, the quality of the communica- 9 )
tion links depend on the routes established in the network.

Moreover, the existence of neighbor nodes that contenchéort The remainder of the paper is organized as follows: In
shared wireless medium affect the communication perfoomarSection 1l, related work on packet size optimization in wire
significantly leading to degradation in communication ®ssc less networks is summarized. The effects of packet size on
Furthermore, the communication success also depends bn loatllisions are investigated in Section Ill. Based on this in
the characteristics of the wireless channel and the ermtralo vestigation, in Section 1V, the cross-layer solution foclket
technique deployed. Considering these various factors tlsi&ze optimization is presented. The results of the optitiina
originate from different layers of the communication stagk framework are presented in Section V. We further extend our
cross-layer assessment of packet size optimization for W¢SNwork for underwater and underground environment in Section
crucial. VI. Finally, the paper is concluded in Section VII.

etermine the optimal packet size in two challenged environ
nts, where wireless sensor networks find applicationsarea



-3

1 %10 : : that longer packet sizes increase the collision rate of the
network. This is due to the fact that a MAC layer frame size
is determined assuming a fixed and saturated traffic load. In
WSN, however, the generated traffic is directly related ® th
physical phenomenon that is being sensed and the propefties
the onboard sensors. Since the existing onboard sensaid@ro
data rates in the orders af5 bps, the traffic generation rate
is much less than the channel capacity, whicl23® kbps
for MicaZ nodes. Consequently, saturation traffic cannot be
assumed and hence, the collision rates are closely related t
the packet size.
For medium access, we assume that a node performs carrier
‘ —— ! sense mechanism to assess the availability of the chandel an
10* 10° 10° 10* transmits a packet thereafter. Note that if a reservataset
Payload Length (bif protocol is used, collisions may not occur. In those cages, t
remainder of our framework still applies. Many work focus
on the investigation of medium access performance of carrie
Il. RELATED WORK sense mechanisms [5], [6], [8], [16]. Without loss of gelfigra
here, we refer to the work in [16]. Note that our contributisn
Hot to produce yet another analysis of carrier sense mesmani
Rather, we aim to illustrate the impact of packet size on
Rollision rate in WSN, which, to the best of our knowledge,
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Fig. 1. MAC failure rate vs. payload length for different was of M.

Packet size optimization is a highly investigated topic i
cellular networks [14]. However, the existing work maintyne
siders a single hop communication and performs optiminati
accordingly. Therefore, these_ results cannot be diregibfied has not been performed before.
to WSN because of the multi-hop paradigm. S L

In [12], adaptive frame sizes are determined based on theVe first illustrate the formulation in [16] and then present

varying properties of the wireless channel, i.e., for baanctel gur resdults. A(E)C(:rr]dmgly, a sfu<|:cessfu| allocation (()jf ';Eamfirelt that
conditions, shorter packets with powerful error correttie €penas on both successiul carrier sense an e fact tha

used while longer packet sizes are selected for good chanwa tran?rrlﬂssio_n encounters nob coclilisionsd Th? ‘I)lmbghfg_
conditions by which a high reliability can be achieved. How2uccessiul carrier sensg,;, can be denoted as follows [16]:

ever, variable packet sizes are not preferred in WSN due to Pes =1 — (1 —pep)tt (1)

strict hardware and computation constraints of wirelessce . )
nodes. As a result, we advocate to use fixed packet sizes. where K is the number of re-sensings allowed for one trans-

The most relevant work on this topic is [15], where afiSsion andp.; is the probability of sensing the channel free,
optimal packet size framework is proposed. In this work, tH&hich is given by:
effects of error correction on energy efficiency are ingzded Def =€
to determine the optimal packet size based on an energy </
channel model. However, the energy channel model is basiderer,; is the carrier sense period affi,.. is the duration
on single hop behavior and the effects of multi-hop routing ®f a packet transmission. After a successful carrier sease,

Anet (Tes+Teomm) )

MAC collisions are not addressed in [15]. collision can only occur if another node transmits during th
vulnerable period ofr.;. As a result, the probability of no
[1l. FACTORSAFFECTING THE PACKET SIZE collisions, peour, is given by

