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Abstract

It has been proposed to upgrade the performance of medium access control (MAC) schemes through the use of beam-
forming directional antennas, to achieve better power and bandwidth utilization. In this paper, we consider a shared wire-
less medium as employed in a mobile ad hoc wireless network. We present and analyze a random access MAC algorithm
that is combined with the use of directional beamforming formed by each transmitting mobile entity. Mathematical equa-
tions are derived to characterize the throughput performance of such a directional-ALOHA (D-ALOHA) algorithm. We
describe the interferences occurring at each receiving node by considering both distance based and SINR based interfer-
ence models. The D-ALOHA protocol includes the establishment of a (in-band or out-of-band) control sub-channel that is
used for the transmission of location update messages. The latter is used for allowing mobile nodes to track the location of
their intended destination mobiles. We present a separation property result that allows us to express the network through-
put performance as a product of two factors: (1) a stationary factor that represents the system throughput performance
under a perfect receiver location update process, and (2) a mobility factor that embeds the user mobility and location
update processes in expressing the level of throughput degradation caused due to location update errors. We employ
our derived mathematical equations, as well as carry out simulation evaluations, to present an extensive set of performance
results. The throughput performance of such a beamforming based MAC protocol is characterized in terms of the system’s
traffic loading conditions, the selected beamwidths of the antennas at the transmitting mobiles, the mobility levels of the
nodal entities and the bandwidth capacity allocated to the control channel used for location update purposes. We show
that the D-ALOHA protocol can provide a significant upgrade of network performance when the transmitting nodes adapt
their beamwidth levels in accordance with our presented control scheme. The latter incorporates the involved tradeoff
between the attained higher potential spatial reuse factors and the realized higher destination pointing process errors,
and consequently uses nodal mobility levels and channel loading conditions as key parameters.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In wireless communications, the fact that omni-
directional antennas spread out energy universally
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is one of the major causes of radio interferences and
energy use inefficiencies. The use of directional
antennas can reduce the occurrence rate of such
interferences. It has been proposed to upgrade the
performance of medium access control (MAC) layer
schemes through the use of directional antennas, to
achieve better power and bandwidth utilization
[9,13]. However, the superior capabilities of smart
antennas can be fully exploited only through the
implementation of appropriately designed MAC
schemes. The design of such an effective MAC pro-
tocol plays a prominent role in realizing the efficient
utilization of the scarce physical assets of the wire-
less network, including bandwidth and energy
resources. We present and analyze in this paper a
random access MAC algorithm that is combined
with the use of directional beamforming formed
by each transmitting mobile entity as the basis for
MAC schemes employed by entities that share mul-
tiple access radio channels through the use of prop-
erly configured directional antennas.

MAC schemes specialized for use with direc-
tional antennas have been well-studied in the con-
text of extending the IEEE 802.11 CSMA/CA
(Carrier Sensing Multiple Access with Collision
Avoidance) MAC protocol in [1,2,10,17,18,14]. In
[10], switched beam antennas are considered and a
RTS–CTS-DATA-ACK exchange similar to that
used in an IEEE 802.11 system is applied, but on
a per-antenna basis. Signals are transmitted direc-
tionally according to predetermined physical
location information and are received omni-
directionally. In [14], steered beam directional
antennas are considered and reception directionality
is utilized. The paper presents ‘‘directional NAV’’
(DNAV) and a multi-hop RTS scheme to exploit
the extended transmission range enabled by the
use of directional antennas. A directional NAV
scheme is also proposed in [17]. A transmission that
is aimed in a direction of a received RTS or CTS is
deferred. The work in [17] employs a scheme that
caches Angle of Arrival (AoA) information to form
antenna directionality. This scheme falls back to
omni-directional mode only when the AoA profile
is not available, and is identified as Directional
Virtual Carrie Sensing (DVCS). In [2], it is proposed
to utilize switched multi-beam antenna capability to
locate the position of each link’s end-node and
establish communication pairs by sending RTS
and CTS packets through the use of an omni-direc-
tional antenna. Power controlled directional MAC
schemes have been studied in [1].

In [19], the employment of busy tones on
separate channels in conjunction with the use of
directional antennas is suggested to minimize
transmission interference. Several studies have been
performed to examine TDMA-based mechanisms
using directional antenna. In [6], the study assumes
the use of a multi-beam adaptive array (MBAA)
capable system. A distributed algorithm is analyzed
under which two-hop state information is gathered
and used to schedule simultaneous transmissions,
by multiple senders to multiple neighbors, on a
slot-by-slot basis. In [16], a multi-layer system
design that involves MAC and network layer mech-
anisms using directional antennas for ad hoc net-
working (UDAAN) is developed and evaluated
based on an implemented testbed. In [26], a TDMA
based scheduling scheme is presented for entities
that employ directional antenna beams for both
transmission and reception purposes.

It has been known [30] that the ratio of the prop-
agation delay (and other channel acquisition factors)
to the packet transmission time, identified as the
acquisition factor, has to be sufficiently low for car-
rier sensing to become effective and for CSMA-type
protocols to outperform (slotted and unslotted) ran-
dom access MAC schemes ([12]). Therefore, for long
range and/or high data rate wireless communication
systems (for example, Wireless MANs), the medium
access design choices come down to either Demand-
Assigned based (TDMA, FDMA, or CDMA), or
Random Access algorithms. The latter protocols
are often used when operational simplicity is of crit-
ical design importance or when the medium is shared
among a large number of bursty users, or when it is
essential to have a highly survivable fully distributed
MAC scheme. For the reasons mentioned above,
random access protocols are universally employed
for the realization of reservation multiple access
communications channel systems. Thus, when
Demand-Assigned MAC schemes are employed in
wireless network systems (for example, cellular
systems), random access schemes are used for regulat-
ing access across reservation/control sub-channels.
Reviewing the literature, we note that the work in
[5] investigates the use of directional antennas in
slotted Aloha multihop packet radio networks.
The studies presented in [3,4], involve the use of a
basic ALOHA MAC protocol system with users
employing omni-directional antennas, to transmit
their messages to a central node that uses a radio
receiver attached to an adaptive array antenna. In
[15], an analysis is given of the ‘single hop progress’

128 J.-L. Hsu, I. Rubin / Ad Hoc Networks 6 (2008) 127–153



Author's personal copy

improvement that can be expected in a multi-hop
SALOHA network in which nodes employ direc-
tional antennas. The system presented in [7,8], use
Smart-ALOHA protocols providing performance
evaluations under the consideration of certain real-
ized antenna radiation patterns; a DoA (Direction
of Arrival) technique is utilized and packet trans-
missions are prefaced with a DoA minislot that is
used to form a directional beam that serves to max-
imize Signal to Interference and Noise Ratio
(SINR) at the receiver. In [29], analysis is presented
of a one-hop CSMA and a slotted ALOHA system
with switched beam multiple beam antenna array.

In this paper, we study directional random access
algorithms as the basis for MAC schemes, by
employing smart antenna modules at the mobile
nodes; the latter provide for antenna beamforming
implementations. In contrast with previous works
that employ DoA based receiving antenna beam-
forming operations, we emphasize in our proposed
research herein the use of transmitter beamforming
operations. For mobiles, such an operation can
become a design issue of key concern, since it is
necessary to properly locate and track the positions
of (link layer) destination mobile user stations. In this
study, we present a new mechanism to incorporate
directionality in a slotted Aloha MAC system to
achieve high performance in mobile ad hoc net-
works (MANETs). We deploy a separate, in-band
or out-of-band, low bandwidth control channel for
use by active mobiles to track the location of their
intended destinations. Related studies include the
works presented in [2,23–25]. In [2], source and des-
tination nodes identify their relative location during
a location update phase, by invoking RTS–CTS
exchange and using omni-directional antenna
beams. In [23], each node updates and records its
neighborhood information by maintaining an
Angle-SINR Table (AST). To configure this table,
each node periodically sends a directional broadcast
beacon message, sequentially scanning all directions
at 30� intervals. The control message overhead
induced by such a scanning operation can be rela-
tively high. In [24,25], a Receiver-oriented, Rota-
tional Sector Based Directional MAC protocol is
employed, and is also used as a Location Tracking
mechanism. In [27], fixed sectored transmit and
receive antenna structures are employed. Scanning
schemes are used to coordinate the formation of
links.

In [21,22], we have recently proposed and
described a transmitter-based Directional-ALOHA

(D-ALOHA) protocol for use of a directional
antenna based random access scheme in mobile ad
hoc networks (MANETs). Thus, the mobile node
does not engage in a carrier sensing operation. We
have shown our mechanism to employ antenna
directionality in a manner that exploits efficiently
the spatial diversity of the network’s link level
transmission requirements. Our proposed control
channel is used to exchange relative location
information between communicating station pairs.
The accuracy of such information depends on the
mobility level of the involved active nodes and on
the capacity level allocated to the control channel.
Location update accuracy impacts the precision that
can be attained in correctly forming and pointing
beams under user mobility processes. We derive
mathematical formulas for characterizing the
throughput performance behavior of the multi-
access channel that is regulated by our directional
random access scheme, under two distinct interfer-
ence models. Following our analytic derivations,
we present a separation property under which the
network’s throughput performance is expressed as
a product form of a stationary factor Q and a
mobility factor K, under a collision interference
model. We identify the effects of entity mobility level
on throughput performance and represent the latter
according to the separation property. In this paper,
we provide detailed proofs of the separation prop-
erty, as well as extend the results presented in our
above mentioned conference papers by presenting,
under the SINR based interference model, an
extended separation property in which the network
throughput performance is expressed as a sum of
terms, whereby each term is expressed as a product
of two terms that correspond to the stationary and
the mobility factors. In this paper, we also investi-
gate the effect of entity mobility on the network’s
throughput performance under a SINR based inter-
ference model. Furthermore, we present here the
structural elements of a new adaptive scheme under
which each node uses its observed measurements of
the underlying traffic rate and link oriented mobility
levels to determine the preferred setting of its beam-
width level.

The organization of the rest of this paper is as
follows: in Section 2, we specify the proposed
D-ALOHA protocol and characterize a separation
property that we use to calculate the throughput per-
formance of the system. Performance analyses are
carried out in Section 3. Simulation results are pre-
sented and discussed in Section 4. Our beamwidth
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adaptation scheme is presented in Section 5. Conclu-
sions are drawn in Section 6.

2. System model

2.1. Directional antenna model

To simplify the underlying mathematical analy-
sis, while identifying the key performance and
design features of our schemes in a clear manner,
we henceforth assume that power is only radiated
through the main lobe. A constant gain factor, that
is normalized and is set to be equal to 1, is assumed
to characterize radiations emitted within the main
lobe, the beamwidth of which is set equal to b. Radi-
ations outside the main lobe are assumed to be com-
pletely suppressed (i.e., characterized by antenna
gain equal to 0). When the beamwidth is set equal
to 360�, we configure the antenna to operate in
omni-directional mode; otherwise it operates in
directional mode. Antenna beams are electronically
steerable and can be pointed to any direction h,
0 6 h 6 2p, within the 360� azimuth plane.

