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Abstract

When transmitting data from a mobile device to a base stati@range is limited by the device’s transmit
power. In a network with several nodes, a multi-hop protaran be used to forward data over larger
distances. This work discusses the possibility of usingirialp networks for radio controls at orienteering
competitions. At such events, data has to be transmitteddistances of up to 10 km. Since the control
points are usually located in forests, the transmit sigsaffer from strong attenuation. Existing radio
controls achieve a sufficient range by using more than 500 nmWémit power - which requires a license -
or by utilizing sophisticated infrastructure provided.ebg cellular networks, which are often not available
in remote areas. To this end, a multi-hop protocol is progdisat can reliably forward data from all source
nodes to the base station, given that the nodes are placedsatlrkm apart. The protocol is analyzed by
means of computer simulations.
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Chapter 1

Introduction

The objective of this work is to define a radio system for degagmission over large distances. The system
should achieve a range of up to 10 km in forests. Since thesaaebattery powered and the system should
be license free, the transmit power is limited to 500 mW. Heevethe nodes are distributed such that each
node has a neighbor at less than 1 km distance. This allows ereate a multi-hop network. The desired
range can then be achieved even if each node can only sendwiatd km. A routing protocol for such

a network has been defined. The main application of the sysdmtransmit split times of runners at
orienteering competitions.

1.1 Motivation

Orienteering is a sport that is hardly visible to the pubRaces usually take place in forests, with start and
finish points somewhere near the border of the forest. There@ne exceptions, like sprint races taking
place in villages or cities, but even then the observaligitpw: If a spectator does not know the start time
and course of a runner he sees, he cannot tell how fast therimrAfter the race, it is easy to analyze the
results: Thanks to the electronic controls which are useddays, detailed split times are available as soon
as the runners’ chips have been read.

But especially during international races, the spectatars to have real-time information about what is
happening in the forest. This is where radio controls corteeftay. They transmit split times to the finish
area each time they are punched, and thereby allow the speakenounce preliminary results. At world
championships, such systems can be combined with TV censolthat spectators can also see the runners
passing. Another interesting possibility is to let the rerscarry GPS trackers and show their position on a
screen.

1.2 Electronic orienteering controls

Nowadays all bigger orienteering events are organizedyusiectronic controls. There are two competing
systems for controls: EMIT from Norway [1] and SPORTideminfrGermany [2]. In Switzerland only the
SPORTident system is used; it was introduced in 1998 [3]. §ysem is based on RFID: Each runner
carries a chip that is inserted into a coil at each controle @bntrol station then writes a control number
and a timestamp onto the chip. A successful punch is confimithda visual and an acoustical feedback. A
typical SPORTident station with a chip is shown in Fig. 1.1.

There are special SPORTIident stations available to reachiips after the finish. They have an RS232

or USB interface and are usually connected to a PC. Howeegrdhn also be configured to behave like
normal controls and send a small data record over the RS&&2d0e whenever a punch is registered. Radio

9



10 CHAPTER 1. INTRODUCTION

controls forward this signal over the air to the finish ared are connected to a PC there. The data can then
be processed by an event software and displayed somewtgerene screen on the speaker desk.

Figure 1.1: Chips and control stations of the SPORTidertesys

SPORT dident
300830

1.3 Existing radio control systems

There are several existing radio control systems. Almostyegountry where orienteering is practised has
its own radio controls. Some of the devices are based on GSEIRRS, so they require coverage by a
cellular network, which is often not available in the conifi@h area. Others use direct radio transmission,
usually with the possibility of relaying. However the dexécknown to us provide only limited relaying
functionality, i.e. the relays need to be configured befaneghand are not detected automatically. We know
of a 500 mW system used in the UK which is based on commerdad reandsets. It can be operated without
a license and has a range of up to 1.5 km [4]. Most of the othetesys have more transmit power and need
a license each time they are used. For instance, the radicot®nsed in Bulgaria and Switzerland both
send with 5W transmit power.

1.3.1 Radio controls in Switzerland

The association “Verein fur Elektronische Posten undrdegisung (VELPOZ)" provides radio controls for
Swiss orienteering events. They are basetM&25[5] radio modems by the Czech compadRj{COM The
transmit power is 5 W and a license must be acquired each ygrarthe Federal Communications Office to
use the controls. As shown in Fig. 1.2, each control consistssmodem with lead-acid battery in a metal
case, a separate antenna, and BR®ORTidentontrol stations. A modem weighs 6 kg including the battery,
which makes up about 1.5kg. The frequency of the system isl28%Hz, which lies in the 420-428 MHz
Professional Mobile Radio (PMR) band [6]. Some more spetifios of the modem are givenin Tab. 1.3.1

We have discussed the existing system and possible impewsiwith Urs Friedrich from VELPOZ [7].
He has tested the line-of-sight range of the system: He glaagontrol on a mountain at 35 km distance
from the reception antenna on the roof of his house. The bigaa still received correctly. In forests,
however, the achievable range is only about 10 km. In casaibr in wet conditions, the range is reduced
considerably. It can be enhanced by placing a relay statiores/here in the transmission path, e.g. on a hill
near the control. However a laptop with special softwareeisded to configure the modems for relaying.
Therefore, and due to the size and weight of the modems, ¢l cantrols are usually placed by car.
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Figure 1.2: Radio controls currently in use in Switzerland

Racom MR25: Selected Technical Specifications

Channel spacing 25kHz
Supply voltage 13.8V
Current consumption (receiving) 0.5A

Current consumption (sending, 5W) 2.0A

Receiver sensitivity for BER0 ™3 better than -170dBm
Max. speed on user channels 115kbps

Typical battery life 8 hours

Table 1.1: Some specifications of the MR25 modem, which id uséhe Swiss radio controls.
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1.3.2 Problems of existing systems

The existing radio controls work well, but they are not vesgufriendly: A specialist is needed to configure
them correctly. Sometimes it is necessary to place a relaydsm a radio control and the base station.
Also the devices are much heavier than normal orienteedntyals, so they have to be brought near their
final locations by car. For some systems a license must bénebthefore each use. Single licenses are
more expensive than collective ones, so a collective lieéhapplied for every year. This means that event
organizers must plan the use of radio controls early enonglidid extra costs. With today’s technology it
should be possible to fix these issues: The controls shotddreadically find a route to the base station and
use other controls as relays where necessary. If they ceutdanle small enough to be included with every
control, they could be placed together with the normal aidatand no additional personnel would be re-
quired. Furthermore, it should be possible to operate th&als without a license. If all these requirements
can be fulfilled, it will become attractive to use radio cafgreven at regional orienteering events since the
extra cost and effort will be much lower than today.



