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DESIGN OF NODE LOCATIONS FOR INDOOR WIRELESS

MESH NETWORKS

Sukunya Sauram®, Peerapong Uthansakul and Munthippa Uthansakul
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Abstract

In the Hierutare, the performance of a Wireless Mesh Network (WMN) bus been anulyzed by
assuming the sume quality on cach bop. Howeves, this assimption s hardly true n practice doe o
the physical obstructions in the wirdess link, especially for an indoor environment. Therefore, this
stady revisits the analysis of & WMN performance by taking the effect of physicaf o bstructions into
account instead of assuming an équally deterministic property for each hop. These obstruetions
cuuse the degradation of signal strenpth which retatively decrease-the suovess rate of trunsmission
between each hop. This study examines these physical conceras: through mensured results in an

indoor envirooment and then a design of node torations & discussed.
Keywords : Detay, through put, wireless mesh setworks

Introduction

A Wireless Mesh Network (WMN) is 3
network technology without wires which will
be happening in the near future. 1t has the
same hasic structure asa Wireless Local Area
Network:{ WLAN}, The difference beiween a
WMN: and u WLAN is in the menning given
10, parts of the:equipment. The important thing
is:that # WMN his no romer while a WLAN
does, This is because n WMN includes an
necess point together with b router which is
called a miesh router. Users in 8 WLAN have
also been renamed us mesh clients in s WMN,
Because of the combination of secess poimt
and router, it makes 3 WMN 8 belter tight
system than o WLAN. In addition, each acvess

point in a WLAN is connected by cable lines
which limit the covernge range of vpemtion.
In this light, new technology that can provide
more flexibility in network installation and
user nogessibility is continuously being
resenrched. A WMN is one of the most
interesting technologies 1o have emerged
Intely because itsiconnections sretoally
wireless. Hence it is cosy for 3 WMN 1o
extend the service fange and be flexible in
imp‘temcmminn. In 3 WMN, nodés are
comprised ‘of mesh routers and mesh clients.
Eachnode operites not only as 4 host bt alss,
a8 g romer forwurding puckets on behalf of
other nodes that may not be within direct

© Selsond of Telee mmunicution Engineering, Suranurce. Unive ity of Teehnalogy. Niktion Risthavina,
Thattand. Tel. 044-224393, Fux O44-224003 , E-muill: su_saurom@ hotinail com

* Corresponding muther
Surianaree 3, Scl. Technol. 17132:211-223
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wireless transmission range of their destinations.
A WMN is dynamically self-organized nnd
self-configured with the nodes inibe network
automntically establishing and maintsining
mesh contectivity among themselves. This
feature brings many sdvanipges to 3 WMN
such o3 low up-front cost, eagy network.
mumienance, robusiness, and reliﬁhic cowrx\ge
{1 Akyildiz ef af, 2005). A WMN isaigmupof
wireless nodey, connecting to each ouxer by
radio-waves, s in fact there are some - parmeters
such as distance and phstruction which can
degrode radio waves:from sending a signal to
the target point. especially when sending
information insite a building:Most houses or
buildings have metals as a partof theit

construction which definiiely corrpts system.

perfarmances. Hence, due 1o indoor obstructions,
the received signhl in prctice has 1o Be obtained
a1 0 fower level than expected in theory. For
dtsmncc concerns, the radio wave is sitenued
as 5 funetion of distunce no matier which
propsgution -models are applied. Moreover,
another impact op distance is deatmg with the

number of transit hops vsed for sending packets

from source npde-to sink pode. I the: number
of transit hops: between otigin and the destination

nodes increases, the performances such as:

throughput and deluy will be changed. In
Gambiroza ét af, {2003): Jun and Sichitiu
{2003): Lee er al. (2008) hove simulbtion
results that show that throughpn and end 1o
end delay in o WMN are significintly chunged
by increasing hop.count distance from the
satewny. In Gupta und Kimar (2000) pmcnted
the throughput annlysis ina fixed wireless
netwark: it indicates the direct refstion of
throughpui and the number of nodes, In
Gamal ¢r af. {2004) have an analytical:model
developed 10 obtoin the optimal throughput-
detay trade-off by varying the number of
hops: the: trnnsmission range, and the dégree
of nude mobility in un nd hoo network. by Liv
and Liag (2008} show the model of Satistical
locution-dependent throughput-and: delay

performances in o proposed WMN, The:

tetwork consideredd is 1 static ad hoc berwork,
in which nodes are randomty distributed and
ihe destination for.esch node is independently

chosen. In Grossubsuser and Tse {20015 show
thot the per-node throughpit is shown to be
dramatically increased by explosting node
mobility as @ type of muliuser diversity, In
Gamal ¢t af. {2004) an anstytical model is
developed to obtain the optimal throughput-
deldy tradeofl by varying the number of hops.
the tronsmiission range, and the degree of node
mohility iy ad hoc nelworks.