In this section, we highlight the factors that affect the
optimal packet size in sensor networks with a special focus
on energy consumption. The energy consumption in WSNThe term \,., that appears both in (2) and (3) refers to
mainly depends on the energy required to transmit a packie¢ overall traffic that is generated by all the nodes inside t
and the reliability of the network. Usually small packetesiz transmission range of a node, which is given by
lead to increased reliability due the decreased chancetof bi » L1
errors over the wireless channel. On the other hand, small Anet = A——— (1 — (1= peomm)” " ) ; (4)
packet sizes lead to inefficient transmission due to thehmaat Peomm
caused by network protocols and error correcting codes,where )\ is the total generated traffic in the transmission
applicable. This tradeoff can be influenced in favor of langgange of a node an@..... is the probability of successful
packet sizes through forward error correction (FEC) coddgansmission. Accordingly, the probability that a node can
which provide error resiliency in wireless communicatiorsuccessfully acquire the channel is given fyp..;;, which
This advantage, however, is provided at the cost of incobag@n be found by solving equations (1), (3), and (4).
energy consumption and latency due to encoding/decoditig an The effect of packet size on the MAC failure rate, i
transmission of longer packets as investigated in [19]. PesPeoll, CaN be observed clearly through (2) and (3). First,

Another important source of energy consumption is collthe probability of sensing the channel frege,;, depends on
sions that occur in the high density WSN. While the MAGhe duration of a packet transmissidi,,,.... Longer packet
scheme in use affects the collision rate of the network, ,hesizes decrease this probability since a node will acquiee th
we show that the packet size has also an important effect dmannel for a longer time. Second, the packet digejmpacts
collisions in WSN. the generated traffic ratg, which affects both the probability

Generally, the packet size is assumed to have negative effefcno collisions,p..;;, and the probability of successful carrier
on collisions. In cellular and ad hoc networks, it is accdptesensep,s.

Pcoll = e—knem'cs (3)



The total generated packet ratge, depends on both the Definition 2: Energy per useful bit:
generated traffic rate and the size of the packet. Let us a&ssum Ey,
that the sensor node has an average sampling raiebiné/s. Ueng = flow (6)
Denoting the length of the packet payload &s on the Ip (1~ PERez)
average, the packet generation rate of a node\; = b/lp whereEy,,, is the end-to-end energy consumption to transport
pkts/s. Since a node will also relay packets from other nodaspacket from a source to a destination. The utility fungtion
to the sink, the packet transmission rate of a node is high¢y,,,, is the energy consumption for useful bit between a
than this value. If a routing scheme that equally shares tparticular node and the sink. Minimizingf.,, results in
network load among nodes is considered, on the average, dpgimal packet size values that achieve high energy effiyien
packet transmission rate of a node\is= c;\;;, wherec; > 1. Minimizing energy consumption is the main goal in WSN.
Consequently) in (4) is given by = Zf\il Ai, where the However,U.,, in (6) does not consider the delay associated
number of nodes that are in the transmission range of a nodevith the optimal value of the packet size that minimizes this
given by M —1. It can be clearly seen that an increase in packiinction. Since end-to-end delay is also important in WSN,
size directly affects the rate of channel access attempls dhe third objective function considers the energy-deladprct
hence the traffic on the channel. The traffic rate affects theth consumed for useful bit, which is referred to as resource
probability of successful carrier sengg;, and the probability utilization:
of no collisions p..;;. The MAC failure rate]l —pespcor, Which Definition 3: Resource utilization:
is found using (1), (2), (3), and (4) as a function of payload

length for different values of/ andb = 5 bits/s for a WSN Upes = EjtowTfiow (7)
is given in Fig. 1. It can be observed that increase in payload Ip (1= PERc.)
length decreases the MAC failure rate. Minimizing U,.s leverages the tradeoff between energy

The results of this analysis reveal that longer packet sizes consumption and latency. We believe this utility functiemas
favorable in WSN when collisions are considered alone. Thigst for practical implementation of WSN, especially folage
is motivated by the cross-layer interdependency of geedrakensitive traffic.
traffic and the packet size in WSN. Although these results are|n the remainder of this section, we present the derivatfon o
significant, an overall assessment of the packet size on the terms in the utility functiong/;,.: in (5), U, in (6), and
network performance is required. Especially the energy-cag,.. in (7). For the derivation, we consider a channel-aware
sumption of the overall communication needs to be inveja routing algorithm, where the next hop is determined acecaydi
to provide a complete solution for packet size optimizaiion to the received signal to noise ratio (SNR) of a packet semt fr

