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Abstract— The use of smart antennas in extending coverage
range and capacity of wireless networks dictates the employ-
ment of novel media access control protocols, with which the
basestation (BS) or accesspoint (AP) providesaccessto usershy
learning their locations. We consider the class of protocols that
employ beamforming and use contention-based or contention-
free polling methods to locate usersresiding in or out of cover-
age range of the AP. Such protocols allow rapid media access
and can be embedded in existing M AC protocols.

|. INTRODUCTION

Theincreasing need for providing fast wirel ess access and
high-speed wireless links to users has become the driving
forcefor activeresearch in the telecommunicationsarea. The
advent of services such as home networking, video confer-
encing, wireless internet access and multimediatransmission
isonly thefirst sign of the projected demand for rapid and re-
liable accessto information sources of any kind. Therequire-
ment for ubiquitous coveragein personal, local and wide area
networks and the demand for mobility necessitate the deploy-
ment of efficient protocols for wireless access in indoor and
outdoor environments. In such systems, the fina interface
between the mobile user and the network is wireless through
APs or base BSs that are wired to the backbone network.

A magjor chalenge in the design of wireless systems is
quality of service (QoS) provisioning to users. Different no-
tions of QoS are available in different phases of the link es-
tablishment procedure and in different communication lay-
ers. When a link needs to be established between an AP
and a user, QoS is expressed in terms of link setup time
delay and can be ensured with efficient media access con-
trol (MAC) protocols. After link establishment, QoS at the
physical layer is given in terms of an acceptable signal-to-
interference and noise ratio (SINR) or bit error rate (BER)
at the receiver of a user or in terms of minimum through-
put guarantees at higher layers. QoS is then provided with
appropriate resource alocation techniques. Space division
multiple access (SDMA) with smart antennas at the AP con-
stitutes perhaps the most promising means for ensuring these
notions of QoS and increasing system capacity [1]. SDMA

enablesintra-cell channel reuse by several spatially separable
users by pointing a beam towards the direction of a user and
nulling out other users. However, the employment of antenna
arrays at the physical layer affects resource alocation meth-
ods and MAC protocols of higher layers. With respect to the
impact of SDMA on resource allocation, some heuristics for
time slot assignment to usersin a SDMA/TDMA system are
proposedin [2] and [3].

In order to exploit the benefits of SDMA in MAC proto-
cols, the BS needsto know the location of each user, whichis
captured by its spatial signature. In reception mode, the BS
obtainsinformation about spatial signatures of users by mak-
ing use of the preample of received packets. Each preample
is used by the BS to train the array to compute beamforming
weights that effectively steer the beam towards the intended
user. In [4], the authors describe a dlotted ALOHA network
with a single-beam adaptive array at the BS. By exploiting
a pseudo-random sequence in the packet preample, the BS
computes a beam and locks it onto the first received packet
inasdot, while nulling subsequently received packets. A sim-
ilar system with multi-beam capabilities is presented in [5].
The BS again uses packet preamplesto form abeam for each
received packet from adifferent user, so that several usersare
captured. Up-link accessto a base station with an antennaar-
ray with the help of a modified carrier sense multiple access
(CSMA) protocol is addressed in [6]. In transmission mode,
the BS can request information about the spatial signature
of auser by broadcasting a polling message intended for that
user inthedown-link [7]. Upon reception of the poll, the user
transmits a given sequence of symbols. The BS measuresthe
received signal and uses it to compute the spatial signature
and gradually steer a beam towards the direction of the user.

