
Performance analysis of directional CSMA/CA MAC 
protocol in mobile ad hoc networks

Ju-Lan Hsu and Izhak Rubin 
Electrical Engineering Department 

University of California, Los Angeles 
Los Angeles, USA 

{jlhsu, rubin}@ee.ucla.edu 
 
 

Abstract— In this paper, we consider a shared wireless medium 
as employed in a mobile ad hoc wireless network. We develop an 
analytical approach to evaluate the single-hop performance of 
IEEE 802.11 DCF (Distributed Coordination Function) based 
MAC (Medium Access Control) algorithm that is combined with 
the use of directional transmitting and receiving antenna beams 
at each mobile entity. We characterize the saturation throughput 
performance of such directional CSMA/CA (Carrier Sensing 
Multiple Access with Collision Avoidance) protocol in terms of 
the number of channel contenders, packet size, selected 
beamwidth and location tracking imprecisions induced by entity 
mobility. The presented analytical framework provides valuable 
insights on the use of directional contention-based MAC 
protocols in mobile ad hoc wireless networks. Using our 
analytical, as well as simulation evaluations, we present an 
extensive set of performance results. We show that the directional 
CSMA/CA system can provide a significant upgrade of network 
performance when the beamwidth is properly selected. 

Keywords - directional antenna, CSMA/CA, mobile ad hoc 
networks 

I.  INTRODUCTION 
The design of efficient contention based MAC (Medium 

Access Control) protocols for mobile wireless ad hoc networks 
involves the dynamic implementation of effective collision 
avoidance and resolution mechanisms. IEEE 802.11 protocol 
operated under the DCF (Distributed Coordination Function) 
mode employs CSMA/CA (Carrier Sense Multiple Access with 
Collision Avoidance) as its random access scheme. As service 
demands grow, it is essential to realize MAC schemes that are 
able to make more efficient use of the scarce physical layer 
resources of the wireless network. To achieve better power and 
bandwidth utilizations, it has been proposed to upgrade MAC 
layer performance through the use of directional antennas. 
However, utilizing directional antennas to improve the 
performance of ad hoc networks increases the complexity of 
the access control algorithm. The space-division capabilities of 
directional antennas can be fully exploited only through the 
implementation of appropriately designed MAC schemes. 

 MAC schemes specialized for directional antennas have 
been studied in the context of extending the IEEE 802.11 MAC 
protocol in [6], [7], [8], and [9]. In [7], switched beam antennas 
are considered and a RTS-CTS-DATA-ACK message 
exchange is applied, on a per-antenna beam basis. Signals are 

transmitted directionally according to predetermined physical 
location information and are received omni-directionally. In [9], 
steered beam directional antennas are considered and reception 
directionality is utilized. The paper presents “Directional 
Network Allocation Vector” (DNAV) and multi-hop RTS 
scheme called MMAC to exploit the extended transmission 
range enabled by the use of directional antennas. The use of a 
directional NAV scheme is proposed also in [8]; the latter, 
employs a scheme that caches AoA (Angle of Arrival) 
information to form antenna directionality. This scheme is 
identified as Directional Virtual Carrier Sensing (DVCS). In 
[6], it is proposed to utilize switched multi-beam antenna 
capability to locate the position of the link end-node and form 
communication pairs by sending RTS and CTS packets through 
the use of an omni-directional antenna.  

In attempting to mathematically analyze directional random 
access MAC system performance, an analysis is given in [10] 
on the ‘single hop progress’ improvement that can be expected 
in a multi-hop S-ALOHA network in which nodes employ 
directional antennas. The works in [11] and [12] present a 
Directional-ALOHA protocol and provide one-hop 
performance evaluations for mobile ad hoc network systems. In 
[13], performance evaluation of CSMA as well as S-ALOHA 
schemes used in a wireless LAN environment using a switched 
beam multiple beam antenna array is presented. In [1], three 
collision-avoidance protocols that use a combination of 
directional/omni antenna beam formation based packet 
transmission/reception schemes are analytically characterized. 
Under this model, time is slotted and a protocol specific 
parameter p, the probability of transmission in an arbitrary slot, 
is used to derive the saturation throughput per node of an 
RTS/CTS based collision avoidance scheme as employed by 
multi-hop ad hoc networks. 