WSN. In the following sections, we provide a comprehensivgspecific node at a distanceéd from the sink [19]. Among the
analysis of packet size based on the observations in thi®sec neighbors ofi, the neighbory, that is closest to the sink and

IV. PACKET SIZE OPTIMIZATION FRAMEWORK with SNR value; > 17}, is selected as the next hop, where

We formalize our optimization framework based on enchh s the received SNR threshold. Note that this apprpach
pur o an be implemented using a cross-layer approach as in [3]
to-end performance metrics. More specifically, the comm

o ; 't through signaling [17]. The medium access is performed
nication performance metrics such as energy consumptlmough RTS-CTS-DATA exchange in addition to ACK and

throughp(tjjt, latency, and rzliabili(;y are de_riV((ajd forha f"!’"ﬁ‘(‘tﬁ retransmissions for ARQ. To illustrate specific resultsF&C
generated at a sensor node and transmitted to the sin "OHdes, we consider block codes due to their energy efficiency

a multi-hop path. We formalize our optimization solution,, jower complexity compared to convolutional codes [15],
by using three different objective functions. Each objeeti 11g) \we consider a block code, which is represented by
function highlights a different aspect of communication in, ;. ;

WSN and can be selected according to the requirements_ofy/ ), wheren is the block lengthf: is the payload length,

h lication i h - . hecedt t is the error correcting capability in bits. In our analysis,
tfe ap(;p |cat|cc)jn||n use. Fu(;t elr_mé){_e, we lnvestlgatﬁt e we use extended BCH codes, which enable the evaluation of
of end-to-end latency and retiability constraints that rTltw the effect of error correction capability, by fixing the block
required by a particular application. As a result, a flexibl

A X : IDlfangth, n = 128. However, other FEC schemes can also be
optimization framework is developed to determine the optim

ket size in WSN. Next define th biective funci used in our framework.
packet size in - Next, we define these objeclive TUNClions pyqt - \ye explain the channel model used for the analysis.

A. Objective Functions Then, the general analysis model and the derivation of each

We define three optimization metrics as packet throughpGPmPonent is given.
energy per useful bit, and resource utilization.

Definition 1: Packet throughput: B. Channel Model
Ip (1 — PER.s.) For our derivations, we use the log-normal channel model,
Uiput = T , (5) which has been experimentally shown to model the low power
flow communication in WSN accurately [20]. In this model, the

where lp is the payload lengthPER... is the end-to-end received power at a receiver at distantérom a transmitter
packet error rate, which considers the entire packet imotud is given by

header and trailer, anfly;,,, is the end-to-end latency, which d

is the time spent between a packet is generated at a sensor and P,.(d) = P, — PL(dp) — 101710910(—) + X, , (8)
received at the sink through the multi-hop route. Theazket do
throughputfunction considers the end-to-end packet succesereP, is the transmit power in dBn?L(dy) is the path loss
rate and the end-to-end delay to transmit a packet of payloaida reference distaneg in dB, n is the path loss exponent,
Ip. and X, is the shadow fading component, with, ~ N (0, o).



Moreover, the SNR at the receiver is givendyl) = P.(d)— nodes [19]. The framework in [19] is improved by considering
P, in dB, whereP, is the noise power in dBm. the affect of collision rate on the success of the transiissi
Considering the shadow fading componekt,, the proba- of each packet. Hence, the energy consumption for traremitt
bility that the received SNRy;, of the channel between twonode, Erx, for ARQ and FEC are shown in (16) and (17),
nodesn; and n; that are at a distancé; ; is above some respectively, where the effects of collisions are also céie.