From. ull the lilerature, it can be noted
that the performances of » WMN reliy on the
number of nodes and hops as well as their
tocations, However, those msulls are simuoted
by assuming the same link quality on each
hap without considering the effect of an
obstruction. This assumption canpot be true in
practice becnuse there are different physical
obstructions from one node - another For
expmple w an indoor environment, there are
many obstructions between nodes such as
walls, partitions, humans, window s, elc. These
ohjects must be a concern when wnalyzing the
performnnes of » WMN, Here we study the
effect of an obstruction on the performance of
a WMN hy considering the relution between
signol strength and the sucoess rate of information
trmsfer, In theory. 8 WMN ideally determines

hessuccessful chunnel-sccess probabitity with

3 constamt value equally for each node. This
constunt volue s alwnys the smme no miller
whera the node has béen installed. Tn this
stdy, the indoor obstructions due to node
loentions sre considered nnd the successiul
¢hannel - -necess prohability resulting from
indoor obstructions i myaxulgd By using
gasured resulis, this study iy able to snalyze
system performunces and slso design the
optimal wode locations for an indoor WMN.
The throughput and deluy are key parnmeters

‘tpevalunte the bestdesign,

WMN Analysis

WMN Configuration

The WMN architecture is the combination
of infrastructure and clienl meshing 4% shown
in Figure 1. Mesh clients can access the network
through mesh rouers ns well as directly meshing
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with other mesh clients. While the infrastructire
provides connectivity to other networks such
as the Intemer, Wi-Fi, WiMAX, cellulsr, IEEE
802.11, 1EEE 802.13. 1EEE 802.16. ond
sensor networks: the routing capabilities of
chients provide the improved connectivity and
covermge inside the WMN. The infrostructure/
backbone of 1 WMN s illusirated in Figure 1,
As seen in this figure. the network consists of
mesh routers and mesh clients, where mash
‘muters have minimal mobility and form the
hackbone of the WMN, They provide uetwork
access for both meshand conventional clients.
The miegration of a WMN with other
networks can be aceomplished through the
galewny and bridging functions in the mesh
routers. Mesh clients con be either stationury
or mobile. and cun form a client mash network
among themselves and with mesh routers.

Queuing Theorem for WMN

In this sudy, the model of v WMN is
analyzed by using the M/M/1/K gqueuing
theorem {Gross and Harris 1998). The thmughput

is défined as the number of packets which ean
he transmitted from source to gateway, For
end 10 end deluy, it can be defined ns the thme
between when the first bitof this packet is
sent by s source and when: the packet is
entirely received by the gatewaoy. The basic
blovk dingram of M/ UK is shownin Figore 2.

Euch node is nssocinted with 2 gueues
which ate @, for the relnyed packers mnd 0,
for the loeally generated pasekets. If Q, is
emiply; it hops | pueketfrom O, {which is
assumed hacklpppedy w send. If @ is not
empty. it sends a packet from (), with a
pobability of g5, ¥, ) or a packet from
0, with a probability of 1 — gty s 1.
We study the behavior of O, and @, and
anulyze the throughput and delny parformances
of esch node.

Figure 3 presents the numeric method to
name esch node locnion, Untike works presented
in the liemiure, each node is required to have
# specific numeric name beeanse each node
might experience u different channel property
depending on indoor obstructions, NUs, Koo

Celhular Networks

Figure L. Infrastructure/backbone WMN.
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t) denotes the number of nodes i (v, 1.,
xp-hop. We let H demote the maximum
possible hop-count distance from the pateway
in the newwork.

From the derivation of an jncoming
packer presented by Liu and Liso (2008) the
arrival rale of o packer can be-expressed as

Mxpx,.....x,) ——l—) i
1- ’J(I‘,;‘z,m,x?)
where £, A, £)08 the bop number 4, is the
time slot of | pucker, and plx), ¥, 5 Bs the
probability of successful elumnel access. For
(2, and Q_ ut the 14y, ¥y sp-hop node, the
seryice yate of packeis for either queuve is
equal to the product of Piy,. 8., 4} and

the probability that the gueue: iy selected to
sepd, fhtwy, vuoq b s the service rate of
packets for (,: the expression is.given by

A, {-.\'jy-"z';mrx}) = ﬂ(xjyxjyc?tixf)-’]ix)z- (2)

when @, is ol emply the fransmission
opportunity will have s chance 1o come 109,
Qix), K., 4 I the effective departure mite
of rel.ncd packeils that vre i‘unvnrdcd to-the
next hop node and can be e’tpressed ns

4,

'7;{1'12%9"."3}) =44 ’xz;»ox;)r

[1- £y x)] (3)

Betymcbes | @] eewl]
frow thw el
Previous bop " . - smekils 1
- m_ ] the u;sfl"*i'

node

Figore 2. M/N/1K models in WMN
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where Py, S...., %) is the probability of
havig an empty quene in the MIM/I/K
model. When 0, is empty, the tronsmission
opporiunity is alwuys granted to @, Thus.
HAK G, Eavn, 1) Bs the service mie of pockets
for Q, ut lhe X0 £pnn S-hop node. .md is
caleulated by

