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Abstract—The quest for efficient medium access control (MAC) However, these schemes usually force all those neighbors
protocols for multi-hop ad hoc networks has aroused great inter- - who overhear the transmissions between the sending and re-
est in using directional antennas. Some MAC protocols using di- - eijying nodes to defer access to the shared channel during the

rectional antennas have been proposed in the past, which trade off hole handshake. This is required because anv transmission
spatial reuse and collision avoidance via a combination of omni- w : IS qui y

directional and directional transmission modes. In this paper, itis  Of these neighbors can inadvertently collide with the on-going
argued that the benefit of spatial reuse achieved by a MAC proto- handshake. Thus, these schemes reduce substantially the pos-

col that uses directional mode in all transmissions can outweigh  sibility of spatial reuse enabled by multi-hop networks and can
the benefit of a conservative collision avoidance MAC protocol limit the maximum achievable throughput.

that sends some omni-directional control packets to silence poten- i )
tial interfering nodes. Detailed simulation experiments of the pop- Smart antennas or adaptive antennas have been used in cel-

ular IEEE 802.11 MAC protocol and its variants that make use |ular networks to narrow transmitting or receiving to certain
ofdirection?l éraquissi%rénggg it';:tuﬁﬁiﬁgﬂ%’e’ri?:ﬁg‘ag‘;gﬂi% directions while filtering out unnecessary interferences from
ar resentea. IS C , - . . .
prgtgc(ce)ls for multi-hop (r)1etworks infested with hidden terminals, other directions and thus greater throughput can be aghleved.
the aggressive channel access scheme featured by all-directional AS @ result, some researchers [4,5] have considered using these
transmissions indeed outperforms other conservative schemes in antennas in the design of MAC protocols for ad hoc networks.
terms of enhanced throughput and reduced delay. All the proposed schemes use directional transmission mode in
transmitting data and acknowledgment packets, and the major
differences among them lie in how control packets (RTS and
CTS) are sent and how transmitting and receiving with direc-
tional antennas are modeled.

To address the inherent “hidden terminal” problem [1] in For example, Ko et al. [4] propose two schemes. In one
multi-hop ad hoc networks that can degrade throughput draeheme, nodes use directional transmission of RTS packet
matically, some coordination between a pair of sending arehd omni-directional transmission of CTS packet for colli-
receiving nodes and other potential interfering nodes to avoglon avoidance. In the other scheme, nodes use both direc-
collisions is mandatory. Various collision avoidance MAC protional and omni-directional transmission of RTS packets alter-
tocols [2, 3] have been proposed in the recent past, and mostrttively. The omni-directional mode is used when the location
them employ a four-way handshake between a pair of sendin@ithe receiver is not well known or all of the transmitting an-
and receiving nodes. That is, the actual data packet transmisnnas are unblocked. It is clear that in these two schemes the
sion and its acknowledgment are preceded by short request-tthors are weighing the tradeoff between the increased pos-
send (RTS) and clear-to-send (CTS) packets from the sendisidpility of simultaneous transmissions by neighboring nodes
and receiving nodes respectively. The RTS and CTS contrdcheme one) and the reduced possibility of collision of con-
packets are used to silence those neighboring nodes that ¢as packets (scheme two).
overhear these packets. These protocols differ in the lengthsyasipuri et al. [5] also propose a different model for MAC
of control packets, whether packet sensing or carrier sensingjgtocol enabled by directional antennas. In the authors’
used, and the choice of backoff schemes. Though not all P'Riodel, each node is equipped witli antennas whose orien-
tocols can ensure collision-free transmissions of data packesiions can be maintained all the time, regardless of the nodes’
generally they are shown to alleviate, if not eliminate, the hidyovement. It is also assumed that nodes have directional re-
den terminal problem and thus perform much better than thention capability, i.e., nodes can activate the antenna pointing
carrier sense multiple access (CSMA) protocols [1]. to the direction of the desired source while deactivating an-
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Force/OSR under Grant No. F49620-00-1-0330. This is different from the model assumed by Ko et al. [4], in
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which antennas are always active for receiving and thus trans- GROUP1 GROUP2

missions to different antennas result in failed reception. In the
proposed MAC protocol, omni-directional RTS and CTS pack-
ets are first exchanged between a pair of sending and receiving
nodes and then antennas of these two nodes are directed to-
wards each other to receive ensuing data and acknowledgment
packets. It can be inferred that collision avoidance is weighed
more in this scheme by using omni-directional mode in trans-
mitting control packets, though it also has the advantage that
the locations of the sending and receiving nodes need not be
known by each other in advance.

