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Abstract— With the continued increase of speed and capacities by using the same transmission power as omnidirectional
of computing devices and the growing needs of people for mobile antennas. (4) Smaller end-to-end delay: this is due to shorter
computing capabiliies, Mobile ad hoc networks (MANETS) 1 te5 [1][4][14][21][23]. These factors provide a network
have gained a lot of interest from the research community. h d directi | ant ith the ability to red
Quality of service (QoS) provisioning in MANETS is an essential w ,Ose no e§ use directiona an ennas wi e abi '_y_ 0 reduce
component that is needed to support multimedia and real-time unintended interference, and increase network Eff|C|ency and
applications. On the other hand, directional antenna technology communication capacity.
provides the capability for considerable increase in spatial reuse  There are different models that are presented in the literature
which is essential in the wireless medium. In this paper, a for girectional antennas [20]. An antenna array generally

bandwidth reservation protocol for QoS routing in TDMA-based . . . . ; .
MANETSs using directional antennas is presented. The routing provides an increased antenna gain against multi-path fading.

algorithm allows a source node to reserve a path to a particular A constant signal gain can be maintained in a particular
destination with the needed bandwidth which is represented direction and the nulls can be adjusted toward the source of

by the number of slots in the data phase of the TDMA frame. interference to reject CCl. Consequently, the communication
Fl.Jr.the.r optimizations to improve_ the efficiency and resource capacity, coverage and quality of the wireless system can
utilization of the network are provided. . f ; . .
be considerably increased. Different models for directional

Keywords: Mobile ad hoc networks (MANETSs), quality of antennas exist in the literature. In this paper, the multi-beam
service (QoS), routing, time division multiple access (TDMA), adaptive array (MBAA) system is used [1]. It is capable of
directional antennas. forming multiple beams for simultaneous transmissions or
receptions of different data messages.

Medium Access Protocols (MAC) protocols for directional
antenna systems can be classified into two categories: on-

Spatial reuse is a very important factor in wireless network§emand and scheduled. In the on-demand scheme nodes must
In order to communicate with another node in a particular locaxchange short signals to establish a communication session.
tion, an node that is transmitting using an omnidirectional aysually, the omnidirectional mode is used during this short
tenna radiates its power equally in all directions. This preverdgchange, which establishes node intentions to communicate
other nodes located in the area covered by the transmissigii angular positions. Channel access protocols based on
from using the medium simultaneously. Directional antennafotted ALOHA for directional antennas with single and
allow a transmitting node to focus its antenna in a particulgiultiple beam forming capabilities are presented in in [26],
direction. Similarly, a receiving node can focus its antenna inghd [25] respectively. Data message transmission is done
particular direction, which leads to increased sensitivity in thgking the omnidirectional mode, and reception is done using
direction and significantly reducing multi-path effects and cahe directional mode. Signal detection and beam orientation
channel interference (CCI). This allows directional antennas @ the receiver are accomplished through the addition of a
accomplish two objectives: (1) Power saving: a smaller amouiecial preamble to each data packet. Another scheme is
of power can be used to cover the same desired range. (ddd by Ko [10] and Nasipuri [16], in which the carrier
Spacial reuse: since transmission is focused in a particul@hse multiple access with collision avoidance (CSMA/CA)
direction, the surrounding area in the other directions can stilbproach is used. Directional antennas are used to transmit
be used by other nodes to communicate. (3) Shorter routesrdguest-to-send (RTS) and receive clear-to-send (CTS) signals
number of hops): this is due to the longer range achievgghile the receiver antenna remains in the omnidirectional

_ _ mode during this exchange. In [16], communicating pairs are
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Fig. 1. (a) Transmission pattern of an omnidirectional antenna. (b) Trans- o )

mission pattern of a directional antenna. Flg 2. Transmission pattern of an MBAA antenna SyStem Witd beams.
Each of thek beams can be oriented in a different desired direction. The
figure shows: (a) Beams in transmission mode. (b) Beams in reception mode.

[24] avoided the use of the omnidirectional mode, which is

only used when the AoA information is not available. Eaper, the protocol is extended to allow the path reservation

Scheduled access schemes negotiate a set of timetaBl@seme to work in TDMA-based MANETS, where the nodes
that allow node pairs to communicate with each other. Manye equipped with directional MBAA-antennas.

schemes that use this approach rely on the omnidirectional

mode to exchange directional antenna transmission schedulgs. p |recTIONAL ANTENNA SYSTEM ASSUMPTIONS AND
The computation of such schedules given the complete topol- DEEINITIONS

ogy of the network is NP-complete [5][6][22]. Ramanathan In thi it d that h node in th work
[19] presented a heuristic framework, named UxDMA, for n this pzper_,ﬂ: IS al\s/ls;pr?Ae ta ceac ?O e:g he networ
time, frequency, or code division multiple access channig €9quiPped with an -antenna system. Each antenna

assignment. A drawback in this approach is the collection capablﬁl or: transpltgrjg ordrece|V|r(1jg uhsmg Zny o.nheko;‘]. h
the complete topology of the network and distribution of th eams which can be directed towards the node with whic

schedules, which limits scalability. communication is desired. In order for nodeto transmit to

The remainder of the paper is organized as follows. Sectifin"0d€v: nodex directs one of its antennas to transmit in
direction of node;, and nodey in turn directs one of its

2 provides a discussion of related work. Section 3 prese . L
ntennas to receive from the direction of nade

the assumptions and definitions used in the protocol. Secti 1‘% dio sianals t itted b directional ant
4 presents protocol. Section 5 presents simulation results. adio signais fransmitted by omnidirectional antennas prop-
te equally in all directions. On the other hand, directional

