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Abstract

Wireless Mesh Networks : WMNs is a group of wireless nodes connecting each other by radio
wave transmission. Therefore, the signal quality depends on distance and obstruction, especially sending
information inside the building. Most of houses or buildings have the metal or conductive materials as the
main part of constructions. This causes the effect on wireless signals when they are sent through those
constructions and also it cannot be avoided for indoor communications. In literatures, there are many
researches working on WMNs but it is hardly seen that any work reports the effect of obstructions on
WMN performance. In this thesis, the relation between the received signal strength and the probability of
successful transmission has been measured in order to utilize this result as the obstruction effect and take
it in the analysis of WMN performance. This thesis also presents the method to design of node locations

for indoor WMN s by concerning the throughput performance.
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o, ('xl’x2""xi): N('xl’x2"‘xﬂ—2)'lu(xl’x2’ ) q-pP, (xl’x2"‘xH—2) (4-22)

A 1 A A Y
dounua p, (x,,x,,..x, , ) 1naumsn 4-16 aaluaunish 4-22 alaaums

N(x1.% %)

0, (X, %%, ) = N (%, %55 X ) (X, %00 Xp 5 ) G-

x;=1
H
Z N xnxz’ q)'ps(xl"XZ"'xH—Z)
i=H-1
q (4-23)
H
:N('xl’xZ"‘xH—Z):u xl’x2’ Z N xl’x2’ (1 q)-P, (xpxz» 'xH—Z)
i=H-1
WU & (%, %y, ) HazANMST 423 aaluaunish 420 szBeuaums Idsee il

N (X5 %502 5 ) LX), %, 50X, ZN X %y5-%, ). (1= q).0, (%, Xy, )
i=H-1
p, (xl’xz’"xH_B) _ +N(x1’x2""xH—2)‘Iu(xl’XZ’"‘xH—Z)(I_Q)'ps ('xl’x2"'xH—2)
ﬂ(x17x27"xH—3)'q

(4-24)

' d' d' =S Yo 3 dy
UnUAINENMSN 4-24 asludgumsi 4-19 %zwﬂu'lﬂmﬁumma‘lﬂu
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H
N('xl’x2"‘xH—2)lu Xy XgseoX, Z N xl’x2’ (1 ‘])ps(xl’xz’ 'xH—Z)
i=H-1
+N(x1’x2"‘xH—2)'lu('xl’x2’” X2 (l_q)'ps('xl’XZ"'xH—Z)
U(x,x,,.%, 5)q (4-25)
H
Z N xl,xz, (1 Q)pé (xlaxz, x )
l:H 2
q
ansoudaums Idaai
H
,u(xl,xz,..xH_z)[N(xl,xz,..xH_z). > N(xl,xz,..x,.)+N(x1,x2,..xH_2)j
i=H-1
H(x,xy,.%, ) (4-26)

H
= > N(x,x,.x)
H

i=H-2

. 2
aaiuaz 1daums

N(x,x,,..x,)
—= (4-27)

N(xl,xz,..x,.)+N(x1,x2,..xH_2)J

M=

Iu(xl’x2”"xH—2)_ i

,u(xl,xz,.-xﬂ_3) (N(xl,xz,..xH_z)

I
T

Mm

i=H-1
Faiu awnsoagllan nsgl [ <= H -1
H
N(x,x,,.x
M (X525, _ ; S (4-28)
:u(xl’XZ"'xl—l) S
N(xl,xz,..x,).z N(xl,xz,..xi)+N(x1,x2,..x,)
i=l+1

d' a d' v Yo 1 dy
WINATUITUNITN 4-28 ﬁ1ﬂ1iﬂ%ﬂ§ﬂﬁuﬂ15 llﬂﬂ\i@l@llﬂu



49

H

ZN(xl,xz,..xi)

_ =) (4-29)
_ H

In(1- p(x,,x,,.-%,,)) [N(xl,xz,--xz)-z N(xl,xz,,,xi)+N(x1,x2,..x,)j

i=l+1

In(1-p(x,%,,.x))

A9 v & oslﬁl

A ° 9 ' < Vo9 Yo &
saziorsidvualdninnuiziiulumsdadeyaladuselinndesnin g aaiuh
A ' A v v o o o
In(1— p(x,, x,...x))) = = p(x,, X,...x,) UALIUDUNUANINNANUNITN 4-29 veldanuduiusueons

' @ v 1 ] I 1 9 38  w
ﬂ?ﬁﬁ\?sﬁjﬂﬁ;llﬂuﬂﬁWu@]ﬁQﬂ‘].lﬂ?ﬂ'31lluﬁ]$!,ﬂu€luﬂ1iﬁ\iaﬁ}@ialjﬂﬁ1!5‘0ﬂﬁﬁllﬂ1i

(X, X5 X)  P(X,Xyses X))

(4-30)
H(x,x,..x) p(x,x,..x_)

9
[ Y

° ' ' I 19 o & A o Y ' =~
@Nuummiﬂmuammmﬂammi]z!,ﬂuclumsﬁweyja’dmi]‘l/mﬂﬂﬂaimmﬂuslul,mazTWLAﬂiJﬂ?W

MmN i ldanannms

H

N(x,x,,.x
P Xy, X)) ; om) (4-31)

H
p(x,,x,...%,_ ) (N(xpxzv“xl)'z N(xl,xz,,,xl.)+N(x1,x2,..xl)j

i=l+1

A Y ' I 19 9 < I~ Y ' <3|
LﬁJ’eJ'lﬂﬂWﬂﬂiJHW&ﬂﬂHﬂﬁ’dwagamljWmeJmiﬂ 4-31 Lla3ﬁ1u1§ﬂﬂ1ﬁuﬂ1ﬁﬂ'JTNH'W%HJuGlu