FACTE RS LN R A RL R O 53
= B0 2o Y= AR X s T )

sX)1-7 3, %5 %)] 14

Q, for each node is assumed 1o be
backlogged, so the outpm distribution of Q,
is identical 1o the service. time distribution of
Q. Ty Kp0e %) 18 1he. effective aulpll rate
of @, atthe (v, 2., X -hop hode! So we have

ff.(xu-’in--»%)=}MI|,-"¢:>---,.X7] {5

Ol¥ 5, Xz iy} i the ugpregate effective
output rate for the (x b Xypeene B)-hop node.
From (3 snd {4), it can be expressed as

ﬂ(“ls-‘jrﬁ?‘l’)

=T %, !"'f“{) -lv.ﬂ,{z,,xg,..., x])
- Mﬁ':}.“n--u xi)

{O)
Alxy x Yooy XY is the pooket-orrival  for
Q. ot the 1y, x...... sp-hop. Note that Q,
sssumed o be always backlogged. Where H is
the total mumber of hops, it ix calculnted by

Pz, }
f 7, RO % 4
A% X000 %,) Gy ¥ B
fiy 1 B
32, ,H-} -

where Py, v, v is the probability of ),
being empty at the (x;, r,..... ¥,)-hop node.

With the service and arrival rates of packets
for @, ot the {x,. xu. ¥p-hop node, we can
obtain. £05, ¥..., v3by spplying the M/M;
1K formulas (Gross and Horns, 1998). thew

s (3» b p-‘;;’i) =

LAK g B ) B

=%y Ty vxrf
g&i{%»ﬁ:vm?;‘)= 1

K41 %)

wlhere K is:the buffer size of @, QX5 ¥ 5., 3t
»s the traffic imensity for Qr atthe (v, x,....,
xi}-hop node, and is caleulnted by

v"’(x';-le'“le}
B2z wny i Xy
B [ 4wt d ) .
: - L%, H-1
o R A 5 .
3, -8
! '('U

Analysis of Throughpat and Delay

Figure 4 shows the example of o physical
absiruction between x node snd  gateway. Iy
is clenrly seen that both links will not provide
the sume performance because the signal
quality-on each link is different. 1f we annlyze
hoth links using the propesed theory in the
literature, botl will provide the same throughput
and delay. This s very misteading for the
design of any patewny or node locations in
practice: So farin-the Titernture, this issue has
never been considered. Inthid study, the
PHFAMELET PIX,, Naen, ) i determim.d by the
physien chaméteristic of the node tocation's
signal strength, We now detive fhe end to end
throughput By finding the blocking probubility
at each hop. 7i%, £y &) iy the thioughpot of
the (X,; Fa..., Hihop node. Pixy, Xu. 50 is
the blocking probability for @, st the dx, x40,
&:)-hop node. From the MM/ 1K formulas,
we have
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A Xy %) = {4y K5y B)- 0D ‘ROde. According o the M/M/
E & 1/K formulas, we have
[l—j:(.t,-,:g,.;;,x,‘)l;;‘ . 1
ST e B 5 Ky )=
4 l;.}!‘ﬁ:ﬁg.»-g’;)‘ ¥ Xyr ) z; -'ﬁr%;»w’{r
K31 i1l 2= 110y [ otmmesX)  pO0kern BB A R 1

where Dix,, 2, ¥) IS given by (9 1 - £,

Ui w53 I8 the-nonblocking probability for
0, atahe ), ¥ .0 x)<hop node. For a path.
the end 1o end nonblocking probability is
equul to the product of the nonblocking
probubilities ul ull intermediste nodes, The
throughpit Tix), £, ..., v,3 is caleulnted by

T(X), %0 s 2p) ~

a, ) =1
: ()

'.r",{x,.,xg',...,:g};I;_[[l =7 (:)l =27 1

where H is the total number of hops. £1x,
Kaeey X} is the blocking probability of the
M/M/ /K model. and gl x,, Kpoovns K3} iz 1he
forwarding probability of the pocket. We
derive the end to end deluy, Lix,, ¥..... %)
is the steady-sinie guene size of @, for the

Accoss pomt

(BT T

. i e 2y 3o 1
XK-0 o

2 R 123

where Witx, 0w is the waiting lime for
packets in Q, ol the (% Swo. H»hop node.
Accordingto Litde's formula (Gross and
Harris. 19983, we have

)

”';(‘%».&«»;#)*m-’

N B M- E (53,0 5)] 1)

For end 10 end delay. the expression is given
by:

m(‘ji%i-wﬁ)'

4 I-1

- =2 4

o), ¥ XD, 1-23..0 (1)
ey

Figure 4. Examiple of physical obstructions between nodes to gateway
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Note that i the tme slot for | packet.
L A% XX I8 the steady state quene size of
the: M/M/ /K. model, and Nix,, x,..., %) is the
number of nodes in (¥, ¥, $)=hop.

