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Abstract

Various power control techniques have been proposed to boot aggregate network
throughput by reducing the interference impact and encouraging more concurrent
transmissions in medium-shared wireless systems. In this project, we do not intend to
devise new power control mechanisms. Rather, we investigate an interesting problem
of how to apply power control techniques in multi-channel networking environment,
where every wireless node is equipped with multiple radio transceivers, each statically
blinding to a dedicated channel. For a single radio transceiver, more reduction on
transmit power generally results in lower network connectivity, leading to a longer
route (if path exist) for multi-hop communication (bad for end-to-end throughput). On
the other hand, small transmit power helps accommodate more current transmitters
(good for aggregate throughput). For wireless ad hoc networks with multi-hop
communication as the major behavior, how to take both route length and medium
utilization into consideration to improve system capacity is thus import. Motivated by
this, we propose to apply power control with different connectivity degrees on radio
interfaces. Imagine several superposed network topologies having gradational
connectivity degree for each radio channel, hence the name, gradational power control
(abbreviated as GradPC), is given. In our proposed GradPC protocol, a based channel
is designated to used default transmit power (no power control on this radio). For
other non-base radio, we adopt neighbor-based power control mechanisms to tailor
the connectivity degree for each radio channel. After GradPC has successfully
configured transmit power for all radios, our other corresponding protocols run in
following two phases : (i) a variant DSR is performed over the base channel to
discover a multi-hop route, and (ii) once the route is ready, a radio selection procedure
is activated to judiciously schedule the next link-layer packet sent over an appropriate
by imposing gradational power levels on radios to balance the requirements for short

rout and high medium utilization.

Keyword: multi-channel power control, network connectivity, routing path, spatial

diversity, wireless ad hoc network
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A. N-base (& mir$1#+)
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B. Spatial diversity (3 & % )
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D. AD HOC ROUTING (& stieptsg i ied )

BRERRRY 0 SET NEAME > ABETRERY T F L SRR @
TR Rate plEd BA g FLERERE FRIFET LD E D
# et j o — 42AD HOC ROUTING PROTOCOL® 4 % = #f -
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(3) Hybrid protocol » s f=Proactive Protocol§=Reactive Protocol
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E. Dynamic Source Routing (DSR)
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A. Network Model (i3 vt & #c¥ $3))

2 3 IEEE802. 114 #350 +434 (DCF) » AT Y M6 % i3 P2 @ L AtdE
(CSMA/CA) - - 1B %,%@ﬁ;ﬁ&%iﬁ U PR LA AU € AL BT & Bl
L R PR e Y S LR Rt
FEBE R TR A e § 3 NACK e IR p LB A prens 5o

D, LS > T AP E D R AL R 2R (1)

y Iy = DATAtme
rate PACKET, o + DIFS+SIFS +ACK ime

K

T=D*(1— p)=*Data
(D
BANPREdHp BFEL s > - B ;{ff@ﬁﬁﬁﬁ » 242 FIACK frame= #

(6 TP BAM I ON(2)F E L



0= 1- [1_ I'ﬂ.:'lata)(]'_ 'ﬂdata] ’

Y -
N

AT

()¢ 'Cldatﬂia 0o’ B3R A—

- BEBA(FLERGRLL =)

A

R

TF &

(2)

[ ST Rk T ZAEN N TRk

Bt r Ak R SR, @

B BEAE e TR F AR, (d) = B, + d7F 0 SINRE UL 259(3)

SINR=

FASINR(D) 1 > $tR 4 (D)FT o, _Fop,

Ppd™™

_ Parl i BE
P] =

imdie—

A mdpgdePyy

pit T

- =
|: Ape+deg }

(3)

o g 2\ (Z)fr' o (1) F®

G BB o
SNR(dB) | BPSK(1Mbps) | QPSK(2Mbps) | CCK5.5(5.5Mps) | CCK11(11Mps)
1 12 % e 5x e 3 8 x g2 1 xet
2 1 xa® 12xeB 4 xe? I xe !
3 T X i 21 me™ 1.8 x e 2 1xe !
4 T X e "? Ixed I xe > 5 X e 2
5 285 g 10 21 x e 1.2 x e73 1.3 x e 2
6 33 w10 1.5 s 3wt 5.2 % 5.2¢—3
7 3.3 xe 1 xe® 6xe > 2xe 3
8 2.3 xe 19 182 5%a 2 13xe™ Txe™?
0 T3 xe 0 1.2 x e T 01 x e T
10 13 x e 0 13 e ? Bxe 6 xe
11 23xe 10 13 5%ce? Txe?® 21¢e "
12 3w 0 1.2 e 5T ET e
] 7.3 xe 1.2 e 1.7xe? 1.7 xe®
14 2.3 e 0 1.2 e * 1.7 x e? 5xe !
15 23 we P 1.23e" BT e ET
16 I xe W 12 xe?® 1.7 x e 9 5lxe®
17 23 e 1.2 e 1.7 x e 9 1.6 x e B
18 I3we @ 1.2 xa™? 17 xg 3 6xe?
19 3.8 xe T 1.7xe? I xe 2