19 o @ A o Y a 1A @ 0o A A a Y v 1 dy
fﬂﬁ?NSU’EIﬁ;I,’dﬁ?Lﬁ‘DﬂWWiﬁﬂiNTﬂN?uLﬂ%ﬂlelﬂuuﬁ%u1Z’f\1ﬂﬂ"U'JN?JTIN‘D1§m11’i1ulﬂﬂ\1ﬁllﬂ15ﬁi’]llﬂu

H
N X,
p(xl,xz,...,xl)_ IZ:I: (xl,xz, X,)

X XyeX ) J
P00 % X,) (N(xl,xz,..x,).z N(xl,xz,..xi)+N(x1,x2,..x,)j (4-32)

i=l+1
( 1= A(X,, Xy0000 X)) j
I1-A(x, %y, %)
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p(X, %y, %)  1=A(x,x,,..., X))

= (4-33)
p(x,x,..x,,)  1=A(x,x,..x,)

=S o v o

nnudiuiss i nuuswesdaanamarmsgdeiasdayana unuasluaumsi 4-33

o

P(x. %y x,)  1—[0.184%exp((0.358)P.(x;, x,..... ) |

= (4-34)
p(x.x,..x,,)  1-[0.184%exp((<0.358) P, (x,, x,...x,,,)) |
aunsanfaumstitoszaihlgmsdunammues P (x, x,..x.,) Iddane T
exp((—0.0358)P (x,, x,...x,.,)) = L
p ‘ N T2 4] 0.184
(4-35)

P(Xs Xy X;)
- 1-0.184* -0. P
{(0-184)p(x1,x2...x1+1)( 0.184*exp((—=0.0358) P.(x,, x, xl)))}

1

0.0358

1 P(X, Xy sy X,) = DXy, Xy, )((1-0.184%exp((—0.0358) P.(x,, X,...x,)) )

n (4-36)
0.184 p(x,, x,,...,x,)

P (X, %,..%,,,) =

g Y A '
NNUUILUNTUMTINONIA d (X, X,...X,,,)

0

Tagunua P.(x,,x,,...x,) = P — L, — Loss —20log (MJ

Lae Pr(xl’x2"'x[+1) = R _LO _LOSS_2010g(d(x159;2...xl+1)J

0

A A a A a A

we L, o ANUFUTINNAINTSYSNWNTEYL 1 LUAT
A
fl

5 ILHZNVOIANNGUTONNAINTZELTNINTZBL 1 WAT



53

@

v A : 0 vo &
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1
0.0358

ln[ DX Xy X,) = p(xl,xz...x,+l)((1—0.184*exp((—0.0358)R(xl,xz...xl))))} @7

—20logd(x,,x,..x,,,) =L, + Loss — P +(

0.184 p(x,, x,,...,X;)

dofmuali
B=( 1 In (X, Xy %) — P(X, Xy X,, )(1-0.184*exp((—0.0358) P.(x,, X,...x,)))) )
0.0358 0.184 p(x,, x5,..., X,)

1,69~ In— 25X i)
0'184p(x1,)€2,...,x1)
B=27.93 J (4-38)
—0.358(F, - L, _LOSS—ZOIOg( (xl’xz”'x/)j)ln P(Xp, X, X,)
dO p(xly-xz,...,xl)

unuanmsh 4-38 asluaumsi 4-37 sgamnsofum d(x, x,...x,,,) 1Aaedums

Ly+Loss—P, +Bj

d (X, %,..%,,) = 10( - (4-39)
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DESIGN OF NODE LOCATIONS FOR INDOOR WIRELESS
MESH NETWORKS

Sukunya Sauram”, Peerapong Uthansakul and Monthippa Uthansakul
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Absiract

In the literature, the performance of 2 Wireless Mesh Network (WMN) bas been analy zed by
assuming the same quality on cach hop. However, this assumption s hardly troe in practice doue o
the physical ohstructions in the wirdess link. especially for an indoor environment. Therefore, this
study revisits the analysis of @ WMN performance by taking the effect of physical obstroctions into
account instead of assuming an cqually deterministic property for each hop. These obstructions
cause the degradation of signal strength which refatively decrense the success rate of fransmission
between cach hop. This study examines these physical concerns through measured resulis in an

indoar environment and then a design of node locations 18 diseussed.

EBeywords : Delay, throughpul, wireless mesh neiworks

Introduction

A Wireless Mesh Network (WMN) is a
network wechnology without wires which will
he happening in the near future. It has the
same hasic structire asa Wireless Local Area
Network: (WEAN), The difference hetween o
WMN and 5 WLAN is m the mesning given
tor parts of the equipment. The important thing
igthat 8 WMN has wo router while s WLAN
does, This iy becouse v WMN ficludes an
nevess point together with o router which is
colled a mesh router. Users in o WLAN have
also been renamed as mesh clients in o WMN,
Becauge of the combination of dccess painl
amd router, it makes o WMMN g better light
system than a WLAN. In addition, each access

painl in o WLAN is connecizd by cable lines
which fimil the covernge fange of openition,
In this Light, new technology that can provide
mote Flexlbidity i network installation and
user gecessibility s contmuously being
resenrched, A WMMN is one of the most
mleresting technologies to hive emerged
lately becouse its connections are Ltotally
witeless. Heace it ks cosy Fora WMN to
extend the service range und be flexible in
implementotion. In o WMN, podes are
comprised of mesh routers and mesh clients.
Eunch node operates not anly asa host bul alss
ds 4 rowter forwardimy puckets on behall of
other nodes that may not be within direct

