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A Directional Hidden Terminal Problem in Ad hoc Network
MAC Protocols with Smart Antennas and the Solutions

MASANORI SEKIDO," MASANORI TAKATA,ft
KATSUSHIRO NAGASHIMA," MASAKI BANDATtt
and TAKASHI WATANABETt

Smart antennas are expected to enhance scalability in ad hoc networks. This paper at
first evaluates three directional MAC protocols, DMAC, MMAC and SWAMP as well as the
omni-directional protocol IEEE 802.11 DCF in multi-hop transmission environment. The
evaluations address the problem that the performance strongly depends on the topology of
routes between sources and destinations, referred to as a directional hidden terminal problem.
After analyzing the problem, we propose three solutions. The solutions are NAV indicators
which are high gain CTS (HCTS), backward RTS (BRTS) and relayed CTS (RCTS) indicat-
ing on-going communications to a directional hidden terminal to set NAV. Among those we
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show that the solutions have the improvement of the throughput.
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Fig.5 Straight model throughput.
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Fig.7 Non-straight model throughput.
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Fig.13 Relayed CTS (RCTS).

1000

—6— SWAMP<EC>

—¥—EC(HCTS) P

800 M & ec(eRTS) &
—B—EC(RCTS)

600 / \

400 /

200

0 4

Aggregate Throughput (kbps)

00 800 1200
Sending Rate (kbps)

014 0OO0O0O0DOOOOODODOOO
Fig.14 Straight model added three solutions.

ooooOOoOooooooooooooooooood
ooooooooogooogd

4.2.3 Relayed CTSORCTSO OO

000oooooooooooooo ecrsooo
00o0O0DOo0o00oDbOoOo 130 RCTSOOOOO
0Ooo0OOooOOooO0ooO0ooOoooooo soooo
OO0 DO RTSOOODOOOODOODOOODOOO
CTSOO0OO0ODOO RCTSOOOOOODODOOOO
RCTSOODOOODOD NAVOOOOOODOOOO
DATA/ACKOUOODOUOODOODOOODOOO RCTSO
o0ooo0o0oo0ooooooggoggg ersogg
O0o00ooooooosoboOoog crsoood
000000 RCTSOOOOODOOOOOXOOOO
o0o0o0O0oo0oooooooooooooooood
ooooo

4.3 0O00O0OOODOOO

30000000000H-HCTSOOOBRTSOOO
RCTSOODODOO0OOODOOOOOOOODOOOO
MACOOOOOOOOOOOODODDOOOODODO
Oooooooo SWAMPOEC-moded OOOOO
o0o00o0ooOoooOoooooDOoOooooD 1400
000o0o0oooooooooo 1soooo

040000000000DOOOO0 300000
O SWAMPOEC-modeD 000000000000
gooooooHCcTSOOOoOoOoooooooooo
O00D000000D0o0ooooooooooood
0000 1600000000 SWAMPO EC-model
O HCTSODOODOOOOODODOoOOoD 100000

Sep. 2005

1000

—O— SWAMP<EC>
—¥—EC(HCTS)
—A—EC(BRTS)
—H-EC(RCTS)

/8\:\

ﬁg@i
S
/

400 800 1200
Sending Rate (kbps)
015 000000O0O0DOO00O0OO0
Fig.15 Non-straight model added three solutions.

Oa->c
250 "Mc e

)
3
3

T

=Y
=3
1S3

&
S
S

Aggregate Throughput (kbps)
N
S
g

=
=3

Throughput per Link (kbps)

200 250 300
Sending Rate (kbps)

016 0D00000D0OODOO0OOOOOOOOHCTSO
Fig. 16 Straight model throughput of 2 links (HCTS).

acce 00000 2000 acOOO cced OO
ooboogog
gloo0dle000bO0O0bOO0O0ObOOOOnO acd
go0odoob ccedO0ODOODODODOOOO
00000000 140 BRTSOODOOO RCTSOO
goooobooooooooobooooooooo
0000000000000 00O00O0OO0OUBRTS
OO0 RCTSOUOUODODOOOOUOOOBRTSO
O0000opDOooouoono BRTSOOOOOoOOO
0000 NAVOOOOOOODODOOOoDOoooood
OORCTSOOODO RTS/CTSOOOOOOOOO
RCTSOOOOOOOOO NAVOOOOOOOOO
O0ORCTSODO0OODOO0OOOO RTS/CTS/RCTS O
0000000000000 000000 BRTSO
oobooooboooooo
O100000000000000D 30000
0000 SWAMPOEC-modeD OO OOOOOOO
goooboOoooooOoooooobooooooobo
0000000000000 0O00O00UOgBRTSO
RCTSOOOOOOO0OOOOOOOOOoOoooooo
gd00odo0ooooboooooooooooooobo
000000oo0o00ooooooOooooooDoon
00000000 O0oooooooooog



Vol. 46 No.9000000O00DOO0O0OODDO MACOOODOOOODOOOOOOOOOOOO 2233

Unblocked time

HCTS S /
&QT%CT¥AT>/ ACK
D

Unblocked time

BRTS

BRTS S
N}T%TsyAT%CK
D
t

Unblocked time

RCTS

RCTS S
\jT%TS x)‘AT%CK
D
t

017 000000000
Fig.17 Timing chart.