Chapter 2

Problem specification

In this chapter we will define the conditions in which the systshould operate, the requirements it must
meet, and the parameters that have to be optimized. Onereasitement isiser-friendlinessThe nodes
should be auto-configuring and not require any configuradtipthe user. It should be possible to turn on
the nodes in arbitrary order and to have a functional netvegrisoon as all nodes are working. On the
other hand, it is not important that the nodes recognizeggsim the network topology, i.e. the nodes are
assumed to be turned on only at their final positions. The olnéynges that may occur are additional nodes
(those that are turned on later) and lost connections duadditk quality. When a packet is lost, it has to
beretransmitted automaticallgnd repeated collisions must be avoided. A very importaquirement is the
reliability: All generated data packets must arrive at the base stdfieen if the network is congested and
it takes several seconds until the packet can be forwartiethy not be discarded. The radio-transmitted
split times are not used as official runtimes, i.e. a failuréhe radio control system does not lead to the
cancellation of the competition, but the information detied to the speaker should be complete and correct.
Thedelayof the data packets is not critical: The spectators will ragiae if a split time arrives five seconds
late. Also thedata raterequirements are modest - as shown in the next section - bubtiting overhead
has to be low. If periodical routing updates are sent aroyreblch node, they will easily generate more data
than the actual punches.

2.1 Orienteering events

Most orienteering events are individual races with singgetsEach competitor is assigned a start time and
starts together with some runners of different classesv®&st two runners of the same class there is a fixed
time interval, usually one to three minutes. At a nationahpetition in Switzerland, there are up to 2000
runners taking part, distributed over a start window of fbaurs. A typical set of courses will consist of
about 50 controls. With the existing radio system, up to fadia controls are possible. A multi-hop net-
work of 20 radio controls with 1 km range will always be suffiat to cover the needs of the speaker. If we
assume that each runner punches half of the radio conthelpuinching raten the entire network will be
1.39 punches/s. Of each punch, the chip number (3 Bytes) am#stamp (3 Bytes) have to be transmitted.
Thus, only a few bytes of data are generated each secondh@ddta rate is secondary. Itis more important
that theconnection time the time it takes to start sending data - is short.

Some orienteering races also have mass start, i.e. all rustagt at the same time. This is always the
case at relay events, for instance. The world’s biggesyiislthe Jukola in Finland with about 1500 teams
every year. Of course a radio control in such a race will ggteemuch more data - especially when a big
group of runners passes it - but this is a special case andhtéfie scope of this work. Furthermore, one
spectator control should be sufficient in such big racesesineill generate enough of data for the speaker.

13



14 CHAPTER 2. PROBLEM SPECIFICATION

2.2 Multi-hop networks

Here some basic terminology for multi-hop networks is idtroed. The following expressions will be used
in the protocol descriptions in chapters 4 - 6.

A multi-hop network consists of sevenabdes also known as terminals. Each node can actsenaer
areceiver or both. The number adender-receiver pairdetermines the size of a network. A node which
generates data packets is callesbarce while one that only forwards packets is referred to eday. Multi-
hop networks arpeer-to-peenetworks, i.e. there is no central base station that all sodenmunicate with.
Instead, each node communicates witmigghborswhich may forward data to other nodes. The neighbors
of each node are the set of nodes which can receive datalgifieeh the node. If the nodes are connected
over a wireless channel, each node is assigrneahge All receivers which are located within the range of
a sender can receive packets from that sender and are timesgtdbors. All data packets sent by a node are
received by all its neighbors, except if packets get losttdumllisions Two packets collide if they arrive
at the same node at the same time. The networks discussed indtk always contain one special node
called thebase stationThis node cannot send data, but it is the destination thatakets are forwarded to.

If a source is not directly connected to the base statiopgitkets are forwarded by relays until they arrive
there. The sequence of relays a packet passes on its way baskestation is calledute There may be
many different routes from a source to the base station. ©heranication that is necessary to determine
which packets should be forwarded over which route is catleting. Each transmission from one node to
the nextis called &op, and the number of hops between the source of a packet andsbestation is called
the hop countof the route. A communication protocofeuting overheads the amount of extra network
traffic that is caused by routing.

2.3 Toolchain

All simulations were performed in MATLAB. The Condor Highhfoughput Computing infrastructure of
ETH Zurich [8] was used for many of the simulations. It allames to run simulations on 50 or more
computers simultaneously, so that they took only a few neisiiristead of an entire day. Since the protocol
was written in MATLAB, it will have to be rewritten entirelyniorder to be run on a microcontroller when
the system is implemented in hardware. Still it was not aipopb use a programming language like C, as
it would have taken much more effort there to create usefidutidata and plots.



Chapter 3

Radio link

If a new radio system for orienteering controls is to be deped, the first question is which frequency
should be used. This depends on technical parameters syecbgation characteristics, but also on the
legal regulations. We found solutions based on licensefitequency bands and commercially available
radio modems. The physical layer was then mostly neglectélel simulations, since we did not want to
make any implementation-specific decisions before impiging the system in hardware.

3.1 Regulations

In Europe there are several frequency bands available foakednon-specific short range devices (SRDs)
Radio modems which work in these bands can be used withogtask if they comply to the relevant
standards. Devices up to 500 m\&ffective Radiated PowgERP) must meet the requirements regarding
“Electromagnetic compatibility and Radio spectrum Mast¢ERM)” described in EN 300 220 [9]. There is
a similar standard for higher-power devices called EN 30®. 14 Switzerland the Federal Office of Com-
munications (BAKOM) is responsible for the technical reggidns. Among others, the following frequency
bands can be used for non-specific SRDs in Switzerland:

e 173MHz: The 173.0875 to 173.3625MHz band consists of four channigfswp to 25 kHz band-
width and 500 mW ERP [10]. One of the channels (173.100 MHn) loa used with up to 2.5W
ERP [11].

* 433-434MHz: The 433.2375 to 434.5125 MHz band consists of 20 channédtsaniiandwidth of up
to 25kHz each [12]. Again the power is limited to 500 mW, witle texception of eight subchannels
where up to 2.5W are permitted [13]. This is brdustrial, Scientific and Medicdland (ISM), i.e.
interference is possible in urban areas, but we do not exgmggbroblems in practice.

* 869 MHz: The 869.400 to 869.650 MHz offers 10 channels with up to 25k&atzdwidth each. band
is intended for “non-specific SRDs” as well. Channel spacmgst be 25kHz except if the entire
band is used as one channel. Devices must either comply it BXa300 220-1 V2.4.1 (which
currently available radio modems do) or have a duty cycless than 10%. Up to 500 mW ERP are
possible [14].

We only considered frequencies with at least 500 mW maximiRP Eince the range would be too
limited with less power.

3.2 Commercial radio modems

To see what kind of products might be suitable for our appticea we compared the specifications of sev-
eral radio modems and transceivers. Each of the followiragrentes is outstanding with respect to a specific

15



16 CHAPTER 3. RADIO LINK

parameter. Be aware that the range specified in the devia&s'stheets is valid only for line-of-sight con-
nections in ideal conditions; the performance in a foregirenment is much worse and is estimated in Sec.
3.6.