threshold 7y, is The first term in each equation is the retransmission raterevh
B 5, drn) pes 1S the probability of successful carrier sense given in (1),
P{; > by} = Q( (”;’ Th ) , (9) Peou is the probability of no collisions given in (3), apd’ and

pP are the probability of success for control and data packets,
where respectively. Similarly, the values fdfrx and E,.;q, can be
d found, which are not shown here for space limitations. Ohee t
B(d, rn) = rn+Pn— P+ PL(do)+10nlog10 (d_) (10)  E,opm in (15) is found, the end-to-end energy consumption,
0 Et10w, is calculated using (12-14) in (11). Moreover, the end-
and Q(z) = 1/v2n([~ e~(**/2)dt. Based on this channelto-end latency,Ts;,.,, and the end-to-end packet error rate,
model, the end-to-end energy consumption for a padkgt,,, ’ERc2, are also found using the similar approach in [19]
will be derived as will be shown in the following section. and the extension discussed above. Next, we formalize our
) optimization problem for packet size optimization in WSN.
C. End-to-End Energy Consumption
The end-to-end energy consumptidfy,,.,, of a packet sent
from a node at a distanc® from the sink is derived based V. OPTIMIZATION RESULTS
on the model in [19], which is extended here to accommodate
medium access collisions according to the discussion itidec

It can be observed from (11-15) that the energy consumption
[ll. The end-to-end energy consumption for a packefi.., ( ) 9y b

of a flow is mainly affected by the packet size and the SNR

is given as follows: threshold,¢ry,. This is also true for the end-to-end packet
D — Rins error rate and the end-to-end delay. Consequently, thege tw
Etiow = E[E}] Bl +1/, (11) parameters affect the utility functions in (5-7). In FigaR(the

) ) energy per useful bit is shown as a function of payload length
whereE[E}] is the expected energy consumption per hbp, [, for three different values of SNR threshalg, for ARQ. It
is the distance between the source node and the $ipls; is evident that the optimum value for packet size for a specifi

is the approximated transmission range of a node, Bjal] objective function depends on the routing decisions andéen
is the expected hop distance. Accordingly, the expected hgp, .

distance is given by The effect of the SNR threshold value-;, can be explained
D oy 3 as follows: vy, controls the minimum quality of the wireless
Eldn] = 05/ / Y5 @ <_) e~ MU=P)dady channel at each hop since the routes are constructed augordi
min Y —0y g (12) to this value. Moreover, the average hop length increases fo

a lowery7, value [19]. This has two consequences in overall

energy consumption of the communication: If low qualitykkn

are chosen, the energy consumption may increase due to re-

transmissions or packet drops. On the other hand, sincefong

hops are constructed, the overall energy consumption dan st

be decreased. For a low, value, low quality links may

be chosen, which necessitates smaller packet sizes toaimaint

an acceptable reliability. However, this causes inefficyedue
b B\ _M@—pp) to increased affect of header and trailer of the packet and

E[Ex] = p5/ / VEE;]Q - )€ dady , may decrease the energy efficiency. As a result, packet size

min ST (13) optimization is significantly affected by the routing déciss.

where E[E;] is the expected energy consumption, which iglence, choice of the SNR threshold valygy,, determines the

where p is the node density) is the duty cycle valuey is
the distance between the next hop and the sihk;) is the
distance between the source node and the next Hdp,as
given in (10), ande—M(1-7x) s the probability that the next
hop is at least at a distaneefrom the sink.

Similarly, the expected energy consumption per Hojd}, ],
in (11) can be found as

given as optimum packet size. Hence, in our optimization problenr, ou
- goal is to find both)r;, and the packet sizép. Consequently,
E[E,] = Ecomm (¥, diijy) fu (1, dgi ) ) di - (14) our optimization problems become:
Yrn Pirut: Packet throughput maximization
_ 32
In (14), foy(,dy; ) = 1/(ov/27)e7 is the pdf of the Given: D,n, a,n,k, t (18)
(4,5)
SNR. MoreoverEconm (¥, d(; j)) is the energy consumption Find - Yrns Ip (19)
for communication between nodésnd j given that they are o Ip(1—PER.s.)
at a distancel(; ;) with a SNR value ofy> at nodej, which Mazimize : Uppur = == (20)

has three components as given by . S
P9 . Energy consumption per useful bit minimization

Ecomm = ETX + ERX + Eneigh , (15)
Given : D, n, o, n, k t (22)

where Erx is the energy consumed by the node transmitting Find - / 22
the packetFrx is the energy consumed by the node receiving na: YTh, ED (22)
the packet, and,,..,, is the energy consumed by the neighbor Minimize: Ueng = ra—prrL (23)