Effect of Indoor Obstructions on the
Successful Channel-Access Probability

WMNs currently are stiandurdized by the
JEEE Standard 802, 11s {1EEE, 1999; IEEE,
2003; 1EEE. 2005: 1EEE. 2008y, 1 is
comfortable to-establish wireless networks
with- mobite wireless nodes. and -infrustruciure
deviees are used for routing: This provides
higher flexibitity and network coverage and
deerenses administration and infrastructure
overheuds, The 1EEE Standard 802.11< can
be support the 1EEE Standard 802.11w/big/n.
Most of these WMNs use the basic IEEE
392.11 (IEEE, 1999; IEEE, 20006}, Therefore,
in this work we nsed 3 WLAN network bused
on the IEEE 802.11a standard for measiring

the effect of indoor obstructions. The key
factor considered in measurements is the
signul strengih which affecis the suevessful
eﬁit‘rgnel~nc&ess ‘probability. The value of the
suceessful chunnel-oeeess probubility can be
captured ni-ench node loemion. Figure 5
shows a layoul of €-Buildiog used for
performing u signal strepgth mensurement.
The signal sirength is monitored by using the
freeware program samed Wireless Mon.
Successfol channel-aceess probability can be
indirectly measured by caleulating a packet
loss. I nll packets can be transmitted to the
destination, the successful channel-access
probability is equal to 1. This stady uses the
freeware program numed Wireshatk to captlure
the loss of packet transmission.

In measuremenl scenarios, all 3 nceess
points are tested on 3 days: in each sceess
poiny there are 20 menasuring  spots snd each
spor will be repeated 3 times. Hence. the

¢ 1oied taday

el

[¥1 B Q g %
D gifto 3 | i o] i o 1

e
LEE—T

Atieh poliskd

Figure 5. Map of measurement area
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total number of mensurements is 720, The

measurement results wre shown in Figure: 6.
It can be observed that the success of packet
trunsnission depends on the level of the
signal strength. If @ high level of signal
strentgth bs received, then the chanee for
suecessful transmission is also high. The level
of xignul strength s influenced by both
distance and obsiructions, Therefore this
messuremenl provides the direct relitionship
between node location und the siccessful
channel-access probability which will be
used to wnolyze throughput and delsy inthe
WMN system. The successful chonnel-necess
probability p/x,, X, ... ;) ts obtained by
applying the relationship between packet oss
and 'signal sirength shown in Figure 6 slong
with the indvor path loss model. The level of
received signal strength 2 45, x,... X)) is

expressed by
A
=10k, +
Lg(4#]

G+ G, —Lws— 20k [i]
4 : :1,

Bixp Xy d) =K

(15

und the probuability of successful channel
aceess plx,, x,...., xJ Can be expressed ns

'4{3,,12,’..1}'.,) = 0,1540% exp
{-N035%)( B(x;,%,,.%,))

(% %3} =1 A (2, %) (16}

where P, i the uansmit sipnal power. P, bs set
tw J0-dBm. G; is the antenps pain ot the
transmitier. G, is the nntepna gain ot the
receiver, 4, is the distanee between the
transmitter and receiver. o, is sel o | om. and
Lass i the power sttenuation due to obstructions,
The-authors did some measurements 1o realize
the sttenuntion factors: In this work: the
attenuation is determined by 6 48 per 1 wall
because this value iits our experiments. For
sntenna gains, G, and G, wre set to 2.2 dBi
when the operating frequency is 243GHz

Design of Node Locations

The site of the experimentul ures for
designing the WMN node is ¢ -Building the
tayout of which is shownin Figire 7. This
building is 5 rectangular shape with dimensions
of 765 x %) mm’. For the number of nodes it
was decided 1o have only 4 mesh routers. This
Is becnuse the existing infmstructurz of the
WLAN hus only 4 nceess points, Hence, only

o ¥ T T f
¢ - » »> 4
W ‘o..-:nt.- "1 “'v
+» e ¥ ; * a
S vip;ﬂ; l . 3
T Bl ,g;g Hibd o
i | Rt ; s
- » ye o "Q* *. ‘*f " 1' “’3‘ +* 7]
.::q' &
ey ]
e + + » :
N‘r k-
m‘f i I} ] P P
£ « 3 o 3 o ]
Som Dy (0w

Figure 6. Relationship between packet loss and signal strength
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4 nodes in the WMN are also enough for the
same covetige area. The niext task is to design
where the nodes:should be located: As seen in
Figure 7. the mark points are the possible
focations for-either mesh routers or the gatewsy,
In practice, it is'not possible 10 determine the
node locations for any spot of the huilding
due w the constraint of power {ines, availoble
spoces. und construction materials. Hence,
in this study, the methed of g!_pfx__igtlipg node
tocations s to find the hest sel of node
confipurations. from ull possible installation

toeations. In this work, 2 groupsof design re
considered. The first group is hased on only
1-hop nodes and the second group is bosed on
2:hop nodex:

For the first group, the configurations of
the WMN are shown in Figure 8. There nra2
possible configurations nunied hérs 48 cases
{4) und (b). Both ¢ases have the gatgivay
location. a1 the center of the building. For the
second group, there re & possible configumtions
naoted here as enses (€3, ), (eh, (6, (2). ().
{i}, and {j) which aie configured a8 shown in

k-l

|
[ ==
1

RN

= 4F
S 1
sy | e t 2 s ll
— 1 T—
—EHH | 8 2 g -
- s ) I — s
pe =g T [ =" £
Ypisd 3 ¥, E o b Fr,

