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Abstract— Currently under development by the Boeing
Company, Network Emulator Wireless Simulator (NEWS) is a
wired testbed for evaluating the performance of MANET pro-
tocols. In part, NEWS extends the Mobile Ad-Hoc Network
Emulator (MANE) originally developed by Navy Research Lab
(NRL). In this paper, we report the addition of emulation func-
tionality to the NEWS testbed capturing fading wireless lirk
effects. In order to emulate wireless link effects, we devep
a finite-state discrete-time Markov chain the parameters of
which are extracted from the fading, shadowing, transmissin
power, modulation type, and antenna configuration characte
istics of the underlying link. We extend the implementationof
MANE to include our Markov chain. We also investigate the
effects of utilizing FEC techniques at the link layer in orde to
improve the performance of data delivery. Our numerical re-
sults show that ignoring the effects of fading can lead to ina&
curate modeling of link effects in MANETS. Further, utilizi ng
FEC techniques at the link layer can significantly improve the
performance of data delivery over MANETS.

Index Terms— Ad-Hoc Networks, Fading Channel, Markov
chain, MANE, Link Effects, Performance Evaluation.
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it is important to add functionality related to the captgrivf
such effects in order to improve the accuracy of modeling.
The main contribution of this paper is the addition of em-
ulation functionality to the NEWS wired testbed -as an ex-
tension of MANE- offering effective means of performance
evaluation for MANETSs with fading wireless links. In order
to emulate wireless link effects, a finite-state discratet
Markov chain is developed with the parameters of the model
extracted from fading, shadowing, transmission power,-mod
ulation type, and antenna configuration characteristi¢bef
underlying fading wireless link.

The rest of this paper is organized as follows. Section Il
provides an in depth analysis of a fading wireless channbel. |
models the temporally correlated loss observed in a wseles
channel with Markov chains. The section also explains how
the use of Forward Error Correction (FEC) schemes at the
link layer can combat the fading effects. Section Il inasd
an overview of MANE as the building block of NEWS and
how the model of Section Il is used to revise the existing
implementation of MANE. Section IV contains the results of
our experiments and the related discussion. Finally, 8ecti
V concludes the paper.

The need for developing wired testbeds to evaluate the per-
formance of MANET protocols is well understood. Con- Il WIRELESS CHANNEL ANALYSIS
sidering the time varying quality of wireless links utiltze , _ _ ) ,
in MANETS, such testbeds are required to emulate wireless! NS Section provides an analysis of the wireless channel
link effects in order to provide realistic wireless opevati rep.resentmg the gharacterlstlgs of the underlying corimun
scenarios. Network Emulator Wireless Simulator (NEWS) f@tion system. Itincludes a discussion related to the model
one such testbed currently under development by the Boelfig ©f fading wiréless links with finite-state Markov chains
Company. In part, NEWS extends emulation tools originalf2S€d on providing an analysis of Signal-to-Interference-
developed by Navy Research Lab (NRL) such as the Mob[M/S€ Ratio SINR) and calculating the Symbol Error Ratg
Network Emulator (MNE) and the Mobile Ad-Hoc Network(®Z%2) Of such links. The latter captures the effects of uti-
Emulator (MANE) [1]. Utilizing Linux firewalls, MNE em- lizing multiple antennas on both transmitting and recejvin
ulates wireless link effects with a binary model representi ends.
either a high quality or a broken link. MANE offers support
for capturing link effects relying on a distance based atter™ Analysis of SNR
ation model. This section provides an analysis related to the extraction

Since neither MNE nor MANE account for temporallyof the average values &I N R from the statistics of the
correlated effects in the behavior of the signals of interegading channel, transmission powers, average noise power,

This work was sponsored by grant no. COM06-10223 from Bo#ing shadowing, and in_ the pr?sem? of inter-symbol intgrf&renc
tegrated Defense Systems and UC Discovery Industry-Usitye€ooper- Although the details of discussion below relate to rich scat
ative Research Program. tering links characterized by Rayleigh fading, the apphoac
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is generic and can also be applied to the case of line of sight associated with the set of independent random variables

links characterized by Rician fading. As such, the disarssi {z1,--- , x4}, then the PDF of their sum= z;+--- +
can be treated as a generalization of the discussions of [10] =z, is calculated a$.(z) = fz, (x1)*- - -* fz,(2,) Where
and [9]. x represents the convolution operator.