« Amber Wireless AMB8355[15]
This is a modem on an embedded board. It is based on the AMB88&t5ceiver with a line-of-
sight range up t®0km at 869 MHz (license free). We did not find any other device vgitich a
high range. The board has a receiver sensitivity of -110 dBthwses 500 mW transmit power. It
is 97x38x19mm large. At 7V supply voltage it consumes 530 mA in trarssion mode, i.e. it
dissipates 3.7 W. A 434 MHz version of the device is also atd.

* Telit PowerOne Terminal [16]
This modem uses the 869 MHz band and has a receiver sensifvil15dBm, which is the best
value we have encountered. It is 2685x35mm large in an IP65 casing. At a supply voltage of 12V
it dissipates 2.5W during transmission. The range is up .6

* Telit TinyOne Pro 868 MHz [17]
The TinyOne Pro 868 MHz RF module is a surface-mounted deideis38x 21 mm large. It is by
far the smallest 500 mW device we have found. The range witbxégrnal antenna is specified as
4km.

+ Atim ARM-C8 [18]
The ARM-C8 embedded board is §82x4 mm large. It is available for the 869 MHz and 433 MHz
frequency bands. According to the datasheet it has a satysdf -105 dBm and achieves more than
5km range. Furthermore it has the smallest power dissipafiall devices we considered.75Win
TX mode).

« Radiometrix BiIM1H [19]
This is just a transceiver, but it is one of the few devices atenfl which work in thel73 MHz band.
It supports frequencies between 120 and 180 MHy. The modud&+i 23x12mm large and has a
transmit power of 500 mW. Its sensitivity is -120 dBm at thegiing frequency of 151.3 MHz.

All the parameters compared above are important for ouriegtfin: The modem should be compact,
dissipate a small amount of power and achieve a high rangeetr these requirements are contradictory:
Even though all presented examples have the same transwet phe range and power dissipation varies
considerably. The smallest device is not the most economé¢ and although it has an external antenna,
its range is only about one fourth of what larger devicesaahi Therefore a good trade-off between the
requirements has to be found.

The main goal of our simulations was to determine whetheremBe-free system would achieve a suf-
ficient range at all. Therefore we used the sensitivity valtithe Telit PowerOne Terminawhich is the
modem with the highest sensitivity among our examples. &the implementation of the system is not
the main topic of this thesis, we did not do an extensive $efimc173 MHz and 433 MHz radio modems.
Transceivers for the 173 MHz band and modems for the 433 Midd bee available, and their specifications
are comparable to those of the 869 MHz radio modems. We threrasumed that a modem with -115dBm
sensitivity is feasible in all three frequency bands. Thisimation about the physical layer is sufficient to
perform simulations. Since the radio modems detect erngmpackets automatically and errors occur with
a probability of less tham0 3 if the received signal is strong enough, transmission smlornot have to be
considered in detail.

3.3 Range and power requirements

As shown in Sec. 3.1, there are three possible frequencystfand license-free radio control system. The
transmit power may be up to 2.5W in some channels. Howeweddirices should be as small as possible,
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so the size of the battery has to be minimized. Therefore we imterested whether 500 mW transmit power
would be sufficient. This is only 10% of the power that the gngsradio controls use, so the range will be

greatly reduced. It is therefore necessary to buildwdti-hop networkwhere data packets are forwarded
automatically from each node to the base station. The ligniparameter is then the maximum distance
between a node and its closest neighbors. In orienteeroggfao control will usually be more than 1 km

away from the others, so a range of 1 km would be sufficientr& heay be special cases where additional
relay nodes will be required, e.g. long-distance world cp@mships, but the important thing is that the

system works without special precautions in a normal race.

3.4 Attenuation in forests

In Sec. 3.2 we found the receiver sensitivity of a radio mottebe up to -115dBm. The transmit power has
been set to 500 mW, which corresponds to 27 dBm. This mean$othie signal to be received correctly,
it may not be attenuated by more than 142 dB. We comparedabisrement to attenuation values found in
the literature.

The attenuation of radio signals in forests is discusseeveral papers. The work by T. Tamir [20]
deals with frequencies of 1-100 MHz and introduces a mod#i tvio waves: A lateral wave which prop-
agates along the tree tops, and a sky wave which is reflectbé @nosphere. Another paper by the same
author [21] treats the case where only some parts of the caneation path lie in a forest. In a more recent
paper [22], a model based on electrodynamics theory is predevhere two propagation mechanisms are
present. At short distances, the direct wave is dominanttla@dttenuation increases exponentially with
distance. At more than 100 m distance, the propagation cteaistics are similar to those along the earth
surface. The two mechanisms are also discussed in [23].endrepagation of different frequencies over a
distance of 112 m is studied. Attenuation rates at diffefi@tfuencies are derived from the results.

For our simulations, we needed an estimate of attenuati@kiat distance as a function of frequency.
Experimental data on this are given in [20]. According to.Figin the paper, the attenuation is 120 dB at
173MHz and 140dB at 400 MHz. At 433 or 869 MHz the signal wouddditenuated even more, so the
173 MHz band is clearly the best choice for a radio controtesys Since the attenuation is less than our
upper bound of 142 dB, we can conclude that a 173 MHz systehiawk more than 1 km range. However
it is still to be shown that connections will be reliable egbuthis is discussed in Sec. 3.6. To model the
attenuation as a function of distance, the following foraifalr thebasic path losd.;q is given in [20]:

Lyo = 1570 [|n? — 1| Re(n)]? (%)

Heren denotes the refractive index of the forest mediyris, the distance between sender and receiver, and
Ao is the wavelength. The formula is based on the assumptidrbtith the transmitting and the receiving
antenna are close to the tree tops. For our simulations, wieefusimplified the path loss model: We set
the frequency to 173 MHz, so that the path loss is 120 dB attardie of 1 km, and assumed all parameters
except the distance to be constant. The formula then becomes

Ly = p*

since1000* = 10'? = 120dB, i.e. the product of the constants is exactly 1. The sifieplimodel is
explained below.

3.5 Simple path loss model

We used a simple path loss model to predict the range anditijieof the radio link. The model was
also implemented in some of the simulations. Its purpose @btain an outage probability as a function
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of transmit power and distance between sender and rec#igan only give a coarse approximation of the
actual connection reliabilities since most physical lagsues are neglected. Each channel is modeled with
a channel coefficient; and a noise coefficient. When a symbok; is transmitted over a channglthe
arriving symboly; is given by

Yi=xi-hi+n

wheren is Additive White Gaussian noise (~ A(0,02)) and the symbols are normalizef (|z;|*] =
Prx Yi).