ARQ Pes c C C Cc\ C C\2 D
ETX = 1 — pos + PosPeotl (pg)gpg {Esense + Etz + DeollPs Erz + (1 — PcoliPs ) Et/o ~+ Deoli (ps ) Etm
2 2
+peou (p5)” PP ES, + peou (p5)™ (1 = p?) Et[/)o} (16)
FEC _ Des c C (pC C c\ C
ETX B 1- Des + PesDeoll (psc)2 {Esense + Etz T PeollPs (Erz + Edec) + (1 ~ PeollPs ) Et/o}
2
+PesPeoll (PSC) Ezg (17)
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Fig. 2. Energy per useful bit (6) vs. payload length for (a)@RBnd (b) Energy consumption per bit with optimum packet flerand!p = 250 bytes., and
(c) optimal packet length for different error control teaues.

P’es : Resource utilization minimization In this case, when energy efficiency is concerned, FEC with
t = 5 and payload length ofp = 53 bytes is optimal. If

G“fe”: D,m,o,m k¢t (24) throughput4,.;, and end-to-end success ratg;,,, are also
Find : Yrn, Ip (25) important, ARQ scheme with packet lengthipf = 25 bytes is
Minimize : Uy = dtouTliion (26) the optimal value with a slight increase in energy consuampti

Ip(1=PERes) per bit, U
yUeng-

The optimum values ofp andi7; have been found using Certain WSN applications that focus mainly on real-time
the optimization toolbox of MATLAB. In Table I, the I’eSU|tSmonit0ring require strict end-to-end latency and succes$s r
are shown for the three optimization probler®?u., P, (reliability) constraints. Based on these observations, de-
and P75 . The columnsip, ¢7n, Ueng, Tiow, Utput, @Nd  velop an optimization framework for energy minimization
Priow refer to optimal payload length, optimal SNR thresholdubject to delay and reliability constraints. The optirtiza
energy consumption per useful bit, end-to-end latencyketac problem with delay and reliability constraints is cast dkofes:
throughput, and end-to-end success raté®@R..), respec-  peng . Energy consumption per useful bit minimiza-

tively. When the throughput maximization proble®2%., is  ion Wﬁﬁogélay and reliability constraints

concerned, ARQ scheme with a payload lengthl & bytes

achieves the highest throughplt,.,. . Given: D, n, o, n, k, t, Pargets Trarger (27)
The energy per bit minimization probler®, "7 , results in Find : Yrn, Ip (28)

favor of FEC schemes which can accommodate longer packet Minimize - U — Eflow (29)

sizes without affecting the energy efficiency. However,yver ’ €ng " Ip(1-PERc2.)

long packet sizes are determined for this problem. This & du  Subject to: Triow < Ttarget (30)

to the fact that longer packet sizes are more efficient when PERcse < Prarget (31)

a sufficient link quality is guaranteed. Nevertheless, ropti

packet values may not be feasible in current wireless sen¥t€"€7targer @1d Prarge; are end-to-end delay and end-to-end

nodes. As an example, the ZigBee standard defisesbyte Packet error rate constraints, respectively.

as the maximum packet length [11]. In Fig. 2(b), the optimal §§nslde”n9 an end-to-end packet error rateRaf,se: =

energy consumption per bit is shown for both the optimigm 0"~ and end-to-end latency Gfia.ge; = 100ms, in Fig.

values and250 byte packet size for various error correcting(C), the optimum packet sizes including the header antbtrai

capability, t. The values fort = 0 correspond to the ARQ 10T each error control technique are shown. When end-to-end

case. It is evident that when high packet lengths can not $8'aY: Tfiow, 8nd SUCCESS ratpy;,.,, IS important, our results

accommodated, energy efficiency decreases as mugh%s Show that ARQ with optimal payload length b§ = 162 bytes
The results forP7¢ show how the proposed resourcd€sult in optimal performance.

utilization metric leverages energy consumption and endrid

latency performance. By compromising from energy consumpUND\E/FL'WETAECRK';T,\lS'LZJIE\l S;Fjél\gésmsgémsvggl\féfvs\éreKs

tion per bit,U .4, (2-fold increase), end-to-end lateny,o.,

can be significantly decreased (15 times decrease) leading tin this section, we extend our analysis of packet size

optimal payload length,p, values in the range d&f5-50 bytes. optimization for underwater and underground sensor néisvor