| Notation | Description

A Node density of the grid topology
o Path loss exponent
d Communication distance between transmitter and receiver
Py Transmission attempt probability
Py Default transmit power
Pirp Reduced transmit power after applying the N-base power control
d.. Default carrier sense range
Gisy Carrier sensing range after applying the N-base power control
dig Default radio propagation distance
dpgp Radio propagation distance after applying the N-base power control
n Estimated number of neighbors using default transmit power P,
i Spatial reuse factor

% (b)

B. Impact of Power Control on Interference (% hir#|¥ie 3 58)

PREC AP E TR FB R B B0 § B0 %Y b

F_k

#220x220T > 2= > @R E22MHZ> B3 ¥ /,%?;single—hop@ﬁﬁj - @ 7N-base
{6 i e Rl P "5 = log(n) o B(cl)f#f e+ 3 34 FN-basefs B » &

7+ dIN-basei: 43 "# <3230 o B (c2) ZSINR 24 i=N-basew {& o

Interference Power (watt)

5 10 15 20 25 30 35 40 45 50
Number of Nodes (n)

B (cl)



\ —€— Defult
161 —F— N-base 7

Signal to Interference plus Noise Ratio (SINR)
=
-
1

at R;% 1
%*Eggéf?e
»t‘igggg@%@m
ﬁ%@@%@ﬁ@@%@%{

0 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Number of Nodes (n)

B (c2)

C. Single-hop Aggregate Network Throughput (single-hop % %35 L&)
SEF FAERAIE BT 2 KB concurrent transmission (&
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T =u ° (6)
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| Two-Ray Ground Propagation Model |
CWinin = 32
CWinez = 1024
Default P, = 20dBm Noise = —101dBm
CSThreshold = —99dBm | RXThreshold = —95dBm
CBR sending rate = 1Mbps
Packet size = 1024 bytes

Antenna Gain = 1

% (d)

D. Performance Evaluation (#xic 4 4%)
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E. Multi-Channel Multi-Radio Grid Network ( % :@:g % 4L/ grid #8)
AP E - Boorid R L HEARE I BERTEN » AHEAFF
BCBE LW o 57 M4 krrchmulti-hop i 3 > 24 &t 3% 21 GradPC 2
H
t GradPCig 32 > A AW Z RO F (LT TREF e 84 S8
BADIBRLEEYVRE » 2 pRBHEREE AT REIRE - T&
Neighbor Table(set) Ny, & A AWEE“TE 2 on & Ny, T8 B8P > S8

7

n ¥ ¢ HELLO MESSAGE # v - Bl(g) = & # GradPC 42/ i A2 ] -

CStart GradPC proced ure)

¥

Seat interfacse index | = 1
il — M

Mo

5§ = number of inerfaces

Power cantrol procedure:
Adjust transmit power of interface J
to connectto &, neighbors

!

Establish neighbor tabla
for interface 7

l:’ — 1+1

a, <« log(a, .}

( End GradFC procedure )

®l(g)
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Default DSR ¥ 12 ig & GradPC # single channel » X% % multi-channel
P2 &0 F15 femulti-channel [ # IS 7 - T B iRE BTSN Sk
#{ % spatial diversity( % #k~40) » BI(h)fEf 5 * AL EH RE BT

1 1

i (h)

IS A-CEZ & 3Bag it A-B-C-D-Ef* % il (7 @ﬁ%] s BT
F @it 394 B { 3 end-to-end throughput @ B2Z8C F & 5 B & 2L » jp ¥t
Default DSR £ # # /5 > GradPC £ 3|07 — T E B EBEIT > Fl o £ S 37
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RREQ & B8 > 4o% 7 f4kycsy » #-€ 4= p & hikie & route record 42 » X5 £
A ROUTE REQUSE(RREQ) » & F|4%4z#44< 3| RREQ - ¢ w & ROUTE REPLY(RREP) ¥

B sh 2 g s o 50 3 4 channel diversity #./% > 2473 ¢z 7 RREQ 4~ RREP
#3444 (1) > ChanRecord  # B /o b i€ * @ o LACH, ., o, L5 — B &
oo &2 en)MDSR > ¥ =4 & A % RREQ 4o RREQM » it & SRR 51 16 » 8 7 i
B2 (k) > 4% 3 £ 0 4~ frouterecord 0 % % RREQ = RREQM > & ¥
15 Pl jcsd o w % RREP o RREPM o #7112 @32 =4 & 18 3| & 0% chpej o — 15 £ 5 5

channel diversity &S > ¥ - iF £ B EETEH B ¥ 2 - FRITGEFTH -

STRUCTURE OF THE RREQM MESSAGES

| Field | Initial value | Meanings
seqNum | seq.number at S | Sequence number
srcAddr S The source address
dstAddr D The destination address
hopCount 1 The number of hops
pathRecord {S} The list of node records on the path
chanRecord [Chan;4} The list of channel used on the path