U Kehowd of Telocommunioution Engindering, Suranaree Unjverity of Tewhmelogy, Nakhon Reaichasina,
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wireless ransmisson range of their destinulors,
A WMN is dynamicolly self-orgnnized and
self-configured with the nodes i the network
automatically estublishing and maintaining
mesh connectvity among themselves. This
feuture brings many advintages o o WRN
stuch by low up-front cosl, ehsy nelwork
mumlenance, robusiness, and relishle covernge
[ Akyildiz or af, 2005y A WMN s a group of
wireless modes, L'mmecr_ing-ln each other by
radio waves, so in faet there sre some parmmelers
such as distanes and obstruction which can
degrade radio waves from sending o signal to
the target point. especially when sending
information imside o building. Most houses or
buildings have metals as o partof their
construction which definite [y corrupts system
perfarmances. Hence. due 0 indoor obstructions.
the received signal iy practice hos 1o be obined
at u lower level thun expected in theory. For
distance concerns, the mdio wive is alleniated
as a function of distinee no matter which
propagation models are applied. Moreover,
another impact on distance is dealing with the
number of transit hops used for sending packets
from source node to sink node. If the number
of transit hops between ortgin and the destinnlion
nodes inereases. the performuances such as
throughput and deliy will be changed. In
Gumbitoza ef gf (20043 Jun and Sichitiu
(20035 Lee er al. (2008) have simulation
results that show that throsghput and end o
end deliny in o WMN are significantly changed
hy imereasing hop-counl distance from | he
gateway. In Gupte and Kumar (2000) presented
the throughput annlysis in o fixed wireless
network: it indicates the divect relation of
throughput and the number of nodes, In
Gamal 2 el (2004) have an analytical model
developed 1o obtuin the optimal throughput-
delay trade-off by varving the number of
liaps., the tranémission range. and the déaree
of node mohility in un od hoo network. In Lin
and Ling (2008) show the model of statistical
location-dependent throughpuet and delay
performances in g proposed WMBN, The
petwork considerad is o statie ad hoe network,
i which nodes ure randomly distributed and
the destinution for each node 15 independently

chosen. In Grossglouser and Tee (2000 show
that the per-nade throughput s shown to be
dramatically increased by exploting node
maobility as & type of multivser diversity. In
Gamal ef wf. 12004) an analytical model is
developed to obtuin the optumal throughput-
deluy tradeofl by varving the number of hops.
the transmission range, and the degree of node
mobility in ad hoc netwarks.

From all the [ierature, it can be noted
thit the performandes of o WMN reloy on the
number of nodes und hops as well as their
focationy. However, those resulls are simulsted
by assuming the same link guality on each
haop without considering the effect of an
abstrugtion, This assumption-cannot be true in
proctice because there are different physical
obstructions from one node 1o another For
exnmple w an indoor envirowmenl, there are
many obstroctions between nodes such s
walls, partitions, humans, window s, elc. These
objects must be a concern when analyeing the
performuance of 0 WMMN, Here we study the
effec| of an obstruction on the peffm'm;in'ce of
4 WMN by considering (he relation hetween
signal strength and the sisecess rate of information
transfer In theory, o WMN ideally determmes
the successful chonnel-secess probability with
a constant value equally for ench node. This
constant valug ks slwoys the same no miter
where the node has béen nstalled. In this
stud v, the indoor obstructions due o node
locations ure considared nnid the successrul
chinnel-necess probability resulting from
indvor ohstructions is measured. By using
measured resulis, this study s ahle o analyze
system performunces and also design the
optimal pode locations for an indoor WRN.
The throughpuit and delay nre key parnmeters
toevaluate the best design,

WMN Analysis

WNMN Configaration

The WMN architecture s the combination
of mfrastructure and clienl meshing 45 shown
in Figure 1. Mesh clients can access the network
through mesh routers as well o5 directly meshing
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with other mesh clients. While the nfrastructure
provides conmectivity to other networks such
us the Intemet, Wi-Fi, WibAX. cellular, IEEE
802.11. 1EEE 80215, IEEE BO2.16. and
sensor networks. the routing capabilities of
cliznts provide the improved connectivity and
covernge inside the WMN. The infrastueture/
Packbone of o WMMN i Hlustroted in Figure |,
As seen bn this figure. the metwork consisls af
mesh routers and mesh clients, where mash
fouters have minimal mebility and form (he
hackbone of the WMN. They provide network
access for both mesh and conventional clients.
The integration of 5 WMN with other
networks can be accomplished through the
gateway and bridging functions i the mesh
muters. Mesh clients can be either stationary
or mobile. and can form a client mesh network
among themseives and with mesh routars.

Queuing Theorem for YWMN

In this study, the model of 8 WMN js
analyzed by using the M/M/ /K gquening
Iheoren (Gross and Hurris, 1998}, The thimughput

is defined as the number of packets which can
be transmitted from source to gateway, For
end 1o end delay, it con be defined as the time
between when the first bit of this packet s
sent by its source and when the packet is
entirely received by the ghiewny, The basic
blowk dingenm of MM UK & shown in Figime 2.