TABLE |
OPTIMAL [p AND 1y VALUES

Problem| ECC Type || Ip(byte) | Yrun(dB) || Ueng(mJ/bit) | Triow(ms) | Uiput (kbps) | Driow
ARQ (N=4) 152 7.5 0.2659 76.7 15.8 0.9996
FEC (t=5) 1103 45 0.2204 1419 6.1 0.9813
ptput FEC (t=7) 546 3 0.2450 944 45 0.9674
FEC (t=9) 1133 2.5 0.2389 2482 3.6 0.9840
ARQ (N=4) 473 9 0.2497 248.3 15.2 0.9994
FEC (t=5) 4933 5 0.2167 6521 5.9 0.9849
P FEC (t=7) 2915 3.5 0.2302 5106 4.4 0.9719
FEC (t=9) 5342 3 0.2360 12019 3.5 0.9910
ARQ (N=7) 25 5 0.5190 17.5 11.2 0.9998
FEC (t=5) 53 3.5 0.5028 93.9 4.4 0.9797
pres FEC (t=7) 39 2 0.5917 90.7 3.2 0.9495
FEC (t=9) 26 1 0.7496 85.4 2.3 0.9437

Considering the unique properties of these networks coaetbaperiments in [7]. More specifically, it has been observed tha
to terrestrial wireless sensor networks, the optimizatiame- the received signal follows a 2-path Rayleigh model, where
work is extended and the optimal packet sizes for each thie direct path and the surface reflected path contributédseto
these networks are found. We first present the channel modelseived signal strength. Moreover, the signal from eadh pa
for these networks and discuss the unique properties oéthean be modeled as an independent Rayleigh distributedlsigna
networks. Then, the results for our optimization problemes aConsequently, the bit error rate experienced at a node sudt re
provided for these challenged environments. of combination of these signals.
In order to apply our optimization framework developed
A. Underwater Channel Model in Section IV topr'zhye undelrowater channel, the bit error Fiate
Underwater Acoustic Sensor Networks (UW-ASN) are chagnd the probability that the received signal to noise ratio
acterized by acoustic communication channel [2], which {SNR) is higher than a threshold needs to be found. Since
characterized by the Urick path loss formula which is givefhe 2-path Rayleigh channel model does not have a closed-
below: form expression for SNR distribution, we have performed
TL(d, f) = x-log(d) +a(f)-d+ A (32) simulations to find these values. In our simulatios8)0

where the path loss'L(d, f), is shown in dB as a function I"dependent pairs of Rayleigh distributed random vartble

of internodg distancd aEndf())perating frequency. The term generated. The _rece|ved S|gnal_ strength for each Iocamt.iren.

x is the geometric spreading which can be spherical for de nd for these independent trla_ls. C_onsequently, the H?mp'
water and cylindrical for shallow water. The last teuhis ¢ f found as a result of these_ trials is used for (9). This e/al_u
the transmission anomaly and accounts for the degradatlﬁr'(rfle(;I to fmdtthe ?‘xpe_ct:epl bt'; error r?t? energy consumptio
of the acoustic intensity caused by multiple path propagati 21d 'at€ncy at €ach pointin the simuiations.

refraction, diffraction, and scattering of sound. Moreotee B, Underground Channel Model

propagation delay in underwater acoustic channel varies be
tween1460 m/s and1520 m/s.

Moreover, we model the randomness in the channel using
Rayleigh fading channel model [10], where the envelope ef t
signal is modeled as a Rayleigh distributed random varjable
Consequently, the signal-to-noise ratio (SNR) of the clean
is given in dB in underwater acoustic channels as