2.2. Reception model

We assume nodes to employ half-duplex radios.
The following two interference models are chosen
to serve for the evaluation of whether a transmitted
packet is received successfully at its intended receiv-
ing station: (a) collision interference model and (b)
SINR based interference model. Under (a), each
station is associated with a prescribed transmission
range, so that only stations located at this distance
from the transmitting station are able to detect the
station’s transmissions. Under this model, a trans-
mission from node i to node j is received successfully
if and only if j is at this time not in a transmission
state, j is in communication reception range with i,
and if i‘s transmission signal is the only signal
detected by j at this time. If overlapping signals
are detected at node j, it is assumed under this
model that none of the packets can be detected
correctly, so that all packets are said to collide. Such
a collision interference model is often also identified
as graphed based interference model. It has been
employed frequently in many analyses due to its
simplicity. Under model (b), a transmission from i

to j is determined to be successfully received if j is
not in a transmission state and if j’s detection of
i’s signal is performed at a signal to interference

and noise ratio (SINR) whose value is not less than
a minimum required threshold c:

P iGijAij

N þ
P

k2XP kGkjAkj
P c ð1Þ

where Pi is node i 0s transmit power, and N denotes
the thermal noise power at the receiver. We use X to
denote the set of nodes that are transmitting at the
time that node i transmits its packet, and Aij is used
to denote the antenna gain function across the
established link connecting stations i and j, consid-
ering both the transmitting and receiving ends. Gij

denotes the channel gain across the i-to-j transmis-
sion link. For our analytical derivation, we assume
a path loss model such that the signal power atten-
uates in accordance with the inverse of the power of
the distance between the involved two stations in the
far field, i.e., Gij = gd(i, j)�a where d(i, j) denotes the
distance between i and j, g is a path loss constant,
and a is the attenuation factor, a > 0. Clearly, our
derivation methodology applies also when other
channel transfer functions are incorporated.

2.3. System description

We consider medium access control (MAC) layer
operation in a mobile wireless ad hoc network.
Mobile stations are distributed over a two dimen-
sional square area a · a. We assume that the nodes
maintain synchronized clocks so that a slotted com-
munications channel operation is enabled.1 Each
node is equipped with a steered-beam directional
antenna. A transmission beam-width b is
employed.2 Stations form communication links with
their direct neighbors, when feasible, for the pur-
pose of routing packets to their corresponding
destinations in a multi-hop fashion. To characterize
the performance of such a network when loaded by
a wide variety of spatially distributed flows, having
a multitude of source–destination pairs, we assume
(with no loss in generality) that a station selects
the intended receiver for a transmitted packet at
random from among its link layer neighbors. We
focus in this paper on the operation of the MAC
scheme that regulates access to a multiple access
channel that is spatially shared among multiple link

1 We note that the underlying access protocol can also be
applied to an asynchronous (unslotted) random-access operation.

2 The proper setting of this beamwidth can also be dynamically
configured at each station in accordance with underlying system
traffic and mobility conditions, as we point out in Section 5.
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layer neighbors. We therefore consider all stations
in the area of operation to be able to reach each
other in a single hop. For our analysis, the following
traffic model is assumed. (Note that the underlying
access protocol is independent of the specific traffic
model used. Other traffic and packet length models
can also be readily incorporated.) Packets (of data,
representing MAC frames) of constant length are
independently generated by each node in accor-
dance with a Bernoulli process; i.e., each node gen-
erates independently a new packet (that it wishes to
transmit across the shared link radio medium) with
probability p per slot, 0 6 p 6 1. The destination
receiver for a transmitted packet is randomly
selected among its link layer neighbors.

2.4. D-ALOHA protocol

We propose a Directional-ALOHA (D-ALOHA)
MAC protocol, under which conventional slotted
Aloha access control operations are combined with
the use of a directional beamforming process. The
channel is divided into two sub-channels: data and
control channels. Stations periodically report loca-
tion information to their neighbors by sending
omni-directionally across the control channel
location update packets. We note that location
update information will instead be included inside
data packets, if such packets are currently used.
Upon receiving updates from other users, a node
records this location information in its cache. Each
node determines its own geographical location by,
for example, using Global Positioning System
(GPS). Note that lacking GPS, relative localization
algorithms can be employed. Also, relative location
information can be acquired by applying a Direc-
tion of Arrival (DoA) algorithm upon signal arrival.
The use of a DoA process serves to further enhance
the capability of the node in allowing it to form
directional receiving beams.

The control channel can operate as a (logically
or physically, in-band or out-of-band) separate
random access channel that consumes a small
portion of the available bandwidth. A station that
has just entered the area of operation stays silent
during the first location update period and then
randomly picks an instant of time to send an
update packet informing other nodes of its physical
location along with its unique node ID. Such cen-
tral message transmissions are performed omni-
directionally. The location update period, whose
length is denoted as TL, is designed to assure a high

throughput operation. When a packet arrives, a
node, if idle, transmits this packet in the next slot
with its main beam positioned toward the intended
(link layer) destination station. This position is
based on the stored location information received
at the time of the most recent location update.3

Following the transmission of its packet (as embed-
ded in its MAC frame), the node locks its antenna
in that direction and waits for the receipt of a posi-
tive acknowledgement packet (ACK). It expects the
latter (if any) to arrive within the same slot that it
used to send its data packet (during the remainder
of the time; of course, other ACK transmission
structures, can also be employed). If a node does
not transmit in a slot, it listens to the channel con-
tinuously, proceeding to receive and process data
packets that it detects omni-directionally. If it suc-
cessfully receives a packet that is intended for itself,
it responds with the transmission of an ACK
packet, with its main beam pointed to the sender.
Following the transmission of a data packet, the
station enters into a backoff state if no ACK packet
is received. It will then retransmit its packet after a
random backoff period. For our mathematical
analysis to model such a retransmission process,
the node is assumed to select (in a statistically inde-
pendent manner) a slot to retransmit its packet
with a prescribed retransmission probability. After
a selected maximum number of retransmission
attempts, the node drops the packet and enters
an idle state. As an ACK packet is transported
immediately following the reception of a successful
data packet, within the same slot, we note that the
ACK transmission proceeds in a collision free
manner under the collision interference model
(noting that the sender switches to directional
reception to receive the ACK; see Appendix A for
a proof of this property). Under the SINR based
interference model, we provide (see Appendix A)
an analytical expression that bounds the probabil-
ity of ACK reception at an unacceptable SINR
level, noting that this probability is relatively low

3 In this paper, the transmitting beamformed direction is based
on the previously recorded location data. However, location
estimation/prediction algorithm can also be readily performed to
further reduce mobility induced degradation [28]. In this manner,
the sender orients its antenna beam to a direction that is
determined based on this prediction. The latter clearly depends
on the estimated mobility speeds and directions of the involved
entities and on the time elapsed since the last location update
took place.
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since simultaneously employed directional trans-
missions and receptions are involved.

A location field entry is appended to the header
of data packets and ACKs. This entry contains cur-
rent updates of the coordinates (or relative location
reference information) of the underlying transmit-
ting entity. Thus, upon the completion of a success-
ful DATA-ACK dialog between the source and
destination stations, the latter proceed to update
each other’s relative location database by using
the location data included in each exchanged frame
(or, alternatively, by using a DoA algorithm).
Therefore, when nodes exchange data packets as
part of a flow (that may last for a stream’s session
duration, or for the length of a message burst), they
are able to receive frequent location update, avoid-
ing the need to produce separate location update
control messages.

2.5. The effects of mobility

Induced by mobility, and by the limited link
capacity resources that are available to mobiles to
continuously track each other, stations may inevita-
bly mis-estimate the location of destination mobiles.
Stale location data may cause a station to have
imprecise data for tracking the locations of other
stations. Consequently, stations may form antenna
beams in directions that deviate from the desired
ones and thus possibly ‘miss’ their intended destina-
tions. As a result, one expects the network through-
put performance behavior to degrade as the user
mobility level increases.

A key objective of our investigation is to charac-
terize the user and network performance behavior in
terms of, on one hand, the parameters of the corre-
sponding stationary system structure and, on the
other hand, in terms of factors that account for
errors that occur in locating the positions of receiv-
ers, induced by the user mobility process. We show
that (under the assumed system model) the network
throughput performance measure can be expressed
as a product (or a sum of products, each of which
consists) of two factors: (1) a stationary factor, that
represents the system’s throughput performance
under a perfect receiver location update process,
and (2) a mobility factor, that accounts for the
impact of the user mobility and location update pro-
cesses in expressing the level of throughput degrada-
tion caused due to location estimation errors. This
property will be elaborated and described in detail
in the next section.

3. Performance analysis

3.1. Throughput capacity under the collision

interference model

An analytical performance model of the D-
ALOHA protocol is presented in this section. Con-
sider a finite population of n nodes, each of which is
equipped with directional antenna. Let S denotes
the channel’s normalized throughput level, so that
it is equal to the steady state average of the number
of successful packet transmissions per slot. Under
the collision interference model, the throughput
level S is expressed as shown below, using probabil-
ity terms that represent the per-slot probability of
the underlying events and that are calculated under
steady state conditions:

S ¼
Xn

i¼1

Prfa successful packet transmission by

i during a slotg
¼ nPrfa successful packet transmission by

i during a slotg
¼ nPr fa successful packet transmission by i
j transmission attempt by i during a slotg
� Pr ftransmission attempt by i during a slotg
¼ QðÞ � KðÞ ð2aÞ

where

QðÞ ¼ nPrfa successful packet transmission by i
j beam covers destinationg
� Prftransmission attempt by i during a slotg

ð2bÞ
and

KðÞ ¼ Prfbeam covers destination transmission
attempt by i during a slotg ð2cÞ

Eq. (2) mathematically characterizes the separation
property in representing the system throughput as a
product form of a stationary factor Q() and a mobil-
ity factor K(). Accordingly, we define, characterize
and observe the following property:

• Basic separation property:

The multiple access channel throughput expression
under collision interference model can be written
in a product form that involves two factors: a factor
Q() that depends on the loading level and does not
depend on beam pointing accuracy (and thus nodal
mobility), identified as the stationary factor, and a
factor K(), denoted as the mobility factor, that
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expresses the degradation induced by the sender’s
transmission effectively missing its intended recei-
ver, triggered by the imprecision of the location
update and pointing processes. In the case that the
locations of the receivers are known precisely and
the antenna pointing mechanism induces no errors,
no localization based degradation is applied, so that
we set K() = 1. In general, the K() factor clearly
depends on the location update rate, mobile speed,
pointing accuracy (we assume henceforth no point-
ing error beyond that induced by location uncer-
tainty), and beamwidth, and is independent of the
system traffic loading process and level, provided
we assume that location update errors are distrib-
uted uniformly with respect to the source–destina-
tion transmission link pairs, or, otherwise, so that
any non-uniform entity loading levels do not impact
the averaged location update error.