Ench node is bssocinled with 2 gquenes
which are ¢ for the relnved packets and @
for the loeally genernted packels. If @, is
emply, il hops | phacket from @, (which is
ussumed bucklpgped) to send. If @ 15 not
empty. it sends o packer from (2, with a
probability of giyg, s.00, wbora packet from
0, with a prohahbility of 1 — gty Ksivin X
We stdy the behavior of @, and @, und
upalyze the throughpul and deloy performances
of esch node.

Figure 3 presents the numeric method to
mame each pode locuion, Untike works predented
in the ltemiure, each node is required o hivve
i specific numeric name because each node
might experience 4 different chamnnal property
depending on indoor obstructions. N, V..,

Celllar Networks

Figure L. Infrastructure/backbone W MN.



244

80

Analysis of systom performanees for indoor WMN,

w) denales |he number of nodes in (v, ¥,
Li-hop, We let H denole the muaximum
possible hop-count distance from the pateway
in the netwaork.

From the devivaton of an  incoming
packet presepted by Lio ond Liao (2008) the
arrival ruleof o packet con be expressed as

) I, (NS [N
e m{l-ﬂia-xzy--s-%)] i

where (¥, £, ) is the hop number, 1, is the
time slot of | packet, and v, X, &) b8 the
prohubility of successful chunnel Gecess, For
O, and @ at the (x, ¥.., 5)-hop node, the
sarvice rate of packets for either queus is
equal to the product of Hiv, v, o) and

the probability that the queue is selected to
send. LAy, ¥ae on) is the service rate of
puckets for {2 : the expression is given by

BN Xy By = B XXy )a(X) (2)

when @, Is wol empty the transmission
opportunity will lave a chance to come to @ .
Ok, &y Agh s the effective depurture tite
of eluyed packels thot are forwarded o the
next hop node and can be expresded ug

X e X B = BAG T )
[] i P'l'(xl!xz.'"-v'x;)]

Relay pockets
frow e
DPrevicas hop

) e
.o EI>__'

kel o
e mewd Tusp

umnde

Figure 2. M/N/LK maodels in WMN
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whare Pivn Xaoo 48 ds he probability of
having an empty queue in the M/M/I/K
model, When @, 15 empty. the tronsmission
opportunity s always granted to ¢, Thus.
HilXg Xy X0 d% the service rate of packets
for @, at the (5, K., d-hop wode. and s
caleulated by

0,5 X 13 = B B 3,0 (5 i T
9T 60 S By £ I S A

ETCTN LR | (4

(), for ench node is assumed to be
hacklogeged. 5o the outpul distribution of &,
I« identical o the service-time distibutivn of
0. Ok, Koy, &) is the effective qulpul rute
of £, atthe (x,, 1 ..., t-hop node, so we have

n‘,{x,,x,,...,x,}=y,.-_{x,,x1,...,x,] %

Oy Xowene ) 18 the vgpregate effective
outpul rate for the (x, x..., n)-hop node.
From (3 and (4}, it cin he expressed as

[l A S )

—4T; {J:l!xzr-"?x’,'}'l'- -’",{:t,,zi G ,x?]

= 1% g 0) o

)'ll_[.lc,., Kooy ) is the pocket-urrival  for
0, ot the (x,, x..... yh-hop, Note that 0,
nssumed 1o be alwoys bicklogged, Where H i
the total pumber of hops. it is ealeulnted by

Pt}
f P BBy )

Tyl
i, I B

AL, h)

J_]IQS"'"IH_] (T

where Px,, Yoo xab s the probability of O,
being empty at the (x;, x.... x-hop node.

With the service and arrival rotes of packets
for (3, at the (v, vy yp-hop node, we ean
obtain #0v,; X v by applying the MM/
1K formulas (Gross and Horns, [998). then

FELE 0 e b
1- ‘-1(5,1';,,..,:!)
1- ‘-J(a’,,x,.,...,.x,)h"

1 o
il s =1 &

X 2 E ]

where K is the buffer size of (J,, Q060 X000 50
15 the traffic mtenssy for Qr at the {x,, v...
wh-hop node, and s caleulnted by

_”(Ij.i'g.---,-'ﬁ}

f TR
- E!xi,fz,-qz;-x,\.l) -r_ A H_l
;l .“(xll.xa!'"vxf)g{x) Lz’ i

i, -2 lg)

Analysis of Thronghput and Delay

Figure 4 shows the example of o physical
obstruction between o node and o goateway. 11
ix cleurly seen that both links will nol provide
the sume performance because the signal
quility on each link is different, If we amalyze
hoth links wusing the propesed theory in the
liternture, bath will provide the sume throug hput
and delay. This 1s very mistending for the
design of any gutewny or node locitions
praclice. So far in the liternture. thisissue has
never been congidered. In thic study, the
purameler play, ¥, 0 s determined by the
physical chuméteristic of the node location’s
signal strength, We now derive the end to end
throughpul by finding the hlocking prohubifity
al each hop. Play, .. ) bs the throughput of
the (&, Xa & )-hop node, Plxg Xaoa 5015
the blocking probubility for €, ot the (v v
n)-hop node. From the M/M/UK formulas,
we hove
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P e ) =

[1- "J(%Ix.!r"'r't:)].”l

e L e
Btk UL

K+l 5-"’{’“’9'"5:‘0:':]

{10y

where Dlx, L. 50 18 given by (9 1 - P,
LX) Kpeeey Kb B8 the nonblecking probahility for
@, arthe (4o X K0<hop node. For o path.
the end to: end nonblocking probability s
eguul to the product of the nonblocking
probabilities w all ntermediote nodes, The
throughput 7.y, X, 0) 8 coleulated by