The channel model for underground wireless communica-
ltli%w has been developed in [13]. This model follows a 2-
r;‘I)ath location-based Rayleigh fading channel model. Wihiée t
details of this model can be found in [13], it is important to
ote that the path losg,,, in an underground environment is a
unction of the attenuation constait, and the phase shifting
constant,3, which depend on the volumetric water content
¥0,aB(d, f) = SLapreuwra — TLap(d, f) — NLiBreupra (VWC) of the sall, its bulk density as well as the mass fratsio
(33) of sand and clay. Consequently, the path loss is a function of
whereSLgp rewpe aNAN Lap e wpq @re the signal level at the soil properties as well as the volumetric water content ef th
transmitter and the noise level given in dB with reference &wil. As shown in [13], if the sensors are buried at a depth les
wPa. Then, E,/N, = 1 By/R, wherey = 10%5(4:)/10 than2 m, i.e.,low depth the influence of the wave reflection by
By is the noise bandwidth, anfl is the data rate. The signalground surface should be considered. Consequently, thé tot
level, SL, in (33) can be related to the intensify,and, hence, path loss of two-path channel model is given as follows:
the transmit powerp; of the transceiver as follows: Li(dB) = Ly(dB) — Vag | (35)

= _ B , SL = 10log <#_18> , (34) where L, is the path loss due to the single path a¥igs
2mlmH 0.67 x 10 is the attenuation factor due to the second path in dB as

where P, is the transmit power in Watts, anl is the depth derived in [13]. Finally, the bit error rate (BER) is shown as

in m. po = 0.5erfe(\/1), whereerfe(-) is the error function and
An important observation about underwater communicatithe SNR is given byy = P, — Ly — P,, where P, is the

is the effect of surface reflected rays as shown through @ransmit power,L; is the total path loss given in (35), and

I
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P, is the energy of noise, which is found to b&03 dBm shallow water environment. It is important to note that the
[13]. Using simulations, the bit error rate and the proligbil differences between propagation characteristics for daap
that the received SNR is higher than a threshold are fousdallow water result in significantly different optimum pat
similar to the underwater case. Next, we present the restiltslengths for these environments.

our packet size optimization for underwater and undergidoun a) Deep Water Environmenfhe optimization results for

sensor networks. this case are shown in Figs. 3. In Fig. 3(a), the optimum packe
- size for the three optimization problemB,¢ , P*"! = and
. Results

P, are shown as a function of the error correction capability,

In this section, we present the results for packet size opti-Note thatt = 0 corresponds to the ARQ scheme. The corre-
mization for underwater and underground environment. Mosponding optimum values for energy consumption, throughpu
specifically, the optimum packet size is found by solvingthr and resource utilization are also shown in Fig. 3(c) - Fig)3(
different optimization problems, i.eR:"? , P*ul ‘andP;?  For each problem, the ARQ scheme can accommodate smaller
defined in Section IV. Furthermore, we present the results fpacket sizes than the FEC codes. As an example, the optimum
constrained optimization problem, where the optimum packgacket size for the throughput maximization problenbis
size is determined subject to reliability and latency camists. bytes for ARQ scheme anéll6 Kbytes for RS (255,239,8)
Our results focus on two major communication environmentspde. Despite this significant increase in optimum packed si
i.e., underwater (Section VI-C1) and underground (Sectidor the RS (255,239,8) code, the throughput is also inceease
VI-C2). For the underwater case, we consider a deep wa¢dt compared to the ARQ scheme. It can be observed from
network, where the sensors are deployed close to the oc&an 3(c) that the energy consumed per successfully redeive
bottom. For this case, we use the two-ray underwater chanhil is very similar (.25 J/bit for ARQ and0.24 J/bit for
model explained in Section VI-A. These networks are used f&S (255,239,8)), which shows that forward error correction
ocean bottom measurements and surveillance. For the whaltmdes provide significant data transmission capabilityhetit
water case, we consider a network deployed close to theceurfaampering the energy consumption in deep water environment
of the water, where reflections from the sea surface needsto b b) Shallow Water Environmen8hallow water communi-
considered. Finally, we investigate the packet size opttibn cation is characterized by a lower propagation loss congpare
problem in wireless underground sensor networks accordittgdeep water because of both the cylindrical spreading and
to the channel model presented in Section VI-B and [13]. keflection from the water surface. The optimum packet size
particular, we present the effects of volumetric water eoht values for each of the optimization problems are shown in
on the optimum packet size. Fig. 3(b). Compared to the deep water environment, in shvallo

1) Wireless Underwater Sensor Networléext, we present water environment, channel errors are not severe and hence,
the results for packet size optimization in deep water atkde ARQ scheme also results in optimum packet size values
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g. 5. Optimization results foP in underground environment as a function of volumetric watmtent.