The common characteristic of these approaches is that
they are al designed for users that reside within the omni-
directiona transmission range of the AP or BS. When re-
quired, the AP broadcasts polling requests to users and re-
ceives response packets from users within broadcast range
by having its antennain omni-directional mode. It then uses
packet preamplesto steer beamsto appropriatedirections. In
this setting, the basic feature of SDMA to extend coverage



IEEE WCNC 2003

range essentially remains unexploited. In this paper, we ad-
dress the problem of extending the coverage range of an AP
with smart antennas, by devising efficient media access pro-
tocols. Such protocols are primarily meant for detecting the
location of usersthat are out of broadcast range, but they can
also be integrated with existing media access protocols that
are designed for coping with users within broadcast range.
We present protocolsthat use directed beamforming and em-
ploy contention-free or contention-based polling methods to
acquire location information of users. In devising the proto-
cols, some essential characteristics of the IEEE 802.11 stan-
dard for wirelesslocal areanetworks|[8] were adopted. How-
ever, our treatment is general enough to encompass other
wireless networks as well.

Therest of the paper is organized as follows. In section |1
we provide the model and main assumptions and in section
Il we present our protocols and analyze their performance.
Numerical resultsare presented in section I V. Finally, section
V concludes our study.

Il. SYSTEM MODEL

We consider the down-link of a single AP and focus on
down-link access to V users. The AP is equipped with a
uniform linear array of M antennas. The broadcast range of
the AP is specified by a maximum transmission power level
when the array operates in simple omni-directional mode.
Users can reside in or out of broadcast range of the AP. Due
to mohility, they can also movein or out of range at different
timeinstants. A snapshot of the system is considered, where
users remain either within or out of range. The AP has C
available transceivers and each transceiver is perceived as a
distinct communication unit that is capable of forming one
beam. In this work, we consider the class of protocols with
C = 1, so that one beam can be formed at each time in-
stant. A beam isdescribed by an M x 1 beamforming vector
w = (wy,... ,wM)T, where w;’s are complex numbers and
wHw = 1, so that the beam has fixed power. Alternatively, a
beam is specified by its beam width § and itsangular position
¢. We assume that a beamforming vector uniquely specifies
the pair (¢, ¢) and vice versa. The space can be covered by
B beams of beam width § = 360/ B degrees and each user
is covered by at least one beam. Depending on parameter B,
the patterns of two successive beams can partialy overlap.

The location of a user is captured by its spatial signa-
ture. In line-of-sight (LOS) transmission, this is a vector
that points towards the physical location of the user, while
in multi-path environment it is formed as a superposition of
components corresponding to different directions. We as-
sume that the user association phase with the AP is com-
pleted, so that the AP knows the number of users and their
addresses but not their instantaneous locations. Packetized
data arrive from higher layer queues for transmission over
the channel. If the AP uses beamforming and not broadcast-
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Fig. 1. Beam width and angular position of a beam.

ing to transmit data to users, it needs to know their spatial
signatures.

The AP can obtain information about the location of auser
by using the following two methods. According to the first
oneg, it first sends a polling message that contains the address
of the intended user. Upon receiving the poll, the user re-
sponds by sending a known sequence of bits in the up-link.
The AP uses these bits to train the array so as to steer the
beam towards the direction indicated by the spatial signature
of the user. This polling/response method is used to acquire
the spatial signature of each user. We refer to this method as
contention-free polling, since it does not involve any kind of
user contention. Alternatively, the AP can acquire informa:
tion about user locations by sending a beacon messagethat is
not intended for a specific user. If the message is received by
more than one users, their simultaneous responses will col-
lide at the AP. The AP then initiates a contention resolution
procedureto resolve users and obtain their spatial signatures.
We refer to this method as contention-based polling. The
AP can send polling messages with omni-directional or di-
rectional transmission. After the spatial signature acquisition
process is completed, data can be transmitted to users.

I1l. MEDIA ACCESS PROTOCOLS WITH SMART
ANTENNAS

A. Problem Satement

When the AP needsto obtain information about the spatial
signature of a user residing within its broadcast range, it can
poll the user by using broadcast or directed transmission with
contention-free or contention-based polling. Contention-free
broadcast polling is the method that results in the smallest
time delay in locating al users.

