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Abstract. In the wireless ad-hoc networks the Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA) protocol
may cause inter-node interference, especially at higher data rates.
To increase network throughput, the simultaneous distribution of
data over multiple paths can be used. However this method
needs more experimental analyses to prove its effectiveness. In
this paper effectiveness of multi-path method was investigated
comparing results of simulation and experiments in wireless
network testbed. The results confirm that overall network
throughput does not increase or increase slightly if nodes of two
paths mutually interfere due to Physical Carrier Sense
mechanism.
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|. INTRODUCTION

Use of wireless ad-hoc networks is increasing and demand
for multimedia services is expected to grow significantly in
future. In a whitepaper [1] published by Cisco Systems there
is a forecast that mobile data traffic will decuple in the next 4
years reaching 6.3 Exabyte per month and 66% of the traffic
will be generated by mobile video applications. That will put
much stress on the existing wireless infrastructures. Wireless
ad-hoc networks are one of the solutions to decrease load in
conventional wireless networks by offloading some data
traffic to it. Therefore development of robust video coding and
transport methods maintaining QoS, as well as efficient
routing protocols, is important.

It is well known that 802.11MAC level protocol Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA)
is not well suited for wireless ad-hoc networks because of
hidden and exposed nodes [2]. At higher data traffic intensity,
CSMAJ/CA may cause inter-node interference that limits
channel throughput and leads to high packet loss and
degradation of overall network performance.

There are several methods used to cope with the problem
such as adaptive physical carrier sense mechanism [2, 3],
multi-path transport [4, 5]. Also radio resource management
(e.g. use of directional transmission, use of separate frequency
channels) could be a possible solution. In the multi-path
transport method video is distributed and transported over
multiple paths, thus minimizing load on every single path and
increasing total throughput. However, multi-path transport
also suffers from the CSMAJ/CA. Interference between nodes
of two paths (inter-path interference) is possible therefore
method’s effectiveness strongly depends on a radio disjoint
path selection. Until now this problem has been investigated
mainly using computer simulation [2,4,5].
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In this paper experimental results of investigation of the
CSMAJ/CA impact on method’s effectiveness are presented
and compared to simulation results. For this purpose wireless
network testbed and experiments performed with it are
described here. Simulations of the same network configuration
in the same conditions are provided for comparison.

In the first section we give insight into CSMA/CA protocol
and its shortcomings as well as a survey of possible solutions
of this problem. In the second section the wireless network
testbed is described. In the last section impact of physical
carrier sense to network throughput is analysed. Tests are
performed both in simulation environment NS2 and wireless
network testbed. Simulated end experimental results are
compared.

1. BACKGROUND

A. Physical Carrier Sense and shortcomings

The CSMA/CA protocol was designed to reduce the
collision probability between multiple nodes accessing a
medium. A collision occurs at a receiver side if it receives
packets simultaneously from multiple sources. Physical carrier
sensing at transmitter side is performed to avoid such
situation. When node wants to transmit, it senses the allocated
frequency channel by monitoring RF signal level. If
transmission by another node is sensed, transmission is
deferred. Distance in which an eventual interference in the
channel is sensed depends on physical carrier sense threshold
(PCST).

Although PCS method helps to prevent collisions, it may
defer possibly successful transmissions as well. Such situation
is possible if PCST is too small (sensed range is too large) and
therefore some nodes are exposed from transmitting even if
they don’t interfere with receiver. This is also known as
exposed station problem [6] presented in Fig.1.
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Fig. 1. Exposed station problem

If node 3 wants to send data to node 4, transmission will be
deferred because at the same time node 2 transmits data to
node 1. If transmission is deferred, data packet must wait in
queue, thus increasing delay and decreasing throughput. This
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effect is very harmful for video applications where high
network throughput and low latencies are important.