Fi(Xy By Xp)

a, i, =1

(e
e [ (=R} =28 1)
B

where H 1= the total number of hops. Piix),
Kpieo ) as the blocking probability of Lhe
MIMIUVK model, and gl&;, X, xj) Qs Lhe
forwarding probability of the packel. We
derive the end 1o end delay, Lix, Yo, X5
is the stendy-sinte gqueue size of (), for the

Access point

(g Ko b bop node. According o the KM/B/
|/K formulas, we have

B Xy i b=

ARy WA K X 41
ERTE T RN S
X g e p e ]

.‘J{Jﬂ.:';h.'m‘;)
1- o, ':&l"'le}

EKE-1)
BE =1

N Ry wp =1 (12}

where Wi, vuoom) is the waiing lime for
puckets im 2, at the (v, fu.., 5Fhop node:
According to Linle’s formula (Gross and
Hurris. 1998). we have

1
S
L3 s Ry werri¥y)

Nim, 5pnd bz +0[1- 2 (5,20, ! 13)

For end to end defuy, the expression is given
by

Ny g pvann By} =

IR -1

]
[l |

Crulewny

Figure 4. Exam ple of physical obstructions between nodes to gateway
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Naote that 1 is the tme siot for | packel.
LAy Xaeon ) is the steady state queue size of
the MM/ K model, and Niv,, v, o) as the
number of nodes in oy, Xyiesy Xb=hop.

Effect of Indoor Obstructions on the
Suceessful Channel-Access Probability

WMNs currently are standuardized by the
IEEE Standard %02, 115 (IEEE. |99%; IEEE.
2003; LEEE. 2005; IEEE. 2008), It s
comfortable to establish wireless networks
~with muhile wireless nodes, and infrostruciure
devices are wsed for routing. This provides
higher Mexibility and network coveérnge and
decrenses ndministiation and infiastiuciure
overhends, The 1IEEE Stundurd 8021 1< can
he support the 1IEEE Stwndoand 8020 fo/b/g/n.
Mosl of these WMNs use the hasic IEEE
RO2.10 (1EEE. 1999: IEEE. 200063, Therefore.
in this work we used @ WLAN network bused
on the I[EEE 802.11a stundard for measuting

the effect of indoor obstructions. The key
factor considered 10 measurements is the
signul stength which afféets the successiul
chunnel-uecess probability. The value of the
suceessful ehunnel-uccess probability can be
coplured ul ench node locotion. Figure 5
shows o layoul of C-Building used for
performing u signal strength mensurament,
The signul strenpth is moniteved by using the
freeware program pamed Wireless Mon.
Successful channel-aceess probability can be
initirectly measured by enleulating o packet
loss. 1F oll packets can be tramsmutled to the
destinution, the successful channel:nccess
probability is equol to 1. Thisstudy mses the
freewnme program named Wireshatk 1o copture
the loss of packit transmiss ion.

In mensurement scenarios, all 4 access
pointy are tested on 3 day st i sach access
poinl there are 20 me::.»uriﬁg spols and ¢hch
spot will be repeated 3 times. Hence. the

Acerss paini

£ i g9y

=

-u—.EI I |-=

e

Adcen poined

Figure 5. Map of measurement area
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total number of mepsurements 15 720, The
mensurement results are shown in Figure &
It pan be observed thal the success of packet
Lropsmission depends on the level of the
stgnol strength. IF @ high Tevel of signal
strength is received. then the ¢huanee for
sugeessful transmission is also high, The level
of signul strength is influenced by hoth
distance and ohsiruetions. Therefore this
mensuremen| provides the direct relationship
hetween upde location aud the successful
channel-access probahility which will be
in the
WMN system. The successtul channel-aceess
prebability pix, w0 v 15 obtoined by
applying the relutionship between pocket loss

wsed to anolyee thronghput and delay

and signal strength shown in Figure & along
with the indeor path loss model. The level of

received signal strength Py, X, X0 Qs
expressed by
i‘*|:_1r,:|:‘.,..~..vr)=m‘*—l".J]L-g[i <

Ehoal | 7. i q ‘.f.’

G+ G, — Lo — Ty i

it i 15}

and the probability of successful channel

aicess pik, A, .., ) can be expressed ne

-i{IJsIz---‘:] = U.15%40%exp
{-0359)( & (x5, 30.3)

P (% %5} =1- (0, %,. 5} (16}

where P, is the trapsmit signul power, P, is wet
to 10 dBm. G, s the anlennd gain ot the
transmitter, 6, is Lthe antenny gain ot the
receiver, o, iy the distance belween the
trumsmitler and receiver o i sel to | oo and
Lawss is the power atlenugtion due W obstructions.
The-authors did some measurements to realize
the sttenuntion factors: In this work. the
attenuation s determined by 6 dB per | wall
pecouse thus walue fits our experiments: For
antenna puins, G, and 6, are set 1o 2.2 dBi
when the opérnting frequency is 243GHz

Design of Node Locations

The site of the experimental ares for
designing the WMN node is C-Building the
layout of which 15 shown in Figure 7, This
buldmg s 6 rectangulor shape with dimensions
of 765 x 80 mm’. For the number of nodes it
wis decided to huve only 4 mesh routers. Thas
is becnuse the existing infragtructuneg of the

WLAN hae only 4 neeess points, Hence, only

|ﬂ" T T T T T

'3 I |¢l1 L 4 I b I &

» i — +E * 'i l+ + 4. 3 ot M

-;--’»,_; .
i; Ii'%}l J :
?"i l&! +. I.Hﬁpﬁ H‘IMR ‘
: o ' ll - ll“ I. +'1‘|h t" “‘l. l‘
2V
e
TH‘r
Mg B e : - ‘5 )