However, when the user is out of broadcast range, it can-
not be reached by a simple broadcast transmission. The AP
needs to concentrate al transmission power into a narrower
directed beam so that it reaches the user. An arising issue
concerns the polling protocol that should be devised, such
that the AP acquires the spatial signatures of users out of
broadcast range in a fast and reliable manner. Towards this
end, the AP can use beamforming to send polling messages
with long range directed transmissions. The AP sequentially
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steers the beam towards different directions, so that the en-
tire space is covered. In this case we have maximum range
polling through successive directed transmissions that scan
the space. The objective of the protocol is to locate all users
asfast aspossible.

The AP can select between contention-free and
contention-based polling with directed transmissions in
order to locate users out of broadcast range. In contention-
free polling, the space is successively scanned by a beam
until the user is located and the procedure is repeated
for all users. In contention-based polling, the space is
successively scanned by a beam in a different direction and
the contention among users in a beam is resolved before
proceeding to the next beam. The absence of contention in
contention-free polling is the advantage of this method over
contention-based polling. However, the time consumed in
scanning the space to locate each user separately may be
larger than the corresponding time with contention-based
polling. A significant issue that arises in contention-based
polling is that of the width of the beam that scans the space.
If a large beam width is used, fewer beams are needed
to scan the space and the required time to scan the space
with successive directed transmissions is smaller. However,
with a large beam width, the number of users that receive
the message is larger on average and hence the contention
resolution for users in a beam lasts longer. From that point
of view, alarge beam width does not contribute to reduction
of time delay to locate all users. A similar tradeoff holds for
small beam widths as well.

We address the problem of extending the coverage range
of the AP by providing media access to usersthat are located
out of its broadcast range. We describe contention-based and
contention-free protocol sand analyze their performancewith
respect to severa involved parameters.

B. Contention-based polling with directed transmissions

When contention-based polling is employed, the AP forms
successive directed beams and scans all the space. The AP
attempts to locate all users within a beam before proceeding
to the next beam. For now assume that the AP employs di-
rected transmission for al users, regardless if they arein or
out of broadcast range.

Time is divided in dlotted intervals that are referred to as
contention resolution intervals (CRI). Each CRI consistsof L
contention sots. At the beginning of a CRI, the AP sends a
polling message by using directed transmission. The polling
message does not contain the address of any user. Each
user that is illuminated by that beam receives the message
and responds by sending back a polling acknowledgement
(P-ACK) message that contains a preample and the user ad-
dress. If only one user sends a P_ACK, the message is re-
ceived correctly by the AP and the spatial signature of the
user is obtained with the help of the preample. In that case,
the AP informs the user that his spatial signature is known,

3

by sending him an ACK message with his address. However,
if there are multiple users in the beam, their P ACK mes-
sages collide at the AP. The AP then does not issue an ACK
to users in the beam and users are informed about the colli-
sion and the upcoming contention. A simple method is used
for resolving the collisions. each user with acollided P ACK
retransmits with probability p in each of the subsequent L
dotsin the CRI. If one user happensto transmit alonein one
dot, the message of this user is resolved. Then, the AP in-
forms the user that his P_.ACK is obtained (and hence his
spatial signature is known) by sending an ACK message to
the user, so that he defers from transmission in the next dots.
If no user sendsaP_ACK in adot following the polling mes-
sage, the AP assumes that no user is located in the beam or
that all users have been resolved in previous dots. It then
proceeds by forming the next beam. If the CRI expires and
the AP does not have any indication that all users have been
resolved, it initiates the next CRI by sending a polling mes-
sage again. The procedure is repeated for the remaining un-
resolved users, until the AP has an indication that all usersin
the beam are resolved.