STRUCTURE OF THE RREPM MESSAGES

| Field | Meanings |
seqNum Sequence number
hopCount The number of hops

pathRecord | The list of node records on the path
chanRecord | The list of channel used on the path

()



Algorithm  Establish neighbor table using base channel: estimation of parameter n
I: P, < Py, /I set default transmit power
20
3 Send message(HELLO) periodically over base channel using transmit power P,
& while (HELLO received) and (!Timeout) do
s Add node’s ID to neighbor table Ny,
6 n=n+tl
7. end while

WEREGD)

Algorithm ~ GradPC procedure: power adaptation N-base policy for respective radio interface at each
node

1: I« Number of interfaces

2 i+ 1// interface index

3 ay < n // n obtained from Algorithm 1

4 while i <1 do

5 Pl P(a;) /I power adjustment function for radio i to connect to a; neighbors
b if a; > e then

7 i=i+1

8: a; + "og(a;_q)?

9: else

10: i=it+l

11 @ — ;1

12 end if

13 end while

wE (2

Algorithm  Executed when any node receives a route request packet
1: if (SeqNum, SrcAddr) is found in node’s list then
discard it and exit
end if
if dstAddr matches the node’s address then
send (RREP or RREPM) // a copy of this route in route reply packet
exit
end if
i — fr(Channel,., po, — 1) /1 fr is circulation function
hopCount «— hopCount + 1
PathRecord — PathRecord|J{S}
if RREQ then
send RREQ by base channel
end if
send RREQM by channel ¢
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BixBFE > APBiins-20 Fli &k Adns-2 2 F £ & multi-channel
multi-radio #&# o &4 i¢ * 3 B+ < chichannel % [EEE802.11b > ¥ ® & & i
GBE4te b 3 BEA o B ons2 SEcEF (DR ES B (el) > Bl(e2) &
multi-channel multi-radio % - 2 P E %5 multi-hop flows B (e2) :
GradPC ~ N-base ~ Default # 3 B4/ e ¥ T 2475 ° Default & dp it * Ffk 0
#HEAEIBEA T > N-base 2.3 BoLA i * s F@dad log(n)s8 A » e §_
% A1 DSR routing protocol # i & % multi-channel multi-interface %
Booa 0 RE ST HGRER S % > AP * MDSR % Default 4+ N-base B d 7 &

pE

BI(L1) & _multi-hop traffic flows ek st5 et £ » A P2 ] GradPC A&
FEERAREKRT - 57 L %8 2 nulti-hope traffic 43 %3 - Bk
5 B(L2) = multi-hop flows Hf*e #2380 ki Std b & » S REBR A > §
C=l(:E g #p ) 23 # F¥4l & multi-hop traffic %t fdF > § C=3 P
(multi-hop ) > N-base ¥ ix3 — E ' Default £ - BRR PR EZE 22T F 5 >
N-base ¢ +* Default :B4% o i BRFII R & > AP T & Y gRILE

e i * K N GradPC g vE B AR TR B AF e o

% J& GradPC :£ # 3| ® 15§25 » RREP :£ # 7| Route A ~ RREPM P]&_Route B -
# (m) 5 Route A frRout B hop count ¥ 3t » 82 2% Route B hop count #&p **
Route A % » fed 32 & ] channel diversity ° #77 end-to-end throughput
Wt o £ (n)A_3 1 2 ;2 GradPC ~ Default ~ N-base s-7hop count F 3t > GradPC
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System Throughput (Mbps)
w n & o

N
8!

<GradPC (C=3)
#N-base (C=3)
©Default (C=3)

N W o)

=
Ul =, 1T N U1 W U B U1 U

System Throughput (Mbps)

o

9 nodes 25 nodes 49 nodes
(n=8) (n=24) (n=44)
®(L1)

©-GradPC (C=3)
#N-base (C=3)
©Default (C=3)
#«N-base (C=1)
#Default (C=1)

1flows 2flows 3flows 4 flows 7 flows
B (L2)




TWO ROUTE HOPE HOP COUNT IN A 49-NODE GRID NETWORK

Route A | Route B

Total hops 14 28
Avg. end-to-end throughput | 3.932Mbps | 4.821

# (m)

HOP COUNT STATISTICS IN A 49-NODE GRID NETWORK

GradPC | N-base | Default
Total hops 28 42 14
Avg. hops 4 6 2
% (n)

