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Abstract

Wireless ad hoc networks have been increasingly popular in recent years with the
development of mobile devices. However, both theoretical and simulation works show
that the capacity of wireless ad hoc networks is bounded due to its nature of distributed
and multihop. Spatial reuse is a promising technology to increase the capacity of
wireless ad hoc networks by allowing more transmissions to occur simultaneously. In
this thesis, we enhance 802.11 performances by exploiting the benefits of spatial reuse
in wireless ad hoc networks which is achieved by transmission power control (TPC)

and directional antennas.

We first propose spatial TPC based on basic TPC to fully exploit the benefits of spatial
reuse achieved by transmission range control. Simulation results show that spatial TPC
achieves higher throughput and lower power consumption compared to 802.11 and
basic TPC. We also develop four schemes of directional MAC protocols with the
intention of overcoming the new hidden node problem faced by directional antennas. By
extensive simulations under different topologies and traffic patterns, we find the
directional RTS/CTS (DD) scheme outperforms 802.11 as well as other three schemes

by fully exploiting the benefits of spatial reuse achieved by directional antennas.

Keywords:
Wireless ad hoc networks, MAC, CSMA, 802.11 DCF, Spatial reuse, Power control,

Directional antennas, OPNET simulation.



Table of Contents

AADSETACT ..ttt bttt ettt e et e bt e et e s a e e ebeenaee 3
LISt O FIGUIES ..ottt ettt ettt e et e et e e tbeeeaaeeessaeeessseeenseeesnneeennnes 6
LSt OF taDIES ...ttt et 9
LSt OF taDIES ... et 9
ADDIEVIATIONS ...ttt ettt et ettt e sab e et e s abeebeesabeenbeesabesbeenaneans 10
Chapter 1: INtrodUCHION ......cccviiiiie et eae e st e e enae e sreeeeneaens 13
Chapter 2: PreliminNari€s. ......ccueeeiiieeiieeeiieeeieeeeieeesieeesreeesveeesiaeeeeaeessaeesseeessseeesnneeenns 16
2.1 PRYSICAL ISSUECS.....uvieeiiieeiiieeiiee et e eite e et e e steeesvee e steeetaeeesseeensseeennseesnsaeessseeennnes 16
2.2 Neighbor discovery and 10cation aWareness...........ccvveerveeerveeerveeenveessneeesveeennnes 22
2.3 MAC PIOTOCOIS .. uvieiiiieiiiieeiiee ettt ettt ee et e e te e e aeeetaeeessaeeesaeesssaeessseeennnes 23
2.4 BrOAdCaSING. .....ccuveeiieiieeieiieeiieeeiieeeitteeeieeesteeesreeessaeeessaeeesseeensseeesseesssseessseeennnes 26
Chapter 3: 802.11 DCF .....ooiieeee ettt e sve e e ve e stae e e e e erae e eneae e 32
3.1 Functional deSCIIPLION.......cccuiiiiiieiiiieeiee et eieeeetee e sre e e eeeaeeesaeeesseeeenaee s 32
BUL L DICF ettt ettt et n b ene e 32
3.1.2 POWET SAVINE ....veieiiieeeiiieeeiiieeeiiee et e eiteeetaeesteeessaeeessaeeessseeensseesnssaesnsneennsaeenns 38

3.2 802.11 performance analysiS.........cccueeerieeeiiieeiiiesieeeeiee et e e e e eaeeeeaee e 40
3.2.1 NUMETICAL TESULILS ..eoutiiiiiiiiieiiesieeie e 40
3.2.2 Simulation results and analysis ..........cccceecveeeiieeriiiieriie e 45

3.3 Chapter SUMMATY ......coveiiieiiieeiietieeteesieeeteereesseesseesseesseessseeseessseesseessseenses 48
Chapter 4: OPNET SIMUIATION ......oovviiiiieiieeiieciie ettt sere s eae e eee 49
4.1 OPNET modeling MechaniSmS ............cceeevureriieriieniienieeiiesie e ereesveeieeseneens 49
4.1.1 Network dOmain.......cc.eeiirieiiiiierieieees e 50
4.1.2 NOAE dOMAIN ...ttt sttt s e b e 51
4.1.3 ProCess AOMAIN ....oueeiiriiiiieieeie ettt sttt ettt et sttt st e s enees 55



