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Abstract

Smart antennas have been proposed as a physieadayice
that can increase the capacity of ad hoc networke
effectiveness of smart antennas depends on whathess
mechanisms create the conditions that enable erseio adapt
to both desired signals and interfering signalsemable
transmitters to discern where they must avoid capsi
interference. The ease of implementing solutiolsraodeling
the antennas are both affected by whether the ascbgmes are
asynchronous or synchronous. Asynchronous access
mechanisms are more difficult since they allow rieamsmitters
to begin transmissions during ongoing exchangdsis,Tpast
adaptation becomes irrelevant and current adaptegtidone
with insufficient information. Arbitrating the eftts in
simulation requires detailed models of antenna tadiap and
the resulting power patterns. Synchronous acceshamisms,
however, overcome these shortcomings because dhey f
ongoing exchanges to conclude before new exchastgasand
because they cause all new exchanges to occurtaimsously.
Receivers can sample both the desired signalsheniaiterfering
signals to arrive at a weighting solution. Sinoeditions do not
change after adaptation, the adaptation is moeetfe and
simulation models can be more abstract. In thiepave
describe how we built models of adaptive antenn@BRNET
using a radio process model and the radio pipsliages. We
use this model in conjunction with our Synchron@adlision
Resolution (SCR) medium access control protocolevaduate
the relative merits of different antenna technasgind
capabilities. We found that those technologies ithatove
capture soonest in an exchange most improve thecitgp

Introduction

Directional and smart antennas have been propasadreans
to enhance performance of wireless ad hoc netwodksding
increasing capacity, increasing the range of conications,
reducing the susceptibility to detection, interéamtand
jamming, conserving energy, and resolving collision
Properties of antennas that have been identifisdipport these
benefits include: antenna directivity, increaseithgand a host
of capabilities enabled with arrayed antennas &nthb
processing techniques including beam forming, staléring,
diversity, spatial processing, and multiple inputitiple output
(MIMO). Direct modeling of these effects and thgaaithms
that make them work is prohibitive requiring degdilmodels of
the environment, the antennas, and the scenaeiin gffect on
the bit streams that are transmitted and thenebelts of the
algorithms that operate on the bit streams. Tevsllof detail is
difficult to create for just the analysis of algbrins let alone to
combine it with a comprehensive network model wathitiple
transceivers transmitting and receiving simultarsgou
Abstractions that can capture the effectiveneshaxfe

techniques are necessary to assess their conribtotithe
performance of mobile ad hoc networks (MANETS).tHis
paper, we propose a modeling abstraction that axtsdor
directional and smart antenna effects when usingtspnous
access. We build these models into a radio pravestel and
OPNET's radio transceiver pipeline stages.

Our presentation of this material begins with aargiew of
directional and smart antenna technologies. Nextdescribe
how smart antennas are modeled abstractly anchihvsrwe
model them in OPNET. We describe the Synchronaiks@n
Resolution (SCR) approach to access and identifyihoreates
the conditions that enable smart antennas to bleieeghand the
models we described earlier to be valid. We calelwith a
description of simulation experiments we condudtestudy the
effect of smart antenna performance on SCR capacity

Directional and Smart Antennas

The mobility of nodes in ad hoc networks will catise relative
direction between nodes to change. Exploitingatioaal
antennas in mobile ad hoc networks (MANET) will ahwe
intelligence to discern where to point an antermh a
mechanisms to subsequently point it in that dicgctiAntennas
that can do this are considered smart. Smart aasemave
varying levels of intelligence. This intelligenisefrequently
divided into three levels: switched beam, dynanfiaged array,
and adaptive array [1]. A review of the differeseand the types
of intelligence follows.

Switched Beam Antennas

In switched beam antennas, there is a predefirtenf sirections
in which an antenna can be pointed. Use of thesmaas in ad
hoc networks requires MAC and possibly routing pcots to
track which antenna sectors point toward other sode

Dynamically Phased Arrays

An array of antenna elements can be pointed imegtitbn by
changing the phase of the signals emitted from ebshent so
that they arrive on the wavefront in the preferd@éction at the
same time thus constructively interfering in théngiag
direction and destructively interfering elsewhefay
arrangement of antennas can be used; howeverpthsybe
calibrated to support beamforming. Weighting & éxcitation
signal at each antenna can be used to affect #pesind
amplitude of the mainlobe and sidelobes.