BRTS, RCTSEZ{ELALY
HERERNIRROFET HEHE

0 18 BRTSORCTSOO0OO0O0ODOOO0OODODOOOOO
Fig. 18 Non-cover area of BRTS, RCTS.

30000000000 HCTSOOOOooDooooo
OoHCTSOOOOOOOOOoOoooooooooo
OO0OO0OBRTSOOORCTSOOO HCTSOOOO
gobooooboboboboobooboboooo
0000000 0O0ORCTSOOO BRTSOOOOO
Joboooboo1700030000000000
go0oooOoobOobDooboooboooooooo
0000 Unblocked timed O RCTS>HCTS>BRTS
0oooooooooooorRCTSOOOOOO CTS
0o0od0oO0oDO00bOOo0obOobobobooooooo
00o00D00000o0bOoobOooobOoboooooo
OOBRTSOOODOOODOOOOOOOODOOODOO
gbobobooobobbobooboobobooo
0000000 OO0OoOBRTSOOO RCTSOOOO
goobooooo

0140000 100000000000D00D0O
0do0oo0o0oooo HCTSoooooooooo
000000DOOBRTSO RCTSOODOOOOOO
doo0ooooOoObobOO0oO0ooo0ooooooooo
018 00000000DbO00D0DbOOoO0bOOoOooOoo

gobooooooooobooocboOoooooobooo
gbooboooocoooboooocoooboooooo
000000000o0OoooooooooonO NAV
goboooooooooboooooooooooooo
00000000000 0Do0O0ooOoonO NAVO
000o0oOoHCTSOOOOOOOoOooHCTSOooOo
gobooooooooobooobo0ooooobooDoboo
gooOooooo crsooooooooooood
goooo0o0ooo HCTSOOOOoooooooo
gooooooooo

O0OO0OBRTSOOO RCTSOOOOOOOOOO
gboboooooooobooooooboooooboooo
00000000000 O0ooOo0ooO0oO NAVOO
goooooooobooooobooooooboooo
do0o0ooo0oU0oo0o0ooOoOoUo 1o0oo
0O BRTSO RCTSOOOOQOOOOOODODOOO
gooooboooooooooooooobobooooo
gboboooooooooboooooooooobood
goboooooooooboooooooooooood
gobooooooooooooooooooboooa
goboooooooobooobooboOouooooboooo
0000000 NAVOOOOOOOOOoOOooooo
goboooooooooooobooooobooobooo
gobooooooooooooboooooooooo
gobooooooooboooooooooooboooo
gooooobooooooooooooooDooDbono
O00 HCTSOOOOOoOoooooooooooo
goboooooboooooobooooooood
goboooooooooooooooooooood
00000000000 oo0o0ooOoonO NAVOD
gboooooboooooocoooo

gobooostocooboooobooooooooon
goboooooooooooooocoooooboooo
goboooooooooooobooooooooboooo
goooooo30b0o0000ooooboooooo
gobooooooooboooooooooooooo
goooooooooooooooboboDbDbboboooo
gboboooooooooboooooooooobood
goboooooooooboboooooboooood
MACOOOOOOODOOOOOOOOOoOoOoooOo
000 1)o12)o0ooooooon

5. D Oogano

O0o0ooooUooOooOo MACOOOOO
IEEE 802.11 DCF O 300000 MACOOOO
OODMACOMMACOSWAMPOOOOOOOOO



2234 goooooooo Sep. 2005

goooboboooooooboobooooooooo
O0000000o0oooooo MACOOODOO
gooooboooooobooooooooooooon
goooboooooooooooooocoonoooo
goooboooooooooooboooonoooon
0000000000000 0 NAVOOOOODO 3
O OO0 High gain CTSO HCTSO O O O Backward
RTSO BRTSO O 0O O Relayed CTSO RCTSO O OO
gooobooooooobooooooooooooon
gooobooobooooooooooooooooon
gooooooooooooooboooooooo
ooooooboocooboooooo

10) Korakis, T., Jakllari, G. and Tassiulas, L.: A
MAC protocol for full exploitation of Direc-
tional Antennas in Ad-hoc Wireless Networks,
Proc. ACM Mobile Ad Hoc Networking and
Computing (MobiHoc), pp.98-107 (2003).