Attenuation

The path loss factor depends on the distamaad the terrain through which the radio signal ist transditt
For propagation through forests at 173 MHz it can be appratechby

Lo ~ p* (see Sec. 3.4)

and the channel coefficients are normally distributed:

1
b~ N (0, _)
Ly

The received power of the desired signal can now be calcu&sgdollows:
Pyesiresi = Prx.i - |hi|?
If a standard Gaussian random varialfle~ NV(0, 1) is introduced, we get

1
Pdesiredi = PTX,z‘ T X2
Lyo

Now X2 can be replaced by a new random variablewhich will then have ay? distribution with one

degree of freedom:
1
Pdesiredi = PTX,i : L_ Y
b0
This distribution was used in the simulation to determireréceived power. If there is no interference, the
power must be bigger than the receiver sensitidtfor a successful transmission. The probability of an

outage is thus given by

S-L
F’outage = P[Pdesiredi < S] =f ( P b0§1>
TX,i
where f(x; k) is thecumulative distribution functioof the x? distribution with% degrees of freedom. As
stated in Sec. 3.2, we found radio modems with up to -115 dBreitéty, so we assumefl = —115dBm.
The transmit power was set &y = 500 mW.

Signal to Interference-and-Noise Ratio (SINR)

If there is just one node transmitting, the criterion stabdve is sufficient for successful transmission of
a packet, i.e. it depends only on the random channel coeffigibether the packet will arrive. However,
in a wireless network with many nodes there will often berifeeng packets. Successful transmission may
be possible despite a collision, though, if one signal ismatconger than the others. In the simulation we
therefore calculated the SINR of each arriving packet taddeehether it should be dropped or not:

P, desired
Pinterferencet o 7%

SINR=
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This value was then compared to the minimsignal-to-noise ratio (SNR)

SNR i =
g

n
However, the SINR calculation is only valid if the interfaoe is AWGN. Therefore our simulation can only
provide a rough approximation of the actual reliability ohoections.

Thermal noise power

Thenoise voltages given by [24]

Vo =+/4kp-T-R-Af kB:1.38-10*23%, T =293.15K

Thethermal noise powercan be calculated from the noise voltage and does not depetié moise resis-

tance:
2

Prn = % =4kpT - Af (Af : Bandwidth

To obtain the total noise poweP,, ;, has to be multiplied with theoise figure We used 10 dB as an upper
bound for this, i.e. the noise power was assumed to%e P, ;, + 10 dB.

3.6 Rangeat173 MHz

We have seen in Sec. 3.4 that the expected attenuation whdimgea 173 MHz signal through a forest is
120dB at 1 km distance from the sender. However the chanedidents are randomly distributed, so we
need to determine the probability of an outage. Since tha platkets are very small, we assume that the
channel coefficient is determined once for every packeth Wi formula derived from the simple path loss
model, we get Riage= 0.063. This is acceptable; 6% of the packets will get lost. At 1.26distance the
outage probability is 0.1, and at 2km it is already 0.25. A plcPyutage@gainst the distance is given in Fig.
3.1.
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Outage probability as a function of distance for a 173 MHz radio control system
T T T T T

Outage probability
o o o o o o
N w N (8] (o)) ~
T T T T T
1

o
[N
T

| | | |
0 500 1000 1500 2000 2500 3000
Distance from the sender [m]

Figure 3.1: Outage probability as a function of distancedexived from the simple path loss model for a
173 MHz signal with 500 mW transmit power.



Chapter 4

Simple circular network protocol

4.1 Protocol description

For the first simulations we chose a simple network topoldggircle of nodes. This would be a realistic
scenario if the radio controls were used just for one coulsqractice each orienteering race consists of
many different courses, so it is optimistic to assume a tarasetwork. See Fig. 4.1 for an example of a
circle topology.

Figure 4.1: Example of a circular network topology.

We made the following assumptions for the modeled network:

» Time is discrete and each second is divided into 100 tim&suAitime unit thus correspondsto 10 ms,
which is enough to make a connection and send a few bytesaf dat

« All data packets are small enough to be transmitted withie ttme unit. If the data rate is 10 kbps,
this means that a packet can be up to 13 Bytes large. As deanv@dc. 2.1, the payload of a data
packet is just six Bytes, so seven Bytes remain for packehidDadher metadata. Thus the assumption
is realistic.

» Each node has a unique ID and knows the IDs of its two neighli¢owever the nodes are not aware
of their distance from the base station.

21
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* Whenever a node receives packets from both its neighbdheisame time unit, there is a collision
and the packets get lost. Otherwise all packets arrive ateighbors of their sender.

Within this network, we tested a simple protocol. It is basadhe fact that each node generates a very
small amount of data with a low duty cycle. This should allewtebroadcast all generated data through the
entire network until, at some point, it arrives at the baaéat. An acknowledgement can then be sent back
in the same way.

The behavior of theenderis given in Alg. 1. In each time unit, a nemessage packéMSG) is added
to the send queue with a small probabilRy,ncn If the node is idle and there are packets in the send queue,
the next packet is sent and the timeout counter is set toiiialimalue. If the node is already waiting for an
acknowledgemerfACK), it decrements the counter and enters random backthféicounter reaches zero.
After waiting for a random number of time units, the packetigsansmitted. If the send queue is empty and
the node is idle, it checks for packets in the forwarding guethey are sent and removed from the queue
without getting acknowledged. ACK packets are sent onlyheyliase station. They are fowarded through
the network like normal data packets. Nodes can identifyA@GKs of their messages using the message ID
and source ID that is included with every packet.

Algorithm 1 Sender behavior in the Simple Circular Network Protocol.
if binRandomEpuncy then
addToSendQueue;
end if
if waitForACK > 0then
waitForAck < waitForAck-1 ;
if waitForAck = Othen
startRandomBackoff;
end if
else ifrandomBackoffCnt- 0 then
randomBackoffCnt— randomBackoffCnt-1;
if randomBackoffCnt=then
retransmitMessage;
waitForACK < maxWaittime;
end if
else ifsendQueueSize 0 then
sendNextMessage;
waitForACK < maxWaittime;
else ifforwardQueueSize 0then
forwardNextMessage;
end if