comparable to the FEC schemes. Moreover, as shown inThe effect of volumetric water content on energy consump-
Fig. 3(c) and Fig. 3(d), RS (255,251,2) code is the mosbn is shown in Figs. 5. The change in optimum packet size
energy efficient and leads to highest throughput. Moredverfor energy consumption minimization is shown in Fig. 5(a).
is observed from Fig. 3(e) that RS codes are more resoutnerease in volumetric water content results in higher pack
efficient than the ARQ schemes. sizes for the energy consumption minimization problem,nehe

We also present the results for the constrained optimizatithe optimum energy consumption also increases for higher
problem, PS8 . in Fig. 4(a) and Fig. 4(b), where thevalues of volumetric water content.
optimal packet size and the resulting energy consumptien ar Finally, in Fig. 6, the results of the constrained optimiaat
shown, respectively. For these results, we K58 e = 103 problem for the underground environment are shown. More
and three different values for the end-to-end delay bourspecifically, the optimum packet sizes as well as the optimum
An important result is the significant decrease in optimuenergy consumption and packet throughput associated with
packet size. Since the end-to-end delay is bounded, packketm are shown as a function of end-to-end delay bound for
sizes betweer2-16 bytes are optimal depending on the errodifferent burial depth and volumetric water content (VWC)
correction capability. While increasing the end-to-endage values. In Fig. 6(a), it is shown that the optimum packet size
increases the optimum packet size for the RS codes, theyenéngreases with increasing delay bound. Moreover, an iserea
consumption is slightly decreased for larges, ... Moreover, in volumetric water content decreases the optimum packet
the optimum packet size for the ARQ scheme is not affectstze. Furthermore, this has an important effect on bothggner
by the delay constrained. consumption and packet throughput. In particular, indreps

2) Wireless Underground Sensor Networkd&s we have the volumetric water content frobts to 20% increases energy
investigated in [13], the underground communication isrchaconsumption by60% and decreases packet throughput by
acterized by the composition as well as the volumetric watgf%. This significant dependance on the volumetric water
content of the soil. Consequently, we investigate the &ffecontent necessitates the communication protocols beredilo
of volumetric water content on optimal packet size in undete account for changes in the water content of the soil. An
ground sensor networks. We consider the ARQ scheme dntportant observation is that relaxing the end-to-end ydela
BCH (128,78,7) for our results. Moreover, we use the typichbund cannot provide lower energy consumption higher than a
operation parameters for the Mica2 nodes [9], which are showpecific value, i.e.5s. More specifically, the optimum energy
to be feasible for wireless underground sensor networks ctnsumption stays constant above this value of the enddo-e
frequenciest00 MHz [13]. delay constraint.
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TABLE I
OVERVIEW OF OPTIMAL PACKET SIZE VALUES (BYTES)

(2]

Environment pteut [ poue | pres .
Terrestrial 152 250 25

Underwater (Deep) 668 439 16 [4]
Underwater (Shallow) 1232 | 1003 | 236
Underground (vwc = %) | 864 502 | 23 5]

[6

—

VII. CONCLUSION

In this paper, a cross-layer optimization framework form
packet size optimization for wireless terrestrial, undses,
and underground sensor networks is developed. Our frankewor
considers medium access collisions, routing decisionsedis (8]
as wireless channel affects to determine the optimal paiket
A key result of this analysis is that contrary to conventiona
wireless networks, longer packets improve the performa
of medium access control in WSN. On the other hand, tie]
packet size is limited in terms of energy efficiency due to
wireless channel errors. Our cross-layer framework ofearh2)
reveals this tradeoff. In this framework, three objectivad-
tions are used to investigate the various performance csetrj;
such as throughput, energy consumption per bit, latenay, an
packet error rate. The results of our analysis show that tﬁg]
routing choices significantly affect overall performanasda
hence the optimal packet length in WSN due to the multi
hop nature of the network. Optimal packet length is fouqq5
considering this important factor in WSN. Furthermore, the
cases for underwater and underground sensor networks are
investigated to determine the optimal packet size in thegg)
challenged environments. An overview of our results for the
three optimization problem& (R, PLUS, Pios, for terres- 19
trial, underwater, and underground environments are shown
Table Il. The developed optimization framework provides &8]
flexible tool to determine the optimal packet size for diéfetr
application requirements and network topologies. [19]
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