LRSS A ERA S AP - ek AT B S ERARERS
& =+ (PCI 4 & FoPOMCIA 4 & >4 * Atheros & ¥ %% * 3 802. 11 b/g)> Atheros
4 2B Linux Se 4258 R 4oab o FRL 5 W 2 d 3 e Spde Az o d 2 P B ehiE
Ep BT S 5 A6 ke A0S A AL 0 AP iEidk * Linux

XA TP g AR+ 5EH 2N (madwifi, Multiband Atheros Driver

2N

i3

-

for Wireless Fidelity) ™2 % Linux % stz edRiz » @ HiF (73 jVgp i jp2t g

SR B (E N AR o B RIRNG 0 AP % Linux il B LTI 2 B8
(4e : Netperf ~ Ttep) » #&d BIE %4 & E 1 DSR #4258 > £ Bee #7149

it
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[rooL@localhasL w]= route —n
Kernel IF routing table
Destination Gateway
192.168.2.3 0.0,0.0
192.168.2.5 0.0,0.0

[ root@localhost ~)F route —n [root@localhost ~]7 route —n
Kernel [F routing table Kernel IF routing table
Destination Gateway Destination Gateway
192.168.2.5 192.168.2.4 192, 168.2.5 192.168.2.4
192.168.2.4 0.0.0.0 192.168.2.4 0.0.0.0

B (03) &k it 2 d 7 & B

= ruut@ln:alhnst fusrfsrl:fkarnelsjz 6.21-1.3194.fc7-i686 M=
wEED HED BrA SRED SORE i
send_tcp stream: send socket obtained... e
recy_response: received a 256 byte response
remote listen done.
About to start a timer for 10 seconds.
netperf: caught SIGINT
[ root@localhost 2.6.21-1.3194. Fc7—i4686 5 netperf —H 192.168.0.5 -0
TCP STREAM TEST from 0.0.0.0 (0.0.0.0) port 0 AF_INET to 192.168.0.5 {192.168.0.
) port O AF_INET : demo
[nterim result: 27.47 107 6bits/s over 1.33 seconds
Interim result: 22,83 1076bits/s over 1.20 seconds
Interim result: 25.76 107 6bits/s over 1.03 seconds
Interim result: 24,29 1076bits/s over 1.06 seconds
Interim result: 24,26 107 6bits/s over 1.03 seconds
[nterim result: 26.78 1076bits/s over 1.06 seconds
Interim result: 23.33 1076bits/s over 1.13 seconds
[nterim result: 21.353 10 6bits/s over 1.09 seconds
Recv Send Send
Socket Socket Message Elapsed il
Size Size Size Time Throughput
bytes bytes hytes SECS. 107 6bits /sec B
BY3B0 16384 16384 10.08 23.86
[ root@localhost 2.6.21-1.3194, FeT-i686]7 |:| =

Bl(04) Eieraa 2%

L RBAPRE hREEIEE o AP BT IE R T VR e~ kR
PR R R 2 R R B o L 6 P LT
W3 FRAEH AT LA D5 2 RS 3315 hE A o

;5
:
F 2 RRERIpE S R RARI R BRI c 5d R k0 NPT g



FUEF)A 2R G e bhocil » BT kB ALRRI R (PR E AT L R e
o AT LSS AT B R AR 6 R BP0 B R
WA R @i F o ket BT L@ B R & it st % 471 (GradPC) -

BEE HEE BETRY #RRD oEEe Rl

[roctéiocalhost 2.6.21-1.3194. fcT—i686]%F iwlist athd txpower
ath{ & available transmit—powers :

0 dBm (1 mW)

3 dBm (1 mi)

3 dBEm (3 mW)

7 dBm (3 mW)

9 dBm (7 mi)

11 dBEm (12 mi)

13 dBEm (19 mW)

15 dBm {31 mWW)

Current Tx-Fower:12 dBm {31 mi)

[roctéiocalhost 2.6.21-1.3194. fcT—i686]%F iwconfig athd

athl [EEE 802,11g ESSID:"adhoc—test” Nickname:""
Mode:Ad-Hoc Freguency:2.412 GHz Cell: 0Z2:19:53B:EF:8D:4d4
Bit Rate=11 Wb/s Tx—Power:18 dBm Sensitiwvity=1/1
Fetry:off RIS thrioff Fragment thrioff
Encryption kew:off
Power Management:off
Link Quality=42/T0 Signal level=-51 dBm Noise level=—93 dBEm
Bx invalid nwid:2063 BRx invalid crypt:0 BRx invalid frag:0
Tx excessive retries:0 Invalid misc:0 Missed beacon:{

[root@localhost 2.6.21-1.3194, fcT—i686]7 [
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root@localhost:/usr/src/kernels/2.6.21-1.3194.fc7-i686 TEx
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