The separation property is highly beneficial in per-
forming the analysis and design of a random access
MAC system with nodal mobility. It guides the sys-
tem designer in selecting the proper system network-
ing schemes and parameters by: (a) designing the
stationary component to yield a high Q function by
reducing interferences among contending transmis-
sions; and (b) engineering the system to yield a suffi-
ciently high K function by having sending stations
track to a proper precision level the locations of their
intended destination stations, through location
updates and appropriate setting of antenna beam-
width levels. In this manner, one conducts on one
hand the analysis and design of the corresponding
‘stationary’ network, while separately designing the
underlying mobility induced components. It is fur-
ther possible to determine at each stage of the design,
and for various operational conditions, which factor
becomes the dominant component that must there-
fore be properly enhanced. Furthermore, the system
designer is able to implement proper dynamic adapta-
tion mechanisms by setting the Q function (and its
related power control and beamforming structures)
adaptively to depend on loading level measurements
while making the K function (and its related struc-
ture) adapt to observations of user mobility character-
istics. In the following, we make use of the separation
property to conduct performance analyses of the
system operating under the D-ALOHA protocol.

3.1.1. Stationary factor under collision interference

model

The function Q() represents the system through-
put performance under a perfect destination loca-

tion update process. The slotted Aloha operation
is combined with the directionality of the transmit-
ting antenna to calculate the resulting throughput
level, when transmissions are assumed to always
‘‘hit’’ their targeted receivers. We model the stochas-
tic process representing channel transmissions (at
steady state), by a node across time slots as a Ber-
noulli process with parameter q. The latter denotes
the probability that a station transmits a packet in
a given time slot, considering transmissions of newly
arriving packets as well as retransmissions of pack-
ets that have previously collided. The network car-
ried loading rate is equal to nq. Using this value in
Eq. (2b), we obtain, at steady state, the network
throughput, measured in units of packets per slot,
under perfect beam aiming accuracy and under the
collision interference model, to be given by

QðÞ ¼ nqPr fsuccessful transmission by i during a slot

j beam covers destinationg ð3Þ

We let node j be the intended destination of node i

in the given slot. The following expression follows
by the character of a collision interference model:

Prfsuccessful transmission by ij beam covers destinationg
¼Prfj does not transmitg

�
Y
k 6¼i;j

Prfk does not transmit

[ k transmits with its beam not covering j0s directiong

¼ ð1�qÞ
Y
k 6¼i;j

ð1�Prfk transmits

\ its beam covers j0s directiongÞ

¼ ð1�qÞ
Y
k 6¼i;j

1�q
bk

2p
CðbkÞ

� �

ð4Þ

where bk denotes the beamwidth employed by sta-
tion k, bk/2p expresses the probability that j is
‘hit’ by a signal transmitted by k, when assumed
that nodes, on average, send signals across every
direction uniformly within the 2p azimuth plane.
This expression neglects edge effects and assumes a
uniform angular distribution of transmissions
across the multi-access channel area. The neighbors
of a node, unless located in the center of the net-
work, are not angularly located around its location
in accordance with a uniform distribution. The
direction of the formed beam is thus not angularly
uniformly distributed. The actual beamformed
angle distribution tends to be biased with a higher
probability mass concentrated around the center
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of the area of operation, and is dependent on the
location of the underlying active nodes. Typically,
the probability that a node is located within a zone
covered by a randomly selected transmitting node
tends to be higher than b/2p. We set C(b) to repre-
sent an adjustment parameter that is used to reflect
the non-uniformity factor associated with angular
transmit directions, noting it to be a function of
the antenna beamwidth. Thus, C(b)b/2p is used to
represent the probability that a transmission ‘hits’
a station that is not its intended receiving station.
C(b) is clearly a decreasing function of b as the effect
of the non-uniformity gets more pronounced under
narrow beamwidth scenarios, while fading when
omni-directional antennas are employed. (See
Appendix B for detailed discussion and asymptotic
characterization of C(b).)

For simplifying the format of the presented for-
mulas, we henceforth assume all nodal entities to
employ antenna arrays that are set to operate at
the same beamwidth level. For this case, we obtain
by using Eq. (4) the Q function to be given as:

QðÞ ¼ nqð1� qÞ 1� qCðbÞ b
2p

� �n�2

ð5Þ

Taking the derivative of this Q() function with re-
spect to q, we derive the peak channel throughput
value attained under a perfect beam pointing pro-
cess. This value is denoted by Q*, and the corre-
sponding loading level is denoted by q*. We obtain:

q� ¼
ðn�1ÞCðbÞ b

2pþ2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðn�1ÞCðbÞ b

2p �
2�4CðbÞ b

2p�4
q

2nCðbÞ b
2p

ð6Þ

When n� 1� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CðbÞ b

2p �
�1 þ ½CðbÞ b

2p �
�2

q
, Eq. (6)

is simplified to yield Eqs. (7) and (8):

q� � nCðbÞ b
2p

� ��1

ð7Þ

Q� � n
1

nCðbÞ b
2p

1� 1

nCðbÞ b
2p

 !
1� 1

n

� �n�2

� 1

CðbÞ b
2p

1� 1

n

� �n�1

� CðbÞ b
2p

� ��1

e�1 ð8Þ

When the number of nodes is sufficiently high,
under a given selected beamwidth, so that n C(b)b/
2p is sufficiently large, Eq. (8) provides a good esti-
mate of the peak channel throughput. Thus, effec-
tively under the D-ALOHA protocol, when an
antenna beamwidth level b is used, the peak loading

level q* and the peak throughput performance func-
tion Q* effectively increase by a factor of [C(b)b/
2p]�1 in comparison with that achieved by a ran-
dom access slotted system in which nodes employ
omni-directional antennas.

3.1.2. Mobility factor under collision interference

model

The function K() has been identified as the mobil-
ity factor. It expresses the degradation induced by
the sender’s transmission effectively missing its
intended receiver, triggered by the imprecision of
the location update and pointing processes. The
calculation of K depends on the underlying network
topological layout, the traffic patterns, and the
underlying features of the nodal stochastic mobility
process. To demonstrate such a calculation, we
make several approximations in deriving an illustra-
tive K factor: first, we assume that nodes are sto-
chastically located across the area of operation in
accordance with a uniform distribution; second, at
any moment of time, the movement direction of a
mobile node is assumed to be statistically uniformly
distributed from 0 to 2p; third, we assume the con-
trol channel to be collision free; last, we assume that
between two consecutive location updates, a mobile
node does not change its velocity level and its move-
ment direction, nor does it pause. The latter approx-
imation yields precise results when the velocity level
multiplied by the location update period is relatively
low compared to the network size, so that the length
of a basic movement epoch (characterizing under
the random waypoint mobility model the time it
takes an entity to move from one starting position
to its next ending position, which then becomes its
new starting position) is longer than that of an
update period, as is typically the case when location
updates are performed sufficiently frequently to cap-
ture distinct movement deviations.

Based on the above assumptions, considering
nodes to move in a rectangular area of size a · a,
the topological distribution of an arbitrary node at
any instant of time is given by a uniform probability
density function (p.d.f.),

fXY ðx; yÞ ¼
1

a2
; for 0 6 x 6 a; 0 6 y 6 a: ð9Þ

When station i initiates a transmission to destina-
tion j, it forms its beam based on station j 0s last
announced location j 0. We define the random vari-
able R as the Euclidean distance between stations
i(xi, yi) and j 0(xj 0,yj0), so that
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R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xj0 Þ2 þ ðyi � yj0 Þ

2
q

ð10Þ
From [20], the probability density function (p.d.f.)
characterizing the distance between two uniformly
distributed points across the underlying area is
given by

fRðrÞ ¼
4r
a4
� f0ðrÞ ð11Þ

where

f0ðrÞ ¼

p
2

a2 � 2ar þ 1
2
r2; for 0 6 r 6 a

a2 sin�1 a
r þ 2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � a2
p

� a2

�a2 cos�1 a
r � 1

2
r2; for a 6 r 6

ffiffiffi
2
p

a

0; elsewhere

8>>>><
>>>>:

ð12Þ
Let v denote the velocity level of node j, and T rep-
resent the time elapsed since the last location update
received from node j. Assuming time to be selected
in the interval [0,TL] in accordance with a uniform
distribution, this time is governed by the p.d.f.:
fT(t) = 1/TL, 0 6 t 6 TL. Because we assume that
node j maintains velocity level v and movement
direction d since its last update, node j resides at
time T = t somewhere on a circle centered at j 0 with
radius vt.4 With its beamwidth of b degrees wide
pointing to j 0, the probability that node i 0s beam
covers node j is calculated by considering the
following scenarios (for which we set R = r, T = t).
Case i: r 6 vt.

Considering the configuration illustrated in
Fig. 1(a), we obtain the following:

f1 � Prfj is under the coverage of i0s beam

j r; v; t; b; r 6 vtg

¼ 2h
2p
¼ 2ðb=2þ h1Þ

2p
ð13Þ

where h and h1 denote the angles formed by Aj 0F

and j 0Ai, respectively. By the Law of Sines applied
in triangle Dij 0A, we have sin(b/2)/vt = sin(h1)/r, so
that

h1 ¼ sin�1 r sinðb=2Þ
vt

� �
ð14Þ

Substituting Eq. (14) for h1 into Eq. (13) yields the
desired expression.

Case ii: vt < r 6 vt/sin(b/2).
Under this layout, as illustrated in Fig. 1(b), we

observe that node i is located outside the underlying
circle. Consequently, an additional sector needs to
be included in the calculation.

f2 � Pr

�
j is under the coverage of i0s beam

j r; v; t; b; vt < r 6
vt

sinðb=2Þ

�

¼ 2ðhþ h2Þ
2p

¼ ðh1 þ b=2Þ þ ðh1 � b=2Þ
p

¼ 2h1

p
ð15Þ

where h2 denotes the angle Cj 0i. Note that by Law of
Sines, we may derive either h1 or (p � h1) as our
solution. However, the only valid solution as ob-
served in Fig. 1(a) and (b), is the one that is lower
than p/2.
Case iii: r > vt/sin(b/2).