E: ]
Sl Doesgr itbeil

Figure 6. Relutionship between packet loss and signal strength
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4 nodes inthe WMN are also enough for the
samecovetige area, The next task is to design
where the nodes should be lpcated. As seen in
Figure 7, the mark pomts are the possible
focations for either mesh routers or the gateway.
In practice, it s not possible 1o determine the
node locations for any spot of the building
due to the constraint of power lines, nvailuble
spoces, und construetion mulerials. Hence,
in this study, the method of designing node
locations bs 1o find the hest sel of node
caonfigurations from all possible mstallation

locatbons. In this work, 2 groupsof desipgn wre
considered. The first group is based on only
|<hop nodes and the second group &5 bosed on
2-hop nodes.

For the first group, the configurations of
the WMN are shown in Figure 8. There ore 2
possible configurnotions  numed here a5 cases
{4) and (B), Both ¢ased kave the gateway
location al the cenler of the building. For the
second proup, there sre § possible configumtions
numed here as cases {e), (), (&), (F. (gh (h),
(b, and (j) which are configured s shown in

w

i

._.H"“':.': -_‘,..l
I 1 =

B
@

1“‘-}'% 1-'1’!&

=
¥

Jon i = o il

o

B5 i

Figure 7. Lavoul of C-Building

used for designing WMN node

Fade s

(SN

Mode I

N

Mode

3

Cmilmeny

u Fons (B) moden 1&

Figure 8. Configorations of WMN with 1 hop 4 nodes
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Figure 9. These possible confipurations are It canbe noted that the throughputs and

considered as possible spots as shown in  delays of coses (o) and (h) are the same if we
Figure 7 nnd mesh routers can serve oll the  analyze performonce sccording to the work
ATens. presented in the hterature. This s becouse

P & £

Grlrwey Gatewyy
| Neada 1 I
Node 1 Nede 4 Node 2 Motk 3
(©) Node 2 (M Nada 4

mm& %ﬂem.| y
e e &

Noda2 Gatemay Gatyway

© & B P o
%Nﬂdl' Mdhﬂu ul‘h&-l N-ulvl%

@ Gajpiny Ghtéwiy ‘%
.. 0.0 .. 0.

e P dle. .

Made 1 Nade 3

0 k| 0D

Figure 9. Configurations of WMN with 2 hops 2 nodes



87

Sursnaree ), Sei Teclwal Vol 17 Noo 3 duly - Sept 2000

22

they neglect the effect of indpor obstructions.
Then the signal strength and pry, v s
pssumed to be equal for ench node. Also
for coses (2) o (j), every configuration will
theoretically provide the same throughputs
and delavs. In foet the performances of all
cases should be different und they depend on
their curroundings. The mext task is to
ilustrate this issue and find oul which cuase
offers the hes system perfformances

Simulation Resulls

The TDMA-based system is applied
m simulatons in which each tme slot

is allocated 1o an (Xjs XseinX)-hop node with
probability pix,, x,..0)0 Thus, only | node s
dllowad 1o trawsmit within 1 thime slot. All nodes
operate on the some frequency channel. The
daty rote i 75 Mb/s with o packet size of 1300
Pits. The time slol is set to e mmount of airime
meeded for ronsmitting | pockel. ke, 1300 B/
75 Mh/s = 016 ms The forwarding probability
(A Xpen Xl s setting of 0,6, The buffer size
of MUM /K b5 fixed al 64 packets or K = 04,
Figures |0 and 1] show the averape
throughputs and deloys of coses (o) and (h),
respectively. We analyze the results by ohserving
the wariation of the successful channel-access

s eyt

Figure 10. Average throughput per node
for configuration of WMN with
1 hop 4 nodes illustrated in
Figure 8.

probability pla, &0 due W its physical
ohstruction, as illusteated in Figure 7,

The results are compared with the
theoreticol assumption when neglecting
physical obstructions. ILcan be observed that
the average throughputs and delayyd of cages
{a) ond (b are lotally different, This indicates
the significant impaet of physieal obsruetions
on the WMN performances

Figures 12 and 13 show the avernge
throughputs and deloys of cases (@), (), (e},
() £g). thy. (i), and ), respectuvely. 1t is
interesting to note that the throughputs and
delbys of such node are different when
changing the location of the node and when
considering a vartation of the Soccessful
channel-necess probability. The average
throuphputs and delays of the 10 cases are
summarized in Tahle |,

The first group is hased on only | hop
and itcan be noted that the best WMN throughput
cun-be schieved hy the configuration of the
WMHN in cuse (n) and the best WMN delay is
also obtained by case (o) For the second group
hused on 2 hops. il can he noted that the bes)
WMN throughpul can be uchieved by Ihe
configuration of the WMN in cose (f) and the
best WMN deloy is also obtained by case (f).

PSSt EEar
et 1L i

}_

LS

LR

Figure 11. End-lo-end delay per node for
configuration of WMN wilh 1
hop 4 nodes illustrated in
Figure 8.
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These results are helpful for WMN researchars
i desigming the opuimal locations of mesh
routers and gateways by including the successful
channel-access probability based on physical
environments such as signal strength and

distunce.
f 1 1

Figure 12. Average throughpuat per node
for configuration of WMN with
2 hap 2 nodes illustrated in
Figure 9.

nedr b e asilinial]

Biiiaaijie Ll

T vonizutatin

Conclusions

In this study, the design of node locolions for
an mdoor WMN is presented by including the
effect of physical obstructions on performance
of the WMN. From the theory of o W IMN. the

[T R RTR e

Pty e s

Fignre 13. End-to-end delay per node lor
configuration of WMN with 1
hop 4 medes illustrated in
Figure 9.