Thereceiverprocesses all arriving packets which have not been droppedadcollisions. Its behavior
is shown in Alg. 2. If a node receives an ACK, it checks whether source ID matches its ID and the
message ID is the ID of the last packet that the node sentmthid case, the packet is marked as acknowl-
edged. Otherwise, the ACK is searched in the node’s mes#ageyl If it is not found there, it is added
to the forwarding queue and to the library. This mechanisewgmts repeated forwarding if a node receives
a packet several times. A special case is that the ACK to aagess received while this message is still
in the node’s forwarding queue. If this situation is detdctee message is removed from the queue and an
ACK is added instead. MSG packets are treated similarly:pldeket is not present in the message library,
it is added both to the library and to the forwarding queuee firtessage queue is realized as a FIFO buffer,
i.e. the oldest entry is overwritten when a new one is added.
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Algorithm 2 Receiver behavior in the Simple Circular Network Protocol.
if received = ACKthen
if sourcelD = mylDand messagelD = lastSentltben
waitForACK «+ 0;
else if notinMessageLibrary(sourcelD,messagelD,AGKoN
if inForwardQueue(sourcelD,messagetiidn
removeFromForwardQueue(sourcelD,messagelD);
end if
addToForwardQueue(sourcelD,messagelD,ACK);
end if
else ifreceived = MSQhen
if not inMessagelLibrary(sourcelD,messagetfign
addToForwardQueue(sourcelD,messagelD);
addToMessagelLibrary(sourcelD,messagelD);
end if
end if

Thebase statiols behavior is quite simple, as shown in Alg. 3. If a MSG packeives, it is searched
in the message library. Unknown messages are confirmed wiiC& and added to the message library. A
real base station would also send out these messages osetidsport.

Algorithm 3 Base station behavior in the Simple Circular Network Protoc
if received = MSGhen
if not inMessagelLibrary(sourcelD,messagetiign
addToACKqueue(sourcelD,messagelD);
addToMessagelLibrary(sourcelD,messagelD);
end if
end if
if ACKqueuethen
sendACK;
end if

4.2 Simulation results

For all simulations with this model, we made the assumptiberived in Sec. 2. Based on that, we de-
termined appropriate values for the variable paramettagjrgy with thetimeout There the question was
whether it would be sufficient to wait for the reply just fromeodirection, or whether the second and often
much longer route would contribute significantly to the ssscprobability. First simulations showed that it
was optimal to wait for a reply over both routes, so the timeeas set t@ - (#nodes — 1). A simulation
with more repeats then showed that this is wrong and a timequel to the number of nodes is sufficient.
The results of this simulation are shown in Fig. 4.2.

We also tried to determine an optimal value for theation of random backaffNodes affected by a
timeout will wait for a number of time units between 0 and tratue before retransmitting their message. In
Fig. 4.3 the number of timeouts is plotted against the bdckoftion. The plot shows that the value should
be at least 50 to avoid repeated timeouts due to collisions higher values the number of timeouts does
not decrease anymore, so it does not make sense to choosedargkr than 50.
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Figure 4.2: Simulation with 19 nodes and different timealtes. A timeout of 19 is sufficient in this case.
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Figure 4.3: Number of timeouts with increasing durationafdom backoff.
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Thesize of the message librawvyas fixed to 50 entries. The retransmission of a message virbe
delayed so much that the receiver processes 50 messagegh¢he first and the second arrival of the mes-
sage, so 50 is certainly sufficient. It is not necessary toatlaé& value smaller either, because 50 messages
require only about 500 Bytes of memory. Tleagths of the message queasach node were assumed
to be unlimited. They would only be important in situatiori€rtreme traffic. Again, the memory require-
ments are very modest - even if the sending and forwardinge&aach have 1000 entries, they will occupy
no more than 20 kB.

The most interesting part of the simulations was to see hoshnmaffic the system could deal with. A
plot with different punching rates is given in Fig. 4.4. Aatsd in Sec. 2, the worst-case punching rate
is 0.0007; a circular network with 19 nodes will work at up wade this value. We also tried to add more
nodes with a constant punching rate per node; this leads te tradfic, too, but additionally the routes get
longer. For this simulation the timeout was scaled with thevork diameter. The result is shown in Fig.
4.5: If the network contains more than 25 nodes, the colligimbability gets too large and messages start
gueuing up. With more than 33 nodes, the congestion getsathbathe number of messages which get
transmitted and acknowledged decreases again.

Circular model with 19 nodes and increasing network traffic
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Figure 4.4: Number of acknowledged and stalled messagésdi@asing punching rate.

4.3 Interpretation

One problem of the system is that it does not work with an exenber of nodes. If the node count is even,
the base station has a direct opposite, and all packets gdnoim this node will collide at the base station
since the two routes have the same length. We made all siongawith an odd number of nodes to avoid
this problem. It could be dealt with by randomly delaying sagges by one time unit, or by allowing traffic
only in one direction.

As shown in Fig. 4.4, the network can take about twice as muaffid as the assumed worst-case
scenario. If the punching probability per node is left canstthe number of nodes can be increased to 25
before messages start queuing up. This might seem like aggdety margin, but if we apply a broadcasting
protocol to a more realistic network topology, it will not befficient. In the circular network, each message
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Simulation of a circular network with increasing number of nodes
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Figure 4.5: Simulation with increasing number of nodes.

is sent only over two paths, and it will only get lost if anatheessage pops up on the way. But in a grid, for
instance, most nodes have more than two neighbors, so tketpaae forwarded over many paths and are
likely to collide with copies of themselves. If all copiest dest, the packet has to be sent through the entire
network again. The possibility of packet loss due to bad tjoklity further reduces reliability. Therefore
we decided to develop a routing-based protocol that withalio acknowledge transmissions from one node
to the next.



Chapter 5

Routing in a random grid network

5.1 Protocol description

For this second protocol we made new assumptions about tiverketopology. The simulations are based
on a “random grid topology”, i.e. a grid of fixed size whereyphrt of the fields are occupied by nodes.
The number of nodes is also fixed, but they are randomly Higed. An example of a random grid topology
is shown in Fig. 5.1. We further made the following assumpsio

» Time is discrete and each second is divided into 100 timesuni
 All data packets are small enough to be transmitted withiatime unit.

» The grid spacing is 400 m and each node has a range of 1 kmniHaias that each node has up to 20
neighbors. Fig. 5.2 illustrates this.

< Simulations are only performed on topologies whose nétgoaph isconnectedi.e. all nodes have
at least one route to the base station.

» Each node has a unique ID. The nodes are initially not awfteed neighborhood.

* Whenever a node receives packets from several neighbding isame time unit, there is a collision
and the packets get lost. Otherwise all packets arrive ataighbors of their sender.

« The node with ID 1 is assumed to be the base station. It tramemly ACK and RAK packets. Its
position is randomly determined.

Challenges of Routing

The special requirement for our routing algorithm was thathould do without sending around routing
updates at regular intervals. Such updates might othermeisse more traffic than the payload data. The
algorithm presented here is an adapted version obik&nce Vectoalgorithm, which is common in com-
puter networks [25]. Since all payload data need to be fate@to the base station, it is sufficient if every
node knows the hop count and next hop of a shortest path t@geedbation. To keep this information up-to-
date, the protocol takes advantage of the fact that packetoser a wireless network are usually received
by several nodes. This allows the nodes to verify the rodtifiymation in data packets even if the packets
are intended for other nodes. If a node knows a shorter rbatethe one that is used by a packet, it sends
a routing update to the packet’'s sender. This ensures ¢appecation with a minimal overhead. Routing
guery packets are only needed in the beginning and in casdeahas lost all its connections. The protocol
consists of four types of messages:

27
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Figure 5.1: Example of a random grid topology.