The paper concludes with the conclusions and future resea . : o
section. antennas install multiple antenna elements so that individual

omnidirectional RF radiations from these antenna elements
interfere with each other in a constructive or destructive
manner. This causes the signal strength to increase in one

Bao et al [1] propose a Receiver-Oriented Multiple Acer multiple directions. The increase of the signal strength in
cess (ROMA) protocol, for networks using MBAA-antennaa desired direction and the lack of it in other directions is
in a TDMA environment. ROMA uses the neighbor-awarenodelled as a lobe. The angle of the directions, relative to the
contention resolution algorithm (NCR) in [2]. Transmissiomenter of the antenna pattern, where the radiated power drops
and reception are done using directional antennas. In ROMA, one-half the maximum value of the lobe is defined as the
nodes contend for shared resources (transmission slotsaitenna beamwidth, denoted By[1]. With the advancement
this case) and contention resolution is done based on tfesilicon and DSP technologies, DSP modules in directional
context number (slot number in this case) and node identifiantenna systems can form several antenna patterns in different
Nodes with the highest priorities among their contenders alesired directions (for transmission or reception) simulta-
elected to access the resource, or transmission slot, withaebusly. Figure 1(a) shows the transmission patterns of an
conflict. The neighbor protocol in ROMA is used for topologyomnidirectional antenna. Figure 1(b) shows the transmission
maintenance which includes 2-hop topology information fquattern of a directional antenna.
each node and detection of neighbors. This is accomplishedn the MANET environment considered in this paper, each
by employing short signals that use the omnidirectional moa@de is equipped with an MBAA antenna that is capable of
of the antenna. ROMA is a distributed algorithm that allowseceiving and transmitting one or more packets simultaneously
the nodes to calculate their channel access schedules basebyopointing the antenna beams toward the nodes with which
their 2-hop topology information. ROMA evenly splits node# is communicating, while annulling all other undesired di-
in the network into transmitters and receivers which are pairegctions. The antenna system can transmit or receive data at a
together to establish communication. time but cannot do both simultaneously.

In [7] and [9], Jawhar and Wu present a race-free routing It is assumed that the an MBAA antenna is capable of
protocol for QoS support in TDMA-based MANETS. Thebroadcast that covers a transmission range that is similar to
protocol allows a source node to find and reserve a QoS pétat of the directional mode by adjusting the beam width
with a certain required bandwidth (which is translated intor by using the omnidirectional mode of the antenna at a
number of data slots) to a desired destination node. In thisver frequency band. This broadcast capability can be used

II. RELATED WORK



Fig. 5. lllustration of allocation rule 2.

cation (direction) of each of its 1-hop and 2-hop neighbors
[1]. For simplicity, the nodes are assumed to be placed on a
flat plane. As illustrated in Figure 4, the horizon of each node
Fig. 3. An example showing nodes communicating using directionla? dl\.”ded Into360°/(3/2) - 720°/§3 segments, and every two
antennas. continuous segments define one group. A segment corresponds
to the minimum angular separation of two neighbors in order
to receive two separate antenna beams without interference.
Therefore, there exist&20°/3 groups. Each 1-hop neighbgr
of x belongs to two groups that overlap @t AY denotes the
set of angular groups to which belongs the 1-hop neighbor
of z. Two nodesy and z are considered in the same angular
direction with respect to a third node if and only if AY N
Az # ¢. As an example, consider the nodes in Figure 4, where
the horizon with respect to a nodeis shown. According to
the definition stated earlier, the set of angular groups for links
(a,b), (a,c), (a,d) and (a,e) ard = {13,14}, A¢ = {14,15},
Ad = {1516}, A¢ = {1,2}. Therefore, node$ and c are
considered in the same angular direction with respect to node

8 a becaused? N A¢ = {14} # ¢. Similarly, nodesc and d

are considered in the same angular direction. However, nodes

Fig. 4. The horizon as seen by a node. The figure includes 16 segments arand d, for example, are not in the same angular direction,
16 angular groups. sinceAZ N Ag = ¢.
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for control information communication as well as neighbor-
direction findings. Preston [18] presented operation modes for IV. Our POrROTOCOL
the directional antennas for finding the coarse as well as the
precise angular location of a single and multiple sources. InThe networking environment that is assumed in this paper
this paper, it is assumed that an MBAA antenna system iss TDMA where a single channel is used to communicate
capable of detecting the precise angular position of a sindgletween nodes. The TDMA frame is composed of a control
source for locating and tracking neighbor nodes. Figure ghase and a data phase [3][12]. Each node in the network
shows a node equipped with an MBAA antenna array withas a designated control time slot, which it uses to transmit
k=4 beams. Each of the beams is able to be oriented in dts control information. However, the different nodes in the
different desired direction. Figure 2(a) shows the antenna armagtwork must compete for the use of the data time slots in the
in the transmission mode, and Figure 2(b) shows the antertt@a phase of the frame.
array in the reception mode. Liao and Tseng [11] show the challenge of transmitting
Two nodesz andy are considered 1-hop neighbors if theyand receiving in a TDMA single channel omnidirectional
are within each other’s directional range. In order for a nodentenna environment, which is non-trivial. In this section,
x to successfully transmit data to one of its 1-hop neighbdte slot allocation rules for the TDMA directional antenna
nodes,y, x must orient one of its transmitting beams irenvironment are presented. The hidden and exposed terminal
the direction ofy, andy must orient one of its reception problems make each node’s allocation of slots dependent on
beams in the direction of. Figure 3 shows a group of nodests 1-hop and 2-hop neighbor’s current use of that slot. This
communicating using MBAA directional antennas. In thevill be explained in a detailed example later in this paper. The
figure, noded is transmitting to bottb and e simultaneously model used in this protocol is similar to that used in [7] and
using two different directional antenna beams. Also, nbdé® [11], but includes modifications to support directional antenna
receiving froma andd simultaneously. Node is transmitting systems. Each node keeps track of the slot status information
to f. Note that even though nodgs transmission tof covers of its 1-hop and 2-hop neighbors. This is necessary in order to
e, e does not have one of its receiving beams oriented towaralfocate slots in a way that does not violate the slot allocation
g, and subsequently will not receive the data being transmittednditions imposed by the nature of the wireless medium
to f. and to take the hidden and exposed terminal problems into
Each noder maintains information about the angular loconsideration. Below are the slot allocation conditions.