On the other hand PCST shouldn’t be chosen too large
(sensed range too small) otherwise a number of collisions will
increase because of hidden nodes. This is known as hidden
station problem [6]. For example (Fig.2), if node 3 doesn’t
hear that node 1 is sending data to node 2 it may start
transmission to node 4. Possibly a collision will happen
because node 2 receives signal both from node 1 and node 3.
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Fig. 2. Hidden station problem

Collisions are harmful for TCP traffic because every lost
packet results in decreased transmission speed. Usually a
trade-off between hidden and exposed nodes is sought to set
PCST for best performance.

B. Adaptive Physical Carrier Sense

To avoid exposed station problem and thus increase
network throughput, adaptive PCS mechanism could be used
to tune PCST after every change in network topology, thus
minimizing a number of nodes deferred from transmitting
[2,3]. In [3] adaptive PCST is proposed based of SNIR
measurements. RF interference level is monitored at each
node and communicated between neighbours to choose some
optimum threshold value which is a minimum value from all
offered values.

Algorithm K-APCS [2] is seeking for optimum CS using
throughput and frame loss rate as criteria. 802.11k radio
resource measurements are used to obtain information for
throughput and frame loss calculation.

C. Multi-path routing

Multi-path routing is another approach to avoid limitations
created by PCS. Instead of using one path, video traffic can be
sent over multiple paths, thus distributing load. However, as
pointed out in [7], such approach works only if paths are radio
disjoint. It means that paths must be selected so that there is no
mutual RF interference between them otherwise if node of one
path senses ongoing transmission in other path, transmission is
still deferred. Such phenomenon is called route coupling.

Multi-path routing effectiveness has been analysed in [5].
The authors compare throughput of single and multi-path
routing conditions through NS2 simulations. The results
showed that if compared to single path, two high-interfering
paths could increase throughput only by 12% but low-
interfering paths about 65%.

Inter-path interference can be reduced if multi-path routing
is used together with adaptive PCST. In our previous work [4]
we proposed method where PCST is dynamically adjusted
after path selection so that inter-path interference is prevented.
That would allow decreasing the distance between paths, thus
making path selection easier.
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I1l. WIRELESS NETWORK TESTBED

This section describes a wireless network testbed used for
outdoor experiments. The testbed has been used in this work
for experimental testing of influence of PCS. The experiment
itself is described later in chapter V.

Initially there were set criteria to the testbed which must be
met:

o support for 802.11b/g/n network standard,

e autonomous supply of electrical power to allow
outdoor measurements,

o possibility to reduce transmission distance to simulate
network in limited area,

o software support for ad-hoc networking (integrated
mesh routing protocols).

Based on requirements and WING/WORD toolkit
description [8], hardware and software solutions described
below were chosen.

A. Hardware

Six Cisco Linksys WRT160NL wireless routers were
chosen equipped with Atheros AR9102 wireless network
interface and two external antennas which is possible to
remove or replace. Router has enough system memory (32
MB RAM and 8 MB flash) for firmware upgrade to more
sophisticated platforms.

To make possible outdoor testing electric power supply for
each device is required. For this purpose Uninterruptible
Power Supplies (UPS) FSP Nano 360W were used. The main
arguments for such choice were lightness (only 2.9 kg),
Schuco sockets to plug router directly into the UPS and
battery life (more than 4 hours). A wireless node is shown in
Fig. 3.

Fig.3. A wireless node used in the testbed
B. Software

The original firmware of the routers was replaced by Open-
Wrt [9]. It is a Linux distribution for embedded devices. It
gives more control over device by allowing to modify physical
layer settings. The biggest advantage over the main
competitor’s dd-WRT firmware [10] is a great variety of open-
source software packages included which can be installed on
the device to expand its functionality. Open-Wrt allows
configuration through both Graphical and Command Line
interface. For network throughput measurements an additional
open source tool Iperf was installed.
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The main disadvantage of such hardware and software
setting was missing possibility to change Physical Carrier
Sense threshold.