4.2 OPNET PiPEIINe.....ccciiiiiieiiieciieeciie ettt ettt e et esaae e st eesaaeessnaeesnneaens 62

4.3 802,11 MOAEL ...ttt sttt 74
4.4 Chapter SUMIMATY......cceeeuierreeiierieesteeneeeseesteesseessseesseessseenseesssessseessseessesssseans 82
Chapter 5: Transmission POWer COntrol..........cccoecuveriieiienieeiiienieeieeee e 83
5.1 TPC PIOtOCOLS .eevieeiiieeeiiie ettt ettt e et e e st e e et e e saseeensaeeennaeennneees 84
5.2 SIMUIAtion TESUILS......eiuiiiirieiieie ettt 88
5.3 Related WOTK .....ooueiiieiieieeeee et 93
5.4 Chapter SUMMATY ......ccveiiieiiieiieeiiiesieeteeseeereesseeeseesseeeseesseessseesssessseessessssessses 94
Chapter 6: Directional MAC ..........cccuiiiiiiiiieiiecieeieeee ettt et e sve s s aeesee e 95
6.1 Impact of directional antennas ..............cceeriieriierieeiiierie et 95
0.2 Directional MAC .......couiiiiieieeeeeeee ettt 98
6.3 Four schemes and Simulation results............cooveoirierinienienieeeeeeseeeeen 100
0.4 Related WOTK .....couiiiiiiiiiiieieceeee e 112
6.5 Chapter SUMMATY .....cccviiiieiieeiienieeieesie et eeteesteeseeeebeessaeeseessseesseessseenseessseens 115
Chapter 7: CONCIUSIONS .....c..eiiiieriieetieeieeeieeeie et esiee et e eeeebeeseaeesbeeseseeseessseesbeessseenseas 116
7.1 CONCIUSIONS ...ttt ettt ettt et e s e aeenees 116
T2 FULUIE WOTK ..o e s 117



List of Figures

Figure 1: Directional antenna model............ccoooviiiiiiiieniiiieciie e 17
Figure 2: Three confliCtions SCENATIOS ......cceviierieeeeiieeeieeeeieeesiteeeiveeesreeeeeeeereeesneeenns 18
Figure 3: INterference Tange ..........ceecuieieiuiieeiiiiecieeeeiee ettt e e e e etaeesaeeesereeeeneaenes 20
Figure 4: DPSK modulation...........ccoviiiiiiieiiiiecie ettt 21
Figure 5: Broadcasting INtETSECEION ......ccuveeeviieriieeeiieeeieeeeieeeriveeeiveeenreeeseeesreeesneeenns 27
Figure 6: on/off and relay-node-based broadcast SChemes ...........cccceeeeveeeciieicieencnenen, 31
Figure 7: DCF Channel QCCESS.......ueiiuiiiiiiiieeiiieeiieecieeeeieeesieeeiveeeiveeseaeeeseeesreeesneaens 35
Figure 8: RTS/CTS €XChange .......cccoviieiiiieeiiieeie ettt e veeesvee e saee e 36
Figure 9: 802.11 POWET SAVINE......cceiuvieeiiiieeiiieeeieeesteeesteeesteeessreeessseessseessseesseeessseeens 39
Figure 10: AtOmicC tOPOIOZIES ...uvveeeeiieeiiieeiie et cteeeetee et e e e eaeeetaeeeaeeesreeeenneaees 40
Figure 11: Four way handshake .............cccoooiiiiiiiiiiieee e 41
Figure 12: Throughput without collision r1SKS.........ccceevviiieriiieeriieeiiecieece e 43
Figure 13: Throughput under COIlISIONS .......c.eeeeiuiiiiiieeciieeciee et 44
Figure 14: Throughput (left) and delay (right) for topology I .......ccceeveviieiiieiiiieeeens 45
Figure 15: Throughput (left) and delay (right) for topology ILLA .......ccccvveviviercriienieen. 46
Figure 16: Throughput (left) and delay (right) for topology II.B ........ccceevivievniiennnns 47
Figure 17: OPNET domain hierarchy ...........ccccoecuieiiiriienieiiieeeciceee e 49
Figure 18: Wireless PIPEIINE ......cccveviieiiieiiieiiieeie ettt ettt ve e e saeeseeenneens 50
Figure 19: Coordinate SYSTEM .........cevieriieiiieiiieeieeieeeteeteeeteeteesseeeseessseesseessneenseesnseens 51
Figure 20: NOde dOMaIN ........cccuieiiiiiiieiiecieeciteeie ettt ete et eeeeteesaeesbeessseeseeenneens 52
Figure 21: StatiStics INA@X . ...eicuieiiieiiieiieeii ettt ettt et eseeeteeeaeesbeesabeeseesnseens 52
Figure 22: Antenna module Sharing...........c.ocovevviieiiiiiiieiieiiicee e 53
Figure 23: Antenna coordinate system (¢ [0, 180] 0 [0, 360]) ...ccocvvevierieerieniieiieeines 53
Figure 24: Omni-directional and directional antennas..............ccceecveevieecieenreenieeneenneans 54



Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:

Figure 49:

