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Abstract—

Smart antennas include a broad range of antenna technologies
ranging from the simple switched beam to the more sophisticated
adaptive arrays and multiple input multiple output (MIMO) links.
Their ability to exploit multiple degrees of freedom helps them operate
in different strategies to achieve different objectives ranging from
rate increase, range increase, transmission power reduction, and
higher link reliability. While these antennas have been significantly re-
searched atthe PHY layer leading to results that are easily translatable
tosingle-hop wireless networks, very little isunderstood about their use
in multi-hop wireless ad-hoc networks. Specific unanswered questions
inthis context include: (i) what kind of performance improvements can
the different technologies and their strategies provide? (ii) for each
technology, which of the different possible strategies is the optimal
strategy to employ for a given network condition? and (iii) for a given
network setting, which of the different smart antenna technologies will
deliver the best performance? In this paper, we systematically answer
these questions by comprehensively evaluating the relative benefits of
the different smart antenna technologies.

1. INTRODUCTION

Smart antennas possess sophi sticated signal processing capabil-
itiesthat help them deliver significant performance benefits such as
increased spectral efficiencies, reduced power consumption, inter-
ference suppression, increased communication reliability, better
connectivity, etc., over conventional omni-directional antennas.
Not surprisingly, dueto the above advantages, the use of such smart
antennas in wireless networks has gained significant attention over
thelast few years. Theterm “smart antennas’, in reality, represents
abroad variety of antennas that consist of multiple-element arrays
(MEAs) and include switched-beam antennas, steered-beam anten-
nas, adaptive array antennas, and multiple-input-multiple-output
(MIMO) links.

In addition to the different technologies, smart antennas, even
for a given technology, can be operated using different strategies
to achieve different performance objectives by exploiting the
available gainsin different ways: (i) to increase the capacity of the
link, (i) to increase the transmission range to reduce the number
of hops for the flow and to increase connectivity, (iii) to increase
the SNR or reduce the variance in SNR, thereby increasing thelink
reliability, and (iv) to perform power control and reduce the power
consumption.

The focus of thiswork is to understand the performance trade-
offs of the different smart antenna technologies and strategies
in multi-hop wireless ad-hoc networks. Specifically, we attempt
to answer the following question: For a given ad-hoc network
setting, which antenna technology and strategy isthe ideal choice
to employ to obtain the best performance? While smart antennas
have been significantly researched at the physical layer and hence
their applicability and performance benefits in the context of one-
hop cellular wireless networks has been well established, very little
isunderstood in terms of the performance of smart antennasin ad-
hoc networks. Although some recent work hasfocused on network

protocols (especialy at the medium access control layer) in ad-
hoc networks with smart antennas, the technology considered has
been predominantly that of simple switched beam or directional
antennas [1], [2], [3] with MIMO gaining recent interest [4], [5].
Atthe sametime, understanding therel ative benefits of thedifferent
smart antennatechnol ogies will help not only network designersin
the appropriate design of ad-hoc networksfor real applications, but
alsoresearchersdevel oping network protocolsfor theenvironment.

Note that there does exist a total ordering of the antenna
technologies in terms of sophistication - MIMO links being more
sophisticated than adaptive arrays, which in turn are more sophis-
ticated than switched beam antennas. However, the motivation for
thiswork stemsfrom the simple observation that the extent to which
the sophistication can be leveraged, and hence the performance
itself, largely depends on network conditions. For example, under
certain network conditions, switched beam antennas (which are
relatively simpler and cheaper) can provide better performance
than even MIMO links. The contribution of this work is thus the
identification of suchtrade-offsbetweenthedifferent smart antenna
technologies with respect to different network conditions defined
by factors including the number of antenna elements, load con-
ditions, network density, and other environmental characteristics
such as scattering and fading.

While the overarching goa of this work is to establish the
performance trade-offs between the different technologies, we do
so systematically through the following set of contributions: (i) we
comprehensively evaluate the different antenna technologies, and
their respective strategies with respect to the different network pa-
rameters, and identify performance trends; (ii) we draw inferences
on which strategy proves to be optimal for the different settings
for each technology; (iii) we then identify the technology that can
deliver the best performance for agiven network setting; and (iv) in
the process, we aso identify the relative performance “ordering”
of the different strategies and antenna technol ogies.

1.1 Related Work

There have been severa works at the PHY layer research
that have identified the potential gains of the different antenna
technologies[6], [7], [8].However, theeffort inthe direction of how
these gains can be effectively leveraged at the higher layers of the
protocol stack in ad-hoc networks has been premature. Most of the
existing works in this area have focused on devel oping distributed
MAC and routing protocols for a specific antennatechnol ogy, with
the emphasis being on switched beam antennas predominantly [1],
[2], [3], [9]. The throughput performance bounds for switched
beam antennas in ad-hoc networks have also been studied in [10],
[11]. Recently, MAC protocol design for MIMO links has been
gaining significant interest [4], [5]. [12] is the first work that has
made the effort of proposing a unified framework for medium
accessusing the different antennatechnol ogies. However, thefocus



there was not on the relative performance of the different antenna
technologies and different strategies were not considered either.