C. Routing

Open-Wrt makes it possible to install optimized link-state
routing protocol (OLSR) [11]. OLSR is proactive ad-hoc
routing protocol which uses both link quality and hop count
metrics to calculate best path. Open-Wrt provides graphical
configuration and monitoring interfaces for OLSR daemon.

IV. ANALYSES OF PHYSICAL CARRIER SENSE IMPACT

To evaluate PCS impact on network throughput in multi-
path conditions the task was divided into three steps. First,
results were obtained from network simulations and analytical
calculations. Then wireless network testbed was used to
perform “real life” measurements using the same network
topology as for theoretical analyses. Finally results were
compared and analysed.

We have chosen simple scenario which allows evaluating
mutual impact of two routing paths. In this scenario six static
nodes were placed into two rows. The network topology is

Path 1

U U @ patnz
Node 4 Node 5 Node 6

shown in Fig. 4.

Fig.4. Network topology for two-path scenario with reception range for
“Node2”

Nodes were placed so that they can send or receive data
only from neighbours in the same path. It was achieved by
taking distance between nodes of two paths greater than
reception range dr (dpate>dg). We send network traffic over
both paths and measure network throughput.

To choose distance between paths (dpath), it is important to
determine a distance at which transmitter can sense ongoing
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data transmission from other transmitter. It can be calculated

using formula (1):
4 Pt
Ppcs

here P, - transmitter power, PPCS - PCS threshold. The
distance dc defines the theoretical boundary beyond which two
transmitters don’t “hear” each other. It will be called PCS
range. That concerns also the routing paths - placing nodes in
paths in a distance greater than dc will help to avoid inter-path
interference. However, one should keep in mind that in real
life situations signal level from other transmitters sums up at a
receiver’s input, thus “safe” distance between paths might be
even greater. In our analyses on purpose we will chose
distance between paths smaller than PCS range to analyse the
impact of inter-path interference on network throughput. In
Fig. 5 the area where PCS of “Node 1” may sense ongoing
transmission is coloured in grey.
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Fig.5. Network topology with the PCS range of “Node 17

To observe network throughput changes in practice, data
transmission over the first path starts later than over the
second and also finishes earlier. In such way there will be a
period when data are sent on both paths simultaneously. This
period is our object of interest and we will compare traffic
parameters in this time period with the same parameters in the
period when there is no interference.

A. Simulation

For modelling Network Simulator 2 (NS-2) [12] is used. A
network topology as showed in Fig. 5 was created. To
simulate network traffic two FTP data transfer sessions were
started (one for each path). Standard TCP transport protocol
was used.

RTS/CTS handshake was switched off because as pointed
out in works [4, 13] it is ineffective for wireless ad-hoc
networks and traffic overhead it creates decreases network
goodput.

Simulation parameters are summarized in next table (1).
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NS2 SIMULATION PARAMETERS
Nodes 6
Simulation time 110s
First FTP session period 10s - 100s
Second FTP session period 40s - 70s
Distance between nodes 10m
Inter-path distance 14, 24m
Transmission range 15m
Carrier sense range 25m
Wireless standard 802.11b
RTS/CTS Off
TCP packet size 1500 bytes

Two tests were performed each with different inter-path

distance:

e dpaty=14m. It is the distance at which maximum inter-
path interference is possible. PCS areas of nodes overlap
and therefore every node “hears” all the other nodes in
the network.

e dpaty=24m. Minimum inter-path interference is
maintained. Every node hears only 3 neighbours (2 from
own path and 1 from opposite).

B. Experimental measurements

The main motivation for experiments was necessity to test
multi-path transport effectiveness in practice and validate
results obtained from computer based simulation.

Measurements were performed in nature far from any man-
made interference in this frequency band. The experiment area
was a 100x100m plain field in which devices were placed as
shown in Fig.5. Additionally two portable computers were
wirelessly connected to nodes 1 and 4 to perform and visualize
measurements. The computers could be the only interference
sources.