o ST,[1..n,1..s]: This is the send table which contains slot
status information for the 1-hop and 2-hop neighbors.
For a neighbori and slotj, ST,[i, j], is a structure
which has two fields: (1)The state fieldIt can have
one of the following values representing three different
states: O - for free, 1 - for allocated to send, 2 - for
reserved to send. (Z)he angular groups fieldt contains
k sets of angular groups (one for each antenna). The entry
Ala]] denotes the set of angular groups to which dhe
sending antenna is pointed[a]! = ¢ is used to indicate
that theath antenna for neighbot is not used during
slot j.

e RT,[1..n,1..s]: This is the receive table which contains
slot status information for the 1-hop and 2-hop neighbors.
For a neighboi and slotj, RT,[i, j], is a structure which
has two fields: (1)The state fieldlt can have one of the
following values representing three different states: O -
for free, 1 - for allocated to receive, 2 - for reserved
to receive. (2)The angular groups fieldlt containsk
sets of angular groups. The entdfa]! denotes the set
of angular groups to which theth receiving antenna is
pointed. Also hereA[a]! = ¢ is used to indicate that the
ath antenna for neighbat is not used during slof.

e H.[1.n,1..n]: This table contains information about
node z’s 1-hop and 2-hop neighborhood. Each entry
Hxli, j] is a structure, which has two fields: (The
neighbor field It contains a 1 if node;, which is 1-
hop neighbor of node;, has nodej as a neighbor, and
contains a 0O otherwise. (Bhe angular group fietd A7,
which contains the set of angular groups to which node
j belongs.

It is important to note at this point that in the following

definitions and algorithms, the word “slot” implies a “slot

tjg a particular direction using the associated antenna”. For
example, each of the slot timers defined later in this paper is
associated with a particular slot/antenna pair.

Fig. 6. lllustration of allocation rule 3.

Fig. 7. lllustration of allocation rule 4.

A. Slot allocation conditions for directional antennas

A time slott is considered free to be allocated to send data
from a noder to a nodey if the following conditions are true:

1) Slott is not scheduled to receive in nodeor scheduled
to send in node, by any of the antennas of either node
(i.e. antennas aof must not be scheduled to receive and
antennas ofy must not be scheduled to transmit, in slot
t).

2) Slott is not scheduled for receiving in any nodethat
is a 1-hop neighbor of, from nodex wherey and z
are not in the same angular direction with respect to
(i.e. AY N AZ £ ).

3) Slott is not scheduled for receiving in nogdefrom any
node z, that is a 1-hop neighbor of, wherez and z
are in the same angular direction with respecy tf.e.

Ay NAZ # 9).

4) Slott is not scheduled for communication (receiving or
transmitting) between two nodesandw, that are 1-hop
neighbors ofr, wherew andy are in the same angular
direction with respect ta (i.e. AY N AY # ¢), andzx
and z are in the same angular direction with respect
w (i.e. AL N AZ # ¢).

In Figure 5, which illustrates allocation rule 2, node
cannot transmit to nodg using slot¢, because it is already ) )
using slott to transmit to node;, which is in the same angularC- The QoS path reservation algorithm
direction as nodey. In Figure 6, which illustrates allocation When a nodeS wants to send data to a node, with a
rule 3, nodex cannot allocate slot for sending to node; bandwidth requirement ob slots, it initiates the QoS path
because slot is already scheduled for sending from nodéiscovery process. Nod§& determines if enough slots are
z, that is a 1-hop neighbor of, and A7 N AZ # ¢. In available to send from itself to at least one of its 1-hop
Figure 7, which illustrates allocation rule 4, slbbtannot be neighbors. If that is the case, it broadcastQ REQ(S, D,
allocated to send from to y because it is already scheduledd, b, z, PATH, NH) to all of its neighbors. The message
for communication between two nodesindw, that are 1-hop contains the following fields:
neighbors ofz, where A7 N AY # ¢ and AY N A7 # ¢. « S, D andid: IDs of the source, destination and the

session. ThéS, D, id) triple is therefore unique for every

QREQ message and is used to prevent looping.

« b: Number of slots required.

The proposed protocol is on-demand, source based and z: The node ID of the host forwarding this message.
similar to DSR [17]. Its on-demand nature increases its ef-« PATH: A list of the form (b1, 11), (ha, 12), ..., (or, 11)).
ficiency, since control overhead traffic is only needed when It contains the accumulated list of hosts and time slots,
data communication between nodes is desired. which have been allocated by this QREQ message so far.

B. The data structures

Each node maintains and updates three talblés,RT and
H. Considering a network withh nodes, and data slots in
the TDMA frame, in a node;, the tables are denoted 7.,
RT, and H,. The tables contain the following information:

h; is the ith host in the path, anf is the list of slots
used byh; to send toh;,,. Each of the elements df
contains the slot number that would be used, along with
the corresponding the set of angular groups’,*, which



represents the direction in which the sending antenna of
hosti must be pointed, during that slot, to send data to
hosti + 1.