Figure 5.2: Range of a node within the random grid network.
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MSG: Contains a punching record and is forwarded over a route.

ACK: Used to acknowledge transmission of a MSG over one hop.

NAK: Sent in reply to a MSG if the receiver does not know any rooltié base station.

QRY: Nodes which are not yet connected or have lost their coforectise this packet to obtain
routing information. All receivers send a RAK in reply.

RAK: Routing Acknowledgement. Sent in reply to QRY, but also t8®if outdated routing infor-
mation is detected.

Each node assigns a message ID to each MSG packet it trangmiSG is uniquely identified by
the ID of its source and the message ID. Additionally each M®Gtains a sender ID, receiver ID, and
remaining hop count. These fields are assigned by the seadetiene the packet is forwarded. ACK and
RAK packets contain the same fields, but their source andagesis are copied from the packet that
caused them to be sent. The remaining hop count sent with ATKRAK is used by the receiver to update
the routing information. NAK packets do not contain a renragrhop count since they are only sent by
nodes that do not know any valid routes. QRY packets onlyisboga source ID and message ID because
they address all nodes that receive them.

Header data

Our routing protocol needs more metadata to be includedéanygyacket than a simple broadcasting proto-
col. It uses the following data fields:

* Message ID(2 Bytes) — A number assigned by the source of each message.utiique only if
combined with a node ID.

« Source ID (1 Byte) — ID of the node which created the packet.
» Sender ID (1 Byte) — ID of the node which sent the current copy of the ack
» Receiver ID (1 Byte) — ID of the node to which the packet is being forwarded

* Remaining hop count(0.5 Bytes) — Number of hops left on the packet’s route to thgebstation.
This value is decremented every time the packet is forwardteid present in each packet to allow
neighbors of the sender to verify the routing information.

« Packet type(0.5 Bytes) — May be either MSG, ACK, RAK, NAK or QRY.

The header data thus occupy six Bytes, so a MSG packet withagioad Bytes has a total size of 12 Bytes.
This can still be transmitted in less than 10 ms at a data fl@ kbps. Some of the other packets need less
metadata, e.g. QRY packets have no receiver field.

Algorithms

Alg. 4 describes the behavior of the sender. If the node'mgulatabase is empty, any ACKs in the queue
are turned into NAKs and the first of them is sent. If the ACK geiés empty, a QRY packet is sent with
the probabilityPory to find new routes to the base station. ACK and RAK packets fiestepriority if

the routing database contains some entries. They are serddrately, if available. If the node is waiting
for an ACK, a similar procedure as in the broadcasting paitscused: After a timeout the node waits for
a random number of time units (random backoff) before itaretmits the packet. However after a certain
number of retransmissions the route is deleted and a diffeoeite is used for the next attempt. If there is
no unacknowledged MSG packet and there are more messagesgodue, the next MSG is sent. As in the
circular model, new messages are added randomly to eaclsmpaeie.
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Algorithm 4 Sender behavior in the Reliable Random Grid Model.
if routeLibSize = Ghen
if ACKqueueSize> 0then
sendNAK;
else ifbinRandom{, ry) then
sendQRY;
end if
else ifACKqueueSize- 0 or RAKqueueSize> 0then
sendACKRAK;
else ifwaitForACK > 0 then
waitForACK <« waitForACK - 1;
if waitForAck = Othen
if retransCnt> retransMaxhen
deleteRoute(0);
retransCnt— O;
else
startRandomBackoff;
retransCnt— retransCnt+1;
end if
end if
else ifrandomBackoffCnt- 0 then
randomBackoffCnt— randomBackoffCnt-1;
if randomBackoffCnt=¢hen
retransmitMessage;
waitForACK < maxWaittime;
end if
else ifMSGqueueSize- 0 then
sendMSG(routeNextHops[0]);
waitForAck <~ maxWaittime;
end if
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The receiver behaves as shown in Alg. 5. If a QRY packet ari@eRAK is enqueued in reply. Itis
addressed to the sender of the QRY and contains its messaggeuell as the length of the shortest route
known to the replying node. ACK and NAK packets are only cdaggd if their receiver field contains the
ID of the current node, the source ID is that of the last MSGkpaisent by the node, and the message ID
is the ID of the last sent packet. If an ACK fulfills all thesenditions, the current packet is removed from
the send queue. When receiving a RAK for the current padkenode will delete the route that was in use,
so that the packet will be retransmitted over a differenteolRAK packets addressed to the current node
are used to update the routing database. If they containta tioat is not known to the node yet, it is added
to the database. Otherwise the hop count of the route is epdat necessary. Normal ACK packets also
contain a hop count, which is always checked against thetéouhe database when receiving an ACK. If
a MSG packet arrives, its receiver field is checked first. lgss addressed to the current node are always
confirmed with an ACK that contains the source ID, sender |1D message ID of the MSG packet. If the
packet is not found in the message library of the node, it ikeddo the library as well as to the forwarding
gueue. Last but not least, the remaining hop count of alivedeMSG packets is compared to the shortest
route in the routing database. If the node knows a shortde than the one used in the packet, it enqueues
a RAK packet to update the information of the packet’s sender

Algorithm 5 Receiver behavior in the Reliable Random Grid Model.

if received = QRYthen
if routeLibSize> 0then
addToACKqueue(RAK,senderID,messagelD);
end if
else ifreceived = ACKthen
if tolD = myID and sourcelD=lastSentSourcedhd messagelD = lastSentliben
waitForACK <« 0;
retransCng— 0;
end if
else ifreceived = NAKthen
if tolD = myID and sourcelD=lastSentSourcedhd messagelD = lastSentliben
deleteRoute(0);
waitForACK «+ 1;
retransCnt— —1;
end if
else ifreceived = RAKthen
if tolD = myID then
addRouteToLib(senderlD,remainingHops);
end if
else ifreceived = MSGhen
if tolD = myID then
enqueueACK(sourcelD,senderlD,messagelD);
if not inMessageLibrary(sourcelD,senderlD,messag&ibn
enqueueMSG(sourcelD,messagelD);
addToMessagelLibrary(sourcelD,senderlD,messagelD);
end if
else ifremainingHops- destHopCournthen
enqueueRAK(sourcelD,senderlD,messagelD);
end if
end if

Also in this protocol, the base station’s behavior is muah@ér than that of the other nodes. It is shown
in Alg. 6. When a QRY packet is received, the base station emgsla RAK packet in reply. In case of
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MSG packets, all packets are looked up in the message libtarignown packets are added to the library
and forwarded to the base station’s serial port, even if #fieyhot addressed to the base station. This ensures
that packets arrive as quickly as possible. MSG Packetsasdéd to the base station are always answered
with an ACK packet. This is also necessary if a message is kratrgady, since the sender would otherwise
retransmit it several times. Without multipath routingisitnot very likely that a packet arrives at the base
station several times, but it happens if an ACK packet is ldstthis case a packet is retransmitted even
though it has been received already.