The enhancement in intelligence that comes wittadynally
phased arrays is the ability to determine the tdvaof the
arrival (DOA) of signals so that the antennas aapaand
immediately point toward the source. This capgbibes not
require protocols to track network state.
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Adaptive Antenna Arrays

The increased intelligence of adaptive arrays ohefualgorithms
for reducing interference by steering nulls or sgigtwhitening
it. These techniques adapt to the environmentwatow for the
multipath arrival of signals. We broadly separtgironmental
adaptation techniques into two different types ¢hibst are
implemented in reception only, environmental adéqtan
reception (EAR), and those that are implementdabih
reception and transmission, environmental adatatio
reception and transmission (EART). Use of thesbrigues
puts no requirement on MAC and routing protocolsack
state.

Smart Antenna Modeling

The different levels of antenna intelligence haifeecent
modeling requirements. Switched beam technologieshe
easiest to model. Higher level protocols direetrddios where
to point their antennas. Modeling only requireasideration of
the power pattern of the antenna, the directids pointed and
then its relative direction to the transmitter eceiver of
interest. At the time antenna gain is assesserktative
direction from the mainbeam is used to lookup dcudate the
gain from the antenna power pattern. The intatiggeto point
the antenna resides in the protocols and the egjyirement to
model the gain at the physical layer is to proddeeans for the
protocol pointing the antenna to communicate thatp
direction to the part of the model where antenna a
assessed..
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Figure 1: Packet Frame Format for Antenna Adaptation

Smart antennas that adapt to incoming signals are ocomplex
to model since an assessment must be made to determ
whether the smart antenna is able to adapt toieedaacoming
signal in the presence of interfering signals. W§¥e a modeling
approach first proposed in [2]. Figure 1 illustsathe timeline
of a received packet. A training sequence atridnet £nd of a
packet is used by the antenna to adapt. Adaptatiours in two
parts. First the antenna must capture the desigedl which
occurs at the beginning of the sequence and treearitenna
optimizes reception of that signal in the adaptagieriod that
follows. Several criteria must be met for adaptato be
successful. There are five parameters:

ts — the time after the first arriving bit of theitveng sequence
that it takes for a transceiver to capture a ddsignal,

SIR, — the minimum signal interference ratio (SIR) riegd to
capture a signal,

tsn — the minimum time required by a smart antenredtapt to
an interfering signal,

ti — the end of the training sequence used for atiapfa

SIR, — the minimum SIR required to adapt to a signilezifor
enhancing or nulling.

Let t, be the time an interfering signal arrives at #eeiver.
The antenna can determine the DOA if SIR >SiRent, < t;,
SIR > SIR whents< t, < t;, andd t, > t;. An adaptive antenna
can reject interfering signals if SIR > SIRhent,<t;, SIR >
SIR, whent;< t, < t;, andt, < t; - tq,.

In this sort of model, the ability to capture ofgnal in the
presence of many is enhanced by using unique tigaini
sequences for each destination. If the acces®agipmakes
this possible and these sequences are used bgtthenas, then
the model above would have lower values for thaupaters
SIR. and SIR.
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Figure 2: Example Max SINR Adaptation Solution to Receive
a Signal from the 100° Direction and to Null Signals from
the 30° and 60° Directions Normalized to O dB at the 100°
Direction

Detailed modeling adaptation effects is complicated not
easily abstracted since adapting to a particutarsmnitter,
receiver, and interferer scenario may result im gaiother
directions that exceeds that in the direction talsahe source.
Figure 2 illustrates the problem. In this exampbe, Max SINR
algorithm was used to optimize reception of a digma0C
direction when there were interferers in thé 86d 60
directions. This solution provides better than 280SIR.
However, we see that the source direction is orsithe of
sidelobe and that there is high gain (up to 14id@Xxtraneous
directions. This high gain in ad hoc environmeras increase
the number of transceivers that can interfere witgoing
receptions. Accurate modeling of smart antenndruad hoc
networks must take this into account.