These schemes have been shown to perform better than the Fig. 1. Spatial Reuse vs Collision Avoidance
existing omni-directional IEEE 802.11 MAC protocol on top
of which most ad hoc routing protocols are built. However, the
performance evaluations are done in relatively simple, regul8PP neighborsof the nodes partaking in a handshake are dis-
network topologies and do not provide much insight in the incouraged from initiating handshakes with one-hop neighbors
teraction between spatial reuse and collision avoidance, whetthe nodes. The effect is especially prominent when an ad
the former opts for directional transmission while the later optBoC network is composed of loosely coupled groups which
for omni-directional transmission. It is also not clear whethe@e¢ connected by a few “hub” nodes, as shown in Fig. 1.
the combination of omni-directional and directional transmisl Fig. 1, the dashed lines show where inter-group commu-
sion modes featured by the proposed schemes indeed achig¥égtions take place. It is clear that, when omni-directional
the optimal tradeoff between spatial reuse and collision avoiRTS/CTS scheme is enforced, the inter-group communications
ance. Therefore, in this paper, we investigate the interactié@n almost prevent other inner-group communications from
between spatial reuse and collision avoidance when directiorf@king place. Similarly, certain inner-group communications
antennas are utilized. will also prohibit inter-group communications. Hence, the

We first show that the use of omni-directional transmissiofichievable throughput can be unduly low. The other problem
mode for control packets can largely nullify the spatial reust that, with the increase of one-hop and two-hop neighbors,
benefit of directional antennas in Section 1. We then propodkis more difficult to get all the nodes coordinated well due to
that a scheme in which all transmissions are directional mdf)e random nature of the channel access and the limited infor-
perform better than other conservative schemes that transiition available to each node. Not knowing other nodes’ con-
some control packets in omni-directional mode for collisioffention status (busy, idle, deferring or backing off), nodes may
avoidance. In Section Ill, we elaborate on the antenna and né@Ve to choose artificially very large backoff values to shift the
work models to be used in our simulations. Then in Section [\iimes of their attempts to access the channel and thus much of
simulation results of three MAC schemes based on the popuiée valuable channel resource is wasted in waiting.
IEEE 802.11 MAC protocol are presented. It is shown that the The above discussion may lead to the conclusion that col-
MAC scheme in which all transmissions are directional indeelision avoidance becomes ineffective in relatively crowded
achieves the best performance among the three in terms of &ulti-hop networks. In fact, the conclusion is supported by

hanced throughput and reduced delay. Section V concludegor work [6, 7].
this paper. Some researchers have realized the benefit of spatial reuse

enabled by directional antennas and their proposed schemes
have been introduced in Section I. In these schemes, omni-
Il. SPATIAL REUSE ORCOLLISION AVOIDANCE? directional transmission of some control packets (most notably,

Itis a popular belief that collision avoidance is of paramounfr:r-]rS %fackets)hare unsn;mous(,jly u(sjedfl;ot: collision avc_mljance.
importance in the design of MAC protocols for multi-hop ad e effort to have a balanced tradeoft between spatial reuse

hoc networks due to the adverse effects of hidden termina@r.‘d collision avoidance is conspicuous. However, here we will

Collision avoidance schemes have been shown to aIIeviate,Sﬁ’OW that the omni-directional transmission of CTS packets

not eliminate, the hidden terminal problem. These schemes &1 largely nullify the spatial reuse, even if other packets are
quire coordination from those overhearing neighboring nodégansmnted directionally. Referring back to Fig. 1, consider the

who then have to defer access to the shared channel during fREF Nodes4-D. Supposel andB have packets for each other
whole handshake. and the same is the case fdrand D. After an examination of