Algorithm 6 Base station behavior in the Reliable Random Grid Model.
if received = QRYthen
addToACKqueue(RAK,senderID,messagelD);
else ifreceived = MSGhen
if not inMessagelLibrary(sourcelD,messagetign
addToMessagelLibrary(sourcelD,messagelD);
output(messagePayload);
end if
if tolD = mylID then
engqueueACK(sourcelD,senderlD,messagelD);
else
enqueueRAK(sourcelD,senderlD,messagelD);
end if
end if
if ACKqueueSize> 0 or RAKqueueSize- 0then
sendACKRAK;
end if

Design considerations

While developing this routing protocol, we evaluated sel/élesign options. They were discarded in an
effort to optimize the performance of the routing protocol.

« Multi-Path routing: Itis possible to forward packets over all known routes, @rall shortest routes,
instead of just one route. A MSG packet can then have muitggeivers and must be acknowledged
by all of them. At nodes where several routes converge, teediriving copy of each packet is
forwarded, while all others are automatically discardetie Base station behaves the same way, it
processes only the first copy of each packet. The advantate afulti-path approach compared to
using just one route is that packets arrive quickly even & ofithe copies gets lost. However, since
each packet must be acknowledged by all receivers, much traffie is generated. The network
cannot handle the same amount of input data as with the singte protocol. Due to the automatic
retransmission of lost packets, reliability is guarantegtiout sending packets over several routes.
Therefore multi-path routing does not make sense in thitopod.

» Best routes only: Originally it was planned that nodes should store only thertglst routes to the
base station. In this case, a node discards its entire gpdatabase when it gets informed about a
shorter route than the ones in its database. It stores $ewatas of equal length, if available. When
transmission over a route fails several times, the routelsted. If a node knows only one fastest
route, and this route fails, the node has to send out a QRYep&alcollect new routing information
before it can send data again. This is detrimental to peidoa. On the other hand, there are no
routing updates in regular intervals, so if each node salveswdes it is informed about, some of the
routing information may get outdated. However, the roupingtocol presented here is based on the
assumption that the topology does not change after the nalesbeen turned on, so this problem
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can be neglected. Therefore each node saves all inforniatiegeives about routes. For transmitting
data, the nodes select one of the shortest routes from thi@ibase.

5.2 Simulation results

We performed only basic simulations with this model sinaertiodel with unreliable connections provides
more realistic results. In Fig. 5.3 a plot with increasingmoer of nodes is shown. Since the punching
probability of each node remains constant, the number okgiacarriving at the base station increases
linearly with the number of nodes. Even with 40 nodes, alldhta is forwarded safely. The same is true if
the punching probability is increased in a network with 2de& as shown in Fig. 5.4: At a probability of
0.002 per node and time unit, which is more than twice the tacase value, the system still works nicely. To
compare the routing protocol directly to the simple broatiog protocol from Sec. 4.1, we ran a simulation
with a circle topology. The system did not collapse even wimodes. The result is shown in Fig. 5.5. We
further noticed that in large circles it takes longer urtih@des have learned a route to the base station than
in random topologies. In a circle with 20 nodes, the routesestablished after 374 time units on average,
while it takes only about 200 time units in a random grid netwo

Increasing number of nodes in the Random Grid Protocol with reliable connections
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Figure 5.3: Simulation of the random grid routing protocdihaincreasing number of nodes and constant
density, i.e. increasing size of the grid.

5.3 Interpretation

It becomes clear from the results that the presented roptiogpcol performs much better than a simple
broadcasting protocol. The direct comparison of the twdqmals in a circle topology, where broadcasting
works with up to 25 nodes and routing with more than 42, is adgmoof for this. The network can handle

more traffic than required in the worst case. However the mptwork model used in these simulations
completely neglects the possibility of bad connectionslastipackets. Only a simulation which takes this
into account will show how much overhead is created by retrassions and whether the protocol deals with
lost connections correctly. Furthermore there may befiettence with packets from very distant nodes, so
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Increasing punching probability in the error-free Random Grid Model
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Figure 5.4: Simulation of the random grid routing protoc@ha20 nodes and increasing punching proba-
bility.

Performance of the routing protocol in a circular network
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Figure 5.5: Application of the routing protocol to a circtgblogy with up to 42 nodes.
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collisions will be more probable in a more realistic netwankdel. We therefore performed most of the
simulations in a network model with path loss (see Chapter 6)
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Chapter 6

Routing with unreliable connections

One of the most important aspects of the simulations was termare that routing works well even when
connections are unreliable. A simple path loss model wad tsestimate the probability of packet loss for
each connection and to handle colliding packets correctly.

6.1 Protocol description

As in the model with reliable connections, the topology wasearated by randomly placing controls in a
grid of fixed size. The grid spacing was assumed to be 400 g)eterthat a distance of two units in hori-
zontal and one in vertical direction (or vice versa) corogsls to 1 km. The requirement for an acceptable
topology has been changed: We now consider a node tmiheectedf the probability that a sent packet
arrives at one or more neighbors of the node is at least 95%. €@@nnected neighbors are considered. The
nodes are marked as connected in an iterative algorithrtiallpionly the base station is connected, then
its closest neighbors fulfill the criteria to be marked asre@ed, and in the next iteration the neighbors
of these neighbors can get connected, etc. If there are nected nodes left in the end, the topology is
discarded and a new one is generated.

In this network model the definition of neighbors from Sec ®.no longer valid. Instead, all nodes
which can receive a node’s packets with at least 1% proltyabile considered neighbors of the node. There
is no longer a defined range; instead it is determined seppfat each packet at which neighbors it arrives.
Most nodes will have neighbors which almost never receiedr fhackets, but they still have to be in the
nodes’ neighbor list since their packets may cause catlisidAlso, it is important that the nodes find out
themselves which of their neighbors provide a reliable eation, so they must not be provided with any
information about link quality.

During simulation, the simple path loss model describedén.S3.5 is applied to determine which
packets arrive at each node. It is assumed that erroneokstpace detected and discarded by the receiving
modem, so the protocol does not deal with error detectiop.citannel coefficients; are randomly chosen
for each packet, and a packet arrives if its SINR is largem tha SNR,;,, of the receiver. This means that
in case of a collision, the packet with the biggest receivedqr may still arrive if the interfering packets
are weak enough.