The gains that occur in extraneous directions @ay widely
from adaptation to adaptation. In real environmaigsals not
only follow line of sight paths but may traversenygaths that
through reflections arrive at the same receivingm@mas. It is
this complex combination of arriving signals to eimantennas
adapt. Modeling the exact effects requires anieixphodel of
the environment, the adaptation algorithm and disellting array
factor. This complex interaction of the environrmeith the
propagating signals makes adaptive antenna modeling
impractical and suspect if attempted.

Abstracting the effects of adaptation is possibtbe access
scenario causes all transmissions to be synchronthes
justification is that the adaptation occurs witloledge of all
transmitters and receivers. Receiving antennaalaecto
optimize reception of a source while rejectingititerfering
transmissions. The models do not have to accaurtih gains



in extraneous directions since there will be nagraitters or
receivers in those directions. The models simpieas
appropriate antenna gains for each transmitterivecpair.

Evaluating the contribution of a particular adaptantenna
technology to the performance of an ad hoc netwegkires an
understanding of the technology. Factors that atlynaffect
the ability of a particular technology to adapt es@gestion and
directional diversity. Antennas can null out noreninterferers
than one less the number of antenna elements ey They
can not distinguish between the line of sight congous of the
transmitters that are directionally coincident.e$é factors must
be assessed in characterizing the antenna anetrackhe
simulation unless the access protocol can guarsndéte
congestion and coincidental directions to multipdasmitters
will not occur. The latter is the case with theess protocol
with which we have designed our models to be used.

Smart Antenna Models in OPNET

We model smart antennas using a radio process rttoatdb
used to track radio state and with various modiifice to the
radio transceiver pipeline stages. Figure 3 ithtss the radio
process model. The illustrated states in this mivdek whether
a transceiver is transmitting, receiving, dozingtransitioning
between those states. Although not illustrated, glocess
model also tracks other physical layer states dinly
frequency, bandwidth, data rate, modulation, tranpower,
forward error correction rate, and antenna paramsefEhese
values are stored in a single data structure shafstate variable.
The model is designed to be flexible. It allows #itached
MAC model at the node to pass values of each akthe
parameters. In turn, as part of transitioning leetwstates, it
will change the parameters to its attached tratsnand
receiver modules. In the case of the antenna peieas) which
are not attributes of the transceiver modules,eshre simply
stored but then accessed by the pipeline stagescassary.
When adaptation is used, the pipeline stages camgehthese
values. Table 1 lists the specific parametersdahatused to
track the state of directional and smart antennas.
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Figure 3: Ad Hoc Radio Process Model

Parameter Function
ant_dir Antenna pointing direction
omni Boolean specifying if the transceiver is usamg
omnidirectional or directional antenna.
doa_adapt Boolean specifying if a transceiver ppssed

to adaptively point its antenna

already_doa_adapted Boolean that identifies itiifwesceiver has
adapted and has the direction towards a
transmitter or receiver

pkt_dest This is the destination of a packet. Thigs
used to identify if the EAT gain should be
applied. EAT gain is a negative gain applied to
transmissions towards all nodes that are not the

destination

sig_info Data structure that records pipeline stage
observation including the direction toward a

received signal.

sig_dir Vector that points toward the last received

signal

Table 1: Parameters Used to Track Smart Antenna State

We model multiple antenna pointing and adaptaticategies.
The strategy used at a radio can be selected thrthagsetting
of model attributes. Table 2 lists the attribuded their effect
on the models used. Adaptive pointing is not used
conjunction with EAR and EAT and EAT is not usedhout
EAR. By convention we assume the default gaimén t
mainbeam direction is 0 dB and that if the out edulm gain is
less than 0 then directional antennas are beind} use

Attribute Function

antenna beam widthl Beamwidth between first nulidhiefmainbeam

out of beam gain Gain with respect to the mainb&am
directions outside the beamwidth. Assumes a
beam and ball model as illustrated in Figure 5.