« NH: Alist of the form (), 1), (g, 1), ooy (o, 1)) It
contains the next hop information. If nodas forwarding
this QREQ message, then NH contains a list of the next
hop host candidates. The couple,(;) is the ID of the
host, which can be a next hop in the path, along with a
list of the slots, which can be used to send data from
to h,. I; is a list of the slots to be used to send from host
i to hosti 41 along with the angular group for each slot.
I; has the same format dsin PATH.

o Max_QREQ node_wait_time, Marx QREQ _tot_
wait_ time, and Max_ QREQ- QREP_ tot _wait_
time: These are QREQ message wait timing constraints,
which are specified by the application. Each timer will
be discussed in more detail in a later section.

When an intermediate node receives the QREQ message,
it composes the NH list, which includes its neighbors withig. 8. A detailed example showing the allocation of slots 1 and 2 at node
which it has a link that contains at lealstfree slots in the °- Bold cones show transmissions/receptions in slot 1 and plain cones show
corresponding direction. The message is then forwardedg nzrdnésbsmns/receptlons in slot 2. The circle indicates the directional range
these neighbors. If the QREQ message reaches the destination

node D, then this means that a QoS path frginto D was

Node a b c d e f g h i

discovered, and there were at leatee slots available to send|—— e ey Y [ [ pevy sy ey iy oy ey puny sy [y g prey
data from each node to each subsequent node along this astlg. S s S s s - .
These slots are now marked aBocated in the ST and RT

tables of the corresponding nodes. Subsequently, dbdei- |~ || 1™ “ il B
casts a reply messag@ REP(S, D, id, b, PATH, NH), to A2 1*] |* o “ -
nodesS. This message is propagated along the nodes indicated

in PATH. As the QREP message travels back to the sourGg,.[ « | m . o D q ; s
node, all of the intermediate nodes along the allocated pally, | o[ ol o1 s/ s1| 2|5t s | 1| s2|st |2 sl | sl <2|st |
must confirm the reservation of the corresponding allocateg, s = s - S =
slots (i.e. change their status froailocated to reserved). | P . P

The timing and propagation of the QREQ and QREP messages
are controlled by timers, a queueing process, and synchroneus

and asynchronous slot status broadcasts, which is discussed in
detail later in the paper. Fig. 9. The allocation table, which corresponds to the detailed example
showing the allocation of slots 1 and 2 at ndde

D. A detailed example of slot allocation at an intermediate
node on any of its antennas because this slot is already scheduled

Figure 8 and the corresponding table in Figure 9 provide & receive by nodé (from nodesa andd).
example of the slot allocation considerations at an intermediatd-et’s consider the possibility of allocating slot 2 to send
nodeb. In the example, nodereceives a QREQ message fronfrom nodeb to each of its neighbors. According to rule 1, slot
nodea and is determining to which of its 1-hop neighbors i2 cannot be allocated to send frdnto i because it is already
can extend the QREQ message. The example illustrates sisbeduled to send for another QoS path. Also, according to
considerations for slots 1 and 2 of the TDMA frame. Ththe same rule, slot 2 cannot be scheduled to send from node
portion of the allocation table for slots 1 and 2 at nddis b to e because slot 2 is already scheduled to send by mode
shown in Figure 9. In this example, slot 1 is reserved to seigmely, it is scheduled to send from nodeo nodes; and
from nodea to nodeb and nodep. Slot 1 is also reserved s for different QoS paths which is another illustration of the
to send from nodel to nodeq, and from nodel to nodeb, Spacial reuse that is afforded to directional antenna systems.
simultaneously, for different QoS paths. These reservations ofAccording to rule 2 of the slot allocation conditions, node
the same slot to send from the same node to multiple nodés;annot allocate slot 2 to send to nogebecause slot 2 is
for different QoS paths, is not possible in an omnidirectionalready scheduled to send from ndd& nodei, where A N
antenna system. This demonstrates the significant spacial red%e# ¢ (i.e. nodei is in the same angular direction as nagle
that can be achieved in the directional antenna environmentth respect to nodg). Also, according to rule 3, slot 2 cannot
According to rule 1 of the slot allocation conditions, slot be allocated by nodgto send to nodé. This is because this
cannot be allocated by nodeto send to any of its neighborsslot is already scheduled to receive in nddérom nodem,



be determined by simulation and according to the needs of the
application involved.
Explicit deallocation message from the destination In
addition to the above soft allocation timer strategy, further per-
formance improvement can be achieved by having an explicit
deallocation message issued as a flood from the destination
upon successful path acquisition. Nodes that are not a part of
the acquired path can immediately deallocate slots that were
allocated in the path discovery phase.
TTL _reservedslot_time. When a slot is reserved (i.e. its
allocation is confirmed and it is imeserved status) for a
particular QoS path, it must be used for actual data transmis-
sion within a certain time-out period which we define as the
whereA"NAY # ¢. Note that slot 2 is also scheduled by nodd™'L-reserved_slot_time. If at any time a slot is not used
h to receive fromr on a different antenna without preventingor data transmission for more than this time, it is returned
the use of the same slot to send from neddo nodeh. to free status. This is done in the following manner. The
According to rule 4, slot 2 cannot be scheduled to to se@§sociated timer is refreshed each time the slot is used for
from nodeb to ¢ because it is already scheduled to send froffta transmission. The timer is constantly counted down. If
Ito k, where (AL N AS +# ¢) and (AP N AF # ¢). According to this timer reaches zero at any time then the slot is returned
the same rule, and because of the same reason, slot 2 caRa6k to free status. This timing is also useful for a situation

Fig. 10. An example showing three QoS patiscde f g, hicjek, andnjml.