Since real communication range for commodity 802.11b/g/n
devices can be larger than 100 m we had to find solutions how
to reduce this range to manage experiment in the smaller area.
We performed such steps:

e power of wireless transmitters was decreased to 1mw

which is the lowest possible level in configuration

interface;

e only one antenna was used both for transmission and
reception;

e devices were put on the ground (antenna height ~15-
20cm);

In such a way it was possible to reduce stable
communication range approximately to 5 — 10 m. Still, the
ground was not ideally flat and orientation of devices may
influence spatial pattern of transmission and reception range.

For throughput measurements Iperf network testing tool
was used. Data transfer over TCP was performed similarly as
in previously described NS2 simulation.

The experiment parameters are summarized in table I1.
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TABLE Il
EXPERIMENT PARAMETERS
Frame size 1500 bytes
RTS/CTS Off
Inter- path distance 7, 23m
Distance between nodes 5m
Transmitter power Imw
Transmission range 5-10m
First Iperf TCP session period 10s - 100s
Second Iperf TCP session period 40s - 70s

Similar to simulation, the tests were performed at a different
inter-path distances to test both - high and low inter-path
interference conditions. The distances chosen in the simulation
and the experiment slightly differed because transmission
distances were also not the same. All devices were set to
802.11b standard to get comparable results with NS2
simulations.

C. Results and discussion

Figures (Fig.6, Fig.7) combine results both from simulation
and experiment at high inter-path interference (nodes between
two paths are close). A throughput of the data transmission
over the first path is shown in Fig.6. Degradation of a
throughput of the second path caused by interference from the
first path one can observe in Fig.7.
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Fig.6. Throughput of the first path at high inter-path interference
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NS2 simulation shows that throughput of the first path
should reduce approximately by half during the interference
period. Such distribution is logical because of symmetric
topology. However, experimental measurements show that
throughput drop in the first path is even greater, at the same
time throughput of the second path is higher. It means that the
second path has greater impact on the first than vice versa.
That could be explained by imperfect experiment conditions,
example, direction of antennas, uneven ground etc. and it must
be clarified in future experiments. Still the most important
conclusion is that total throughput of network has not changed
when the second path is added. Sum of the throughput in both
paths is about 2500 kbps.

Next figures (Fig. 8, Fig. 9) show throughput of the first and
the second path in situation when there is a low inter-path
interference. It was achieved by increasing distance between
paths.
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Fig. 8. Throughput of the first path at low inter-path interference
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Fig.9. Throughput of the second path at low inter-path interference

From above figures one can see that experimentally
measured throughput reduces less during interference period.
Simulated threshold still drops at 50% level. The difference
between simulated and experimental results couldn’t be
explained with confidence without more detailed experiments.

Conditions of the simulation were much idealized. In real
life most likely each two nodes of different paths won’t be
positioned exactly at the same distance dpath- In Fig. 10 node
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1 from the first path can “hear” node 4 from the second path
while other nodes of the first path don’t interfere with nodes
from the second path because they are placed more distant.
The described situation characterizes partial inter-path
interference which may result in increased overall network
throughput.
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Fig. 10. Partly interfering paths
V. CONCLUSIONS
The Carrier Sense Multiple Access with Collision

Avoidance (CSMA/CA) protocol may cause interference even
if multiple paths for data transport are used. A wireless
network testbed has been used for experimental investigation
of inter-path interference in multi-path conditions. The
experiment confirms results obtained from computer
simulation program.

Both experimental and simulated results proved that there is
a significant impact of physical carrier sense to multi-path
transport effectiveness. When nodes of two paths mutually
interfere due to physical career sense mechanism, multipath
transport doesn’t increase total network throughput. If
interference is partial, some improvement of network
throughput could be achieved. To increase network
throughput, a distance between paths must be sufficient to
keep inter-path interference negligible.
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Lauris Cikovskis, Ilmars Slaidins. Fiziska neséja juSanas apgabala ietekme uz tikla caurlaides sp&ju bezvadu ad-hoc tiklos

Tiek prognozets, ka nakotné strauji piecaugs informacijas apjoms mobilajos bezvadu tiklos. Tadi multimediju pielietojumi ka video strauméSana biis viens no
visvairak izmantotajiem. Tacu video parraide mobilos bezvadu ad-hoc tiklos (MANET) ir apgriitinata, jo esoSie parraides un marSrut€Sanas protokoli to neveic
pietickami labi. Tadé] ir svariga efektivu video kod&sanas, parraides un marSrutéSanas metozu izp&te.