Adaptive antenna Toggle set if adaptive pointingssd

EAR gain Attenuation applied by receivers to sigrthht
interfere with a signal to which it has adapted.

EAR enabled Boolean set if EAR is used

EAT gain Attenuation applied to signals transmitted
receivers that are not the destination

EAT enabled Boolean set if EAT is used

Minimum time to ts

adapt

Minimum window SIR,

SIR to adapt

Maximum time to t - tan

adapt

Minimum early SIR | SIR,

to adapt

Table 2: Model Attributes for Antenna Models

The performance of directional antennas is quautifiy the
directivity of the mainbeam, i.e. its beamwidtheaBnwidth can
be specified between half power points, half-pok&amwidth
(HPBW), or the beamwidth between first nulls (BWENBoth
are illustrated in Figure 4. The second measupedbrmance
is selectivity. This measures the average gaoutrof beam
directions. The specific patterns can be quitepermand will
vary based on the specific design of an antenna.u¥¢ a more
generic model in our simulation called a beam aadbivihich is
illustrated in Figure 5. It accurately models daracteristics of
a mainbeam but blurs the variation of the sidelai®ea single



gain in all directions. This model is very geneaall provides a Antenna
computationally simple means to access gain imection. The Stage Action Technolog
calculation occurs in two steps. First, the artgisveen the PP| AP| EAR | EAT
mainbeam and the direction to a receiver is detezchand then  joqure | C2lCUlates pathloss and adjusts | o |y | |
this angle is used to assess the gain.niLbe the unit vector received power. i
that points in the direction of the mainbeam. iLbe the unit The spreading code attribute of the

vector toward the receiver. The vectaran be calculated using frg?rﬂﬂglsisjsgcf J‘izr&tg tthee

d-s ﬁg?:hnel transmitter. Receivers will only X | X X
= (1) adapt to a specified code. In-
|d _SI spectrum packets with other codes
. . are classified as noise.
wheres andd are the coordinates of the source and destination Looks up the pointing direction of
locations. The angle between these directiénis, easily the transmitter’'s antenna

calculated using the inner product Calculates antenna gain based or
angle between the antenna pointingX
2 direction and the receiver direction
(2 Applies EAT attenuation towards
and the gain is calculated using non-destination receivers
Looks up the pointing direction of
sin(6) BWEN the receiver’s antenna
9o 9 g< 2 Determines the direction from the
. receiver toward the transmitter and X | X
BWEN Receive . .
o> Antenna |Storesitas a packet at_tnbute.
2 (3) Calculates antenna gain based or
angle between the antenna pointinngk
Whereg,, is the maximum gain in the mainbeam direction and direction and the transmitter
Ooos IS the difference in gain from the mainbeam in the ball direction.

directions. In the beam and ball modg,= MSLL Applies protocol pointing antenna
gains to the received power of X | X X X

transmissions

Determines if a receiver locks ont
a packet. If so, the node adapts t
this packet if other criteria is met.
Determines if adaptation criteria is
met

Applies adaptive pointing gain to
all receptions

Applies adaptation attenuation to
interfering signals

Writes the adaptation direction fona
received packet to the radio states
So it can be used in subsequent
ECC transmissions.

Writes the ID of the adapted
receiver for use in specifying EAT X
adaptation

r

XX | X X

Transmit

E arccoimTr) Antenna

g:
gnb_goob

BWFN Power

OO
X
x
X

Interfer-
ence
noise

Table 3: Modeling Actions by Pipeline Stage

There are four different approaches to pointing and adapting
antennas:

Protocol Pointing (PP) — Assumes a protocol decides where to
point the antenna. The model considers the antenna to be
pointed in the direction specified in the radio state variables.
The transmit and receive antenna pipeline stages look up the
direction that an antenna is pointed and assess the ghm in t
direction to the distant transceiver.