Consider a number of wireless links, with subsctijaten- o Property 3: Ifz, y, andz are random variables satisfying
tifying the quantities associated with link. Assume that z = § the PDF of the random variabteis specified as
the M; x N; link 4 is equipped with}/; transmit andV; re- fo(2) = 20 1yl fay vz, y)dy.

ceive antennas. The per symbol transmission padWwer is  Next, we focus on the identification of the PDFSfN R;.
assumed to be fixed and equally distributed ambhdrans- \while we utilize the NLOS Rayleigh model with the fad-
mit antennas. As the result of having receive antennas, theing factor a; to relate the input and output of the path be-
magnitude of noise in linkis multiplied byN;. The nonneg- tween transmit antenna and receive antennaof link i, it
ative numbelG;;(t) represents the path gain in the absen¢gpossible to work with other models such as the LOS Rician
of fading from the transmitter of lin to the receiver of link model. We refer the reader to [9] for further details of atili

i attimet. Gy;(t) captures factors such as path loss, shagy Rician fading. The output signal of the Rayleigh channel
owing, antenna gain, and so on. FUfthE{(,m’n) (t) is the  {"™™ and its input signab™"™ over linki can be related
fading factor between transmitter of link j and receiven  py

of link i. The instantaneous signal-to-interference-noise ra- ng’n) = o ng’") T n )

tio at timet for link 4, denoted bySIN R;(t), determines

the quality of the received signal. Treating the fadingriist Wheren; represents white Gaussian noise. It is well estab-
butions 7" as Identically and Independently DistributediShed [6] that; = |a;| has a marginal Rayleigh PDF in the
(IID), SINR;(t) is defined as form of e
G B M 2N E ) prlr) = =g =0 ©

Pj(t) M N; m,n
S Gy (057 Sy oty F™™ (0+Nimi(1)  where p? equals to half of the average power of all of the

(1) multipath components. Sinde™" is defined as/™" =
wheren;(t) represents the power of white Gaussian noiseﬁg — |a;|2, we are interested in the distribution |of;|2. The
link 7. distribution of|«;|? can be calculated utilizing Equation (3)

In order to capture the temporal correlation of the wirgznd Property 1 above. Thus,
less channel indicated in the equation above, few reafstic
sur_nptlonS ar_e mad_e a_s fpllows. First, the dlstrlb_utlon_ ef_th i F,i(im,n)) _ 1 pa( F,i(im,n)) %)
white Gaussian noise is independent of the fading distribu- o1/ )
tions. Second, the fading factors in interfering signéjss v
are not spatially correlated. Thirdy;;'s have unit means mmn . .
so long asGj;'s are appropriately sjcaled to reflect varia\-Ne conclude thaFi(i has a marginal exponential PDF as
tions from this assumption. Fourth, when the wireless chan- R 2
nel varies slowly with respect to symbol intervdt,(¢) and pr(F™MY = € "t pmn) s g (5)

i - ’ 13

Gi;(t) can be viewed as constants aRg(t) as a random 27
varla'ble W'th'_n the §ymbo| mterval.' In the rest.of the d'SA similar argument is applied to the distribution of the ran-
cussion of this section, we work with the resulting random n) o o .

. Since the noise signal; is assumed

i (m,
variables in the symbol interval. dom variablest;

. . . t% be a complex random variable with its independent real
From the discussion above, we need to examine the Pr%na imaginary components having standard Gaussian distri-
ability Density Function (PDF) of random variablé%; and ginary P g

n; in order to obtain the PDF of the random variaIEN R;. butions, its power); has a C_hl—square distribution .W'th. tW.O
. . . : degrees of freedom, or equivalently, an exponential Qistri
First, we list a number of properties of random variablesiro

[6]. tion [6]. We note that while the fading distributiorj%z(]m’”)

. . . . and noise are considered to be independent, their paraneter
o Property 1: Ifx andy are random variables satisfying P P