;e

®

- BN S R Y £.ri
g gpm i st s = o mii frtr | f = ]
Tovmm

Figure?. Layoul of C-Building used for designing WHMN node

Nada 4 % ‘
- 2w
i“; Nodo:

N

Nede |

8

B ™

Gﬁ;my

% wodws (1) mose I*

Figure 8.. Configurations of WMN with 1 hop 4 nodes
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Figure 9. These possible configurations are ttean be noted that the throughputs and

consulered as possible spots as shown in delays of cases {s)-and (b} are the same iFwe
Figure 7 nnd mesh muters can-serve all. the.  analyze performunce according to the work
arens. presemed in the literature, This is beesuse

camm %\ms | % mﬁ?
%, e le =
o B o S |

% %mm

PRt U TRl
o & B <JRE O

%N@dﬂ mﬁa% &No«%l N-»M%

O -

%Msz (D mm% $mm’ " ﬁ’)m:“
e ® @& .
Motk 3

Noded

%mu @ mu% w;ﬁ B u

Figure 9. Configurations of WMN with 2 hops 2 nodes
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they neglext the eifect of indoor ahstructions.
Then the signal strength and’ pix), vu.axd is
assumed to he equal for esch node, Also
for coses () 10 (j). every configuration will
theoretically provide the same throughputs
and delays. In foct the performances of all
cases shoulit be different and they depend on
their surroundings. The next task is 10
_Hlustrate this issue and find out which cuase
offers the best sysiem performunces.

Simulation Results

The TDMA-based system i applied
in simulations in which ench time slot
i atlocsted 1o an v 1 Ao Xih-hop node with
probability ptx,, X,....%). Thus: only 1 node is
allowed 1o transmit within | tie slot. All nodes
operste on the same frequency chammel. The
datarote i 75 Mb/s with o packet size of 1500
bits. The thme skot is sel to the amount of gitime
needed for nmsmitting | packel. ie.. 1500 B/
75 Mbix = 0,16 ms. The forwarding probability
G, £ ek, is 2 seiting of 0.6, The bulfer size
of M/MZK is fixed. ot 64 packets or K = 64.

Figures 10 and 11 show the average
throughputs and delsys of coses tn) and {(h),
respectively, We nnalyze the results by observing
the variation of the successful channel-access

| S R e e T
B o easoctat e

»
3

Mg ke ol
i

W
b

Faat Wratyahy

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

probahility plx, $5,,...x) due w its physical
ohstrsction, as illustrted: in Figure 7.

The results are :compared with the
theoreticnl assumption when neglecting
physical obstrctions. 1t can be observed that
the averige throughputs and delays of cases
(1) snd (b) are wially different, This indicates
the significant impact of physical obstmetions
on the WMN perfotmances. ’

Fiputey 12 and 13 show the average
throughpuis and delays of cases (¢} 1d), (e},
(). tg) thy (1), snd (j), respectively. At is
interasting to note: that the throughputs tind
detisys of each npodeé are different when
changing the locution of the node sand when
considering a variution of the suceessful
chinpel-necess probubility. The average
throughputs and delays of the 10 cases are
summorized inTable. ).

The first group is based on only | hop
and itean be noled thit the best WMN throughput
can‘be achieved by the configuration of the
WNN in case (n) und the best WMN delay is
slso obiained by cise (n). Forthe second group
Bused on 2 hops. it con be noted that the best
WMN hroughput.can be achieved by the
cemfigiration of the WMN in case [f}-and the
best WMN deloy is nlso obtined by cose (f).

TR 1€ttt e 0 et ar
T 15,0055 it Chnad i i

ai
¥
L2
iu

Ha?

o e R B ... ]

R Me 11;.»&?!.0‘

Figure 11. ‘End-to-end delay per node for
configuration of SWMN with 1
hop 4 nodex: illustrated in
Figure 8.
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These results are helpful for WMN researchers
in desipning the optimal locutions of mesh
routers and gateways by including the siwccessful
channelaceess probability based on physical
environnrents snch as signal strength and
disince.
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Figure 12. Average throughput per node
for configuration of WMN: with
2. hap 2 nodes illustrated in
Figure 9.

Conclusions

Inthis study, the design of node loeations for
un indoor WMN s presented by inchuding the
effect. of physical obstructions on perfonmance
of the WMN. From the theory of a WMN. the

B sy coe xdasrchilocin
T xhidng ceservhiuneicr -

i

4, 3 ¥ ) ]
‘el gayen

Figure 13, End-toeend delay per node for

configuration of WMN with 1
hop 4 nades illustrated in
Figure 9.