Our assumption for using afixed retransmission probabil-
ity p in each dot is justified as follows. Assume that there
exist n unresolved usersin abeam. The probability that one
user transmitsin aslot and therefore succeedsin transmission
is ps(n) = np(1 —p)"~*. This probability is maximized
for p* = 1/n, which depends on the number of unresolved
users. ldeally, the AP could instruct users to retransmit with
probability p*, so as to improve the chances of a successful
transmission. The problem is that the AP is not aware of the
number of users in a beam and therefore it does not know
the number of unresolved users at each step of the procedure.
Thus, we resort to afixed value p.

Let us now compute the expected time d(n) to obtain the
spatial signature of n usersin abeam. Let X, X, , and X,
denote the time length of poll, P ACK and ACK messages
respectively. Define p; ,, 1 as the probability that ¢ out of »
usershave already been resolved successfully in L contention
resolution slots. Then, p1,,1 = ps(n) and p; . = 0 if
i >mnori > L. For al other cases, p; 1, can be computed
with the recursive equation,

Din, L = Ps(M)Pic1.n-1,-1 + (1 —ps(n))pin.r—1- (1)

For the time delay d(n), we have d(0) = L, and d(1) =
L, + Ly q + Lo, whileforn > 2itis

d(n)=> " prn.r [Xp+XpatLXpatkXot+d(n— k).

k=0
2
In the beginning of a CRI, a polling message is sent and the
polling response from users (collided or not) isreceived. If &
out of n users are resolved in L contention slots, this means
that the AP has received P_ACKs from users that retransmit
in the intervals following each one of the L. contention slots
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and it has sent £ ACKsto resolved users. Theterm d(n — k)
accountsfor thefact that n — k users still need to be resolved.

We now computethe expected time D (N, B) toresolveall
N usersand obtain their spatial signatures when the spaceis
covered by B successive directed transmissions. Let ¢; n B
be the probability that 7 out of N users reside in a beam.
Assuming that users can reside in each of the B beams with
probability 1/B, ¢; n, 5 IS given by

NY/1)° 1\
(@08

and the delay D(N, B) can be computed recursively as,

N
D(N,B) =Y qinpldi)+D(N—-i,B-1)] . (4
=0

where the first term in the brackets denotes the delay to re-
solve ¢ users in a beam and the second term indicates that
N —i usersneed to beresolvedintheremaining B— 1 beams.

C. Contention-free polling with directed transmissions

When contention-free polling is used, the AP again forms
successive directed beams to poll users. However, polling
messages now include the address of a user and are intended
for that user. The AP attemptsto locate one user by sequen-
tially scanning the space with successive directed transmis-
sions. The AP starts by sending a polling message for a user
in a beam. If the user does not reside in the beam, the AP
does not receive any reply and proceeds with the formation
of the next beam to locate the user. If the user is found to
reside in a beam, it responds by sending a P.ACK message.
Upon receiving P_.ACK, the APfindsits spatial signature and
sends an ACK message to the user to inform him that hislo-
cation is found. It then starts scanning the space for another
user. The order in which users are sought is arbitrary.

The advantage of this scheme is the absence of contention
among users in a beam, since only one user responds to
the polling message. However the time delay to locate all
N usersis highly dependent on the distribution of usersin
the area around the AP. Clearly, the minimum time delay is
achieved when all usersresidein thefirst beam that isformed
while scanning the space, while the maximum time delay oc-
curs if all users reside in the beam that is formed last. The
expected delay D’(N, B) to obtain the spatial signatures of
N users when covering the space with B beamsis,

B+1
D'(N,B)=N (TXp + X+ Xa) .

Indeed, for each user the AP issues (B + 1)/2 polls on av-
erage, receives one polling response when the user islocated
and sends one ACK to the user.