However, there are potentially two problems associated wilrtt11IS scengf[lo,t tI:]IS clear tt.hat %nly ﬂowﬁh_’ B an S.C T D ICTS
these schemes. One is that spatial reuse is greatly reduckq coexistatine same time, because tne omni-directiona

Not only are the_ Q'_re_Ct neighbors (Or 0|_1e-hop neighbors) dIS'1Here we refer to those nodes that have at least one common neighbor with a
couraged from initiating any transmissions, but also the twarode but are not direct neighbors of the node as the node’s two-hop neighbors.




from either A or C' prevents the flow at the other side from In contrast with the rather regular network topologies used
taking place. Even under the assumption of the capability @freviously, where nodes are placed on a uniform grid, nodes
directional reception [5], those nodes who overhear a CTS stdre distributed uniformly in planar circles (or rings) in our net-
have to defer access to the channel for the whole handshakerk model. In this way, nodes are distributely much less reg-
according to the specification of the protocol. The directionallarly, because nodes can have different number of one-hop
reception capability just helps to filter out some interferenceeighbors and two-hop neighbors in different directions. To be
from others nodes that cannot receive the CTS clearly andspecific, we place nodes in concentric circles or rings. That is,
does not improve spatial reuse much either. Thus, it is dubiogs/en that a node’s transmitting and receiving rang& iand
if the omni-directional CTS scheme performs much better thathat there are on averagé nodes within this circular region,
the basic scheme in networks with sufficiently random topolowe placeN nodes in a circle of radiug, subject to a uniform
gies. distribution. Because there are on averag® nodes within a
However, in a scheme where all transmissions are direcircle of radius2R, we place2’ N — N = 3N nodes outside
tional, flowsA — B or B — A can coexist with eithef — D  the previous circle of radiug but inside the concentric circle
or D — C and spatial reuse is maximized. Even though thef radius2R, i.e., the ring with radiiR and2R, subject to the
use of directional transmissions does not force all neighborirgame uniform distribution. The3? NV — 22N = 5N nodes can
nodes to defer access to the shared channel, collisions will fmg placed in an outer ring with radik and3 R, and so on.
necessarily happen if these neighboring nodes do not transmitTo filter out boundary effects that some boundary nodes face
in the direction of either the sender or the receiver. For exanfess contention and may attain higher than average throughput,
ple, in Fig. 1, node€’ and F' do not defer access fd? and the we just focus our attention on the average performance of the
handshake between them will not affégtif the transmission innermostN nodes. According to our experiments, conclu-
beamwidth is sufficiently narrow. Obviously, the use of omnisions drawn from a circular network of radius of more tiidh
directional transmission of CTS packet can be quite disruptivéo not affect the conclusion to be drawn in the next section.
in these cases. Therefore, we present only the results for a circular network of
Based on the above arguments, we can reason that an &ldius3R.
directional transmission schefmay achieve better through-  To avoid some extreme cases, we only use network topolo-
put than those conservative collision-avoidance schemes whgies that satisfy the following requirements:
the benefit of spatial reuse outweighs that of collision avoid- « For the innerN nodes, each node should have at least 2

ance, which we investigate hereafter. neighbors and at mo&tV — 2 neighbors.
« For the intermediate out&N nodes, each node should
I1l. SIMULATION MODELS have at least 1 neighbor and at m2af — 1 neighbors.