Receiver statistics COIECION .......cceeiuieiiiiiiieiie e 56
Receiver interrupt trig@er SEtING.......c.eevveerieerieeiierieere e e eieeereesaeeeaeens 57
Packet OVETIapPIng ........ccovveeiiiiiieiiieieecie ettt et ens 58
Unforced and forced States ........oovevuerierieriieierieieee e 60
StALE TIOW ..o 60
Radio transSmitter attribUutes ..........cceeoeirieriiiierieieeee e 62
14 pipeline stages in OPNET .......ccoooiiiiiiiiiiiececeeceeeeeee e 64
Antenna pattern and attributes..........ccveeiieiiieiiieiierie e 68
Transmission range under LoS propagation model.............cccceevvveriienvennnn. 69
802.11 N0de MOEI ......eouiiiiiiiiiiiieeeee e e 74
State machine for 802.11 DCF .......cccoooiiiiiiiiiieeeeeeee e 77
Spatial reuse achieved by power control...........cccoecvvevierciienienieeieeieeeene 84
Transmission ranges for three power control schemes............ccccoeceeveenennen. 87
New hidden problems caused by variable transmission ranges .................... 88
LiNear tOPOIOZY ...veevieeeiieiiecieeieeeee ettt ettt ettt eb e et sebeeaaeenaeens 89
Throughput (left) and power consumption (right) for linear topology.......... 90
GIIA tOPOLOZY ..eeerieniiieiieeiee ettt ettt ettt ebe e s b e esbeesaseeseesnneens 90
Throughput (left) and delay (right) for grid topology .........cccceevvvevieenieennnnne 91
Random tOPOlOZY ....covouviieiiieeeeeeee s 92
Throughput (left) and delay (right) for random topology.........ccccecvveruvenenn. 92
SPAtIAl REUSE ...vvieeiieiiieiiecie ettt ettt saae b eee 96
Longer Transmission RANge.........cccoecvieriiiiiieniiiiiieiecieceecie e 97
New hidden node problem............cccveeriiieiieiieniieieeie e 98
DINAV ettt et ettt ettt 99
SIMULAtion tOPOLOZICS .....vveveeeiieriieeiieeiie et ertee et etee e eereesreesaeeaeeesaeens 101



Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:

Figure 65:

0] 00) e e 2 I USRS 102
Throughput and Fairness .........ccceevvierieiiieniieeieesiecie et 103
TOPOLOZY 1.2 et et 104
Throughput under topology 1.2......cccvieiieiiiiiieieee e 104
TOPOLOZY 2.1 et e 105
Throughput under topology 2.1 ......cccviviieriieeiieiieeie et 106
TOPOLOZY 2.2ttt ettt et e 106
Throughput under topology 2.2......cccuveeiieriieeiieieeie et 107
TOPOLOZY 2.3 ettt et st 107
Throughput under topology 2.3 ......ooovieiiieiieeieeteee e 108
TOPOLOZY 3.1 it 108
Throughput under topology 3.1 ......cooieriieiieeieeieee e 109
TOPOLOZY 3.2 et e 110
Throughput under topology 3.2......occieiiieiieeieeteeie et 110
TOPOLOZY Aottt et e 111
Throughput under toPologY 4 .........oevvieeiieiieeiieieeie et 112



List of tables

Table 11 TFS tIMES ...ouveiiiieieeie ettt sttt e 33
Table 2: Radio module attributes .........c.coviiiiiiiiiiiieieee e 63
Table 3: Interrupts for 802.11 DCF ....cccuviieiieeeeeee ettt 76
Table 4: DETRIENCE ... ..eeieieiiieiie ettt sttt st 78
Table 5: Power consumptions under three Statuses..........ceeeveeervieeriieeiieeeiiee e, 83
Table 6: Neighbor information table............cccceeciiiiiiiieiiieecieeeee e 87



Abbreviations

ACK acknowledgement

AoA angle of arrival

AP access point

ATIM announcement traffic indication message
BEB binary exponential backoff

BER bit error rate

BSS basic service set

CCA clear channel assessment

CFP contention free period

CP contention period

CS carrier sense

CSMA carrier sense multiple access

CTS clear to send

Cw contention window

DCF distributed coordination function
DIFS distributed (coordination function) interframe space
DPSK differential phase shift key

DMAC basic directional MAC protocol
DNAV directional network allocation vector
EIFS extended interframe space

FSM finite state machine

GPS global positioning system

IFS interframe space

LoS line of sight



MAC

MSDU

NAV

PCF

PCS

PLCP

PS

RTS

RTT

SIFS

SISO

SNR

STA

TPC

ToA

VCS

WLAN

WM

medium access control
MAC service data unit
network allocation vector
point coordination function

physical carrier sensing

physical layer convergence protocol

power saving

request to send

round trip time

shortest interframe space
single in single out

signal to noise ratio

station

transmission power control
time of arrival

virtual carrier sensing
wireless local area network

wireless medium

11



Acknowledgement

I would like to express my deepest gratitude to my supervisor Dr. Raad Raad for his
patience and guidance during my research. Without his support and wvaluable

suggestions, none of this would have been possible.

I also would like to thank Darryn Lowe and Dr. Kwan-wu Chin for their working

enthusiasms and kind support.

I want to thank my parents, who have been giving me spiritual and financial support to

make this degree possible.

Finally I want to thank my friends and guys in TITR lab for their kindness, humor and

support.

12



	University of Wollongong - Research Online
	On exploiting spatial reuse in wireless ad hoc networks
	Recommended Citation

	Copyright warning

	Title page

	Statement

	Abstract

	Contents

	List of figures

	List of tables

	Abbreviations

	Acknowledgement