IEEE802.11 standarta MAC limeni koliziju novérSanai tiek izmantots CSMA/CA (Carrier Sense Multiple Access with Collision Avoidance) protokols. Pie
paaugstinata datu parraides atruma MANET tiklos §is protokols rada trauc&umus starp mezgliem, kas ierobezo tikla caurlaides sp&ju, ka arT var pasliktinat tikla
kvalitati. Ka iesp€&jamais risindjums tiek piedavata video sadaliSana apakspliismas un parraidiSana pa vairakiem celiem vienlaicigi, tadgjadi palielinot kop&jo
parraides atrumu. Tomér CSMA/CA ietekmé ar daudzcelu parraidi, jo mezgli no dazadiem celiem ari var traucét viens otram. ST ietekme ir daudz pétita ar
modelé$anas programmu palidzibu, tadél Saja darba tiek piedavati eksperimentdli novértéjumi fiziskai nesgja juSanas (Pysical Carrier Sense) ietekmei uz
daudzcelu parraides efektivitati. Sim noliikam tika izveidots bezvadu ad-hoc tikls, kura tika veikti m&fjumi.

Tika parbaudits scenarijs ar diviem raidiSanas celiem un dazadiem attalumiem starp tiem. Ar noliku fiziska nesgja jusanas apgabals tika izveléts lielaks ka
attalums starp celiem. Nepartraukta datu plisma tika parraidita otraja cela un tika ieslégta islaiciga traucgjoSa datu plisma pirmaja cela, tadgjadi bija periods, kad
abos celos bija vienlaiciga datu parraide. Saja perioda bija novérojama strauja caurlaides sp&jas samazina$anas otraja cela. Ja attalums starp celiem tika panemts
lielaks, attiecigi arl samazinajums bija mazaks. Eksperiments apstiprinaja, ka fiziska nesgja juSanas mehanisms stipri ietekm& daudzcelu marsruteSanas
efektivitati. Kopgja tikla caurlaides spgja var ari nepalielinaties, ja mezgli no diviem celiem savstarp&ji trauc€ viens otram. Lai panaktu uzlabojumu, celiem jabut
maksimali nodalitiem.

Jlaypuc HukoBckuc, Miamape Craiiipinbil. Bausinne 30HbI NPOCTyIIMBAHHST HeCyIeli HA IPONYCKHYIO cnocoGHOCTH GecnpoBoaubIx ad-hoc cereii.
Osxnpaercs, 4to B OyayIieM pe3Ko Bo3pacTeT 00beM HHPOpMAUK B MOOHIIBHBIX OECIIPOBOHBIX CeTsIX. MyabTUMEUITHbIC IPUIOKEHHS, TAKHE KaK ITIOTOKOBOE
BHUJIC0, Oy/IyT OZHUMH M3 HanOoJIee 9acTo UCIIOJIb3yeMbIX. TeM He MeHee, BO3MOKHOCTH TIepesiadr BUIeO B MOOWIBHBIX GecripoBoubix ad-hoc cersix (MANET)
OrpaHMYCHBI, TaK KaK CYIIECTBYIOIIIE IIPOTOKOJIbI Mepeadn ¥ MPOTOKOJIBI MapIIPYTU3ALNH HEAOCTATOYHO XOPOIIO HPHUCIIOCOOICHBI K 3TOH 3amade. [losTomy,
OY€Hb BaXKHO MPOBECTH UCCIEA0BaHNE 3(DPEKTHBHBIX METOJOB KOAMPOBAHUS BHEO, a TAKXKE METOIOB NEPeiadi U MapIIPyTH3ALHH.