SINR;(t) =

_ hen th o S may not be necessarily the same.
y = g(x), then the PDF of satisfiesf, (y) = o) T Having identified the PDFs dFZ(Zm”) Fi(]m’”), andn;, the
%ﬁ)) wherezy, - -+ ,z, are the real roots af = PDF of ST N R; which is expressed as a function of the ran-
g(x) andg’(z) represents the derivative gfz). dom variables above can be numerically identified relying on

o Property 2: If the PDF seff., (z1),--- , fz,(z4)} is the properties of random variables described above.
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B. Calculating Symbol Error Rates of Fading WirelessLinks C. Markov Chain Modeling of Fading Wireless Links

Having specified the PDFs of the signals of interest, we

We now discuss how to calculate modulation symbol errggn now focus on capturing temporally correlated loss be-
rate SER; of link 7 in terms of the number of points in theyyeen Units of Information (Uold)in a fading channel. In
modulation constellation, antenna configuration of th&,linthe discussion below and consistent with the notation of pre
and average receivesl/ N R; of the link. vious sections, subscriptidentifies the quantity of interest

In [8], the authors identify closed-form expressions dén link i.
scribing the modulation symbol error rate of a multiple an- While we direct our discussion to the case of a Uol repre-
tenna wireless link in terms of the number of signal pointssented by the symbol error rate in a Rayleigh fading channel,
in the constellationV/; and the average received Signal-toeur discussion can be generalized to the case of any other
Noise Ratio § N R) of link i denoted bySN R;. Calcula- Uol in any other fading channel. We propose modeling the
tions are carried out our under the assumption of facing a flamporally correlated symbol loss of an analog signal with
fading Rayleigh channel -implying that the channel is fixeah S-state digital Markov chain by means of partitioning its
in the duration of a symbol but varies from one symbol tBDF. AnS-state Markov chain is fully described by a set of
another- and utilizing PSK modulation. We also note th&tansitioning probabilities between any pair of states amd
the approach can be applied to other fading channels sather set of per stat§ £ R; probabilities. Considering the
as a Nakagami channel or other modulation schemes suclisage of practicality, our approach for extracting the twb s
QAM. In what follows, we apply the results to capture thef probabilities modifies the proposals of [10] and [9]. Itis
modulation symbol error rates of a wireless link. We notgescribed below.
that we use the quantity/ N R; instead ofS N R; in the cur- Although the number of statescan be arbitrarily chosen,
rent discussion. we setS = 2 in order to address the tradeoff between low-

First, we introduce the modulation symbol error rate of &ing the complexity of calculations and improving the accu

link associated with single transmit aid receive antenna racy of the model. We note that our choice$t= 2 reduces
nodes using Max|mum Ratio Combining (MRC) as the S-state Markov chain model to the Gilbert-Elliott (GE)

model [4] and [3]. Fig. 1 illustrates the modeling approach
by means of partitioning the PDF of an arbitra¥ R; sig-

_ M;—1 1 Y T —1 ¢,
SER; = 3= — 7/ g1 (5 +tan™' &) nal.
N;—1 (2 1 . -1
27\[:0 () oy +sin(tan™ &) (6) oo b . .
i—1 _ _ X iBG BB
D1 2oie1 Ty g lcos(tan Lg)Rr-a)+1) O/\O
BAD | GOOD SEGlém 1 SEBFQB ‘

whered; = SINR;sin®(§7), & = /145 cot -, and |/ 9% | s \_/

2p . - = SER, Pi,GB
Ogp = 720=0) () . From Equation (6), one can cal-"* "
( o )44[2(p—q)+1] Analog PDF of SER; Digital Markov Chain Model of SER;

culate the modulation symbol error rate of a link associated

with single transmit single receive antenna nodes as weIIzé%ot}ate/znv\i/'i'&‘]s;':gzgl%g';fks?"n‘;rl‘ai” modeling for an araty PDF
a link associated with single transmit double receive ardgen » Signat

npdes t_)y settln_g\fl- tp ! ar_1d2, respectively. Relying on a The two-state GE loss model provides an elegant mathe-
discussion of diversity gains and under the assumption ﬂgﬁgtical model to capture the symbol loss behavior. The GE
the transmission power is equally divided among the tranr%_odel consists of a GOOD and a BAD state Thé GOOD
mit antennas, we argue that the modulation symbol error r%%%te introduces a probability; o of sta;l/ing in the
of Space-Time Block Codes (STBCs) of [2] and [7] can bg J = " “ > probabiliéﬁG :% L~ of transi-
calculated from Equation (6) by proper scaling of the Valu%%ning to the BAD state while Zfﬁf BAD state; introduces a
of SINR;. For example, the modulation symbol error raté

of a2 x 1 link associated with can be calculated by replacirPrObab!I!ty Pipp = (i of staying in the BAD state and a