Different assumptions can be made regarding the functiod® be specific, even when nodes are distributed uniformly, the

alities of directional antennas. We make the following assumgiumber of the neighbors of any node in such networks can still
tions in our model: vary considerably. It is not uncommon for some innermost

« Anode is equipped with antennas such that, when direfodes to have no neighbors while some other nodes have more
tional transmission with a beamwidth 6fis used, nodes than3 N neighbors, if we do not enforce such requirements.

outside the beamwidth will not receive any signal from [N our simulation, we investigate three typical MAC
the node. schemes. In the first one, all packet transmissions are omni-

« When a node is transmitting with one of its antennas, directional, which is just the scheme commonly used in tra-
appears “blind” in other directions. This is also the Casgitional MAC protocols that emphasizes collision avoidance.

when each node is equipped with only one steerable ahor the sake of simplicity, we call this scheme “ORTS-OCTS.”

tenna. When a node is transmitting, it cannot sense a,:[ﬁough there are quite a few “dialects” of this scheme, we
other channel activity at all choose the IEEE 802.11 MAC protocol as the example. In

« We do not assume directional reception capability, whicf'® Sécond case, an RTS packet is transmitted directionally

is a node’s ability to receive transmissions from one diand CTS packet is transmitted omni-directionally and then data

rection only, while deactivating antennas pointing to Othepacket and acknowledgment packet are transmitted direction-
directions to avoid unnecessary interference ally. This is the scheme that tries to strike a balance between

The rationale behind these assumptions is that the majority ?”ISIOH avoidance and spatial reuse, and it is called "DRTS-

mobile nodes to be deployed in ad hoc networks in the ne rCTS" scheme. The third case is called "DRTS-DCTS;” in

future are unlikely to be equipped with multiple powerful di_Which all packet transmissions are directional. Obviously, this

. ; . . cheme emphasizes spatial reuse.
rectional antennas on a par with base stations in current c:elluﬁauh P P

networks.
IV. SIMULATION RESULTS
2Despite the name’s similarity tomni-directiona) here it refers to the spe- . - . .
cific scheme where all packets are transmitted directionally just for the sake of In this section, we investigate the performance of the three
simplicity. schemes introduced in Section Ill. We use GloMoSim 2.0 [8]



TABLE |

way of channel access to achieve spatial reuse, DRTS-DCTS
IEEE 802.11PROTOCOL CONFIGURATION PARAMETERS

scheme also enjoys on average less delay than the other two
schemes, especially whe¥ is large. In addition, it is also
20-byte | T4-byte | 1460-byte| 14-byte | 50usec | 10usec desirable to use narrower beamwidth in the DRTS-DCTS
Contention window| slot ime | sync. time| prop. delay scheme, even when it does not affect the throughput much for
31-1023| 20usec| 192usec Tusec the case of smalV, because nodes are less affected by the sur-
rounding sending and receiving nodes and thus can spend less
time waiting.

as the network simulator. The traditional IEEE 802.11 MAC We also experiment With some cqnfigurations 'in WhiCh the
protocol just uses ORTS-OCTS scheme. We implement tmy:r;ber;;‘ noges '3 thetln:irmgst (;:rcle'of rg:@#i@ss ?'ﬁTr'
other two schemes based on the existing IEEE 802.11 implgp, rom/V ahdwe denote It by, By choosing difterent vaiues
mentation for fair comparison. Direct sequence spread sp f i, We can vary the contention den_sm_es around these nodes.
trum (DSSS) parameters are used throughout the simulatio ’henz is more than¥, the trans_mlssmns 10 and fro _the_se
which are shown in Table I. The raw channel bit rate is 2Mbp§1.Odes I_oos_ely correspo_nd to the inner-group commumcfatlons
In our simulation, each node has a constant-bit-rate (CBR) tra?.hOWn in Fig. 1. Whed is smaller t_harN, then the trans.mls_-

fic generator with data packet size of 1460-byte, and one gfons Igosgly correspond to th.e !ntgr—group communications
its neighbors is randomly chosen as the destination for eadfOWn In Fig. 1. Due to space limitation, The results show we

packet generated. All nodes are always backloged. o_nly show the results for the case whan=5, i = 3,5,10in
We run simulations withN — 3.5.8 with beamwidth Fig. 4 and more results are available from the authors upon re-