Figure 5: Beam and Ball Antenna Model

Multiple pipeline stages contribute to the assessment aftsm
antenna effects. Table 3 lists the pipelines stages, thesaction Adaptive Pointing (AP) — Assumes the radio uses a DOA
that are modeled in those stages and identifies with which algorithm when receiving the preamble of a packet and then
antenna pointing and adaptation strategies the actions are usedoints the antenna in the direction determined by the agarit
The criteria for adaptation is as specified previously. The
direction between a receiver and a transmitter of a valid packet is
4



calculated in the receiver antenna pipeline stage and is stored ahould be decremented. This deficiency is not a large issue if
a packet attribute. At the power stage a decision is made the packets line-up well due to synchronization of their
whether this packet is the packet to which the receiver locks. transmission.

This decision is made by whether the packet exceeds a detection

threshold and whether the receiver has not already locked ontoAdaptive antennas do not perform well when the interfering
another arriving packet. At the interference noise stage, the transmitters are in the same direction as the source. Our EAR
adaptation criteria are checked. If met, the directional antenna model treats all interferers the same regardless of locatiom. Th
gain is applied to the interfering signal. If not, a flaget in the  model assumes the protocols prevent such coincident

valid packet'’s attributes that prevents adaptation with any othertransmissions.

interferer. If a packet is successfully received the antenna

pointing vector of the receiving transceiver is pointed tovlaed  As described earlier, EAR can result in large gains in directions
direction of the source transceiver. This direction is used i where there were no signals considered in the adaptation. If a
subsequent transmission and receptions as allowed by the new transmission starts in one of these directions the

protocol. For subsequent exchanges, the antennas return to interference would be exacerbated. Our models do not explicitly

omnidirectional receiving mode and the process repeats. model gain by direction and so do not model this effectt Ou
models assume the protocols prevent these new transmissions
Environmental Adaptive Reception (EAR) — Assumes the and so the high gain is not necessary to model.

radio uses an adaptation algorithm when receiving the preamble
of a packet and then rejects interfering signals by some skcifi The EAT gain is applied toward non-destination receiversdn t

attenuation. The modeling methodology is similar to AP, transmit antenna stage. It assumes that all these receivers were
however, interfering signals are attenuated by the EAR gain setconsidered in the adaptation. Receivers that did not send packets
for the node in its model attributes. Also adaptation bas n in the adaptation window would not have been considered. Our

effect on subsequent transmissions or receptions by tlee nod models assume the protocols prevent such receivers from being
unless EAT or adaptive pointing is enabled. If adaptivatpg present.

is enabled together with EAR then EAR has precedence during a
reception and adaptive pointing is applied in subsequent

transmissions. Similarly if EAT is enabled it is useeén L1 1 [rrdfers] Protocol Data Unit [hed
adaptive reception. The antenna pointing vector is set for e Sig(ri.zling 4
adaptive pointing and the destination ID is set for EAT. ~ Transmission Slot »|

Environmental Adaptive Transmission (EAT) — Assumes that T l\\l = | T T ] -
if a radio has adapted to receive a signal it can use the same
information to transmit and thus reduce the gain in trection Figure 6. The Synchronous Collision Resolution Protocol

of the previously interfering transmitters. Transmission . .

received at these interfering nodes from the adapted transmittefd!® Synchronous Collision Resolution MAC*

are attenuated. The reduction in gain at these receivers is We use our antenna models together with the Synchronous
applied in the transmit antenna pipeline stage. This mechanisnfollision Resolution (SCR) MAC. SCRiis ideally suited t
assumes the access protocol caused all the receivers to be exploit directional and smart antennas. The SCR protsecol i

v

transmitters during the receive adaptation. illustrate in Figure 6. It has four main characteristics:

1. The communications channel is time slotted.
Mode Limitations 2. Nodes with packets to send contend in every slot. There are
As we have described them, our models of adaptive antenna no backoff mechanisms.

effects assume the access protocols with which they are used 3 Signaling is used to arbitrate contentions.