Several studies have been published involving the modeling 
and analysis of the conventional IEEE 802.11 DCF protocol 
([2]-[4]). However, this protocol has been designed for 
operation by omni-directional antenna systems, so that a 
transmission by a node may be received by a large number of 
nodes that can form effective communication links with the 
underlying sending node. To the best of our knowledge, an 
analytical approach for evaluating the throughput performance 
of a directional CSMA/CA MAC protocol system is yet to be 
published. In this paper, we aim to develop such an analytical 
model.  We use it to investigate the throughput performance 
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behavior of the system as it is impacted by the selection (or 
variation) of the key system parameters, including: beamwidth 
level, number of contending nodes, packet size, and location 
information accuracy. The rest of this paper is organized as 
follows:  In section II, we specify the underlying system model 
and state the assumptions that form the basis of our 
investigation. Our performance modeling technique is 
described in section III. Using our mathematical formulation, 
we present and discuss performance results in section IV. 
Simulation results are presented in section V; they are also 
compared with our analytically predicted performance results. 
Conclusions are drawn in section VI. 

II. SYSTEM MODEL 
We consider a mobile ad hoc wireless network. Stations can 

form communication links with their direct neighbors, when 
feasible, for the purpose of routing their packets to their 
corresponding destinations in a multi-hop fashion. Mobile 
stations are randomly distributed over a two dimensional area 
of operations. We assume stations (also identified as nodes or 
mobiles) to use half-duplex radios. A collision channel 
interference model is chosen as a mathematical model to enable 
the ready evaluation of the successful reception of a packet 
transmission. Under this model, a transmission from node i to 
node j is said to be received successfully if j is currently not 
engaged in a transmission state and if i’s transmission signal is 
the only signal detected by j at this time. If overlapping signals 
are observed at node j, it is assumed that none of the packets 
can be detected correctly, so that all packets are said to collide.  

A. Antenna model 
Each station is equipped with an electronically steerable 

antenna that is capable of estimating the DoA (Direction of 
Arrival) of a signal.  Thus, the receiving station is able to 
effectively form an antenna beam oriented in the direction that 
maximizes the received signal power. The formed antenna 
beam-width is designated as β. Antennas may operate in either 
omni-directional or directional mode. A two-level power 
control mechanism is performed [14] so that the formed link 
ranges when operating in either omni-directional or directional 
mode are approximately equalized. This is used to inhibit 
unnecessary interferences, improve spatial reuse, and reduce 
energy consumption. An idle station senses the channel omni-
directionally until a signal is detected. At this time, the station 
initiates its DoA algorithm and forms a receiving beam 
oriented in the direction that maximizes the received signal 
power. 

B. Directional CSMA/CA 
The basic underlying MAC protocol is identical to that 

specified by IEEE 802.11 DCF. The inter-frame spacing, the 
binary back-off and contention window mechanisms are kept to 
operate in the same manner.  The operation can proceed with or 
without the use of an RTS/CTS dialog.  For the current 
description, assume the latter dialog to be used. We consider 
the protocol presented in [8] for directional antenna operations 
as a generic directional CSMA/CA mechanism. In order to 
utilize the conventional IEEE 802.11 MAC protocol along with 
directional communications and the use of DVCS (Directional 