. SINR . . ) . obability P, gz = 1 — §; of transitioning to the GOOD
STN R; with === and settingV; to 2 in Equation (6). Sim- ’
: : . state. The GOOD state also represents average per state val-
ilarly, the modulation symbol error rate of2ax 2 link can

be calculated by replacing/ N R; with 5% and setting uesSER; p andSER; g WhereSER; p >> SER; g.

N; to 4 in Equation (6). Based on the expressions above andThe parameters; and f5; can be measured from the ob-

similar to the previous section, the PDF.®F R; expressed served average burst lengths of the ariving symbols [5]
as a function oSN R; can be numerically identified. LA Uol can be thought of as a bit, symbol, or packet.
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where a burst length is defined as the number of consecutive FEC for Fading Wireless Links

symbols arrived in the same state. Calling the average bursf, this section, we propose the use of the Reed-Solomon

lengths of the BAD and GOOD staiéL; 5 andBL; ¢, the pg) channel coder at the link layer as an optional compo-

parameters; and/j; are identified from the equations belowpg 6 compensate for temporally correlated loss effemts o

ELB _ %ﬁ» ﬁm _ ﬁ 7) served over the wireless link. We note that an RS channel
’ ! coderRS (b, k) convertsk channel coding symbols intota
Once~; and j3; are identified, the steady-state values of beymbol block by appending — k) parity symbold. Such
ing in the GOOD statg; ;s and the BAD staté; ;s can be channel coder is able to correct as many@as- | %5 | chan-

identified as nel coding symbol errors in a block. If at ledst ¢~ chan-
b 1l 15 (8) nel coding symbols are correctly received frotmansmitted
iss = 3 B0 Jiss T 345, channel coding symbols, the whole block is recoverable.

Referencing Fig. 1b; ;s andg; < also represent areas of the Suppose the RS coder generates a set of channel coding
PDF limited between consecutive partitioning threshokls asymbols where each symbol consistssabits. A channel
thy coding symbol is received error free if all of itsbits are
biss = J, P(SER;)dSER; g) received free of errors. As indicated earlier, we assurmie tha
Giss = fihlp(SERi) dSER; the loss pattern of the wireless channel at the bit level is de
scribed by the GE model. Thus, the probability of receiving
channel coding symbol free of error and winding up in the
OOD state is obtained from Equation (12) witk= r = s
asp(s, s, G). Similarly, the probability of receiving a chan-
nel coding symbol free of error and winding up in the BAD
state is obtained from Equation (13)a&, s, G).
Since the inter-symbol temporal correlation has to be cap-
- tured for back-to-back transmitted channel coding symbols
Lety;(t,r, G) andyp;(t, 7, B) denote the probability of re- gyer the same GE model with the same state transitioning
ceiving r symbols fromt transmitted symbols and Wi”dingprobabilities, the probability of channel coding symbaidi

up in the GOOD and the BAD state of the GE model, respegss s obtained utilizing Equation (11), (12), and (13) as
tively. Then the overall probability of receiving symbols

Settingthg = 0 andths, = 1, the value of non-trivial thresh-
old th; can be numerically identified. Once the threshol
values are identified, the quantiti®&’ R; p andSER; ¢ are
calculated as

SER,p = [" SER;p(SER;)dSER;

10
SER;c = [y, SER;p(SER;) dSER; (10)

from ¢ transmitted symbols for the GE model is given by Zb:
V(b,tc, xc,xB) = ©(b, 1) (15)
Pi (t> T) = i (tv T, G) + @i (t> T, B) (11) i=b—tc
where the recursive probabilitigs; (¢, 7, &) and;(t, 7, B)  \wherey,; andy identified below play the roles #ER;
are given [10] by andSER; p in equations (12) and (13).
[ tu 7G =
SO(SET‘]%) A, Non. X = 1_(70(5787G)
i,G [Vipi(t — 1,7, G) + (1= Bi)pi(t — 1,7, B)] — 1 ( B) (16)
T‘—l,G) XB = — PSS,