Tuble 1. Avesige throughput and average end-to-end delay per node for WMN configured

i Figure 8 and Fignre 9,

Averuge thrmghput Averuge delay
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siecessful channel-sceess prohability is
invariable and equivalent. Every node location
in'the WMN system will have the same value
of successful chonnel-access: probability. In
facrthe vnlue of successful chonnel-sccess
probability is:not constant when opemting in's
‘ren} environment. This study analyzas the
WMN performances by (nking the mensured
siecessful channel-necess probahitity into
secaunt, Then the optimal node locations can
b sirccessfully designed. The results indicate
thist physieal environments have: s hupe impact
oinihe WMN perfoimance,

Acknowledgment

‘I’b{s»:\vork issupported by s Research Crant
from Suranaree University of Technology:
Thailynd.

References

Akyildiz, LE. Wang. X.. and Wang, W_ {2008},
‘Wireless mesh newaorks: A survey,
Conipul, Netw,, 47(4): 345487,

Binsal, N, and Liu, Z. (2003), Capacity, delay
andmobility in wireless ad-hoe tietwotks.
in Proc. IEEE INFOCOM.. p. 1553~1563,

Gamal, A.E., Mammien. J,, Prabhakar, B., and
Shahi D, (20043, Throughput-delay trade-
off in wireless networks. Prox: IEEE
INFOCOM, p. 464-475.

‘Gumbireza, V.. Sadeghi. B.. snd Knightly, EW.
{20043, End-to-end performince ond
faimess in mubtifop wireless: back haul
networks, Proc, MOBICOM 2004, p.
2873,

Gross, D, and Harris, C. (1998), Fundumentsls
‘of Queteing Theory, 3* ed. Wiley. Hoboken,
NI USA, p: 74-80.

Grossglauser. M. and Tse, D, (2001), Mohility
increases the capucity of ad-hoc wireless
networks. Proc. JEEE INFOCOM. p.
13601369,

Guptn, P and Kuntar, PR. (2000). The copocity
‘of wireless networks, JEEE Inform.
Theory, 46125388404,

1EEE. {1999), 1IEEE Suandards. Interpretation
for IEEE Standard 802.1), 1EEE Standard
for Local snd metropolitan srea networks.

Part 11: Witeless LAN Medium Access
Control (MAC)Y und Physical Layer
{PHY') specifications: Instituie of Elecirical
and Electronics Engineers, Inc.. New
York, NY, USA.

IEEE; (1999). 1EEE Standards. Wireless LAN
medium access control and physical
Inyer specifiation, ANSINEEE Siandurd
802.41. Institute of Electrical and
Electronics Engineers, Inc., New York,
NY, USA.

IEEE. (2(123), 1EEE Standurds, IEEE Standard
for Local and Metropolitan Aren
Networks-Viriuni Bridged Local Aren
Netwaorks, lnstitute of Electrical and
Electronics Engineers, Inc.. New York,
NY, USA.

IEEE. (2005). IEEE Standurds. Task Group s.
MAC Enbapcement Proposal. Protocol
Propesal JEEE R802.11-030375r3, Institute
of Eleerical wnd Electronies Engineers,
fne., New York, NY, USA.

IEEE. {2006). IEEE Standards. Diraft amendient:
ESS mesh networking. 1EEE PRO2.11s
Draft 1.00. lnstitute of Electrical and
Electronics-Engineers. Inc., New Yark,
NY. LSA.

IEEE. (2008). 1EEE Stindards. JEEE PROZ.1 1/
D2.0 - Draft STANDARD for Local und
Metropolitan Area Networks-Specifie
Requiremients—~Amendment to Part 11
Mesh Newarking.

Jun, 1, wnd Sichitie, M_L. {2003, Faimess and
QuS in multibop wireless networks, Proc,
IEEE VTC.. p. 29362940, Institute of
Electri¢al and Electronics Engineers,
ine., New York, NY. USA.

Lee, 3.-F. Lino, W., snd Chen, M.-C, (2008;.
An incentive-bused ‘fairness mechanism
for multi-hop wireless backhuu networks
with %Hfish nodes. IEEE T. Wirel. Commun..,
2.

Liit, B, Liu, Z., ond Towsley, D_ (20033 On the
capacity of hybrid wireless petworks,
Prov, IEEE INOCOM, p. 15431532,

Liu, T. and Liso, W, (2008). Location-dependent
thioughp it and delay in wireless mesh
networks. 1EEE T, Veh. Technol, 5742},
virtual hridged lan.



90

Design of Gateway Locations in an Indoor WMN

Sukunyas Szuram, Monthippa Uthansakul and Peerapong Uthansakul
School of Telecommunication Enginesring, Sumparee Liniversity:nf Technotogy,
Nakbonratchasima; Thailand 30000

E-Mail: su_shommvehormiitdom | mipiisut seth, ythansakubfisut s ih

Abstracein . literatures, the performunce of Wircless Mesh
Network (WMN) has licin investigated throngh end 16 cd delsy
and ‘throughpot hy assuning’ the ‘sume quality on eseh hop.
However, thls sssnmption t4 havdly trne In practice due to the

ph}ukniohuucmm I wireless nk. In (his puper, ihe design of

giteway locations in an indobr secnurio has bees prescuted by
taking a physical cavironment into actonnt. The simulation
resuls ‘sbow Jbat throughpsl und  delny are sipnificsntly
Inluenced by chanping Ihe location of galeway. This papér does
ot 6nly provide a2 Trame work for. studdying WMN performance
but also glves an lnsight into the design strategy for WMN
pareway,