11) Takata, M., Bandai, M. and Watanabe, T.:
An extended directional MAC for location in-
formation staleness in ad hoc networks, 2nd In-
ternational Workshop on Wireless Ad Hoc Net-
working (WWAN) (2005).

12) Sekido, M., Takata, M., Bandai, M. and
Watanabe, T.: Directional NAV Indicators and
Orthogonal Routing for Smart Antenna Based
Ad Hoc Networks, 2nd International Workshop
on Wireless Ad Hoc Networking (WWAN)

0O 0O O O (2005).

1) Johnson, D.B., Maltz, D.A., Hu, Y.C. and
Jetcheva, J.G.: The Dynamic Source Rout-
ing Protocol For Mobile Ad Hoc Net-
works, Internet-Draft, draft-ietf-manet-dsr-
05.txt (2001).

2) Broch, J., Maltz, D.A., Johnson, D.B., Hu,
Y.C. and Jetcheva, J.: A Performance Com-
parison of Multi-Hop Wireless Ad Hoc Network
Routing Protocols, Proc. ACM Mobile Comput-
ing and Network (Mobicom) (1998).

3) boUU0O0UUoOoUOUOoO0 ooUoooooo
000000 2000000000000000
O0000000000000000000000
Vol.J87-B, No.12, pp.2006—2019 (2004).

4) Choudhury, R.R., Yang, X., Ramanathan, R.
and Vaidya, N.H.: Using Directional Antennas
for Medium Access Control in Ad Hoc Net-
works, Proc. ACM Mobile Computing and Net-
working (MobiCom), pp.59-70 (2002).

5) Lehne, P.H. and Pettersen, M.: An Overview
of Smart Antenna Technology for Mobile Com-
munications Systems, IEEE Communications
Surveys and Tutorials, Vol.2, No.4, Fourth
Quarter (1999).

6) ANSI/IEEE Std 802.11: Wireless LAN

(00 17020 2000)
(0017040 1000)

00 Oooboooooo

1981 00020040000000
gooooooooooobooo
gooooboooooooooboboo
goboooooooooooooon
gooooooooooooooo
oboooobOoobOoooooocboooooooon
ooo

U0 oooooooo

198000020030000000
gbooooooooo20040000
goooooooobooooao
ooooooooooocooooon
ooooooooooboo 210
OcoEDO0poooopooooooooonooood
goOocoEOOOD2004000000D0O00000O
coobO0oooooboob204000 200000000

Medium Access Control (MAC) and Physical
Layer (PHY) specifications (1999).

7) Xu, S. and Saadawi, T.: Does the IEEE 802.11
MAC Protocol Work Well in Multihop Wire-
less Ad Hoc Networks?, IEEE Commun. Mag.,
Vol.39, No.6, pp.130-137 (2001).

8) Li, J., Blake, C., Couto, D.S.J.D., Lee, H.I.
and Morris, R.: Capacity of Ad Hoc Wireless
Networks, Proc. ACM/IEEE Mobile Computing
and Networks (MobiCom) (2001).

9) Huang, Z. and Shen, C.: A Comparison Study
of Omnidirectional and Directional MAC Pro-
tocols for Ad hoc Networks, Globecorn (2002).

gooooobooooobobooboooooobooon
gooboooooooboooooooooooooon
ooooooooooooooobocoooooooo
O0O000000O00IEEEDODOOOOOOOOO0
oooo



Vol. 46 No.9000000O00DOO0O0OODDO MACOOODOOOODOOOOOOOOOOOO 2235

oo 00

19740001997 0000000
gooooooooooooooo
O000oo00 NECOOOOOO
gooobooocoooooooooo
gooooooooooooooo
goooooooooooozoeo4b00000000O0
gooooooooobooooooobooooooon
goooboboooooooboboooooboooo
ooooooo

o0 OooOooooo
1973000199 0000000
ooooooco0oooooo99s O
oooooboooooobz2o040
d’h 0oooooooooooo019980
= 0000000000000:20010
2003000000000000002004000000
gobobooooooobooooboobooboooo

O00000000000000000000IEEEO

goboooooboooooo

oo oooooog

1959 00019820000000
oobooooooos4ooog
oobooooooooooesrd
gooooocoooooooooo
gbooooocoobobooboooo
1990 000000000000 0o0O0b00OoooDooo
gbooooobooooobooogsoooooa
gooobooobooobooboooboboomoono
goboooooooooooooooobooooDboboo
goooooooooooooobooboooooo2005
gobooooooooobooooooooooood
goobooooobooboooOdsoez211o00od
00000000IEEEDO0O0O0O00000000O0