When r > vt/sin(b/2), we observe in Fig. 1(c) that
the whole circle is included within i 0s main beam.
Hence, node i 0s signal manages to reach node j with
probability one.

f3�Pr j is covered by i0s beam j r;v; t;b;r>
vt

sinðb=2Þ

� �
¼ 1

ð16Þ

We next combine the results of the three scenarios,
by averaging over the feasible values that can be
assumed by variables R and T. We note that the
corresponding integration domains are set in accor-
dance with the above mentioned three scenarios.
We conclude the expression for the K factor to be
given by:

Kðv; b; T LÞ ¼
Z T L

0

1

T L

fkðt; v; b; T LÞdt ð17Þ

With fk() is given by:

fkðt; v; b; T LÞ

¼

R vt
0

f1 � fRðrÞdr þ
R vt= sinðb=2Þ

vt f2 � fRðrÞdr

þ
R vt

0
f3 � fRðrÞdr;

when vt 6 a sinðb=2ÞR vt
0 f1 � fRðrÞdr þ

R a
vt f2 � fRðrÞdr;

when a sinðb=2Þ<vt 6 aR a
0

f1 � fRðrÞdr; when vt > a

8>>>>>>>>><
>>>>>>>>>:

ð18Þ

For mathematical simplicity, the second case
(involving distances (r) that range from a to 21/2a)

4 We assume here that node i does not acquire information
concerning the movement direction of node j. Clearly, if such
information is available, it can be used to reduce the underlying
uncertainty of the location of node j.
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shown in Eq. (12) is neglected in the calculation per-
formed in Eq. (18), noting that the probability that
two communicating stations will be at such a dis-
tance is quite low under the assumed uniform distri-
bution for station locations. Our simulations (see
Section 4) have confirmed the general precision
attained by using this approximation. We note that
parameters v and t are used in Eq. (18) only in terms
of the product vt, recalling that vTL expresses the
span of the distance displacement incurred over
the update period.

Using the formulas derived above, the system
throughput performance (as a function of the car-
ried channel load G = nq) is given by the following
product form expression:

SðÞ ¼ Kð�v � T L;bÞnqð1� qÞ 1� qCðbÞ b
2p

� �n�2

ð19Þ

The first factor is the function K() that represents
the mobility factor, and is calculated as shown in
Eq. (17). It is a function of the entity average speed
rate, the location update period and the antenna
beamwidth. This factor represents the fraction
(probability) of throughput degradation caused by
a transmission ‘missing’ its targeted receiver, as
induced by the user mobility process. The second
factor consists of the stationary factor Q. The latter
combines the slotted ALOHA operation with the
directionality of the transmitting antenna to yield
the resulting throughput level, when transmissions
are assumed to ‘‘hit’’ their targeted receivers.

3.2. Throughput capacity under SINR interference

model

3.2.1. Stationary throughput performance under the

SINR interference model

When the SINR interference model is invoked,
the probability of successful transmission is deter-

mined by the SINR value measured at the intended
receiving node. Similar to the derivations described
above for the collision interference model, we write
the following throughput expression in terms of the
corresponding K and Q factors. At steady state,
under the SINR interference model, the throughput
level S is expressed as shown below, using probabil-
ity terms that represent the per-slot probability of
the underlying events.

S ¼ nqð1� qÞPrfi0sbeam covers jg � PrfSINRði! jÞ

P c j i transmits; j idle; i0sbeam covers jg

¼ Prfi0s beam covers jg � ½nqð1� qÞPrfSINRði! jÞ

P c j i transmits; j idle; i0s beam covers jg�

¼ KðÞ � QðÞ
ð20Þ

where i and j are two arbitrary but distinct stations
that represent a source–destination pair. Assuming
a perfect beampointing process, K() = 1, Eq. (20)
becomes:

S ¼ QðÞ ¼ nqð1� qÞ � PrfSINRði! jÞ

P c j i transmits; j idleg ð21Þ

Conditioning on the number of interferers k

detected at the intended receiver j, we represent
the last term in Eq. (21) as follows. We assume that
the same transmit power level P is used by all nodes,
noting that PGkj is used to denote the power level
received at node j of the signal transmitted by node
k (and using index t, t 5 i, to denote the tth station
that is transmitting during the same time slot that
station i is transmitting such that its formed beam
also covers receiving station j):
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θ

θ
1

1

1

i
β 

j’
F

/2 β /2

2

β /2

Fig. 1. Depiction of the three cases involving the relative outlays of antenna beams for sending node i and receiving node j; the latter is
assumed by node i to be located at point j 0. Case (a): for r 6 vt; Case (b): for vt < r 6 vt/ sin(b/2); Case (c): for r > vt/sin(b/2).
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PrfSINRði! jÞP c j i transmits; j idleg

¼
Xn�2

k¼0

PrfSINRði! jÞ

P c; k interferers at jj i transmits;

j idleg

¼
Xn�2

k¼0

Prfk interferers at jg

� Pr
PGij

N þ
Pk

t¼1PGtj

P c

( )

¼
Xn�2

k¼0

Prfk interferers at jg

� Pr Gij P
cN
P
þ c
Xk

t¼1
Gtj

� �
¼ Prf0 interferers at jg

� Pr Gij P
cN
P

� �

þ
Xn�2

k¼1

Prfk interferers at jg

� Pr Gij P
cN
P
þ c
Xk

t¼1
Gtj

� �
ð22Þ

The first term in Eq. (22) represents the successful
reception probability under the collision interfer-
ence model, while the second term accounts for
the excess probability of capture. Hence, the
throughput performance levels obtained under the
SINR interference model are strictly better than
those experienced under the corresponding collision
interference model. The probability that the SINR
level is larger than a specified threshold, when there
are no interferers is equal to 1, based on the under-
lying link level power link budget design. We note
that the function that describes the distribution of
the number of interferers depends on the traffic
loading level and also on the spatial nodal distribu-
tion (at steady state). Specifically, under our as-
sumed uniform spatial distribution of nodes, we
obtain at a given slot:

Prfk interferers at jg

¼ n� 2kð Þ qCðbÞ b
2p

� �k

1� qCðbÞ b
2p

� �n�2�k

� Zðk; q; bÞ: ð23Þ

As for the probability that the SINR threshold is
exceeded given that the intended receiver is covered
by the transmitter’s main lobe, we readily calculate
it explicitly for the cases where the number of inter-
ferers is equal to 1. We notice that the Gtj and Gij

terms are link distance sensitive and are taken to
be (with respect to the random locations of the
involved nodes) statistically independent and identi-
cally distributed random variables. When direc-
tional antennas are used, we expect interference to
be often dominated by the most significant interfer-
ing signal. Thus, for stationary perfect beam point-
ing processes, we approximate the probability of
capture when there are k interferers by taking into
consideration the major interferer. This probability
is given by:

Pr Gij P
cN
P
þ c

Xk

t¼1

Gtj

( )

� Pr Gij P
cN
P
þ cGtjðkÞ

� �

¼
Z Z ðgij�

cN
P Þ=c

0

fGtjðkÞ ðgtjðkÞÞdgtjðkÞ

 !
� fGijðgijÞdgij

ð24Þ

where fGij
(g) denotes the pdf of the gain function of

the channel connecting sending node i with receiv-
ing node j; Gtj(k) denotes a random variable that
has the same distribution as the largest gain of the
k i.i.d. random variables {Gtj, t = 1, . . . ,k},
Gtj(k) = max{Gtj, t = 1, . . . ,k}. Its probability
density function is noted to be:

fGtjðkÞ ðgtjðkÞÞ ¼ kfGtjðgtjÞ½F GtjðgtjÞ�
k�1

For k = 1, Eq. (24) is not an approximation but
provides an exact expression with a prescribed chan-
nel gain density function. The simulations results
presented in Section 4 validate the precision of this
approximation. Note that we adopt here a different
approximation approach than the one we have used
in [22].

The probability density functions of the involved
link gains Gij and Gtj are calculated by averaging
upon the distance ranges characterizing the system
links. We assume the link gain Gij to depend upon
the link’s length (R) in accordance with the relation
Gij = gRa, so that a given gain value Gij is attained by
a link whose length is given as R(Gij) = (Gij/g)1/a.
Accordingly, the p.d.f. of Gij is related to the
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probability density function (p.d.f.) of the link dis-
tance as follows:

fGijðgÞ ¼
dRðgÞ

dg
fR ðg=gÞ�

1
a

	 

ð25Þ

To calculate the p.d.f. of the link gain Gtj between
the interfering source and the receiving station, we
approximate it with Eq. (25):

fGtjðgtjÞ � fGijðgijÞ ð26Þ

We combine Eqs. (11), (12), (25) and (26) to calcu-
late the density functions of Gij and Gtj. As previ-
ously noted, it is justifiable for computational
simplicity, to neglect the second case shown in Eq.
(12) in the underlying calculation. The resulting gain
p.d.f., is then used for the calculation expressed by
Eq. (24), in deriving the values of the involved prob-
abilities (expressing the conditional probabilities of
successful reception at intended receivers), for each
value of k, k = 1,2, . . . ,n � 2, where k expresses
the number of non-intended simultaneous transmis-
sions whose signals are received at the intended re-
ceiver. The integrals shown in Eq. (24) have been
calculated by us through the use of a numerical
computation procedure. We note that the result of
the computation of each such probability does not
depend on the loading rate level.

3.2.2. Throughput performance under the SINR

interference model for a mobile network

To calculate the throughput performance under
nodal mobility, let’s review the throughput expres-
sion given by Eq. (20). The K() term used in (20)
expresses the beam pointing error and its calcula-
tion is thus identical to that used for the collision
interference model. It is thus given by Eqs. (17)
and (18). The Q() term in (20) is calculated by using
Eqs. (21)–(26). Under nodal mobility, reviewing the
derivation leading to the results presented by Eqs.
(21)–(26), we find that the expressions given by
Eq. (21) and Eq. (22) still hold. The former is a
general expression used for the calculation of the
capture probability, and the latter depends only on
the stationary system layout and not on its mobility
level. The approximation used in Eq. (24) is also not
related to the underlying mobility level. In examin-
ing Eq. (25), we observe however that the density
function of the channel gain between node i and j

does depend on the mobility level for the following
reason. Under a non-perfect beam pointing process,
the probability density functions of the gain random
variable Gij is noted to be expressed as follows:

fGijðgij j i0s beam covers jÞ 6¼ fGijðgijÞ; i 6¼ j 6¼ t

ð27Þ

The inequality expressed by Eq. (27) is explained by
noting that the conditioning event impacts the pos-
sible relative locations of the involved entities. This
impact is explained as follows. If we increase the no-
dal velocity level v gradually, while fixing all other
system parameters, the radius of the underlying cir-
cle (see Fig. 1) representing the possible locations of
destination node j, at a given point of time t follow-
ing the update time, would grow larger. It is noted
that conditioned on the fact that node j is covered
by node i 0s beam, node j is more likely to reside
on the proper portion of the circle that is located
further away from node i. This is illustrated by
observing the various possible locations of node j

on the circle in accordance with the cases illustrate
by Fig. 1. Over the period of time elapsed since
the latest update, the condition that node j moves
to a new location that node i 0s beam is able to cover
implies that j can reside anywhere on the circle for
the case shown by Fig. 1(c), or on sector AD or sec-
tor BC for the case illustrated in Fig. 1(b), or on sec-
tor AB for the case demonstrated in Fig. 1(a). For
node i , the far sector (BC in Fig. 1(b) and AB in
Fig. 1(a)) represents a larger set of potential out-
comes of j 0s locations, when compared with the pos-
sible number of locations that can occur when the
near sector is considered. In other words, the poten-
tial locations of j conditioned on that j is covered by
i 0s beam tend to probabilistically move away from i,
when compared to the previously cached location of
j (i.e., j 0). Such deviation becomes more obvious as
the velocity level increases. In turn, this skewed
channel gain characteristic (involving the channel
connecting nodes i and j) degrades the probability
of capture, hence creating a slight dependence on
the underlying nodal mobility level. In all, the
throughput performance under the SINR interfer-
ence model is thus expressed as follows:

S ¼ Kðv � T L; bÞnqð1� qÞ �
Xn�2

k¼0

Zðk; q; bÞ

� Pr Gij P
cN
P
þ c

Xk

t¼1

Gtj j i0s beam covers j

( )

� Kðv � T L; bÞnqð1� qÞ �
Xn�2

k¼0

Zðk; q; bÞ
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�Pr Gij P
cN
P
þ cGtjðkÞ j i0s beam covers j

� �

¼ Kðv � T L; bÞnqð1� qÞ �
Xn�2

k¼0

Zðk; q; bÞ

� K 00ðv � T L; b; kÞ

¼
Xn�2

k¼0

K 0ðv � T L; b; kÞ � Q0ðk; q; bÞ ð28Þ

where

K 00ðv �T L;b;kÞ¼Pr Gij P cN
P þ cGtjðkÞ j i0s beam covers j

� �
K 0ðv �T L;b;kÞ¼Kðv �T L;bÞ �K 00ðv �T L;b;kÞ
Q0ðk;q;bÞ¼ nqð1�qÞZðk;q;bÞ

Eq. (28) expresses the throughput function as a sum
of terms, each of which is a product of the corre-
sponding K 0 and Q 0 functions. K00 is defined as a
conditional probability that the received SINR at
node j, in relation to an intended transmission from
node i, is sufficiently high. We note however that the
conditioning event tends to favor nodes i and j that
are located further away from each other, thus
skewing the value of the underlying probability. In
Appendix C, we present an analytical approach to
incorporate this skew, providing for the approxi-
mate calculation of K00. The result expressed by
Eq. (28) is identified by us as the ‘extended separa-
tion property’ for the underlying model. We show
in subsequent sections that the summation used in
Eq. (28) over the number of interferers k converges
fast since the summation terms fade rapidly as k in-
creases. Our performance evaluations have shown
that it is sufficient to use the first five terms of Eq.
(28) to achieve highly precise fit of the performance
behavior with results collected from simulations.
(This is mostly due to the rapid decrease with k of
the probability that k interfering signals will be gen-
erated, as expressed by the Z( ) term used to calcu-
late Q 0.) We describe this extended separation
property in the following.

• Extended separation property:

Under the SINR interference model, a message
is said to be successfully received at its intended
receiver if the underlying SINR value is higher than
its specified minimum level. The calculation
involved in deriving the system throughput level
must account for temporal and spatial variability
in the received power levels of the intended signal

and of the involved interfering signals. The latter
power levels depend on the involved beamwidth,
nodal entity speed and the location-update period
length levels. To simplify our analysis, we note that
if we assume the beam gain to be approximated by a
uniform gain level (that is calculated by averaging
over the main lobe region), then the factor Q

depends not only on the spatial system layout but
also on the nodal mobility level. In turn, assuming
all entities to follow a uniform velocity level, the
absolute value of the velocity level determines the
tempo of the spatial system layout and thus impacts
the averaged throughput performance result
obtained in calculating the Q factor. This is per-
formed, however in such a way that the throughput
performance expression is described as the summa-
tion of de-correlated terms, such that for each of
which the separation property is maintained. In this
way, the separation property is extended. When
such a model is used, we identify the form used to
express the throughput performance as given by
Eq. (28) as the ‘extended separation property’. The
validity of this behavior (and property) is well
confirmed by our simulations and performance
evaluations.

4. Performance evaluation

4.1. Mobility model

We evaluate the performance of the D-ALOHA
protocol under stationary and mobility conditions.
User mobility is modeled as follows. We assume
that each node moves independently in the network
according to a random waypoint mobility model
[11]. Under this model, each mobile node randomly
chooses a destination point in the domain of opera-
tions and moves with a constant speed v to this
point, where v is a random variable that is uniformly
distributed in the interval [vmin,vmax]. After arriving
to its destination point, the mobile pauses for a
duration of tp units of time. The mobile then
chooses a new destination point, a new speed, and
moves towards the latter point; the mobile subse-
quently continues its movements in the same fash-
ion. The time that the node takes to move from a
starting position to its subsequent next destination
point is denoted as its movement epoch. This model
has been widely used to characterize the movements
of entities that are members of an ad hoc wireless
network system.
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4.2. Simulation evaluations

In this section, we evaluate the performance of
the D-ALOHA protocol presented in this paper
under both collision based and SINR based interfer-
ence models. For our simulations, we consider a
(local single-hop) ad hoc network consisting of
120 nodes. The parameters used in our simulations
are listed in Table 1. All depicted simulation results
represent values obtained as a result of averaging
the observed performance results over 50 different
executed random topologies and traffic patterns.
We have randomly selected source–destination enti-
ties for link layer transmissions to represent the
effective throughput performance attained at the
MAC layer.

By setting TL = 10 s, we note that for the under-
lying system about 3% of the channel bandwidth
needs to be allocated to accommodate the location
update control channel, when a fixed such band-
width level is configured (noting that the actual
required control channel capacity can be signifi-
cantly lower since location updates data for active
flows will be included inside data packets). This is
calculated by requiring the control channel capacity
to be set to ensure that the averaged probability of
success involving the transmission of a location
update packet is not lower than 90%. (See also Sec-
tion 5 for the underlying calculation of the required
capacity of the control channel when a dynamic
control channel structure is employed.) The over-
head capacity level used for location update is thus
relatively low. In this section, we assume that the
capacity used by the control channel is fixed, and
thus focus on evaluating the throughput behavior
of the system as a function of other system para-

meters. The throughput function is measured in
units of packets per slot. Note that it is also readily
expressed in units of bits/s by incorporating the cor-
responding values of prescribed channel capacity
and the lengths of the data and control packets.
Note that we reduce the location update imprecision
induced by mobility by increasing the location
update rate and thus reducing the length of the
update cycle TL. Clearly, such a reduction will result
in a reduction of the channel capacity value avail-
able for the transmission of data packets. In this
section, we assume the update period length to be
fixed at a value of 10 s, and proceed to investigate
the system’s performance behavior under other
system parameters.

4.2.1. Stationary networks

We first investigate the dependence of system
performance on the beamwidth level by examining
network systems under which user entities are posi-
tioned at fixed locations. Under such a stationary
configuration scenario, entities do not move and
each entity is able to gain precise location informa-
tion about each other entity. The mobility factor
K( ) is thus set here to be equal to 1, involving no
performance degradation attributed to beam point-
ing errors. Figs. 2 and 3 depict the system’s MAC
throughput performance under 6 different values
selected for the employed beamwidth levels, versus
the total carried load rate. The latter represent the
intensity of traffic that consists of newly arriving
packet transmissions as well as of packet retrans-
missions. We find that the beamforming scheme
employed here leads to reduction in the level of

Table 1
System parameters

Parameters Value

Path loss model Gij ¼ d�a
ij

a 4
a 300 m
N �90 dBm
c 10
Slot time 5 ms
aTL 10 s
Mobility model Random waypoint
Pause time tp 50 ms
Transmit power 26 dBm
Bandwidth 2 Mbps
Data packet size 1024 bytes
Control packet size 32 bytes
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Fig. 2. Throughput–load performance of selected beamwidth
levels (30�, 60�, 90�, 180�, and 360�) under stationary perfect
beamforming process, collision interference model assumed.
Analysis and simulation data are shown in lines and dots,
respectively.
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interference experienced by intended receivers. This
is especially pronounced when the system operates
at higher loading rates, since then multiple simulta-
neous offered link layer flows are generated. Conse-
quently, a higher spatial reuse factor is attained
(thus permitting an increased number of simulta-
neous transmissions.) Consequently, the throughput
performance is observed to improve as the antenna
beamwidth level is reduced. The results shown in
Fig. 2 have been obtained under an assumption of
a collision interference model. We observe that
when the system is configured to use 30� beamwidth
values, the peak throughput level is upgraded by
400–500%, when compared to an operation with
omni-directional antennas. In Fig. 3, we show the
throughput performance results observed under
the same system setup when a SINR based inter-
ference model is assumed. In this case, we observe
further upgrade in the system’s throughput per-
formance. This improvement is attributed to the
allowance of receiver capture events, under which
a given intended receiver may successfully receive
a packet transmission even when it detects multiple
interfering signals. Induced by the latter feature,
we also observe that under the SINR inter-
ference model the system exhibits a more robust
throughput versus carried channel load rate perfor-
mance behavior. We note the system’s throughput
to not degrade as rapidly when the offered traffic
rate is increased to a level that is somewhat higher
than the desired maximum offered rate level (that
latter value is the one that induces the observed
peak throughput value). The system thus exhibits
a less (loading oriented) sensitive throughput behav-
ior. One notes that the positional randomness of
network nodes (with respect to each other) further

contributes to the effectiveness of the capture phe-
nomena. The results obtained by us for the perfor-
mance exhibited under the collision model are
mathematically exact. This explains the close match
of the performance results obtained under analysis
and simulation evaluations, as exhibited in Fig. 2,
for which the collision model is considered. In turn,
in Fig. 3, we examine the underlying performance
results obtained under the SINR interference model.
As expected, the match is excellent when the overall
network loading level is not overly high. In contrast,
when the network is subjected to a very high loading
level, multiple transmissions are likely to take place
simultaneously in a single-hop area. In this case, the
dominated interference method used by us to
approximate the calculation of the involved interfer-
ence is not expected to yield as good a performance
approximation. However, in designing a network
system that exhibits acceptable performance behav-
ior, it is essential to implement a flow control mech-
anism that prevents the overall loading level from
reaching the extremely high level under which our
approximation is not as accurate. We have thus pro-
ceeded to display system performance curves for
ranges of the loading level that are of practical inter-
est. Our calculations have confirmed the 95%-ile
confidence intervals for the throughput results con-
tained in the simulation data shown in Figs. 2 and 3
to be lower than 5% of the mean.