(1 — SERhci) [’)/Z' gOi(t — 1

+(A=Bi)eit —1,r—1,B)] (12) The initial conditions are identified from Equation (14)
with the same setting of parameters as the ones indicated in

and Equation (16).
wi(t,r,B) =
SER; g [(1 =) wi(t —1,7,G) + Bipi(t — 1,7, B)]
| I1l. REVISING MANE’S IMPLEMENTATION FORNEWS
(1_SERi,B)[(1_'Yi) gOi(t—l,T‘— 1,G)
+ Bipi(t — 1,7 — 1, B)] In this section, we briefly describe the functionality of
(13) MANE [1] as the building block of NEWS and explain how
fort > r > 0 and the initial conditions NEWS revises the current implementation of MANE based
3 on the discussion of the previous section.
(,DZ‘(O,O, G) = fi,ss = QET% P
¢i(0,0,B) = biss = 2_;1%_ (14) *We distinguish between the modulation symbols and charwdihg
, _ , o AR symbols by noting that a channel coding symbol typicallysists of a
#i(1,0,G) B SER;G [%i giss + (1= (i) ZZ’SS] number of modulation symbols. For example, an 8-bit RS chlrwding
0i(1,0,B) = SER;p[(1 =) giss + Bibiss] symbol consists of eight BPSK modulation symbols.
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As illustrated by Fig. 2, MANE is a software-hardwarespace and supports the operation of TNTuneling component.
testbed tool used to emulate a MANET environment for a As indicated above, MANE relies on the range model to
number of Test Nodes (TNs) arranged in a number of clustermulate the link effects. The current implementation of the
with activity in each cluster supervised by a MANE Servaiange model utilizes a reference model to create a table of
(MS). The testbed can potentially consist of multiple clusralues of Bit Error Rate BE'R) versusSN R for a given
ters. In a multiple cluster testbed, MANE servers are intamodulation scheme. The reference model of the range model
connected via two LANS; one LAN is used as a control bus somewhat simplistic because the calculatio 8fR only

while the other is used as a data bus. considers the transmit power of the desired signal, the aver
age power of noise, and a signal attenuation solely based on
TP T TN T T T T distance leaving out the effects of fading as well as interfe

ence from other nodes, antenna configuration, and channel
I I 1 1 \ \ \ \ coding. Consequently, no temporal correlation is captured

— MANE Server 1 [ — the loss of multiple bits either. More specifically, the rang

model calculates the averageV R; of a link i as

Control Data
Control | Server Ethernet PG,
Ethernet SNRZ __tn (17)
i
TN TN TN TN TN TN TN TN
9 10 11 12 13 14 15 16

r N o . . r N N where the fixed value of;; in the symbol interval is in-

| | | | 1 ‘ \ | \ | \ _— \ ‘ \ versely proportional with the third power of distance begwe

L MANE Server 2 | “ _ the link end nodes. Relying on the value®WV R;, the range
model calculates the bit error rai&F' R; of link ¢ as

Fig. 2. A schematic block diagram of a multiple cluster MANEtbed. 1
As observed from Fig. 2, each TN has a point-to-point

connection to its cluster MS. The exchange of data traffic baherem; is a fixed factor uniquely mapped to the number of
tween TNs is done utilizing the point-to-point connectiongoints in modulation constellation and the Gausspfunc-
via a single or multiple MS interfaces depending on whethton is defined as
or not the TNs belong to the same cluster. Flowing data traf- 1 00 L2
fic through MS servers allows for offering a capability to en- Qx) = — / exp (——)dz (29)
force wireless topology control and link effect emulation. Vor Jo 2