Table 1. Awveage throughpul and average end-to-end delay per node For WMN configured

in Figure 8 and Figore 9.

Averuge thomighpui Averuge delay
Configuration (packitisoennd) Fop—T,
i LR A (4] L0536
I f.U3TH 0 D.EZ262
[ 3.5227 ! 0 i 240
d 38227 ! hi544
€ bk R [ 01235
f E L N [V (hO6(2
i 3,525 10 0.1239
i 35176 0iz4l
b ERT R [V 0.F242

Itk 01233
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suecessful channel-access prohability s
mvariable und equivalent, Every node location
in the WMN system will hove the sume value
of sugcessful channel-seeess probability, In
faot the value of successful channel-aecess
probability s not constanl when opemating m 4
rewl environment. This study analyzes the
WHMN performances by tuking the mensured
successful channel-necess probahility into
seeount, Then the optimal node locations can
b swecessfully desgned, The resulty indicate
that physical envimnments hwve o huge impaet
on the WMN performunce,
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Abstraceln lreratures, the performunce of Wircless Mesh
Network (WNHN) has been investigated through end to end delay
and throughpat by assuming the saome quality on ecach bop.
However, this assumption 1§ hardly true in practice doe to the
physkcal olstructions ln wireless link. In (his puper, the deslgn of
guteway locations in un indoor sconario has been preseated by
taking a physical environment into scconmt. The simubation
resilts  show  that throoghpol and  delay  aree slgnilicantly
inlluenced by changing the ) fom ol g v. This paper does
not onby provide & Frame work for studving WHMN performance
but alse gives an insight into the design steategy for WMN
gateway.

L INTRODUCTHN

Recently, the wireless petworks have evolved into many
applications providing better services. In this hght, u new
technology that can provide more flexibility on network
installation and user accessibility is continuously researched
Wireless Mesh Networks (WMN) is one of the
interesting technologies having been emerged lately because
its connections are totally wireless. Hence it 1s easy for WMN

ST

to extend the service range and flexible o be implemented m
practice. In WMN, nodes are comprised of mesh routers and
mash clients, Each node opemtes not only a5 o host but also as
a router forwarding packets on behall of other nodes that may
not he within direel wireless transmission mnge of their
destinations. A WMN is dynamically self-organized and self-
configured  wath the nodes o the vetwork sutomatically
establishing pnd maointaining mesh conpectivity among
themselves. This feature brings many advantoges to WMN
such s low wp-front cost, essy network maintenance,
robusiness, and relisble coverage.

In [2]-[4]. the srmulanen resshs show that throughpur and
end-to- end delay in WMN are significantly chanped by
incressing hop-count distance from the gateway. In [3]. the
throughput analysis in a fixed wireless network is presanted. 11
indicates the direet relation of throvghput apd number of
nodes. In [6], the average throvghput per node 15 shown 1o be
dramatically increased by explotting node mobility as o type
of multiuser diversily, In [7]. an analytical modelis developed
to obtain the optimal throwghput-delay tradeoff by varying the
number of hops, the transmission range and the degree of node
mobility in ad hoc network. In [B], the model of statisucal
location-dependent throughpur and delay performances in
WMN is proposed. From all Inerawres, it can be noticed that
the performances of WMN are refied on number of nodes and
hops as well as their locations. However. those resulls hire
simulated by assuming the same link guality on each hop. This

T H- 14244 -3 388 -0 WS 2500 02009 IEEE

it o th

assumption cannot be true in prctice because there s a
different physical obstruction between on node to another. For
example 0 an environment, there are many
obstructions between node © node such as wall, partition,

mdoor

human, window, etc. These objects are pecessary o be
concerned when analyze the performance of WMN.

In this paper. the performances of WMN i an indoor
environment  are tuking  the  physical
obstruetions b aceount, Consequently, with this anabysis,
the proper location of gatewny can be optimaily designed. In
addition, the simulations indicate that the gateway is nol able
to be lpeated randomly otherwise the performance will be
lower than theory design.

myestignted . by

T ANALYSIS OF WNN

AWMN Configuration

The infrostructiondhackbone WM N s illustrated in Figure 1.
As seen m Figure: the network is consisted of mesh routers
and mesh clients, where mesh routers have minimal mobility
and form the backbone of WMMN. They provide metwork
aceess for both mesh and conventional elents, The inlegration
of WMMNs< with other petworks sueh as fhe Internel, cellular,
IEEE #02.11, 1IEEE BO2.15, [EEE RBO2Z.16, sensor petworks,
ete.. cin be accomphshed through the gatewny and bridgmg
functions in the mesh routers. Mesh clients can be either
statiopary or mobile, and can form 3 chient mesh network
among themselves ond with mesh routers.

faehtonies |

firh ey <. |
L 4 g

R4

Figure | Infrastructure/hackione WMN
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Figure 3. Example of physteal obstructions between node to gatewsy

Figiire 2. M/M/UK minlels i WIN

& Quening thearem for WIS

In this paper, the model of WMN is analyzed by using
M/M/L/K quesing theorem | 10]. The thraughput is defined as
the number of packets which can be (mansmitted from source
Lo goteway. For end (o end delay, it ean be defined as the fime
betwean when the frst it of (s packet sent by its souree and
when the preketis entirely received by the gateway. The basic
blogk diagram of M/M/ 1/ 1K i5 thown i Figura 2

Form the derivation of incoming packel presented m [8]
The arrival rate of packel can he expressed as

S ¢ R R |
,u{x;x—lng— [
#It)u

where & is the hop number, ¢, is the time slot of ane packet.
playis the probability of successful channel aceess

Figure 3 shows the example of physical obstruetion between
node to gatewny. It s elearly seen that both hinks will not
provide the sume performance because fhe <ignnl guality on
ench fink is differant If we analyze both links using proposed
theary in literstures, both wall provide the same throughpin
and delay, This is o big mislending to design any gateway or
node locations in practice. 8o Far in lieratures, this issue hos
never been considered.