Virtual Carrier Sensing), the underlying protocol includes the 
following features: 1) caching the DoA, 2) performing beam 
locking/unlocking; and 3) employing DNAV. In addition, 
receiver beamforming is performed at all times; transmitter 
beamforming is performed whenever the intended receiver’s 
DoA information has been cached and has not yet expired. This 
implies that transmitter beamforming and receiver 
beamforming processes are employed whenever possible and 
specifically, CTS/DATA/ ACK packets are always 
transmitted/received directionally. A broadcast packet is 
always transmitted omni-directionally. Under such a scheme, a 
source station forms a beam oriented towards the intended 
destination neighbor to start a transmission. All stations that 
detect an arriving signal initiate their DoA processes and 
proceed to form receiving beams that are oriented towards the 
signal maximizing direction. Whenever a node hears a non-
ACK unicast frame that is destined to other nodes, a DNAV 
indicator associated with a directional area that, in our case, has 
an angular span that is set equal to the beamwidth level, is set 
to prevent the node from transmitting any outstanding packets 
in the DNAVed direction until the corresponding DNAV 
indicator has expired. 

C. Transmitter beamforming in mobile systems 
Note that in order to perform transmitter beamforming, 

stations need to keep track of information identifying the 
locations of their neighboring stations. Such location 
information is stored in the AoA cache.  In this manner, a 
station is able to initiate a new communication process by 
forming a directional beam that is oriented accurately in the 
direction of its intended receiver. However, due to nodal 
mobility and channel variations, such information becomes 
outdated after a period of time. In this paper, we assume that 
location information is acquired, to certain accuracy, through 
an in-band/out-of-band location tracking mechanism that 
provides location updates, while inducing relatively low level 
of capacity overhead. Such mechanisms have been realized and 
investigated in [11], [14], and will thus not be discussed in this 
paper. Notice that due to mobility, and due to the limited 
resources that are available for the continuous tracking of 
mobiles, users may inevitably mis-estimate the location of 
destination mobiles.  Consequently, stale location data may 
cause a station to have and use imprecise information for 
tracking user locations. Such imprecise location information 
might cause transmitting nodes to form antenna beams in 
directions that deviate from the desired ones and thus possibly 
‘miss’ their intended destinations. As a result, one expects the 
network throughput performance behavior to degrade as user 
mobility level increases. 
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Figure 1. Nodal state diagram     Figure 2. Node x attempts a 4-way 

                                                                              handshaking with node y 
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III. ANALYSIS 
In this section, we derive the throughput capacity of the 

directional CSMA/CA system.  We define the latter to express 
the system’s MAC-layer ‘Saturation Throughput.’ It measures 
the throughput level achieved by the system’s MAC layer when 
all system nodes are assumed to be continuously loaded (so that 
each node always has a packet that it wishes to transmit across 
the shared medium).  Consider a system that consists of a fixed 
number of stations N that are randomly distributed over the 
two-dimensional area of MAC layer single-hop operations.  No 
hidden terminal problems are assumed when the protocol 
operates under an omni-directional mode, so that each station is 
then able to receive messages transmitted by any other station.  
Each source node randomly picks destinations for its packets. 
We represent each node’s state process as a discrete time 
Markov chain process.  The node’s states and transition state 
diagram are shown in Fig. 1. The idle state represents the state 
at which the node reside when it backs off and when the 
channel is observed to be idle. The success state is the state at 
which the node achieves a successful packet transmission (so 
that it completes a four way handshaking dialog.) The receive 
state is the state at which the node reside when it achieves a 
successful packet reception.  The fail state represents the state 
at which the node executes a failed packet transmission. The 
defer state is the state at which the node proceeds to defer its 
transmission, based on information derived from generated 
DNAV indicators.  The overhear state denotes the state at 
which the node overhears other signals but decides not to defer. 
Note that the state model presented in Fig. 1 provides a close 
approximation of the directional CSMA/CA operation. Events 
that are of minor importance or occur with low probability have 
not been included under this model. For example, under actual 
operation, it is possible for the system to transition from certain 
states to the receive or overhear state directly without going 
through the idle state. Through statistical averaging, assuming 
nodes (at steady state) to experience the channel process in a 
similar fashion, we assume that all nodes are characterized by 
probabilistically identical transition state diagrams, identified 
by having the same transition probability values.  We proceed 
to derive formulas for the transition probabilities, and to 
calculate the underlying steady state distributions for the state 
process.  These results are then used to compute the system’s 
saturation throughput.  