be scheduled to send frointo k£ or from b to . where the QREP message used to confirm slot reservation is
As a result, nodé is able to allocate slot 2 to send to node§uccessful in propagating from the destination through some
f, n, ando. nodes but then is not forwarded to the source. In this case, the

nodes which already confirmed the reservation of their slots

. . will still be able to return these slots back to free status after
E. An example of multiple QoS paths passing through common. o out period

nodes . .
) ) ) Max_QREQ_nodewait_time. The QREQ can wait at
Figure 10 shows an example with three different reserveo‘(liI intermediate node for a maximum amount of time

QoS pathsubede fg (path 1),hicjek (path 2), andvjml (path  yr.. O REQ node_wait time. This is a parameter that is set

3). The three paths share several common nodes. Namglyg tynable value according to the application and network

nodesc ande are common between paths 1 and 2, and nodgq irements and characteristics. A reasonable value can be
j is common between paths 2 and 3. Due to the use &%ual t02 « RTT.

directional antenna systems, these common nodes are fi\\?aex QREQ._tot_wait_time. Another related delay type is

to receive d|fferenF data belonging to dlfferent_paths fro%e QREQ total wait time. This is the maximum allowable
multiple directions in the same data slot without interference.

Similarly they can transmit to different nodes belonging tcumulatlve wait delay for the QREQ as it propagates through

different paths in different directions in the same data slcf)ige network,

as well. This scenario is not possible in the omnidirectionya);*QREQ*QREP*tOtfwa'U'me' A th|rd' timer tc]{in _be ge-
antenna environment, and illustrates the potential increase'8fd s Mar QREQ-QREP tot-wait time. This is the

network throughput in MANETS using directional antennas [otl time for path acquisition{ REQ) propagation + QREP

propagation).

F. Wait timers G. Status broadcasting and updating

We define the following timers, which control the allowable There are two types of node status broadcasts: synchronous
delay of the propagation of the QREQ and QREP messadpsriodic) and asynchronous.
through the system. These timers can be initialized to a tunalggnchronous periodic status updatesIn order to main-
value which can vary according to the requirements of thgin local connectivity and slot status information, each
application being used. It is also possible to disable some fdde broadcasts its slot allocation status (8% and RT
these timers, which are specified below, if the application doggle information updates) to its 1-hop and 2-hop neigh-
not have such delay requirements. bors (i.e. with a 2-hop TTL). This broadcast is done
TTL _allocatedslot time. This is a soft state timer which periodically (synchronously) according to a predetermined
times out theallocated state of a slot tofree status if no periodic slot status update frequency. We define this as
reservation of this slot is done within this time. A largeeriodic_status_update_time.
value for this timer corresponds to a conservative strategysynchronous status updates The status update is done
In that case, there is a lower probability of occurance of tlesynchronously as the status of slots is changed from free to
racing conditions in slot allocation between multiple paths [9&llocated, or from allocated to reserved. Note that the status
However, this comes at a price of lower slot utilization whiclipdates are done with a 2-hop TTL flood to the 1-hop and
can reduce throughput. An optimal value for this timer mug-hop neighbors.



H. The main algorithm at an intermediate node

The protocol uses three states per slot to avoid any ré@@

allocated slots to become free (or reserved) does not exceed

maximum total wait time left for this QREQ message

conditions when multiple routes that pass through comméfy @@-@REQ-tot-wait time), then this QREQ message is

nodes are being reserved at the same time. The possible r&{

conditions and their remedies, which are similar for omnid[
rectional and directional antenna environments, are descri
in detail in [7].

When a node y receives a broadcasting messag
QREQ(S,D,id,b,x, PATH, NH) initiated by a neighbor-

é‘ged in theQREQ pending_queue. This queue will be
iscussed in more detail later in this paper. If on the other
k@d"d’ no 1-hop neighbor of y has a condition of Fyz +
ANUyz) > b then there is "no hope” at the current time.
'gherefore, the QREQ message is dropped.

. ) . . : A
ing hostz, it checks to determine whether it has received this

Igorithm 1 The main algorithm at an intermediate node

same source routed request (uniquely identified $)yD, id))
previously. If not,y performs the following steps. I is not

a host listed in NH then it exits this procedure. Otherwise,

it calculates the values of the variablesVUyz, and Fyz,
which are defined in the following manner:

« ANUyz: The number of slots that are allocated-not-
usable for sending data from to z. A slot is called
ANU (allocated-not-usable) if there exists totally allo-
cated reservations at or its neighbors, which do not
allow slott to be used fromy to send toz. This is due to
pure allocations (not confirmed reservations),and/or
its neighbors.

o Fyz: The number of slots that are free at a nadéo
send to a node respectively.

Therefore, at nodg, it is necessary to determine a separate

set of ANUyz, and Fyz for each neighborz of y. When
a nodey receives a QREQ message from a naddt uses
Algorithm 1 which is shown below to forward the message,
or to insert it in theQ REQ _pending_queue, or to drop it.

Algorithm 1 works in the following manner. When a QREQ
message arrives at a nodefrom a nodez, it does the
following. The algorithm first updates th&€I" and RT tables
with the information in PATH. Then, it calculated NUyz,
and F'yz from ST and RT tables.