In this paper, the parameter pix) is determined by the
physical charmcteristic of node location. The measuremeants in
[47 pravide the information of pobability of swccessful
transmission a5 o fubction of Sigoal 1 Notse Rato (SNR)
Therefore. this paper adopts the relntion of ply) and SNR
presented in [2] for toking the physical enviromments in
sccount. After concerning ply), the throughpm Tiy) s
caleulnted by

= ig(ll =] v=l1
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Figure 4 Layoutof C-Bukling vsed for desipning WMN garewny

where H is the total number of hops. Pix) denotes the
blockng probability of M/M/I/K model. Pix) denotes the
probabihity of having empty gueuve in MM K model, g(x) 15
the forwarding probability of packet,

For end to end delay, the expression is given by

v, x=l
X _r}:H i=1=]
Hu‘,+ O way, x=23..H (3)
=
where
1 Lox)
W ixi=
! #f.l‘lq{.rl .\' {\Iﬂf\+1i[1—!‘}.{ul]

Note that 1, is the time slot for one packet. L,(x) 15 the steady
state’ quewe size of M/M//K model. N(x) 15 the number of
modesin v hop.

. dndpor path loss model

To realize the parameter pix), it is necessary to know SNR.
Hence. the task to sot SNR can be achisved by caleulating
from received signal strength. The indoor path loss model has
been used in this work snd the expression of received signal

strength P, is expressed by

A d
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where P, i the transmit signal power. (7, is the antenna gain
at tronsmitter; €, is the antenna pun 8t recerver. o s the
distonce between tnnsmitter and receiver, o, is set to | m and
Loss is the power attenuntion due o obsirections: The authors
did some measurements to reslize the attenuation factars In
this work. the sttenuation is determined by 6 dB per one wall
because this value is fit to our experiments. Also from ouwr
messurements.  the power  spectrum floor m
experimental area is around -70 dBm. Therefore, SNR can be
calculated by SNR = £,+70, For antenna poins, (G, and G, 15
setto 2.0 dBhi when the ppemting frequency is 2.45GHz

of  noise

T GaTEWAY IESKN

The site of experimental ares for designing WMN gateway
is C-Building which its logyout i shown in Figure 4. This
building is 8 rectangular <hape with dimension of 76.5x80
mm~ The pumber of nodes is decided (o four mesh routers
This is becsuse the existing infrastructure WLAN has only
four secess point. Hence. only four nodes in WMN are alsn
enough for keeping the same coverage ares. The next lask s to
design where the gateway should be located. In this work, two
groups of gatewnsy design are considered. The first group 15
based en only ene hop and the second group 1s based an two
horps.

Foor the first group. the configurations of WMN are shown
in Figure 5. There are two possible configurations ss named
herg by case {u) and (b). In the second group, there are three
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Figure 7 Throuphput pei node for configuration of WMN with 1 luop
4 il illustented o Figuee 5,

; =

5 . F i °F 4
S0l
Figure s, Eud trend detay per nede for contiguratian ol WMN with
I hop 4 nodes illusteted i Figure 5.

possible configurntions as named here by case {¢) {d) and
(e}, Far two hops the first and second hops hove 2 nodes
which is configured as shown in Figure 6. All physical
obstructions are simulated aceording to the wall on Figure 4.

It can be noted that the hroughputs of case (4) and (b} are
the sime if neglecting the relation of SNR and vy Also for
case fc), (d) and (e), the same throughputs and delays are
expected if following the theory in literatures.

IV Smaurarion RESULTS

The TDM A-based system is applied m simulations in which
each time slot is allocated to an x-hop node with probability
pix). Thus, only one node is allowed W tronsmit within one
time slol. All nedes operate on the same frequency channel
The data rate & 78 Mb/s with packet siee of 1300 bits. The
time slol i osel o the amount of airtime peeded  for
transmrtting one packet, e, 1500 B/73 Mb/s = 0.16 ms.
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Talle L Aversge theaughput and average end 1 end deliy per node
for WMN configured in Figure 3 and Fipure 6

GouBEmY A\fcmge.LhrfJughpuL ;\verage delay
(packetisecond) {second)

a 2.85x10" 0 1exln”

b 1.79x 10 006107

c 215510 024x10°

d 1&7x10° 1a3xin?

e 126x10° 143x 107
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Figure | End woend detay per node for confipurmtion of WhN with
2 hops 2 nowles iltusteated moFigure-6,

Vo CONCLUSION

In this paper. the design of gatewaoy location in an indoor
enviranment for WMN is presentad. By applving the plysieal
chetructions, the throughputs and  delays  of  variows
configurations of WMN gateway localions are investigated
The results indicate that physical environments have a3 huoge
impact on WMN performance.
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