B cranpapre |IEEE802.11 MAC ucnomns3yercst nporokon npenorspauienus kommsuii CSMA / CA (Carrier Sense Multiple Access ¢ npenynpesxienuem
KOJUTM3UH CTONKHOBEeHHIH). [Ipy BBICOKOIT CKOPOCTH Mepeaaun JaHHBIX STOT MPOTOKOJ HAYMHACT MemaTh dQ(GEKTHBHON Iepenaye JaHHBIX MEXAY Y3JIaMH, 4TO
OrPaHUYMBACT MPOIYCKHYIO CIIOCOOHOCTb CETH, @ TAKXKE MOXKET YXYAUIMTh KaueCTBO CETH. B KaudecTBe BOSMOJKHOTO PELICHHs IMPEIJIAraeTcs PaciieluIeHHe
00IIero BHIEONOTOKA HA OT/ENbHBIE TOTOKM U TIepefada WX MO HECKOJBKHMM ITyTSM OJHOBPEMEHHO, TeM CaMbIM YBEIMUMBas OOIIYI0 CKOPOCTb Iepeaadn
naudbix. Tem He Menee, CSMA / CA neficTByer Takxe MpH nepeaade HECKOJIBKHM ITYTSM U y3IIbl M3 PasHbBIX MyTeil TOXE MOTYT MEWIaTh APYT APYyry. DTOT
adexT yxe M3ydancs MHOTMMHU MCCIEIOBATEIIMU NP MOMOIIM HPOrPaMM MOJICIHPOBAHHUS, TO3TOMY B JaHHOW paboTe Mpejaractcsi SKCHEepHMEHTAIbHAS
otenka BiusiHust 3oubl [Ipocnymmsanus Hecymeit (Pysical Sense Carrier) na addexTiHBHOCTD Mepeiady BHICONOTOKa MHOTUMH MyTsiMu. C 3Toif Lenbio oHa
OblTa co3/jaHa SKCIepUMEHTanbHas ad-N0C ceTh, B KOTOPOt ObLITH IPOBEICHB! H3MEPEHUSL.

Bbumm npoBepeHs! ClieHapHuu ¢ IBYMs pa3HBIMU MYTAMH TI€Peadu U TP Pa3HBIX PACCTOSIHUSIX Mexay HUMH. [l aToit uenbto 3ona [IpocnymmBanus Hecymei
Obuta BbIOpaHa GOJIbIIE, YeM PACCTOSHHE MEXKTy ITyTsMH. HernpepbiBHBIN MOTOK JaHHBIX MepeaBalicsi O BTOPOMY IYTH U ObLI KPaTKOBPEMEHHO BKIIOYEH
MIOTOK I10 IIEPBOMY, CO3JAIONINi ToMexy. B 3ToT mepro 06HapyXeHO pe3Koe CHIDKEHHE CKOPOCTH MOTOKA IT0 BTOPOMY MyTH. Ecim paccTosiHEE MEKIY MyTSIMI
Ob1T0 OOJTbIIIE, CHIKCHHE CKOPOCTH MOTOKA OBLIO MEHbIIE. DKCIEPUMEHT MOATBEPAWI, 4To MexaHm3M 3oHsl [IpociymmBanus Hecyiuedt cuibHO BaMsieT Ha
3 PeKTHBHOCTD Mepenadd JaHHBIX ¢ MApLIPYTH3ALHH [0 HECKOIBKUAM Iy TsiM. O6IIast MPOITyCKHast CIOCOOHOCTh CETH MOXKET Ja)ke HEe yBEITHUUTBCS, €CIIH Y3IIbl
JIBYX ITyTe# CO3MAI0T MOMEXH APYT APYTY. Jljist Toro, 4T00BI TOOUTHCS yITy4qIICHHIT, TYTH AOJKHBI OBITH XOPOIIIO Pa3Be/ICHBI.
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