will create the conditions necessary for their validity. Wern 4 Packet transmissions occur simultaneously.
clarify these conditions The transmission slot consists of three activities, coflisio

resolution signaling (CRS) to select a subset of all plessib

It is necessary that the cumulative SIR be below the capture angontending nodes, a request-to-send (RTS) — clear-to-send

adaptation thresholds. As we have modeled these effects they (CTS) handshake used to verify capture and to assist physica

are assessed with each packet. If there is a congested layer adaptation, and finally the data exchange.

environment where the sum of interference from multiple .

interferers exceeds a threshold but where no one interferer doesne goal of CRS is to select a subset of contenders fromgmo

then this model will not behave correctly. This is notagh of all contending npdes in the network so that the nodes in the

an issue in cases where the number of interferers is kepttow. subset are phySIC_ally Separateq from each other py at Ieast the

can be mitigated by using larger thresholds. rangg_of their radlos. Figure 7 |IIu§trates the st_artnmgermhng
condition of this process. The desired separation occurs with

The reduction in gain caused by adaptation is applied to the ~ Nigh probability, >0.99. Details about the design of aiigig to

power added to the accumulated noise in the interference noisé-@Use physical separation of contenders can be found in [3].

stage. The pipeline stages automatically decrement the pbwer o

an interferer from the accumulated noise when the interferer

stops transmitting. It uses the received power calculatdain t

power stage which is not adjusted and so exceeds the power thﬂIBatent pending

5
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capability like what occurs at the base stations used with
wireless telephony. Figure 8 illustrates the concept.
Transmitters may be able to transmit different packets to
different destinations simultaneously and receivers mayplee a
to receive multiple packets simultaneously.

Figure 7: The effects of signaling. All nodes are contenders
in panel a and then signaling resolves a subset of these
contenders in panel b, where all the surviving contenders are
separated from each other by at least the range of their
signals. Large nodes are contenders.

CRS is followed by a request-to-send (RTS) — clear-to-send
(CTS) handshake. If the destination hears an RTS then it
responds with a CTS and if the source hears the CTS it #ends
payload. This mechanism causes source destination (SD) pairs
suffering too much interference to drop out. The separation
shown above is ambitious for the purpose of allowingsjatay

layer capabilities, in this case smart and directional antetmas,
make more of these exchanges successful by improving the
capture conditions between the SD pairs. The physical layer can
use the RTS — CTS transmissions to adapt and can use the RTEgure 8: Smart antennas, channelization, and CDMA may be
CTS packets to convey information that enhances adaptation oused in combination in SCR to enable instantaneous packet
can be used by the protocol to support protocol pointing. multiplexing both in transmission and in reception.

SCR creates four conditions that we believe are necessary for Model Application .
antenna adaptation. Those conditions are: We used our antenna models to evaluate the effect of dlfferent
1. It enables the adaptive antennas to acquire the conditions fAienNa téchnologies on the performance of networks using
determining the weighting of the antenna elements. CR. The following is a description of the experimeants the
Changing conditions mean weights will have a short results
lifetime and so the MACs must enable weight determination
in close proximity to the time they are used. With SCR,
weights can be determined with each reception. This
condition is most important for EAT. Weights determined souree
during the reception of the RTS, CTS, and PDU can be
applied to each of the subsequent transmissions. The nice
feature of SCR is that these weights are derived in the
presence of interfering signals from the transceivers that
will be receivers during the subsequent transmission. SCR
creates the conditions that allow EAT solutions to point
nulls toward these receivers.

2. The CRS prevents congestion. Antenna arrays have limited
degrees of freedom to cancel out interfering nodes and so
the access mechanism must limit the number. At the
conclusion of CRS receivers will be in range of no more
than 2 or 3 interfering transmitters.

3. CRS prevents coincident transmission. Adaptiv_e antennas Figure 9: SCR Node Model
have an angular resolution and cannot differentiate
transmitters in the same or near same direction. CRS caus8isnulation Environment
separation of contenders that results in a nice angular Our model of each node included an explicit representation of
separation between transmitters. the SCR protocol together with a perfect router, see Figure 9.