4.2.2. Mobile networks with fixed entity velocity

To evaluate the performance of the D-ALOHA
scheme in the presence of entity mobility, we con-
sider first a special case of the random waypoint
mobility model by setting vmin = vmax. The effect of
velocity on the network’s performance is described
by the results shown in Figs. 4 and 5. In Fig. 4,
under the collision interference model, the upper-
most curve represents the stationary case (v = 0),
while the kth upper curve represents the perfor-
mance under a velocity value that is given as
v = v0exp((k � 1)r), where v0 and r are selected con-
stants. The results shown in Fig. 4 validate the exact
character of the separation property, noting that the
performance curves representing different velocity
levels track each other so that each is a constant
multiple of the other. Notice that the performance
of a system that employs narrower beamwidth
antennas is more sensitive to mobility level varia-
tions, since such an operation requires higher beam
pointing accuracy. In Fig. 5, we present the
throughput v.s. carried load performance curves
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Fig. 3. Throughput–load performance of selected beamwidth
levels (30�, 60�, 90�, 180�, and 360 �) under stationary perfect
beamforming process, SINR interference model assumed. Anal-
ysis and simulation data are shown in lines and dots, respectively.
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under the SINR interference model. The perfor-
mance results obtained under our approximate
analytical model are noted to be very close to those
obtained under simulation. In addition, the results
show that for low to moderate mobility levels, when
the network is not subjected to traffic overloading,
the derived performance curves follow a pattern
that well affirms the separation property.

The behavior of the K factor is depicted in Fig. 6,
under six different beamwidth levels. As the opera-
tion proceeds from stationary to mild mobility
scenarios, the performance is noted to drop dis-
tinctly. However, as the mobility level continues
to increase, the degradation gradually saturates
and remains stable beyond a certain mobility level.
High mobility induces higher errors in the beam
aiming process; at very high mobility levels, nodes

effectively blindly transmit to arbitrary directions,
instead of properly aiming in the direction of their
intended receivers. Note that despite the approxi-
mations used, our analytical modeling procedure
yields accurate evaluations when they are compared
with simulation data. In Fig. 7, we show the behav-
ior of the peak throughput versus the mobility
level, under different beamwidth levels. The peak
throughput is observed to drop in a more significant
manner when narrower beamwidth levels are used.
As expected, when the mobility level is extremely
high, the value derived by sending location update
messages to characterize the actual locations of
entities is much reduced. Consequently, the events
characterizing the phenomenon of senders hitting
their destinations become statistically independent.
Under such an independence assumption, when
the mobility level and the number of nodes (n) are
sufficiently high, the throughput rate (as a function
of channel load level G = nq) is asymptotically
expressed as:
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Fig. 4. Throughput–load performance of 90� beam-width under
mobile imperfect pointing process, collision interference model
assumed. The kth upper curve represents the performance under
a velocity value that is given as v = v0exp(ka), v0 = 2 m/s and
a = 1.4.
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We observe that Eq. (29) provides a lower bound on
the achievable system’s throughput level, and that
the latter’s peak value approaches 1/e at a channel
loading level given by G = 2p/(bC(b)) when the
mobility level and the number of nodes are suffi-
ciently high. This analysis well explains the conver-
gence behavior displayed by the performance curves
shown in Fig. 7. Clearly, when omni-directional
antennas are used, the system’s throughput perfor-
mance is not affected by nodal mobility. As shown
in Fig. 8, under ultra high mobility conditions, the
use of narrow beamwidth antenna beams does not
lead to the highest possible achieved throughput le-
vel (under a given loading rate). Also, it does not
yield a noticeably improved peak throughput per-
formance. The use of narrow transmitting beam-
width levels serves to reduce interference among
diverse transmissions; in turn, it yields higher beam
pointing errors. Consequently, while under the use
of omni-directional antenna beams the system’s
performance tends to rapidly degrade as the offered
traffic load rate increases, under the use of narrower
beamwidths the system is able to achieve near peak
throughput performance even at higher offered traf-
fic loading rates, thus exhibiting a much more stable
performance behavior.

4.2.3. Mobile networks with variable velocity
Having characterized the performance of the sys-

tem under a fixed velocity random waypoint model,
we now investigate cases under which entities can

select random velocity values in each epoch. Let
the mean velocity level E[v] be held fixed, and set
vmin = E[v] – Dv, vmax = E[v] + Dv, where Dv repre-
sents a deviation from E[v]. The velocity level
assumed during a movement epoch is a realization
of a random variable that assumes values in accor-
dance with a uniform distribution, choosing values
between vmin and vmax. We gradually increase Dv to
observe the effects of velocity levels that exhibit
higher standard deviation values on the system
performance behavior. The resulting performance
curves are depicted in Fig. 9. We observe that, given
an average velocity value, the aggregate throughput
performance level is highly insensitive to the value
of the deviation Dv. Interestingly, for certain opera-
tions that involve higher velocity deviation levels,
the system performance is about the same or even
exhibits slight improvement under an increased devi-
ation value. We explain this effect by examining the
performance curves that demonstrates the behavior
of the K-function versus the underlying nodal
velocity level. We note that as the velocity deviation
increases, access unfairness among different entities
is induced. Destination nodes that move at higher
speeds experience in a more pronounced manner
degraded throughput performance, while destination
nodes that move at a slower pace are in better posi-
tion to more often successfully capture their intended
data packets. We have marked three operating points
in Fig. 6 that correspond to K factor values attained
under the average velocity level E(v) and under
deviations from this level given by E[v] – Dv and
E[v] + Dv. Under a given E[v] level, the value of Dv

can be limited such that a close-to-linear relationship
between K and the nodal velocity level (selected as
a value that lies between vmin and vmax, and assumed
in Fig. 6 to characterize the fixed nodal velocity
level) is noticed. In this case, the resulting aggregate
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levels at extreme high mobility level (60 m/s). Collision model
assumed.
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throughput (obtained by summing the throughput
levels experienced across individual links) remains
the same as that attained under a fixed velocity
model, under which nodes move at a speed that is
equal to E[v]. In turn, if the values of E[v] and Dv

are selected such that the speed variation range lies
closer to the (non linear) saturation region of the
K-factor curve, the degraded throughput perfor-
mance component values incurred across links that
involve higher receiver speeds are less dominant than
the higher throughput values that are attained across
links that involve receivers that travel at lower mobil-
ity levels. Consequently, we observe better through-
put performance to be attained when the nodal
velocity level exhibits a higher deviation. In Fig. 10,
a 25% increase in aggregate throughput is observed
for the case of (vmin,vmax) = (10 m/s, 70 m/s) com-
pared to that of vmin = vmax = 40 m/s. We note how-
ever that this case involves nodes that move at a very
high velocity level. In cases where such extreme high
velocity values do not take place, we conclude that
variable nodal velocity levels contribute only margin-
ally in impacting the system’s throughput perfor-
mance behavior. Hence, for typical application
scenarios, it is adequate to employ the simplified
fixed velocity model in analyzing the throughput
performance of the underlying mobile network. We
further conclude that the overall system throughput
performance does not degrade when nodal entities
move at highly variable nodal velocity levels.

5. Schemes for dynamic adaptation of beamwidth

levels and location update rates

5.1. A dynamic optimal beamwidth control scheme

In stationary networks where location informa-
tion is perfectly known, the use of transmitting

antennas with narrow beamwidths significantly
improves performance, as discussed in previous sec-
tions. In the context of mobile networks, the selec-
tion of the beamwidth level is a more demanding
issue. On one hand, one expects the use of narrower
beams to yield a higher spatial reuse factor. On the
other hand, when a narrower beamwidth is
employed, even mild mobility levels can lead to per-
formance degradations that are caused by impreci-
sions characterizing the underlying beam pointing
process. Consequently, we propose an optimal

beamwidth control mechanism to dynamically deter-
mine the best beamwidth level that a station should
use in accordance with the underlying state of user
mobility levels. The principle of the adaptive scheme
that we employ is expressed as follows: a station
configures a narrower antenna beamwidth level
when the underlying mobility level characterizing
the link of interest is observed to be relatively low,
while increasing its beamwidth level, otherwise.
Likewise, a station will configure a narrower beam-
width level when the underlying traffic loading is
high, while increasing its beamwidth value, other-
wise. In this manner, our adaptive scheme (in which
the beamwdith level is selected in accordance with
the observed system mobility and traffic levels, as
noted above) is calibrated to achieve a performance
curve that is close to that attained as the upper enve-
lope of the underlying individual performance
curves, parameterized by the value of the beam-
width level, such that for each beamwidth level,
each performance curve is drawn under prescribed
values of the loading level and of the nodal mobility
level. Under a distributed implementation of this
scheme, each node monitors the underlying nodal
mobility level by using its control channel opera-
tion. It monitors the system loading level while it
is idle, and thus in receiving state, using its omni-
directional antenna beam. (Note that alternatively,
a node can also keep track of system activity around
itself as classified by spatial sectors; such informa-
tion is then used to estimate the traffic activity
across a sector in which the node wishes to send
messages.) In Fig. 11, we fix the nodal velocity value
to show that the selection of wider beamwidth
values outperforms a system that configures nodes
to use narrower beamwidth levels, under light load-
ing conditions. We further observe that setting a
narrower value for the beamwidth level yields better
performance behavior as the network’s traffic load-
ing rate increases. The above mentioned upper-
envelope of these curves represents the performance
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at E[v] = 40 m/s and selected Dv values. Collision model assumed.
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curve attainable by the dynamically adaptive
scheme noted above, under which the antenna
beamwidth levels are dynamically adjusted. In
Fig. 11, consecutive curves maintain a 15� beam-
width level difference, ranging from 15� to 180�. In
Fig. 12, we exhibit the upper envelope performance
curve of the latter adaptive scheme under a pre-
scribed traffic loading level, while the nodal velocity
is varied. Given the jointly observed states of user
mobility and traffic loading rate levels, each station
acts to individually and independently configure its
beamwidth level to follow the values characterized
by the two upper envelope performance curves
shown in Figs. 11 and 12. In this manner, the adap-
tive scheme ensures that entities dynamically adjust
their antenna beamwidth values to achieve the best
throughput performance level feasible under the
currently observed states of user mobility and traffic
loading levels.

Note that each node can include in its control
packets update information that informs other
nodes about its observed traffic activity and nodal
mobility states (possibly categorized by sectors).
This state information can then be used by nodes
to estimate the underlying traffic intensity and nodal
mobility levels that impacts its links of interest. In
WLAN systems, such information can be moni-
tored by an access point station that can then peri-
odically distribute the underlying state data.