Afterwards, the algorithm initializes the next hop list
N H _temp to empty, and then attempts to build it by adding
to this list each 1-hop neighberof y which hash slots free to

When a nodey receives a QREQ message

Update theST and RT tables with the information in PATH
NH_temp = ¢
for each 1-hop neighbor nodeof y do
ANUyz = calcA(z,ST, RT)
Fyz = calcF(z,ST,RT)
if Fyz > b then
L = select_slot(y, z,b, ST, RT)
if L # empty then
NH temp = NH temp(z,L) | (2, L)
else
Error: cannot have'yz > b and L = empty
end if
end if
end for
if NH,t/emp # ¢ then ,
Let (h;, [;) be the entry in NH such thdt,=y
let PATH temp = PATH | (z,1,)
broadcast QREQ(S, D, id, b, x, PAT H _temp, N H temp)
message
else
for each 1-hop neighbor nodeof y do
if (Fyz+ ANUyz) > b then
let tmas = maximum time left for required
allocated slots to become free (or reserved)
if mar_.QREQ _tot_wait_time > tmqas then
insert QREQ message QREQ _pending-queue
exit this procedure
end if
end if
end for
end if

send fromy to z. The algorithm uses the selesibt function

which allocates slots using the slot allocation rules and the

information in the updatedT and RT tables and returns al

The QREQpendingqueue

list of these slots. There are three possible conditions that cahe QREQ's that are waiting for slots to become free

take place.

are placed in aQ REQ _pending_queue. While waiting for

If at least one neighbar of y hasb slots free to send from the status of the different slots in the table to change, some

y to z, this is calledconditionl, then theN H _temp list will

slots will be freed and others will be confirmed. Every time

not remain empty and the nodewill broadcast (i.e. forward) @ change in slot status is done (due to timer expiration, or
the QREQ message after incorporating the nadand the confirming a reservation), the queue is scanned.

list li" (i.e. the list of slots used to send fromto y) PATH Scanning theQREQ pending_queue. Every time the queue
(using PATH temp = PATH | (z,li') ). Here,| means is scanned, all QREQ messages, which have any of their

concatenation.

corresponding wait timers expired, are deleted from the queue.

Otherwise, if theN H _temp list is empty after checking all For each QREQ in the queue, the new values foyz,

of the neighbors, then that means that there are no neighbd®8Uyz, and NUyz are calculated, and it is determined
z of y which haveb slots free to send fronp to z according under which conditions the new QREQ status falls. There are
to the slot selection conditions. At this point, the algorithrthree possibilities: (1F'yz > b: Forward the pending QREQ
tries to determine if there is any "hope”, i.e., if there is atising Algorithm 2, and delete the QREQ from the queue. (2)
least one 1-hop neighbor of y which has the condition (Fyz+ ANUyz) > b: Leave the corresponding QREQ in the
(Fyz+ANUyz) > b. This would becondition2. In this case, queue. (3)(Fyz + ANUyz) < b: Delete the corresponding
the algorithm checks if the maximum time left for the require@REQ from theQ REQ _pending_queue.



Algorithm 2 Forwarding the QREQ message from the

QREQ pending_queue

NH_temp = ¢
for every 1-hop neighbot of y do

Simulation Restults:

n=30, message=10Mb, dsn=30, max_b=4, range=115m, area: 300x300m

Varying data message rate in (mess./sec)

Overall % of Successful Pakets

DataRate ~ 1.00 200 300 400 500 600 700 800 9.00 10.00 Avg.
L= Selectislot(% z,b, ST, RT) 1dir 4564 3696 3142 2688 2504 2230 2216 2407 2327 1926 27.70
if L h 2dir 5364 4974 4384 4428 43.02 4913 4140 4263 38.16 3951 44.53
I # ¢ then 4dir 9059 8898 8664 8248 8201 7619 7527 77.86 78.67 79.36 81.80
NH _temp = NH _temp | (z,L)
. Average Number of Requests Per Successful Aquisition of QoS Path
end if DataRate  1.00 200 300 400 500 600 700 800 900 1000 Avg.
end for 1 dir 151 165 173 173 169 165 158 171 164 165 165
) 2dir 134 141 148 143 146 145 147 142 149 145 144
if NH_temp # ¢ then adir 128 133 139 141 135 139 137 146 134 139 137
A ) ’
let (h’z ' ll) be the entry in NH SU(/:h that’b =Y Average Number of Requests per Session
let PATH temp = PATH | (m lv) DataRate  1.00 200 300 400 500 600 700 800 9.00 1000 Avg.
. L 1 dir 233 251 260 264 266 270 269 270 270 273 262
bl’O&dC&SQREQ(S, D,id, b,y, PATH,temp, NH,temp) 2 dir 211 220 232 232 235 226 236 235 242 238 231
delete QREQ message from thR EQ_pending_queue 4dir 144 151 160 169 165 176 177 18 170 172 167
end if Avgerage QoS Path Acquisition Time
DataRate ~ 1.00 200 3.00 400 500 600 700 800 9.00 10.00 Avg.

TABLE |
PARAMETERS FOR THE DIRECTIONAL ANTENNA PROTOCOL SIMULATION

1dir
2dir
4 dir

11.39
791
6.65

14.56
9.28
7.69

16.12
10.90
8.83

16.08
9.80
9.30

15.30
10.42
8.10

14.34
10.31
8.94

13.01
10.58
8.55

15.80 14.28
11.08

7.83

14.52
10.00

10.50 8.53

Parameter Value Fig. 11. Simulation results table. Data message length: 10MB
Network Area 300 x 300 m?
Number of Nodes 30
Transmission Range 115m Overal % of Successful Pakes Average # of Requests per Successful Path Acquisiion
Bandwidth 2 Mb/s 120 4
Data Packet Size 512 bytes 100 35
Number of Data Slots 30 § sl CTOee oo g 2
Number of Sessions 20 8 ¢ : Zi
Average Message Length 100 M B m 0 WD QD Syt ot s e
MAX _SLOT_.RESTIME 10980ms s =
MAX _SLOT.ALLOC_TIME | 1350ms 05
MAX ’B 4 SIOtS 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Data Message Rate (mess/sec) Data Message Rate (mess/sec)
(a) (b)
V' PERFORMANCEANALYSIS Average # of Requests per Session Average QoS Path Acquisition Time
4 50 1dir —e—
In order to verify, and analyze the performance of the wl dar o
presented protocol, simulation experiments were conducted; % %
E i 20
o < M
A. Simulation o L 4dr o .
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