4. SCR preserves the condition. MAC protocols must keep thAll transmitters used the same transmit power. The perfect
weighting relevant for the duration of its use. The router assumes links exist between pairs of nodes if thvngrr
synchronous nature of SCR may not be able to prevent  signals can achieve a specified SNR when there is no
movement of nodes and of objects in the environment but iinterference. Routes were minimum-hop. Pathloss was
prevents new interference from within the network. determined using the 2-ray propagation model with vertical

polarization on flat earth without terrain features. 15@eso
were randomly placed on a square surface, seven transmission

i
-
receiver transrmitter



range$ on a side, which we toroidally wrapped. Figure 10 Experiments

illustrates node layout. This results in an average dedsity We conducted several sets of experiments comparing the effects
of 10 nodes per transmission area. Nodes were stationary of varying the directivity (i.e. BWFN) and selectivity (i.e.
throughout the simulation. Packet arrivals at each node were MSLL) of antennas, and the effectiveness of the adaptation
exponentially distributed at the same rate and each arrival was techniques. The standard experiment used a 10 dB SNR for

randomly routed to one of the other nodes in the netwdhe signal and link detection. Table 4 lists the details of the
radio is assumed to have transmission capabilities sirailar t modifications for each experiment. The ID numbers in thiketab
those of an 802.11 modem using its 1 Mbps DSSS ratdnl are used to identify the experiment performances in the graphs.

scheme, so we use the bit error rate curves of binary phase shif

keying.. We sized the transmission slots to send 5t by
payload packets and assume headers sizes and RTS, CTS, and

ID

Tech BWFN MSLL SIR. t SIRa t-tew AG
(dB) (dB) (us) (dB) (us) (dB)

ACK packet sizes the same as those used in the 802.11 MAC. ; °g";“ 6o 22
Signaling, handshake packets, headers and interframe spaces 3 gp 30 12
account for 34% of a transmission slot’s duration and there 4 SP 10 12
approximately 163 transmission slots per second. We used a 2 §E gg 38
single scenario, i.e. identical node placement and traffic, and ) 10 20
observed the effects of changing smart antenna techniques and 8  sp 60 30
their performance parameters. This network was fully coedect > 37 %0 39
with a 10 dB SNR criteria for links. 11 EAR 60 12 6 1 3 100 12
12 EAR 60 12 6 1 3 100 -20
""" Ry sy 2 i P iy P 13  EAR 30 12 6 1 3 100 -12
| 14 EAR 30 12 6 1 3 100 -20
et e e " oA 15 EAR 10 12 6 1 3 100 -12
R Ik e i Q ------------- 16 EAR 10 12 6 1 3 100 20
mn_t31 UL TN Y f 17 EAR 60 12 3 1 1 100 -12
w7210 @ Q @ | " 18 EAR 60 12 3 1 1 100 20
---------- mm% : Q‘w arn_40 @t 19 EAR 30 12 3 1 1 100 12
QQ P Q & Q & - P 20 EAR 30 12 3 1 1 100 20
i T L Q 75 21  EAR 10 -12 3 1 1 100 -12
rn.50 an_g26 - mn .54 & 22 EAR 10 -12 3 1 1 100 -20
mn_145 ¥ ® ° n_66 . 2a through 10a use adaptive pointing with the sdineetivity and selectivity and with
33000 L mnitEle S anﬁs mse MM T 4 SIR.= 6 dB,ts = 1ps, SIR =3 dB,t = 100ys.
T . n,_73 & mn 119 MEE mnia 1lathrough 22a use the EART technique
mn_3 el e & L] . .
Ec I — % s = o{rin_57 Table 4: Experiment Settings
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Figure 10: Node Layout for Simulation Experiments

The best measure of the MAC performance in this scenario and
the measure that we use is MAC throughput which is tlee rat
packets are exchanged with neighbors. All other performance
measures are correlated with this rate. The following
information is provided to help the reader interpret the tesul
The spatial reuse of the channel in the scenario is the MAC
throughput (pkts/sec) divided by the slots in a secoh€3~

The total area of the network is 15.6 transmission areas so a
MAC throughput of 2543 pkts/sec corresponds to a thnowtgh

of one packet per transmission slot per transmission area.