5.2. Adaptation of the location update rate

5.2.1. Location update rate and mobility
Throughout the above discussion, we have been

assuming a fixed location update period length TL.
This needs not be the case. In this section, we allow
the period length TL to become a configurable
parameter. For a prescribed fixed mobility level,
the degradation incurred by the mobility factor as
a function of the selected update period length is
shown in Fig. 13. The latter curve displays a behav-
ior that is very similar to that exhibited by observing
the curves that show the behavior of the K function
versus the nodal velocity level. When narrower
antenna beamwidth values are employed, an
increase in the duration of the update period leads
to more distinct performance degradations. In turn,
the K function is quite insensitive to changes in the
location update rate when wider antenna beam-
width levels are employed. It is readily observed
through Eqs. (19) and (20) that the behavior of
the K function as a function of TL and v is dictated
by the product of the latter two variables, vTL (that
characterizes the mobility induced displacement
that occurs per update period). In our simulations,
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Fig. 11. Throughput–load curves of selected beamwidth levels
ranging from 20� to 50� (5� apart from each other) at 10 m/s. The
envelope shows the performance under optimal beamwidth
control.
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we employ random waypoint mobility model under
which the nodal pause period duration is much
shorter than the duration of the mobility segment
epochs. The results confirm that the latter depen-
dence is dependent on the product of TL and v.
Fig. 14 depicts the behavior of the peak throughput
performance level versus the product E[v]TL, under
a 30� beamwidth level, for various values of v and
TL. We note that a [packets/slot] measure is used
to express the throughput performance, so that the
level of capacity required to implement the control
channel, when operated at a selected update rate,
is not explicitly involved. (In Section 5.2.2, we
account for the actual control bandwidth used for
operating the location update channel.) The fact
that all the sampled points lie on a single character-
istic curve well verifies the above stated dependence
on the product E[v]TL. By normalizing the through-
put in Fig. 14 with respect to the peak throughput
level obtained under the stationary case, one can
derive the performance behavior of the K function
versus the product E[v]TL, under a 30� beamwidth
level.

5.2.2. Bandwidth allocation and location update rate

In previous sections, we have carried out perfor-
mance analysis evaluations in computing the
achieved throughput performance measured in units
of packets/slot, without explicitly accounting for the
capacity used for location update. In this section, we
assume that the overall channel capacity available is
given as a fixed and limiting value. Hence, the
capacity occupied by the location update control
channel must be deducted from the overall capacity
level to yield the capacity value available for data
transmissions. Accordingly, in this section we

express the effective data message throughput per-
formance in units of data bits/s. To do so, our first
step is to estimate the capacity allocated to accom-
modate the control channel. We note that different
stations can individually adapt the level of their
used control update transmission rate in accordance
with their underlying relative mobility level. For
illustration purposes, assume that location update
messages are sent across the shared control channel
through the use of slotted random access MAC pro-
tocol. Every TL units of time, M (location update)
slots (or mini-slots) are made available for use by
nodes for location update packet transmission,
where

M ¼ T L

LLU=BWc

ð30Þ

LLU denotes the length (measured in unit of bits) of
a location update control packet and BWc repre-
sents the bandwidth level (in bits/s) allocated to
the location update channel. To update its location
(when active), each node selects at random one of
these M slots and transmit its location update pack-
et during this slot. We assume that such a packet
transmission is successful only if it is the only one
sent during its slot. Nodes that experience control
packet collisions do not retransmit their packets
during the same control update period but rather re-
peat the process by transmitting their latest location
update packets in the next period. Noting that the
offered load per control slot is equal to n/M [pack-
ets/slot], the average number of successful updates
carried out per control period Sc of such a MAC
scheme is readily noted to be given by

Sc ¼ nð1� 1=MÞn�1 ð31Þ

To guarantee a sufficiently high throughput level
(Sc) across the control channel, the update interval
TL should be selected in accordance with Eqs. (30)
and (31) and the selected TL value should thus be
proportionally lower bounded in relation to the
bandwidth allocation BWc. For example, assume
the specified target level of throughput efficiency
to be equal to 95%, or a throughput level of
Sc = 0.95n [control packets/control slot]. Under
such a limit, we have calculated the required control
bandwidth levels. For TL = 10 s, we observe that the
required capacity of the control channel is equal to
approximately 0.06 Mbps. The ratio of the capacity
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of the control channel to the overall channel capac-
ity (that has been set to be equal to 2 Mbps) is noted
to be no higher than 3%. As the control bandwidth
allocation varies, there exists a fundamental tradeoff
between the bandwidth made available for data
transmission and that allocated for attaining precise
location tracking (and hence beam pointing). For
example, if we wish to set a shorter location update
cycle period, TL = 1.25 s, the control channel will
consume as much as 48% of the channel capacity.
We conclude that the system designer can select an
optimal value for the control channel capacity level
to attain the maximum effective throughput perfor-
mance (under prescribed message delay values),
under each given nodal mobility level. The under-
lying design also involves a tradeoff analysis that
is carried out for selecting the proper value of the
antenna beamwidth level.

We note that more efficient mechanisms can be
employed to provide for updating the locations of
active nodes. For example, during a certain period
of time it is often the case that only a small fraction
of the network nodes engage in interactive commu-
nications. In this case, it is possible to implement a
scheme under which only such active nodes act to
update their locations. Furthermore, since an active
node will include location update data in its data
packets, it will transmit location update packets
in randomly selected control slots only if it did
not have any data packet to send over a previous
control cycle period. Inactive nodes may send loca-
tion updates packets in an infrequent manner. The
identification of active nodal pairs can proceed by
having a sending node send a location update
packet in which it identifies its targeted destination
node(s). An identified destination then proceeds to
send its own location update packets. Also note
that the update rate used by a node can be modi-
fied in accordance with its underlying mobility
level.

The channel data throughput capacity, expressed
in units of bits per second, is given by the following
product form expression under the collision interfer-
ence model:

TH bps ¼ BWDKð�v � T L; bÞnqð1� qÞ

	 1� CðbÞ b
2p

q
� �n�2

ðbpsÞ: ð32Þ

In this expression, the first term BWD represents the
bandwidth level that is made available for data

transmission (excluding the capacity allocated for
the location update control channel BWC). A
similar expression can be drawn under the SINR
interference model. In Fig. 15, we show the net
throughput data rate performance, with the latter
expressed in units of bits per second, taking into
consideration the capacity level allocated to the
location update control channel, as a function of
the ratio (%) of the net data channel capacity allo-
cated for the transport of data packets, for a pre-
scribed mobile entity velocity level, operating at
each beamwidth level’s peak throughput loading.
It is noted that as the beamwidth narrows, it be-
comes more essential to provide for a more frequent
location update process. Note that the performance
is not very sensitive to small deviations from the
optimal bandwidth allocation, allowing for a more
robust and flexible planning process for network
designers. Fig. 16 displays throughput versus total
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width levels at 5 m/s velocity level.

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30 40 50
load (Mbps) 

th
ro

ug
hp

ut
 (

M
bp

s)

bw=30,v=5,Tl=5
bw=60,v=15,Tl=12
bw=90,v=2,Tl=15
bw=180,v=15,Tl=10
slotted Aloha (omni)

Fig. 16. Throughput–load performance in bps for selected
velocity levels, update periods, and beamwidths levels.

J.-L. Hsu, I. Rubin / Ad Hoc Networks 6 (2008) 127–153 147



Author's personal copy

loading (expressed in bits per second) under several
combined values of prescribed velocity levels, up-
date period lengths, and beamwidths sizes.

6. Conclusions

This paper presents a novel directional slotted
Aloha based medium access control (MAC) proto-
col, identified as D-Aloha. A mobile ad hoc wireless
network is considered. The multiple access commu-
nications channel is shared by user entities through
the use of a Slotted ALOHA MAC protocol. Nodal
entities are able to form directional antenna beams
for the transmission of messages. We show our pro-
tocol to yield excellent throughput performance. In
characterizing the throughput efficiency of the
system’s operation, we present a Separation Prop-
erty, showing that the performance function can
be decomposed and be given as the product of
two terms, one of which accounts for the utilization
of the channel under stationary conditions while the
other component expresses the impacting mobility
factor. We derive mathematical equations that are
effectively used for comprehensive performance
analysis and design of the system. We present simu-
lation results that verify the validity of our mathe-
matical modeling schemes and equations and that
are used to investigate the performance behavior
of the D-Aloha protocol and network. We present
schemes for the dynamic and adaptive selection of
the system parameters, including the dynamic set-
ting of the nodal antenna beamwidth level. We also
investigate the proper design of the location update
control channel, observing the optimal joint selec-
tion of system design parameters that include
antenna beamwidth level, and location update per-
iod length, as function of the underlying observed
nodal mobility level and network traffic loading
rate. We demonstrate the throughput performance
upgrade level that can be attained under the use of
the D-ALOHA protocol, when the antenna beam-
width level is properly selected in accordance with
the underlying observed user mobility level and
network traffic loading conditions.
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Appendix A. Evaluation of the probability that an

ACK packet is not successfully received under

Collision and SINR interference models

In this Appendix, we evaluate the probability
that an ACK packet is not successfully received
under the collision and SINR interference models.
We first show that under the Collision interference
model, an ACK packet is always successfully
received. We then derive an upper bound on the
probability of unsuccessful reception of an ACK
packet under the SINR interference model. We note
the latter probability to be quite low under practical
parameter values.

1. Under the Collision Interference Model: in our
presented slotted Directional ALOHA system,
ACK packets are sent over a prescribed ACK
mini-slot immediately following the successful
reception of a data packet. A (link layer) sender
transmits data packets by performing transmitter
beamforming and locking its antenna beam for
the rest of the slot time in waiting for the recep-
tion (across the directional beam) of ACK signal.
The destination omni-directionally receives pack-
ets. Upon a successful reception of a data packet,
the destination immediately replies with an ACK
that is transmitted to the sender through sender
and receiver simultaneous beamforming.

Proposition 1. For the described system, under the
collision interference model, the ACK packet trans-

mission is collision free.

Proof. We prove this statement by contradiction.
Assume that a sender S has successfully transmitted
a data packet to destination D and the D’s respond-
ing ACK is not received successfully at S. Conse-
quently, some other node T that resides in S’s
beam’s covering area must have initiated a packet
transmission during the same time period. Since
S’s transmission is successful, the latter packet can-
not be a data packet, and this must be an ACK mes-
sage. In this case, we note that T has successfully
received a data packet that is intended for itself
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during the time used by S to transmit its packet to
D. Since T resides in S’s main beam coverage area,
T is detecting transmissions issued by node S.
Hence, it is not possible for T to simultaneously
have received correctly both transmissions, leading
to violation of our assumption that an ACK packet
can experience collision. h

2. Under the SINR interference model: it is possible
for ACK transmissions to not be correctly
received. However, we show in the following that
the probability of such an event is typically rela-
tively very low.