Data Message Rate (mess/sec)

©

Data Message Rate (mess/sec)

Basically the simulator starts by generating an area with cer- @

tain dimensions and randomly places a predetermined number

of nodes in the area. The nodes have a certain transmission
range. From the placement of the nodes and their rangg'%l 12.
graph is generated. Then the simulator generates a number
of data messages with a certain length for each mess
(different distributions can be used). Each message ha
random source and destination pair. The arrival times of theA set of simulation experiments were performed. Table |
messages is according to a Poisson process with a cers&iows a sample of the simulation parameters used in the
mean inter-arrival time. When the data message is processggeriments. The results for two sets of experiments are
by the source, it generates a QREQ message to discover a @o8wn. Figures 11, and 12 contain the results for the first set
path to the corresponding destination. The QREQ messaifeexperiments, and figures 13, and 14 contain the results
is propagated through the nodes according to the propodedthe second set of experiments. The number of nodes(
algorithm. Each node has a routing table as well as all of t86 in an area of 300x30:2. The total number of data slots
tables needed for the algorithn${, RT, H, routing table, in the frame ¢sn) is 30. The number of slots required for

all of the required slot data structures, etc.). When the soureach session is a random number with a uniform distribution
receives the QREP message, it starts data transmission. @hd a range from 1 to 4 slots (1 teaz_b). The range of
simulations are done for three different cases: (1) 1 antenmach node was 115 m. The session (or data message) arrival
representing the omnidirectional antenna cale € 1, angle is a Poisson process with a mean which was varied from 1
of coverage 360°), (2) 2 antennasdfr = 2, angle of coverage to 10 messages/sec. The message length is randomly selected
= 180° per antenna). (3) 4 directional antennd®-(= 4, angle according to a uniform distribution with a range from 0 to

of coverage =90° per antenna). 10 Mbytes for the first set of experiments, and from 0 to 100

Simulation results. Data message length: 10MB

e_. .
}g.aslmulatlon parameters



from 45.64 for a mean traffic rate of 1 messages/sec down
to 27.70 for a mean traffic rate of 10 messages/sec. This
percentage is higher with the two-antenna case and ranges
from 53.69 down to 44.53. The highest percentage is obtained
in the four-antenna case which ranges from 90.59 down to
81.80. Also, as expected by the theory, the simulation shows
that the average number of requests per successful acquisition
of a QoS path, the total number of requests per session (i.e.
including sessions that were not able to acquire a path), and the
average QoS path acquisition time are consistently higher for
the omnidirectional case, followed by the two-antenna and the
four-antenna cases. This is due to the fact that it is increasingly
easier for the network to acquire a QoS path as the number
of antennas increases. The second set of experiments, which
were done for a longer data message length of 100 Mbytes,
shows a decrease in the overall percentage of successfully
received packets due to the increase in total traffic. The
overall percentage of successfully received packets, and path

Simulation Restults:
n=30, message=100Mb, dsn=30, max_b=4, range=115m, area: 300x300m
Varying data message rate in (mess./sec)

Overall % of Successful Packets
Data Rate 1.00 2.00
1dir 42,56  39.36
2dir 51.00 5348
4 dir 86.31 85.05

6.00
25.72
39.05
79.50

7.00
25.60
43.70
81.85

8.00
21.69
35.92
78.78

3.00
29.20
46.79
78.75

4.00
27.99
42.68
82.60

5.00
25.96
41.79
81.15

Avg.
27.89
43.02
80.92

Average Number of Requests Per Successful Aquisition of QoS Path

Data Rate 1.00 2.00 3.00 4.00 5.00 6.00 7.00
1 dir 1.61 1.69 1.64 1.71 1.78 1.65 1.64
2 dir 1.33 1.41 1.50 1.45 1.52 1.49 1.43
4 dir 1.29 1.38 1.48 1.41 1.42 1.36 1.40

8.00
1.60
1.43
1.41

Avg.
1.66
1.43
1.39

Average Number of Requests per Session

Data Rate 1.00 2.00 3.00 4.00
1 dir 240 248 2.60 2.65
2 dir 215 218 2.30 2.36
4 dir 1.53 1.62 1.79 1.68

7.00
2.66
231

1.69

8.00
2.69
245
1.73

5.00 9.00 10.00
2.68
2.39

1.78

6.00
2.66
241

1.69

Avg.
262
2.33

1.66 1.80 1.69
Time
3.00

14.26

11.24

10.92

Avgerage QoS Path
Data Rate 1.00
1dir 13.54
2dir 7.7
4 dir 6.73

6.00
14.50
1.1

8.38

7.00
14.29

8.00
13.32
9.77
9.39

9.00
14.25
9.03
8.24

10.00
14.12
8.79
9.12

2.00
15.30

4.00
15.81
10.28

9.41

5.00
17.29
11.62

9.69

Avg.
14.67
9.17

8.71 8.97

Fig. 13. Simulation results table. Data message length: 100MB
’ 9e N acquisition time measurements follow the same trends as the
first set of experiments showing a considerable advantage with
a0 S P St st the increase in number of antennas. This confirms the same
o 25 analysis and reached conclusions.
g o Tooreeoigno g S These simulation results clearly demonstrate the increased
: e e efficiency and performance of the network as the number of
s ) 0‘: Lo e directional antennas increases. As was indicated earlier, this
S o~ increased performance is due to the considerable increase in
L vessne R (resseny P memesmeraemessen . Spatial reuse and the ability for each node to simultaneously
(a) (b) send or receive data in different directions. This functionally
increases the effective number data slots by a multiple of
, fwerage #of Requests per Session " Average QoS Path Acquistion Time the number of antennas (or directions) used. This effect
R significantly improves performance. As the data shows, the
§ increase in performance, or speed-up factor, when the number
FH 2w of antenna is increased by a factor of 2 (i.e. doubled from 1 to
2" . g m 2, and then from 2 to 4) is significant (speed up factof).
05} zar —— s As expected, however, it still below a the theoretical speed-up
N Sk s e T o S L factor of 2. For the first §et of experiments for example, the
© @ data shows that that ratio of the overall average percentage