2 We define the transmission range as the distance thata sign
has propagated when its strength drops to 10 dB above the
thermal noise.

below the mainbeam gain.
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Figure 11: Evaluation of Simple Pointing Performance



3000

2500

2000

1500

1000
=3C

MAC packet throughput (pkts/sec)
T T T T

10°

3000

2500

2000

1500

MAC packet throughput (pkts/sec)
T T T T

-30dB

25 —20 -15
MSLL
a. Holding beamwidth constant

30 40
BWFN
b. Holding MSLL constant

Figure 12: Evaluation of the Effect of Directivity and
Selectivity on Capacity (Simulations use a common network
traffic load of 1100 pkts/sec.)
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Figure 13: Evaluation of Adaptive Pointing Performance

Figure 13 compares the MAC throughput when using adaptive

pointing. There is an improvement over simple pointifigis
improvement is due to the adaptation that occurs before

receiving the first packet, since the network is stationary all
subsequent pointing is the same. We would expect a greater
difference in performance if this were a mobile net since the
simple pointing techniques are less effective at knowingevhe

top

oint.
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Figure 14: Network Performance Using Environmental

Ada

ptive Reception

Figure 14 illustrates the performance of using EAR. There i
little difference between when the EAR gain is —12 dB and —20
dB indicating that a large gain envisioned in pointing nislisot
necessary. Adaptation effectiveness is most dependent on the
robustness of the adaptation (i.e. adaptation can occur i lot
interference.) Performance also improved with the selectifity
the initial antenna pointing. This may be an unrealistult as
highly directional transmissions can reduce the multipath th
enables some EAR techniques to work. The take away
observation remains that anything that enables the initial
adaptation is good.
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Figure 15: Network Performance Using Both Environmental
Adaptive Reception and Transmission

Figure 15 illustrates the performance of using EART. There
little improvement. This further indicates the significa of
acquiring the first RTS. There is no difference in the dars
for the success of this first packet between EAR and EART.
Environmental adaptive transmission does not kick-iil thre
CTS and subsequent transmission.

All of our antenna simulations were performed without any
processing gain. As we described earlier, one of the techniques
that allows a receiver to capture a specific signal among
interferers is to use unique training sequences for each receiver.
One type of sequence is a the spreading code that is used with
Direct Sequence Spread Spectrum.. SCR supports the use of
codes in ad hoc environments because it solves the two hard
problems of knowing which channel receivers should listen and
preventing the near-far effect. Details are in [6]. We conducted
further experiments to determine if the smart antennas would
provide a benefit if processing gain were used. We repeated all
of the experiments described above with a 15 dB processing gai
and found that with this large of a processing gain, smart
antennas provided little benefit.

Related Work

Two other papers have proposed methods to model smart
antennas in OPNET. Singh and Singh [7] also use smart
antennas with a synchronous access protocol. The scheme calls
for each receiver to use DOA algorithms to identify the

directions to all transmitters and then to adapt and ltstéme
receiver with the strongest signal. The paper does notdgrovi



details how and in which processes and pipeline stage the the best improvement comes from technologies that entiasce
antennas are modeled in OPNET. It does not identify if any  first reception of an exchange.

criteria is checked for congestion or coincidence. Their

simulation, however, use a square tessellation for the placemerin this work we demonstrated the use of smart antenna madels
of nodes which prevents node congestion and coincident ad hoc networks. In the future, we plan to use these sodel
transmissions from being an issue. Katz et al [8] combine tw the development of a modem using Multiple Input Multiple
external models, one to model the electromagnetic environmenQutput (MIMO) technology. In the long term we hope to ereat
EMEinject and one to model the antennas, Planar and Linear the protocol stack that will allow us to multiplex the

Phased Array Model (PALPAM). In their approach they transmission and reception of packets as illustrated in&gur
combine the calculations of the receiver pipeline stages for all We will upgrade these models as necessary for this use.

the stages except the power and background noise stages and
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