6 = 30°,90° and150°. We generate 50 random topologiesqueSt' Itis clear that the DRTS-DCTS scheme still outperforms

that satisfy the uniform distribution and then obtain averagegpd's.pu'[ably the other two schemes, even when the contention
throughput and delay for th& nodes in the innermost cir- ensities are not uniform.
cle of radiusR for each configuration. The results are shown
in Figs. 2 and 3. In these figures, the vertical lines show the V. CONCLUSION
range of throughput achieved by each scheme, thatdan In this paper, we have discussed the tradeoff between spa-
+ standard variance These lines are shifted a bit for clarity. tial reuse and collision avoidance in contention-based MAC
It can be seen that the throughput of the DRTS-DCTS schemeotocols for multi-hop ad hoc networks. It is shown that,
does not degrade much in a relative large range of transmissi@hen directional transmission is used, it is much better to use it
beamwidths wheV is small and the throughput of the DRTS-throughout the whole handshake. The omni-directional trans-
OCTS scheme degrades very little regardless of the transmigaission of some control packets for collision avoidance will in
sion beamwidth. This can be explained as follows. When fact defeat the purpose of using directional antennas to achieve
node has few neighbors, it usually does not make much dibetter throughput. Simulation results of some sufficiently ran-
ference if the node transmits with either a narrower or a widefom networks validate this argument and show that the DRTS-
beamwidth. For example, if a node has three neighbors thBCTS scheme indeed outperforms the other two conserva-
are distributed around it, it can transmit with beamwidth ofive collision-avoidance schemes in terms of both enhanced
either 30or 90°. However, in reality, it is usually more de- throughput and reduced delay.
sirable to transmit with narrower beamwidth, because signal
energy is more concentrated and a higher signal-to-noise ratio
can be. aChIeYed’ thou.gh physical lay_er |mp§|rmenF other th‘?g F. A. Tobagi and L. Kleinrock, “Packet Switching in Radio Channels: Part
Gaussian white noise is not modeled in the simulations. Fig. 3 i - the Hidden Terminal Problem in Carrier Sense Multiple-access Modes
also shows that narrower beamwidth transmissions can lead to ﬁgdfge B”ii‘{?”i4§%'“f§?éEEE Trans. on Communicationsol. 23,
reduced delay in the DRTS-DCTS scheme. (2] 3.3, ég'?:ia-Luna-ACE\}es and C. L. Fullmer, “Floor Acquisition Multi-
The results reported in Figs. 2 and 3 clearly show that ple Access (FAMA) in Single-channel Wireless NetworkCM/Baltzer
the DRTS-DCTS scheme outperforms the ofher two MAG, ol et nd opcatos 4,105 00 197171 1925
schemes when beamwidth is narrow. In addition, it is alsO" standard for Wireless LAN Medium Access Control (MAC) and Physi-
shown that the DRTS-OCTS scheme performs only marginally cal Layer (PHY) SpecificationdEEE Std 802.11-1997, The Institute of
_better_than the ORTSfOCTS scheme in the,rgndom tOpOlOgiﬁ? El-elast&%a,ll&nghgflf;rrokﬂfﬁsafgﬂgeﬁrls—i.'\\l/(;\li\é)\/(grl‘(‘i\ﬂlegd%h Access Control
investigated here. This shows that the unwitting use of omni-" protocols Using Directional Antennas in Ad Hoc Networks THEE IN-
directional transmission of CTS packet can make almost all FOCOM 2000 Mar. 2000. _ )
overhearing but non-interfering hidden terminals defer aCcCed e o Netorke Usine Dreciiomas antonnas "ocoedingaof
to the channel, and thus can nullify almost all the spatial reuse the IEEE Wireless Communications and Networking Conference (WCNC)

benefit that directional transmissions bring forth. These results 2000 (Chicago, IL, U.S.), Sept. 2000. , , _
firm th iect de in Section II [6] Y. Wang and J. J. Garcia-Luna-Aceves, “Collision Avoidance in Multi-
coniirm the conjeciures made | lon 1. _ Hop Ad Hoc Networks,” inProc. of IEEE/ACM MASCOTS 200¢orth
It is also clear from Fig. 3 that, with a more aggressive Worth, Texas, U.S.A.), Oct. 2002.
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