(average for all data traffic rates) of successful packets of the
two-antenna case to the one-antenna case is 1.61, whigh is

1 and < 2. The ratio for the four-antenna case to the two-
antenna case is 1.84, which is alsol and < 2, and the
ratio for the four-antenna case to the one-antenna case is 2.95
which is< 4. This is to be expected from the theory of parallel
and distributed systems because the actual speed-up factor is
always below the ratio of the number of parallel units, or

Several performance measures were computed as the traffitennas, in this case.
rate (messages/second) is varied. The measured parameters
are the overall percentage of packets received successfully, . L
the average number of requests per successful acquisitiorPof/*dditional directional antenna tradeoffs and future re-
QoS path, the average number of requests per session, and &
average QoS path acquisition time. It is worthy of noting at this point, that in highly mo-

In both sets of experiments, it can be observed that thde MANETs, more overhead would be needed to discover,
average overall percentage of successfully received packetshange and maintain topology information between nodes.
drops as the traffic rate is increased. Also, as expected by thethe directional antenna environment, this overhead would
theoretical analysis, this percentage is consistently the smallest higher than that of the omnidirectional case. However,
in the omnidirectional cased{r = 1). For example, in the the gain realized due to the significant increase in spatial
first set of experiments presented in the table in Figure Irbuse, power savings, reduced path hop count, reduced end-
the overall percentage of successfully received packets rangeend delay, and higher throughput offset this increase. The

Fig. 14. Simulation results. Data message length: 100MB

Mbytes for the second set of experiments.

C. Simulation results and analysis
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effects of mobility on this protocol as well as optimization[9] I. Jawhar and J. Wu. Race-free resource allocation for QoS support

techniqgues employed to reduce this overhead is a rich area

of future research in this field, and is currently being inveﬁo]
tigated. Additionally, this protocol is a heuristic approach to
a directional antenna version of the scheduling problem in
the TDMA environment, which has been proven to be NP-
complete [6][8][13][15]. Theoretical bounds and comparisopi] W.-H. Liao, Y.-C. Tseng, and K.-P. Shih. A TDMA-based bandwidth
with optimal path assignment is another possible area of future
research.

In this paper, a protocol for TDMA-based bandwidth reselt

(12]

VI. CONCLUSIONS
13]

vation for QoS routing in MANETS using directional antennas
was presented. The protocol takes advantage of the significant 2002.
increase in spacial reuse provided by the directional anterif
environment, which drastically increases the efficiency of
communication in MANETSs. This is due to the reduction in
signal interference, and the amount of power necessary[]t%]
establish and maintain communication sessions. Additionally,
th|s protocol provides for a re|ative|y Sma"er hop count fd:rl6] S.; You J.; Hiromoto R.E.; Nasipuri, A.; Ye. AMAC pl’OtOCOl for mobile

QoS paths due to the extended range of directional antennas

in wireless networks. Ad Hoc and Sensor Wireless Networks: An
International Journal 1(3):179-206, May 2005.

Y.-B. Ko, V. Shankarkumar, and N.H. Vaidya. Medium access control
protocols using directional antennas in ad hoc networkéEOCOM
2000. Nineteenth Annual Joint Conference of the IEEE Computer and
Communications Societies. Proceedings. |IEER6-30):13-21, March
2000.

reservation protocol for QoS routing in a wireless mobile ad hoc
network. Communications, ICC 2002. IEEE International Conference
on, 5:3186-3190, 2002.

C. R. Lin and J.-S. Liu. QoS routing in ad hoc wireless netwolE&E
Journal on selected areas in communicatioh®(8):1426-1438, August
1999.

E. L. Lloyd. Broadcast scheduling for TDMA in wireless multihop
networks. Handbook of Wireless Networks and Mobile Computing,
Edited by |. Stojmenovic, John Wiley and Sons,,|lpages 347-370,

I. Martinez and J. Altuna. A cross-layer design for ad hoc wireless
networks with smart antennas and QoS suppoRersonal, Indoor
and Mobile Radio Communications 2004. PIMRC 2004. 15th IEEE
International Symposium ¢r1:589-593, September 2004.

S. T. McCormick. Optimal approximation of sparse hessians and its
equivalence to a graph coloring problerMathematics programming
2(26):153-171, 1983.

ad hoc networks using directional antenn&éireless Communications
and Networking Conference, 2000. WCNC. 2000 IE§@23-28):1214—

using the same total transmission power compared to the 1219, September 2000.

omnidirectional case. In turn this results in reduced end-to-eld! C. E. Perkins. Ad Hoc Networking Addison-Wesley, Upper Saddle
delay. The simulation results clearly show a significant ga'gg]
in performance with an increase in the number of successfully station tracking in mobile communications using a switched parasitic
received packets, as well as a decrease in the QoS path vaui_antenna array. Antennas and Propagation, IEEE Transactions, on

sition time. However, as expected, this gain in performanceig; g g

still below the theoretical speed-up factor. In the future, we
intend to improve this protocol through the employment dg0] R. Ramanathan. Antenna beamforming and power control for ad hoc
additional optimization techniques. In addition, we intend to
preform more simulations in order to further study, analyZe1] R. Ramanathan, J. Redi, C. Santivanez, D. Wiggins, and S. Polit. Ad
and improve the performance of the protocol under different
network environments including different mobility rates, and

traffic conditions.
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