6.2 Lock-in prevention

When adapting the routing protocol to the unreliable nekwapdel, some small modifications were nec-
essary to avoid that packets can be locked in. The problentlvedsach node forwarded a packet only
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once. Packets were identified by the ID of their source andssage ID generated by the source. When a
node received a packet it had already seen, it would ackigslé as usual, but then the packet would be
discarded. While this is useful to avoid duplicate packetg.(in case an ACK gets lost), it does not allow
for a packet to be returned to a node that has previously foledhit. Such returns can become necessary
when a route fails due to a bad radio link. Therefore a simmehmnism has been introduced to avoid this
problem: Now the nodes additionally store the ID of the semde@ach packet. If a packet with a known
source ID and message ID arrives a second time, but from ereiff sender, it is forwarded again. This
way, lost ACKs will still not produce duplicates, but packeain be sent and returned several times. It is no
longer possible to send a packet over several routes sinealtesly, but that does not make sense with this
protocol anyway.

6.3 Simulation results

First the parameters of the routing protocol were deterthinehemaximum duration of random backoff
was varied; for results see Fig. 6.1. To avoid repeatedsimfis, the parameter should be at least 16; we set
it to 20 for the remaining simulations. Then we determinezhtfaximum number of retransmissidresfore

a connection is considered broken. The number of lost cdiumsds plotted against this parameter in Fig.
6.2. The parameter was set to 4. A lower value would causesmioms to be lost after collisions, which is
not intended. Larger values may be chosen if the nodes atesfiapart, but the parameter value should not
be too high since retransmissions take a lot of time. flilneoutwas set to one time unit since all packets
are acknowledged immediately. Furthermore,ghabability that a QRY packet is selmad to be optimized.
This parameter is mainly important when the nodes are tusneslince that is when all nodes send out QRY
packets to get information about their neighbors. Forstiatil reasons the parameter was set to 0.05: In a
network where each node has four neighbours, the collisiobgbility would then be

Peolision = 1 — Plone QRY packet seht P[no QRY packet seht

=1—4-Pgpy - (1 —Pgry)® — (1 — Pgory)* = 0.0140

To avoid collisions of QRY packets with RAK packets from athedes, a special mechanism is used: Upon
receiving a QRY packet, the nodefrain from sending a QRY packftr a few time units. A reasonable
duration of this delay was determined to be 10 time units. fEmeaining parameters were chosen as in
the broadcasting protocol: The message library size wae &, and the send queues were not limited in
length.

The simulations with increasing punching probability andreasing number of nodes have been done
in the same way as for the error-free network model. Theultesare given in Fig. 6.3 and Fig. 6.4,
respectively. The maximum punching probability in a netwaiith 20 nodes is 0.0009, which is only
slightly more than the worst-case value. With higher pradliiggs the network collapses quickly. Also if
the number of nodes is increased while the punching prabatsilleft constant, the margin is small: The
packets start queuing up if there are 24 or more nodes. Irsitmiglation the density was constant, i.e. the
number of grid fields was scaled along with the number of nodlesnother simulation, we reduced the
grid spacing to 100 m and ran a simulation with up to 25 nod@sir5 grid, to see whether a high density
would be a problem. With 100% density and such a small gridjades are connected to each other. As
shown in Fig. 6.5, all messages arrive correctly even with@ges.

6.4 Interpretation

The system works in worst-case conditions, so the routiogoppl handles bad connections and interfer-
ence quite well. However the margin is very small; a slighttyreased traffic is enough to prevent successful
transmission of all data. If the radio controls are used aipetitions with many runners, i.e. close to the
worst-case scenario, the traffic should be reduced to avadssive delaying of packets. This could be
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too many pointless attempts to send over a bad connection.
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Figure 6.3: Simulation of the unreliable random grid modi&hw0 nodes and increasing punching proba-
bility at each node.
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density, i.e. increasing size of the grid.
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Increasing node density in a 5x5 grid with 100m spacing
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Figure 6.5: Simulation with 5x5 grid and increasing numtearades. Even if the nodes are just 100m apart
(i.e. the network graph is a clique), the network can harweraffic of all 25 nodes.

achieved by using only ten radio controls and letting theottodes act merely as relays.

A high node density is not problematic; even if 25 nodes aaeqd close together, the network does
not get congested. This was to be expected since routingisvelaen all nodes have a direct connection
to the base station. Still, it shows that collisions are heshdvell by the routing protocol’s random backoff
mechanism. Also the collision probability is quite low iretfirst place due to the lack of periodical polling
packets.
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Chapter 7

Conclusions

We can conclude that it is feasible to build radio contro& thill be moreuser-friendlythan the ones cur-
rently in use in Switzerland. If a multi-hop radio systenmigpilemented, the transmit power of each node can
be reduced to 500 mW. This allows for devices that are no tdrga a radio handset. The routing protocol
that has been defined allows fmutomatic configurationf the multi-hop network, so that the radio controls
can be installed without the need for an expert. The protiscoptimized for low overhead; it works with-
out sending periodical polling packets by including somaimal routing information in each data packet.
There are several license-free frequency bands availdideena transmit power of up to 2.5W is allowed.
The one with the best propagation characteristics in feriesthel173 MHz band In this band, a range of
at least 1km can be achieved with 500 mW transmit power andeiver sensitivity of -115dBm. This

is sufficient to connect all radio controls at a typical otésring event without placing any relays outside
the normal control locations. A simple path loss model wasdus simulate the attenuation of the signal
as a function of distance from the sender. The routing podtoas been tested in the assumed worst-case
scenario and works well. However theargin is small If there are more than 24 radio controls instead of
the assumed 20, the network collapses. In events with mare2@00 runners or with very frequented radio
controls, some of the nodes could be used only as relays tweddaffic. Since the system has not been
implemented in hardware, the range and performance figanesyet to be verified.

Lessons learned

It took longer than expected to write this report. Some satiohs had to be repeated since the collected data
were too distorted to create a meaningful plot. If the simokes had been properly finished and documented
before introducing a new network model, this problem coadenbeen avoided. Another insight was that it
is very important to know the limitations and inherent esrof the models that are used.
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Chapter 8

Outlook

Now that a system has been elaborated in theory, it wouldteedisting to implement it in hardware. This
will be done within the scope of a Master’s thesis startingpnint 2011. A suitable radio modem for the
173 MHz band has yet to be found. The simulation models wiliaiely be useful in the Master’s thesis as
well, and after conducting some field experiments with ramtides, it will hopefully be possible to improve
the accuracy of the models.

The routing protocol could be enhanced with some configumdgatures. Especially it would be useful
to have a command to poll nodes from the base station to sethertbey are connected. This could be
done by simply broadcasting the command in the entire né&twbine reply could then be forwarded over
the usual route. To further improve user-friendliness, albdisplay could be added to each control to show
the current status of the radio connection.
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