In the idle state, the backoff counter decreases its value by 
one unit every slot time. When the counter hits zero, the station 
transition out of the idle state and initiates a packet 
transmission. Otherwise, if no signal arrives during the 
underlying time slot, the station continues to stay in the idle 
state. We employ the same model described in [6], under which 
the backoff mechanism process undertaken by a station is 
modeled as a Markov Chain. The steady state equations of this 
chain are solved to yield the packet transmission probability t 
that represents the probability that a station, which resides in 
the idle state, initiates a packet transmission at a slot. The 
parameter p is used to denote the conditional collision 
probability, W denotes the length of the minimum contention 
window, and m represents the maximum backoff stage value. 
From [6], Parameter t is readily noted to be given by:      

1

0

2( )
1 (2 )m i

i

p
W pW p

τ −

=

=
+ + ∑

             (1) 

We have yet to calculate the conditional collision 
probability p. Let the steady state probabilities of the nodal 
state Markov chain be denoted as πi, πs, πr, πf, πd, and πo. The 
average time periods that a node stays in the corresponding 
states are denoted as Ti, Ts, Tr, Tf, Td and To respectively. We 
define the continuous-time state process X = {Xt, t ≥ 0} by 
defining the node state variable at time t, Xt, to denote the state 
into which the system transitioned at the last transition time 
occurring before time t. We set πi’ (index i stands for idle state) 
to represent the steady state probability that the continuous time 
semi-Markov state process X resides at any time at the idle 
state. We readily calculate πi’ in terms of its embedded discrete 
time state process, to be given by [15]: 

' i i
i

i i s s r r f f d d o o

T
T T T T T T

ππ
π π π π π π

=
+ + + + +

                                   (2) 

Consider node x whose head-of-the-line packet is to be 
forwarded to (link layer) neighboring node y, as depicted in 
Fig. 2. For such a link, the probability of collision of a packet 
transmission at arbitrary time t0 is expressed as: 

1 2 3 4

1 Pr{ |  }
1

p success transmission attempt
p p p p

= −
= −

                           (3) 

where 

1 0Pr{     } 'ip y is idle at t π= =                                          (4) 

and 

2 Pr{ '      }
( , ,   )

p x s signal strong enough at y
K v location tracking mechanismβ
=

≡
                           (5) 

where v denotes the velocity level. The parameter p2 is the 
factor that expresses the degradation induced by the sender's 
transmission effectively missing its intended receiver. We 
identify it as the K factor, which has been characterized in [11] 
for a Directional-ALOHA MAC scheme. The value assumed 
by this factor is impacted by the imprecision levels 
characterizing the location tracking and pointing processes. For 
the special case under which the transmitter has acquired the 
locations of its intended receivers in a precise manner that 
includes no errors, and under which its antenna pointing 
mechanism induces no errors,  no such degradation is applied, 
so that we set K( ) = 1. The value attached to this term clearly 
depends on the location update rate, mobile speed, pointing 
accuracy, and the formed beamwidth level. The detailed 
evaluation of this factor is out of the scope of this paper, and 
we will thus include the K factor as a parameter in our derived 
throughput performance expressions and performance 
evaluations. 