Proposition 2. Under the SINR interference model,

for the above defined two simultaneous transmissions

case, the probability that a packet is successfully

received and its ACK is received at an unacceptable

SINR level (i.e., its ACK is incorrectly received) is

upper bounded by g = 2[C(b)b/2p]2 · P r{G1 P cN/
P + cG2}, where G1 and G2 are two i.i.d. random

variables that represent communication link gains

involving two distinct arbitrary pair of links in the

area of operation. The probability that a generated

ACK is incorrectly received is thus given by the g/

P(S), where P(S) denotes the probability that a

packet is successfully received at its intended desti-

nation node.

Proof. Suppose that two packet transmissions
A!B and C!D are initiated in the same slot. We
estimate the joint probability of node A’s transmis-
sion successfully received while its ACK reception

occurs at an unacceptable SINR level by consider-
ing the following scenarios.

Case i: C (or D) is not under coverage of the trans-
mitting beam formed by A and destined to
B.In this case, A’s ACK reception cannot
be interfered by C’s data (or D’s ACK)
transmission in any way, noting that A
employs beamformed reception in waiting
for B’s ACK. Therefore, the probability
of node A’s ACK reception at an unaccept-
able SINR level is equal to 0.

Case ii: C (or D) is under coverage of the transmit-
ting beam formed by A and destined to B;
A is not under coverage of the data (ACK)
transmission beam formed by C (or D) and
destined to D (or C).In this case, A’s recep-
tion cannot be interfered by C’s data (or
D’s ACK) transmission toward D (or C),
because A cannot observe any signal origi-
nated from C (or D) due to the use of
beamformed transmissions. The probabil-
ity of node A’s ACK reception at an unac-
ceptable SINR level is again equal to 0.

Case iii: C (or D) is under coverage of the transmit-
ting beam formed by A and destined to B;
A is under coverage of the data (ACK)
transmission beam formed by C (or D)
and destined to D (or C).

In this case, the two underlying transmissions are
not spatially disjoint. We bound the desired prob-
abilities as follows:

PrfSINRACKðB! AÞ < c j D is covered by beam A! B;A is covered by beam D! Cg

¼ PrfSINRDATAðA! BÞP c; SINRDATAðC! DÞP c; SINRACKðB! AÞ < c j

D is covered by beam A! B;B is covered by beam D! Cg

< PrfSINRACKðB! AÞ < c j D is covered by beam A! B;A is covered by beam D! Cg

¼ PrfGBA <
cN
P þ cGDAg

¼ PrfG1 <
cN
P þ cG2g

ðA:1Þ

PrfSINRACKðB! AÞ < c j C is covered by beam A! B;A is covered by beam C! Dg

¼ PrfSINRDATAðA! BÞP c; SINRACKðB! AÞ < c j

C is covered by beam A! B;A is covered by beam C! Dg

< PrfSINRACKðB! AÞ < c j C is covered by beam A! B;A is covered by beam C! Dg

¼ PrfG1 <
cN
P þ cG2g

ðA:2Þ
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Combining the three scenarios, we obtain

For example, considering the same illustrative
examples used in the text, at 30� beamwidth levels,
the probability of an ACK reception at an unaccept-
able SINR level is lower than 0.012. h

Appendix B. Evaluation of the C(b) term

In this appendix, we illustrate the nature of C(b)
and calculate selected values of this function.

C(b) is an adjustment parameter that is defined to
reflect the non-uniformity extent associated with
angular transmit directions. It is defined as the ratio
of the probability that a node A’s transmission hits a
node that is not its intended receiver, in addition to
possibly also hitting its intended node (under the
underlying system setup, including the defined
aspects of the area of operation and source–destina-
tion traffic characteristics) to the corresponding
probability that is calculated under a uniform distri-
bution of the angular direction of the transmit beam.
The latter is obviously equal to b/2p. Thus, C(b)b/2p
is used to represent the probability that a transmis-
sion ‘hits’ a station that is not its intended receiving
station. The value assumed by C(b) for a transmit-
ting station located at coordinates (x,y), denoted as
C(b,x,y), clearly depends on the station’s location.
For our analysis, we calculate C(b) as an average that
is computed over all area locations. We note it to be a
function of the antenna beamwidth. In particular,
C(b) is clearly a decreasing function of b as the effect
of the non-uniformity gets more pronounced under
narrow beamwidth scenarios, while fading when
omni-directional antennas are employed. We note
that C(b) asymptotically approaches the value C(0),
as the beamwidth value approaches 0. The latter
saturation value is denoted as C*.

We now provide an estimate of C* as a saturated
upper bound to illustrate the functional behavior of

C(b). In order to calculate C*, consider our system
setup, under which uniform nodal distribution and

randomly selected source–destination pairs in a rect-
angular area of operation a · a are assumed. A trans-
mit node that resides in the center of the operation
area has a close to uniform angular transmit distribu-
tion and hence its experienced value of C* is about 1;
a transmit node that resides in the corner concen-
trates its transmission toward a 90� wedge and is thus
expected to have a C* value of approximately 4. An
expression of C*(x,y),0 6 x,y 6 a, is given by:

C�ðx; yÞ
¼ lim

b!0

1
b=2p

R 2p
0 Prfnode Aðx; yÞ transmits in direction hg

	Prfa node B that is not

	A0s intended receiver is under A0s beam coveragegdh

¼ lim
b!0

1
b=2p

R 2p
0

PrfAðx; yÞ transmits in direction hg

	PrfB resides relatively to A in

directionðh� b=2Þ 
 ðhþ b=2Þgdh

ðB:1Þ

We have performed numerical computation of Eq.
(B.1) setting a = 300 m, as specified in the simula-
tions. The results are shown in Fig. B-1. The aver-

PrfSINRACKðB! AÞ < cg
< PrfSINRACKðB! AÞ < c j D is covered by beam A! B;A is covered by beam D! Cg�
PrfD is covered by beam A! Bg � PrfA is covered by beam D! Cg
þPrfSINRACKðB! AÞ < c j C is covered by beam A! B;A is covered by beam C! Dg�

PrfC is covered by beam A! Bg � PrfA is covered by beam C! Dg
< 2Pr G1 <

cN
P þ cG2

� �
b
2p CðbÞ
� �2

ðA:3Þ

Fig. B-1. C*(x,y) versus x and y, 0 6 x, y 6 300 m with uniform
nodal distribution and randomly selected source–destination
pairs.
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age over all realizations of possible nodal locations
in Fig. B-1 is taken as the value of C*, which is equal
to 2.0805. In Fig. B-2, the values of C(b) are
depicted over selected beamwidth levels.

Appendix C. Approximate computation of the
conditioned p.d.f. of gain function Gij given in Eq. (27)

for the calculation of the K00(vTL,b,k) terms

In this appendix, we present a method for the
approximate computation of the conditioned p.d.f.
of Gij expressed by Eq. (27), in terms of the under-
lying mobility and beamwidth levels as well as the
location update rate. This result is used in the calcu-
lation of the K00() terms given in Eq. (28).

We wish to calculate the probability given by Eq.
(27): f(Gij

)gijji 0s beam covers j. For this purpose, con-
sider a transmission from node i to node j with i

beamforming to the previously cached location of
j (denoted by j 0). Under our system assumptions,
the spatial distribution of location j 0 is uniformly
distributed and independent of the location of node
i. The p.d.f. fG0ij

(gij 0) is thus governed by Eq. (25)
and is equal to fG(g). For notational simplicity, we
denote in the following fGij

(gij j i 0s beam covers j)
as fG 0(g

0). We also represent the distance between i

and j 0 (j) as a random variable R(R 0) whose p.d.f.
is expressed as fR(r)(fR 0(r

0)). With node i 0s beam
pointing to location j 0, node j 0s mobility level at v,
and variable t representing the time elapsed since
the last update from node j has occurred, fG 0(g

0) is
calculated by considering the following scenarios.

Case i: R 6 vt.
Considering the configuration illustrated in
Fig. 1(a), we approximate R 0 by setting it
to be equal to (R + vt). We thus obtain
the following:

fG0 ðg0jt; case iÞ

¼ fRðr0 � vtÞjr0¼ðg0=gÞ�1=a

dRðgÞ
dg

fG0 ðg0 j case iÞ

¼
Z T L

ðg0=gÞ�1=a
fG0 ðg0jt ; case iÞ � fT ðtÞdt

ðC:1Þ
Prfcase ig

¼
Z T L

0

Z minða;vtÞ

0

fRðrÞdrfT ðtÞdt ðC:2Þ

where fT(t) = 1/TL, 0 6 t 6 TL.
Case ii: vt < R 6 vt/sin(b/2).

Under this layout, as illustrated in
Fig. 1(b), we approximate R’ as variable
that assumes a value that is either equal
to (R + vt) or to (R � vt).The probability
of assuming either value is calculated by
evaluating the relative lengths of the two
arcs containing the two involved distance
values, and is based on assuming entities
to move in a direction that is governed by
a uniform distribution. We obtain the
following expression:

fG0 ðg0jt; case iiÞ

¼
"

fRðr0 � vtÞjr0¼ðg0=gÞ�1=a :

� ½ðg=gÞ�1=a þ vt�
½ðg=gÞ�1=a � vt� þ ½ðg=gÞ�1=a þ vt�

 !

þ fRðr0 þ vtÞjr0¼ðg0=gÞ�1=a

� ½ðg=gÞ�1=a � vt�
½ðg=gÞ�1=a � vt� þ ½ðg=gÞ�1=a þ vt�

 !#
dRðgÞ

dg

fG0 ðg0j case iiÞ

¼
Z ðg0=gÞ�1=a

ðg0=gÞ�1=a sinðb2Þ
fG0 g0jt; case ið Þ � fT ðtÞdt

ðC:3Þ
Prf case iig

¼
Z T L

0

Z minða;vt= sinðb=2ÞÞ

minða;vtÞ
fRðrÞdrfT ðtÞdt

ðC:4Þ

Case iii: R > vt/sin(b/2).
In this case, we note by observing the lay-
out shown in Fig. 1(c) that the resulting
p.d.f. is not affected by the given condition.
Thus, we have:

C*

0

0.5

1

1.5

2

2.5

0 100 200 300 400

C
(β

)

β

Fig. B-2. C(b) versus b. C* is also shown in the dotted line as the
saturation value.
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fG0 ðg0 j case iiiÞ ¼ fGðgÞ ðC:5Þ
Prfcase iiig

¼ 1�
Z T L

0

Z minða;vt= sinðb=2ÞÞ

0

fRðrÞdrfT ðtÞdt

ðC:6Þ

Combining Eqs. (C.1)–(C.6) we conclude
the desired result:

fG0 ðg0Þ ¼
Xm¼iii

m¼i

Prfcase mgfG0 ðg0j case mÞ

ðC:7Þ
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