L INFRODUECTHON

Recently, the wireless natworks have evolvad into miny
apphications pmvndmg better services. In this hpght, & new
technology that can provide more flexibility on network
installation and wser accessibility is continuously researched.
Wireless Mesh Networks (WMN) is one of the most
imeresting technologies having been emerged lately becasse
its conpections sre tntally wireless. Hence itds easy for WMN
to-extend the service range and tlexible to be implemented in
practice. ln WMN. nodes are comprised of mesh routers snd
mesh clients, Escl node operates not only 252 bost but also as
arouter forwardiny packets on behalf of othér nodes that may
not be within direct wireless transmission mnge of their
degtinations, A WMN is dynamically self-organized and self-
conﬁ ured: with the nodes in the network summatically
establishing and mainiining mesh conneciivity among
themselves. This feature brings many advantages to WMN
such as low up-front cost, easy betwork maintenonce,
robustoess, and retiable coverage,

In [2}-[4]: the simulation reschs show tha throughput and
end-io- emd delay in WMN are sipnificantly changed by
increading hop-count distance from the gatéway. In [3]. the
throughput analysis in a fixed wireless network is presented. It
indicates the direct refation of throughput snd sumber of
nodes. Iy [6], the. average throughput per node is shown to be
drsmatically increased: by exploiting node mohility as t}pe
of niultiuser diversity, In (7}, af analytical modelis developed
to obtain the optimal throughput-delay iradeoff by varying the
number of hops, the wansmission range and the degree of pode

mobility in ad hoc network. In |B], the model of statistical’

location-dependent. throughput and delay “performances in
WMN is proposed. From afl Ineratures, it can be notired that
the performances of WMN are relied on number of noidés and
hops #s well as their locations, However, those resohs are
simulated by sssuming the same link quality oneach hop. This

G78-1-4244-3388 9 0WS 25.00 £:2000 IEEE

assumption cannot be true in practice because twre & »
different physical ehstruction between on node to angther, For
exsmple in an indosr envicoumen!, there sre many
ohstructions between node 0 node such s wall, partition,
human, window, ew. These objects are necessary o' be
concemed when analyze the performanceof WMN.

In this ‘paper, the performances of WMN in an indoor
environment. s investigated by tuking the }thv«it:ﬂ
obstructions ibto account. Conséquently, with this analysix,
the proper Tocation of gitewiy can he aptimatly designed, In
addition, the simulstions indicate thap the pswway is o1 able
w0 be located rondomly otberwise the performance will be
lower than theory design.

1L ANALYSIS OF WNMN

A, WAIN Configuration

The infrastructiowbackbone WM N is illustrated in Figure 1.
As seen in Figere: the network is consisted of mesh routers
and mesh chients, where mesh rouvters have minimal mobility
and form ihe backbone of WMN. They provide: network
apcess for both mesh aind conventivnal elients, The integriion
of WMNs with other petworks sueh as ilie liternet, cellular,
IEEE $02.11, 1EEE R02.15. 1EEE 802.16, scisor networks,
ere.. ean be accomplished through the gateway and bridging
functions in the mesh routers. Mesh chients can be either
stationaty or mobile, and can form a eliem mesh petwork
among themselves and with mesh routers.

M‘rm.alj,. _'\.i’_g’s. ::‘M:;'micg;
— }

(l\’ WFEWE M kot 'm-ml
L Lepaiat Pelsrtai:

Wm i )ﬂ?"ﬂnm

Figine | Infeastricliresbac kbine WMN.
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Fraure 3 Example of physicol obstriictions between iole to gateway

B Quening theorion for WAN

In this paper, the model of WMN is snalyzed by using
MIMA/K guening theorem [ 10). The throughput is defined as
the number of puckets which can be tmnsmitted. frony source
1o gateway. For emd 1o end delay, it con be defined as the 1ime
between when the first hit of 1his packet sem by its source snd
when the packet js nnum} réccived by the gateway, The basic
bluek dizgraos of M/M/ UK ix shown i Figure 2.

Form the derivition of incoming packet presented ib [K]
The arrival rale of packe can be expressed ss

0 u} ‘
M “—lu[]-—-— n

- pl. t)u

where: & is the hop number, £ is the time <lol of one packet.
Plx) is the probabifity of successful channel aecess

Figure 3 shows the example of physical vbstruction betwven
pode to gmewsy. 15 clearly scen that both links will mo
provide the sume performance becayse the signal quality on
eachi link is different 11 we analyze both links using proposed
theory in literatures, both will provide the same throughput
and delay. This is 1 biz misleading to dedign any galeway or
uode locutions in practice. So far in lteratures, this issue-hag
never been constdered.