The process of establishing a successful four way dialog is 
as follows: At first, the intended destination node y (which is 
idle at the time) listens to the channel omni-directionally, and 
node x starts to initiate a transmission by sending a RTS 
packet. If no station other than x starts transmitting to y at that 
time, node y forms a receiving beam oriented towards node x. 
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Note that once receiving node y has acted to successfully 
capture the signal sent by node x at the start of the latter’s RTS 
packet transmission, stations that reside at this time in beam 
volume Bxy (see Fig. 2) will set their DNAV indicators and 
prevent from transmitting in the direction of node x. Let’s 
assume that nodal movements within the duration of a packet 
transmission time are relatively small and hence mobility is not 
of concern for the analysis of the underlying four way dialog 
process. Therefore, only those nodes that are then located in y’s 
receiving beam volume (Byx) and have proceeded to initiate a 
transmission in y’s direction can potentially interfere with the 
successful reception of the RTS message at node y.  Following 
the successful reception of an RTS packet, and the start of 
transmission of the corresponding CTS packet, we assume that 
the probability of further collision is negligibly small (noting 
the latter collision event to require the existence of busy nodes 
at that time within the two volumes mentioned above, so that 
these nodes are engaged in transmission or reception processes 
during this time and are unable to detect the involved 
transmissions between nodes x and y.) The RTS transmission 
time duration is thus identified as the vulnerable period for 
inducing collision events. Denote trts as the RTS transmission 
time normalized to the slot time. We obtain: 

( )

3
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( 2)
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Pr{        '  
                }
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   Pr{ '      })
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where β/2π denotes the probability that node y is ‘hit’ by a 
signal from an arbitrary transmitting node, when it is assumed 
that nodes send signals uniformly across every direction within 
the 2π azimuth plane, using antenna beamwidth β.  The actual 
angular distribution of formed beams tends to be biased, with a 
higher probability weight concentrated around the center of the 
area of operation. It is dependent only on the location of the 
underlying active nodes. Overall, the probability that a node is 
located within a zone covered by a randomly selected 
transmitting node is equal to or higher than β/2π. We hence 
define C(β) to represent the adjustment parameter used to 
reflect the effective non-uniformity factor associated with the 
angular distribution characterizing transmit directions. It is a 
function of the antenna beamwidth, so that C(β)β/2π is used to 
represent the probability that a transmission ‘hits’ a non 

intended receiver. The factor C(β) is a decreasing function of β, 
noting that the effect of the non-uniformity becomes more 
distinct under narrow beamwidth scenarios; this effect vanishes 
when omni-directional antenna beams are employed. 

Using the process described above, (3) is used to derive an 
expression for the conditional collision probability p in terms of 
the underlying beamwidth, steady-state state probabilities, and 
packet transmission probability. The transition probabilities are 
then calculated, under steady-state conditions, by using the 
following relationships:  

(1 )isP pτ= −                                                                     (8) 

ir isP P=                                                                                   (9) 

1

(1 ) Pr{      
    '  }

(1 )(1 ' ( ) ' ( ))2 2

ii

N
i i ir

P no stations start to transmit
RTS or CTS in x s direction

C P C

τ

β βτ π τ β π βπ π
−

= −

= − − −

                 (10) 

ifP pτ=                                                                                 (11) 

1si ri fi di oiP P P P P= = = = =                                      (12) 
We notice that Pir is equal to Pis because every successful 

transmission corresponds to one successful reception and 
traffic is assumed to be uniformly distributed. The rest of 
transition possibilities involve transitions to defer and overhear 
states. The calculation of Pid and Pio is more involved. Due to 
the use of the DNAV mechanism, a station that overhears 
packets that are not intended for itself will not necessarily 
defer. Deference is rather determined based on the transmission 
direction of its head-of-the-line packet. If the node’s next 
packet transmission is not in the direction of the overheard 
packet, it will transition to idle state (noting that it has just 
moved to overhear state upon overhearing a transmission) 
instead of refraining from transmission. However, even if the 
node overhears others’ RTS or CTS transmissions and decides 
not to defer, it may later on receive DATA or ACK packets that 
are part of the latter dialog and cannot switch to transmission 
mode because it is equipped with a half-duplex radio. 