MANE consists of six major software components hostegnally, MANE treats a byte as an atomic Uol which can
in Linux Operating System user and kernel spaces. The figgo be thought of the channel coding symbol size allowing
three components are hosted in Linux application space apByte to be received only if all of its eight bits are received
run on MANE servers. They include: (1) the forwarding erfree of errors. For BPSK modulation, MANE calculates the

gine component that is responsible for forwarding packegobability of byte loss; for link 7 utilizing a memoryless
between TNs and can drop packets based upon informatiaadel as

provided by MANE’s second component referred to as the gi=1—(1- BERZ-)S (20)
range model, (2) the range model component that is resp%ril-

sible for calculating the probability of dropping a packaetia " t’;Cteo tthhi TQZ{EOQ"JJ‘TZQZ ;h”en Lr;plltelrl;elrr:gg?tr; ntikt);sgthre-
he Global Positioni P |ati - ’
(3) the Global Positioning System (GPS) emulation comp rrent implementation of MANE is modified by NEWS

nent that is responsible for providing other components of : . .
the system with GPS information. such that the revised model addresses the shortcomings in-

The next three components run on MANE TNs and ficated above. NEWS modifies the current implementation

clude: (1) the GPS daemon component that is running of MANE relying on the assumption that the loss pattern of

. L . oo F;Ee wireless channel at the bit level is described by the GE
Linux application space and responsible for delivering G del. Thus. the probability of byte | nder the GE model
information to the end users, (2) the TNTuneling componen odel. Thus, the probability of byte loss under the ode

that is running in Linux application space and responsib'l%C"ilcmated as

for limiting traffic coming from or going to TNs by utiliz- g =1-¢i(88) (1)
ing a virtual interface capable of emulating Medium Accesshere ¢;(8,8) is identified by Equation (11) and subse-
Control (MAC) effects, and (3) the tunNRL Loadable Kernegjuently Equation (12) and Equation (13) by setting r =
Module (LKM) component that is running in Linux kernel8. Further, the quantitieS ER; g and SER; ¢; are specified
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utilizing Equation (10). We note that the approach of NEWS In the context of NEWS, the topology is mapped to using
allows for identifying the probability of byte loss utilizgy 4TNs in a single cluster NEWS setting. We consider four
QPSK and-PSK by calculating the probability of losing twodifferent scenarios: (1) each radio node has a single aatenn
and one symbols, respectively. (2) N1 has double antennas and the rest of radio nodes have a

At the end of this section, the follwoing statements agingle antenna, (3¥> and N3 have double antennas and the
in order regarding the the link effect emulation capabilitpther two radio nodes have a single antenna, and (4) all of the
of NEWS. We note that MANE utilizes multiple clusters irfadio nodes have double antennas. Ehch?2 link utilizes
which the bulk of the processing work is handled by MANBMRC and eact2 x 1 or 2 x 2 link utilizes STBCs of [7].
servers and in the user space of Linux operating system aghe followings represent various settings of the wireless
oppose to the kernel space of Linux operating system. Hoolannel for the reported results. First, the transmissioge
ever, we have developed a decentralized model for emulaf-V; onlink £; is [0.1W, 51| with the transmission powers
ing the link effects cosnidering the high processing ovadheon other links fixed at W and the average power of noise
of MANE. Our model implements the finitie-state discretefixed at1uW. With the exception of7;, and G4, the gains

time Markov chain associated with a link utilizing a Linuxor each link are computed &; = —- andG;; = %52 for

loadable kernel module running at the receiving side of the. ; whered;; represents propagation path Iengtﬁ] from the
link. The parameters of the chain are delivered to the drivgansmitter of linkj to the receiver of linki. The gains for
through a system call in the Linux user space. An applicatien ., and G5, are set to zero since we assume a node cannot
makes such a system call after extracting the parametergr@hsmit and receive at the same time. All nodes are using
the model from the fading, shadowing, transmission powgpPsK modulation.
modulation type, and antenna configuration charactesistic \\fe set transition probabilities of the GE model far a 1
link asy = 0.995 and 3 = 0.95 represented by average
burst lengths 0600 and 20 bits for the GOOD and BAD
IV. EXPERIMENTAL RESULTS state, respectively. Using the valuesyofind 3, we numer-
i%%qlly calculate the non-trivial threshold of partitiogirih
. . or the PDF ofSER; over thel x 1 link of study. Then, we
suits of the implementation of NEWS. se Equation (10) to identiff ER; o and SER; p for the