The rest of the paper is organized as follows. In Section 2,
we provide some background material on the different antenna
technologies, their strategies and the respective gains leveraged.
In Section 3, we present the details of the simulation model
and algorithms used for the performance evaluation. Sections 4
and 5 evauate the different strategies within a technology, and
the technol ogies themsel ves respectively. Concluding remarks are
presented in Section 6.

2. PHY LAYER BACKGROUND

In this section, we present background material on the different
antenna technologies and their strategies considered in this paper.

2.1 Technologies
2.1.1 Switched Beam Antennas

Inany MEA, thesignal that issent to each of theantennaelements
isweighted in both magnitude and phase before being transmitted.
The specific set of weightsthat are applied to the different antenna
elementsisresponsible for the antenna (radiation) pattern formed.
In the case of switched beam antennas, a pre-determined set of
weights is used, each of which results in a beam pointing to a
particular direction with a high gain referred to as the directional
gain (Gy). In the case where both the transmitter and receiver
know the direction of transmission to each other, this gain can
beboundedby G; = G¢-Gr = K 2 where Gy and G correspond
to the directional gains of the transmitter and receiver respectively
[6]. K represents the number of elements at either ends of the
link.Since the radiation pattern is fixed, when signals arrive with
a large angular spread (scattering angle > beam width) due to
multi-path scattering, thisleads to loss of signal energy and hence
a degradation in performance in multipath environments. If the
scattering anglesat the transmitter and receiver are assumed to be
the same «, then

Gt = Gr = min(K, iﬂ) @
These antennas can suppress interference along the non-active
beams, resulting in adirectional spatial reuse (number of possible
simultaneous transmissions) factor bounded by K2 [10].

2.1.2 Fully Adaptive Arrays

Unlike the switched beam, the fully adaptive array antennas
can adapt their weights so as to maximize the resulting signal-to-
interference+noise ratio (SINR). This hel ps them cope with multi-
path scattering by adaptively changing their radiation pattern. In
addition to maximizing the gain for the desired signal, these an-
tennas can a so adaptively null interference. A K element antenna
is said to possess K degrees of freedom (DOFs), wherein it can
adaptively null K — 1 interferers even when they are uncorrel ated
with each other as long as they are uncorrelated with the desired
signal. Thisresultsin aspatial reusefactor of K eveninthe absence
of a strong line of sight (LOS) component as in switched beam.
The maximization of SINR resultsin an array gain G, which can
also be bounded by ([7]) G = K2. While the gain from adaptive
array antennas does not degrade with an increase in the degree
of multipath scattering unlike switched beam antennas, yet, when
angular spreads are significantly large at transmitter and receiver,
the low correlation existing between different signal components
bounds the gain asymptoticaly ([7]),

Ga = (2VEK)? = 4K @)

2.1.3 MIMO Links

A MIMO link employs digital adaptive arrays (DAAS) at both
ends of thelink. It is capable of operating in two modes, namely
spatial multiplexing and diversity. Spatial multiplexing gain can be
achieved when thetransmit array transmitsmultiple“independent”
streamsof data, with each stream being transmitted out of adifferent
antenna with equal power. Each transmitted stream generally has
a different “spatial signature” due to rich multipath, and these
differencesareexploited by thereceiver signal processor to separate
the streams (eg. BLAST). This multiplexing gain can provide a
linear increase in the asymptotic Shannon link capacity C, which
is given by the following equation [13],

Cm %KC:KIOgQ(l—Fp) (3)

where p represents the average SNR at any one receive antenna.

Alternatively, the rich multipath can help the transmitter data
streamsfadeindependently at thereceiver and hencethe probability
of al thedata streamsexperiencing apoor channel at the sametime
is significantly reduced, thereby increasing the communication
reliability. This contributes to the diversity gain. Diversity gain
relates to the reduction in the variance of the SNR, which in
turn depends on the diversity order. The maximum diversity order
afforded by aMIMO link with M transmit antennas and N receive
antennas is MN. At high SNR, this reduction in BER (p) as a
function of the diversity order (d) can be given as[8],
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2.2 Strategies

We consider the following four strategies with respect to each
of the technologies.