To simplify the calculation of the Pid and Pio parameters, we 
propose the following approximation procedure. In considering 
all packet transmissions, the ratio of packets per packet type is 
approximately given by: RTS: CTS: DATA: ACK = 1 : 1-p : 1-
p : 1-p. A node that successfully receives others’ RTS or CTS 
packets and has its next packet’s transmission orientation 
overlapping the overheard direction will transition into defer 
state. Otherwise it will transition into overhear state and 
following the completion of the overheard packet’s 
transmission, it will transition back to idle state. Therefore, we 
can write: 

3 4

Pr{      
      }

Pr{    / }
Pr{         }

(1 )
1 (1 )

1 (1

id

ii is ir if
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where p3 and p4 are defined in (6) and (7). By writing the 
balance equations for the steady state state probabilities, we 
conclude the following specific expressions:    

1
2i

iiP
π =

−
                                                                  (15) 

s is i rPπ π π= =                                                      (16) 

f if iPπ π=                                                                   (17) 

d id iPπ π=                                                                   (18) 

0 io iPπ π=                                                                   (19) 

The time intervals that a station stays in individual states 
(noting the variables involved to assume either fixed values or 
be represented by their average values) are given by: 

iT σ=                                                                                  (20) 

             
s rT T RTS SIFS CTS SIFS H

DATA SIFS ACK DIFS
= = + + + +

+ + + +
                       (21) 

fT RTS DIFS= +                                                     (22) 

d sT T=                                                                                  (23) 

where s and H denote the slot’s time duration and the 
combined length of the employed physical and MAC headers. 
The length of the overhear time is determined by the duration 
of the overheard packet transmission. We estimate its expected 
length To to be given by: 

1 (1 )
(4 3 ) (4 3 )

(1 ) (1 )( )
(4 3 ) (4 3 )

o
pT RTS CTS

p p
p pH DATA ACK DIFS
p p
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− −⋅ + + ⋅ +
− −

                       (24) 

Note that our above formulas provide approximate 
calculations for the lengths Tf and To, in that they neglect the 
possible occurrence of consecutive defer and overhear states, 
noting the probability of the latter to be typically quite low. 
Using the results calculated above, the saturation throughput, 
measured in units of bits per second, is expressed as 

1
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[ ]

N
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i i s s r r f f d d o o

TH throughput of node x

E PN
T T T T T T
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π π π π π π

=
=

=
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∑
                       (25) 

where E[P] denotes the average payload size of a data packet, 
expressed in units of bits. We have employed efficient 
numerical methods to carry out the calculations presented 
above. Preliminary results are shown in the next section. 

IV. NUMERICAL RESULTS 
In this section, we present and discuss the performance of 

the system based on the use of a numerical procedure to carry 
out the computations involved in the analytical approach 
presented in the previous section. For our evaluations, we 
consider an ad hoc network consisting of N nodes that are 
located in an A x A square area. The parameters used for the 
system are listed in Table 1. Note that based on the IEEE 
802.11 standard, even though the data payloads of the MAC 
frames may be transmitted at a data rate of 2Mbps, the PHY 
header is always transmitted at a rate of 1Mbps. 

  

TABLE I.  SYSTEM PARAMETERS 

Parameters Value 
N 14 
A 200m 

Transmission power 15dbm 
Data rate 2Mbps 
Base rate 1Mbps 

Receiving threshold -81dbm 
Sensing threshold -91dbm 

CWmin 32 
m 5 

 
Figure 3 shows the variation of the saturation throughput 

level versus the formed antenna beamwidth levels, under two 
packet size levels and a perfect beam pointing process (K = 1). 
We find that the beamforming procedure serves to reduce the 
level of interference experienced at an intended receiver. A 
higher spatial reuse factor is attained by the formation of 
narrower beamwidths. Improved throughput performance is 
thus obtained as the antenna beamwidth level is reduced. As 
the beamwidth level increases, the throughput performance is 
reduced. We note that an operation that involves the formation 
of wide beamwidth levels may induce throughput levels that 
are lower than such levels obtained through the use of omni-
directional antennas, due to the use of the DNAV mechanism.  