In this paper. the parameter ply) is determined by the
physical chargcleristic of node lncation. The ke asurEments i
[9] provide the information of probability of successful
transmission #& & function of Signnl 1 Noise Rario {SNK).
Therefore, this paper adopis the relativn of p(r) and SNR
p;mcmcd in [9) for taking the physical epvironments inhs
accounl. Afler concerning pix). the throughput T(y) is
calesluted by

i - gl — Binj

Tixd= -
= gm.ﬂ ~pogiofi-poh il -gn) v=2...n
i=j
2)

y=d

i
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Figure 4. Lavout of C-Buikling used for designing WMN pareway,

i~ s

where M is the total number of hops, #,(x) denotes the
blacking probability of M/MI/K model, Py denotes the
probability of having empty queue in M/M/I/K model, 4(x) is
the forwarding probabiliy of packet.

Fuor end 1o end delay, the expression is given by

D,, x=|
b= e |
Bu" + 0w, x=23..8 i3}
yeil
where
By et e BE09)
Bl N, (opts w01 - B 0]

Note that 7, is-the time slot forone packet, L (x) is the stzady
state gueue size of M/M/K model, Aj(x) 15 ithe number of
nodesin v hop.

. dndoor path oss moded

To realize the parumeter piy), it is necessary to know:SNR.
Hence. the sk 1 get SNR can be-schieved by caleulating
from received signal sirengih. The indeor path loss model has
been uséd in this work wod the expression of received signal
strength Py i exprossed by

£ =P, ~10logB 4 G, +G, — Lass— 0ol H  (4)
0470 4,
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where £, is the transmit signal power, G, is the antenna gnin
al tramsmilter. €, 15 the antenna. gain st receiver. d is the
distance between wansmiiter and receiver, ds is set 1o | m and
Lysy i the power ghienuntion dee to obsiructions. The anthors
did some measurements to realize the atenuation factors. In
this work. the attenuation is determined by 6:dB per one wall

Because this value is At 1o our experimens. Also from our

measurements, the power spectum of puise floor in
experimental area is around -70) dBm, Therefore, SNR can be
caleulated by SNR = #,+70. For antenng pains; &, and 6, 35
set tix 2.2 dBi when the opemating frequency is 2.45¢Hz.

1. GATEWAY DESIGN

The site of experimentsl area for designing WMN gateway
is C-Building which s layour is shown in Figure 4. This
building s a rectangular shape. with dimension of 76.3x80
mm. The number of nodesis decided 10 four mesh routers,
This is becsuse the existing inftastructure WLAN has only
four access point. Hence. only four nades in WMN are also

ennugh for keeping the same coverage ares. The next laskis 10,

design where the gareway should be located. In this work, two
groups of pateway design are considered. The first. group is
based on only one hop and the second group is based on o
hops.

For the first group, the configurations of WMN are shown
in Figure 5. There are two possible configurstions as named
here by case {a) and (b). In the second group, there are three

A1
e -
T
% 4 b
4= % iy
1
535 3
k:.v
*
ooTe
»_3_ r
2
&
%77
5 g
&
X
¥ Y P

Figure 2. Thmunhpm per nesde For configuralinn of WMN with § hop
4 s es ilusteated T Figuns §,

35T
SEIRE
]
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5 P o E] -F e
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Frgure 8. End to end delay per wode for configurstion of WMN with
1 hop 4 nodes illusteatad in Figuré S:

pessible configurntions a5’ named here by case {c). () and
(¢). For two lmps, the first and seeond hops have 2 oodes
which is configured: as shown. in Figure 6. Al physical
ghsiructivns are simulated secording W the wall on Figure 4.

1t can be noted that the llxmugtxpun of case (a) and {b).are
thee sume if peplecting the relation of SNR and pis), Also for
case {e}, (d) and {e}, the same throughputs and delays are
expected if following ihe theoryin literatures:

1V, SIMULATION RESULTS

The TDM A-based system is applied i simulations:in whick
each time stot is allocated 1o m x-hop oode with probability
pix). Thus, only ane‘nodesis-allowed W transmit within one
time. slot. All nodes npcmlc on the sume frcqucm:y channel.
The dutn faie § 75 MBs with packet.size of 1300 bits. The
tme slol i5 set w the unt of  ainti ¢ded for
ransmitting one packet, e, 1508 B/758 Mb/s = 0.16 ms.




93

o

“heashaisesedsicord
¢
Iy

B B 3% =
u Ptz

Fiuum o Thrnnghput per nide for comfipirution of WMN with 2
hasprs 2 nsiles iflistrated in Figuré .

Table § Averape throughpulsnd average end w end delay per node
for WMN configured in Figure Sand Figure 6,
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Figure 0. End 1 end delay per nade for configuration of WMN with

2hops

2 nosles iltustared i Figure

V. CONCLUSION

3 285x10° 0. 16si0°
b 129x10° 0165107
¢ 2.18x10° 024007
d 187x10% 1Lo3x107
¢ 126x10% 1.43x10°

in this paper, thie design of gateway location in an indoor
environment for WMN is presented. By applying the physieal
obstructions, the thtoughputs and delays  of  variows
configuraiions of WMN  gatewsy locstions. are investigated
The resulis indicaie that physical environments have 3 huge
impact op WMN performance.
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