IV. NUMERICAL RESULTS
A. Smulation Setup

We consider a scenario where N users are uniformly dis-
tributed in an areaaround an AP, so that they canreside either
in or out of the AP broadcast range. The AP needsthe spatial
signatureof all usersand can poll userswith omni-directional
or directional transmission. At each time one beam can be
formed towards a certain direction and the area around the
APiscovered by B beams. For userswithin broadcast range,
the AP may select to poll users by broadcasting or directional
beamforming and can use contention-based or contention-
free transmission. For users out of broadcast range, the AP
can use only beamforming to poll users. The time lengths of
the polling, P.ACK and ACK messages were chosen to sat-
isfy the ratios X, : X, , : X, = 1:2: 1. Thisselection
isjustified by the fact that all messages have an addressfield
and the P_.ACK message also has a preample for spatial sig-
nature acquisition. CRIs consist of L dlots. The intervals be-
tween transmission of polling messages, reception of polling
responses and transmission of ACKs were not considered in
the analysis.

B. Comparative Results

The performance measureistime delay until spatial signa-
tures of users are acquired. We evaluate the performance of
four schemes:

« Broadcasting/Beamforming (Broad/Beam) scheme.
The AP uses contention-free broadcast polling for
users in broadcast range and uses polling with beam-
forming for users out of range. The latter can be
contention-based or contention-free.

« Beamforming/Beamforming (Beam/Beam) scheme.
The AP uses polling with beamforming for al
users, regardless if they reside in or out of broadcast
range. The polling can again be contention-based or
contention-free.

In figures 2 and 3, we illustrate the performance of the
aforementioned schemes for N = 20 users for B = 5
and B = 15 beams. The time delay is plotted as a func-
tion of the number of users N,,; that reside out of broad-
cast range. A first observation is that the performance of the
Beam/Beam contention-based and contention-free schemes
is independent of N,,;, since these schemes treat users re-
siding in and out of range the same. The time delay for
contention-free schemes increases linearly with the number
of users, ascan be seenfrom (5). For B = 5, the Broad/Beam
and Beam/Beam contention-free schemes perform better
than corresponding contention-based ones. This is because
the small value of B results in fast enough contention-free
polling and because beams are wide enough, so that time la-
tency due to user contention is large. When N, < 14,
Broad/Beam contention-free scheme yields the best perfor-
mance. Beam/Beam contention-free scheme is more prefer-
able when N,,; > 15, because in the Broad/Beam scheme
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time iswasted in issuing broadcast polling messages that are
not received by users residing out of range. When B = 15,
the behavior is reversed, namely contention-based schemes
incur smaller delay than contention-free ones. The large
value of B makes contention-free polling time-consuming,
while at the same time user contention within each beam be-
comeslow, since beams are narrow. Broad/Beam contention-
based polling yields the smallest delay when N, < 17,
while Beam/Beam with contention achieves the best per-
formance in al other cases. From other conducted experi-
mentsfor B > 10, it seemsthat Broad/Beam with contention
should be sel ected when users out of range represent lessthan
75 — 80% of the total number of users. Similar conclusions
can be drawn from figure 4, where the ratio of number of
users out of and within range, N,,:/N;, wasfixedto 1/2.

V. DISCUSSION

We addressed the problem of extending the coveragerange
of the AP by providing mediaaccessto usersout of broadcast
range with beamforming. Our primary goal was to design
protocols that can be easily integrated with existing polling
protocols that use omni-directional transmission. We con-
sidered the class of media access protocols with contention-
based and contention-free polling and evaluated their per-
formance in terms of required time so that the AP becomes
aware of user locations and grants access to the system.

There exist several directions for future study. An in-
teresting situation arises if the AP is equipped with several
transceivers. Then, multiple beams can be formed to scan
the space simultaneously towards different directions, so that
the time required to locate users is reduced. A synergy be-
tween beams could further improve protocol performance.
Furthermore, the possibility of adapting beam widthin differ-
ent stages of the algorithm, depending on the outcome of the
contention resolution process is another issue that deserves
further investigation.
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Fig. 2. Timedelay asafunction of number of users out of broadcast range
for N = 20 userswhen B = 5 beams scan the space.
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