Figure 4 shows the relation between the throughput 
performance and the packet size, assuming that K = 1.  Packet 
sizes have been varied from 64bytes to 1500bytes. We observe 
that throughput performance improves as the packet size 
increases and saturates gradually. Such a gain is caused by the 
increased channel utilization.  

V. SIMULATION RESULTS 
In this section, we use cross layer simulations to investigate 

the performance of the directional CSMA/CA protocol for the 
same illustrative system studied above. We have integrated 
antenna patterns for antennas designed to operate at different 
beamwidth levels into a commercially available simulator 
(Qualnet [5]). The values of the parameters used in the 
simulations are listed in Table I. The system is loaded by seven 
CBR traffic flows. We assume a given routing scheme to be 
employed, noting that this scheme is not a factor for the 
underlying MAC level design. We have performed statistical 
averaging calculation in obtaining the performance results 
depicted in our performance graphs. 
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Figure 3. Throughput performance vs. beamwidth levels with 512byte 

packet size, K=1, and N=14. (numerical)
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We compare the obtained simulation based performance 

results to the corresponding ones predicted by using our 
analytical results, assuming ideal antenna radiation patterns. 
Such an ideal antenna is assumed to produce 0 dB gain within 
the specified beamwidth and -100 dB gain outside the 
beamwidth scope. The corresponding results are shown in Fig. 
5, assuming a packet size of 512 bytes and setting K = 1. We 
observe that the saturation throughput levels identified in Fig. 5 
agree with the corresponding analytically calculated throughput 
levels. The matching results validate the effectiveness of our 
presented analytical approach, as observed and computed under 
the stated assumptions.  

Due to space limitation, we will not present in this paper 
detailed results derived from a simulation model in which we 
have included the detailed specification of radiation patterns 
produced by realistic directional antenna systems.  From these 
evaluations, we have observed that the throughput performance 
behavior obtained by the latter simulations follows quite well 
the corresponding behavior predicted by using the analytical 
technique developed in this paper. This is particularly the case 
when wide to moderate beamwidth levels are employed. As the 
beamwidth level is reduced, the simulation results have been 
noted to exhibit somewhat lower throughput levels.  The 
simulation observed throughput level is further noted to reach a 
saturation level as the beamwidth level is further reduced. The 
deviation noted above is attributed to the existence of side 
lobes when realistic antenna patterns are considered.  In our 
mathematical analyses, we have assumed antennas to exhibit 
perfect radiation patterns, with no energy leakage realized 
outside the mainlobe. Spatial interferences induced by the 
aggregates of sidelobe radiations prevent further increases in 
the spatial reuse factors from being realized, when narrower 
beamwidth antenna beams are formed.   

VI. CONCLUSIONS 
This paper presents an analytical scheme for modeling the 

throughput performance behavior of a multiple access channel 
of an ad hoc wireless network under the use of a directional 
CSMA/CA (IEEE 802.11 type) MAC protocol. We 
mathematically characterize the system’s saturation throughput 
performance in terms of a number of parameters that include 
the number of contending nodes, packet size, selected 
beamwidth and location tracking imprecision caused by entity 
mobility. We evaluate the performance behavior of the system 
by using our analytical technique as well as by performing 
extensive cross layer simulation. We show that a CSMA/CA 
MAC protocol that is employed in conjunction with the 

 
formation of directional transmit and receive beams can yield 
significant system throughput upgrades when the antenna 
beamwidth level is properly selected. 
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Figure.5 Throughput performance vs. offered load with ideal antenna 

patterns, assuming 512byte packet size and K=1. Dashed lines represent 
analytical saturation throughput levels for each beamwidth value. 
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Figure 4. Throughput performance vs. packet sizes with K=1. (numerical) 
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