For our experiments, we utilize the diamond MANET . . o
tonoloay of Fia. 3. The network consists of wireless node|nk. Finally, we use Equation (6) to map deterministic \edu

poogy of Hg. =. ovor 0t SER;  andSER; p to SINR; ¢ andSIN R; ; for the
N1, N2, N3, andNy along withd links £, throughLy. Nodes o\ v \ote that the use of transmission rarf@éW 5W]
N7 and N, are assumed to be parts of two platforshand B ' ’

: : : allows for achieving a range df), 50]dB for the quantity
accommodating wired links. Node$, and N4 are assumed SINR, ¢ with associated values for the quantiy N R, p.

to act as the wireless gateway of their associated pIatformWe selects fip sources in Platform A to send packets to
Communication over fading links is assumed to be subject . " > 1P . pack
: . . . estinations in Platform B. Each ftp session attempts at-del
to interference caused by transmission associated witr oth . : ) :
. . " . ) - ering al MB file. We rely on the standard implementation of
links in addition to noise. We assume that each fading WIre~5' vith Random Early Dro (RED) in Linux Kernel 2.6.15
less channel is characterized by a Rayleigh distributiaih wi y Orop o

. .10 establish end-to-end ftp sessions. While the capacity an
fading factors that are constant over a symbol but vary in £ delay of the wireless links are assumed tolbeMbps
pendently from one symbol to another. y P

and200 msec, the wired links have a capacityloBbps and
a delay of6.4 msec. All of the links operate in a full-duplex
mode and link bandwidths are shared among data and ac-
knowledgment (ACK) packets. Each packet is treated as a
channel coding block with a symbol size of one byte. We
allocate a small percentage of the overall bandwidth to FEC,
i.e.,1.5% of the space in each data packet of sige0 bytes
and50% of the space in each ACK packet of size bytes.
Such allocation has significant performance improvement ef
fects.

In the following curves, the horizontal axis captures the
deterministic variation range &§/ N R, ¢ over link £; as
Fig. 3. An illustration of the MANET topology used in perfoamce an indicator of the link quality. The deterministic range of
evaluation experiments. SINR¢ (andSIN Ry g not shown) is derived from the de-

In this section, we describe the performance evaluation

Relaying Radio N,

End Nodes End Nodes

Wired Links Wired Links

(TS S 650

(©.Q Q9 p o)

Relaying Radio N3

Platform A Platform B
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terministic range ofSER; ¢ (SER;,p) calculated for the 0 R T T
GE model relying on Equation (6). The GE model parame- wol i (NENSNSNARGATE T
ters of other links are fixed assuming values proportional to
one of the four scenarios of operation mentioned above. wor
Averaged over all six flows, Fig. 4 compares the end-to-
end Packet Error Rate (PER) of the four antenna configu-
ration scenarios mentioned above. As illustrated, all four
curves exhibit saturation-like behavior directly relatedhe
qualities of wireless links. For small values ST NR; ¢

200

150

Completion Time (s)

100

representing a low link quality, the value of average PER is [
close t050%. As the quality of the linkZ, improves, the T
value of PER improves eventually approaching zero. When SRy 6

comparing the results of different antenna configuratioms, rig 5 A comparison of ftp completion times for four scenarin which
observe that the performance of scenarios (1), (2), (3), axietless radio node$N1, N2, N3, N4) are equipped with a number of
(4) are in an ascending order as the result of improving tAetennas indicated in the captions.

quality of multiple antenna links. We make note of the poor

quality of transmission for the low values S/ NR; ¢ in  the shortcomings of MANE's distance-based link effect em-

all four curves that would not be captured without propgfiator and in order to capture fading wireless link effects,

modeling of temporally correlated loss of the links. Fig. Qe reported the addition of a wireless link effect emulation

functionality to the NEWS testbed. We reported the results

| of our recent development work utilizing finite-state Marko

. chains the parameters of which were extracted from the fad-

wf % 1 ing, shadowing, transmission power, modulation type, and
‘ antenna configuration characteristics of an underlyinghtad

wf | 1 wireless link. Our numerical results showed that ignoring
\‘ the effects of fading can lead to inaccurate modeling of link

20 | | L

| ' 1 effects in MANETS.

50

Packet Error Rate (%)
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