2.2.1 RATE

For a given modulation scheme, the BER on the link is de-
termined by its SNR. In this strategy, a gain in SNR (G) due to
directional and array gains in switched beam and adaptive arrays
respectively, is used to perform adaptive modulation, increasing
the number of bits transmitted per symbol, while maintaining the
BER at itsoriginal value. Theincreasein capacity can bounded as
Cy, where

Cy = logy(1 + pG) ©)

In MIMO links, the capacity increase results directly from spatial
multiplexing and is given in Equation 3.

2.2.2 RANGE

In range, the gain in SNR is used for increasing the range of
communicationr (r o (SJ},—R)% , p=pathlossexponent). Increased
range reduces hop length and hence the multi-hop burden, but
at the same time also decreases spatial reuse. In switched beam
and adaptive arrays, the directional/array gains (say G) are used to
provide arange extension factor of R; given by,

Ry = (G)7 ©6)

In MIMO, the diversity gain (diversity order = d = K?) can
be exploited for range extension. However, since diversity gain
relates to reduction in SNR variance, the slope of the BER-SNR
curve changes for the link with extended range, making it difficult
to trandate the diversity gain (unlike directional/array gain) to a
range extension factor. So we have evaluated the range extension
factor that can be obtained from diversity gain through MATLAB



experiments (bit-level simulations) and found it to be a linear
function of elements (R; ~ K), as areasonable approximation.

2.2.3 REL

In rel, the gain in average SNR due to directional/array gains
in switched beam and adaptive arrays, and the reduction in SNR
variance in MIMO due to diversity gain, is retained to directly
increase the link reliability and hence reduce the packet loss
probability on the link (Equation 4). For switched beam and
adaptive arrays with a diversity order of one, the BER decreases
by afactor (py) of,

1
pf = 5 (7)
whilein MIMO, it decreases by a factor of,
1
pf=— 8
f pdil 8)

2.2.4 POW

In pow, the gain in SNR is exploited to perform power control
and reduce the transmit power P; on the link, such that the link
reliability remainsthe same. In switched beam and adaptive arrays,
thedirectional and arrays gains are exploited to reduce the transmit
power by afactor, Pty,
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In MIMO, the diversity gain is exploited for power control. If B
is the transmit power before applying the diversity gain, then the
transmit power P;o with diversity gain and power control (using
Equation 4) is given by,

a=

Py = (Py) (10)

3. SIMULATION MODEL, METRICS AND ALGORITHMS

We use the ns2 network simulator for our evaluations by incor-
porating the necessary modules into it.

3.1 Antenna Model

While the beam pattern generated by the omni-directional,
adaptive arrays and MIMO links are either omni-directional or
dynamically tunable, the beam pattern of switched beam is fixed
and must hence be modeled. The model is similar to the one used
in [2] and incorporates front, side and back lobes. Further, front-
side and front-rear ratios are assumed to be equal. The main lobe,
front-side and front-back gains for switched beams with varying
elements (beams) are assumed as provided in [2].

3.2 Channel Model

In addition to the free space, two-ray and shadowing path loss
models considered in the ns2 simulator, we incorporate the notion
of Rayleigh fading into the channel model. Since the simulator
works in the granularity of packets, we account for the packet loss
probability arising from Rayleigh fading through a new collision
model. Thecollisionmodel capturesthe probability of packet errors
for various configurations (locations, different antenna technolo-
gies and strategies used) of desired transmitters and interferers
in the presence of Rayleigh fading. This isin turn derived from
the BER statistics obtained from bit-level Matlab simulations
of detailed physica layer modelling of the different antenna
technologies and their strategies along with the required receiver
processing techniques(zeroforcing, interference cancellation, etc.)

inthe presenceof Rayleighfading. Thus, different tablesof realistic
packet drop probabilities for various combinations of antenna
technol ogies, strategi esand environmentsconsidered aregenerated
and any given configuration of desired transmitter-receiver and
interferers is indexed into the appropriate table to obtain the
corresponding packet drop probability for the communication.

We have assumed typical parameter values corresponding to the
802.11 standard namely, frequency of operation to be 2.4 Ghz,
transmit power to be 20 dBm, packet sizeto be 1000 Bytes, and the
channel datarate to be 2 Mbps. The SINR threshold on thelink is
maintained at 10 dB with fade margins (SNR tolerance for fading)
ranging from O dB till 10 dB. We have also assumed fast fading
and consequently that its not correlated in time.

3.3 Network and Traffic Model

We consider a network of 100 nodes, randomly and uniformly
distributed in a rectangular grid, and communicating using time
division duplexing. The size of the network is varied to vary the
node density, ranging from 400m by 400m (average node degree
of 20), to 1000m by 1000m (average node degree of 3). Node
degree is used as a measure to indicate the node density. The
transmission range used by the nodes is set to 100m. The load
in the network is varied by varying the number of flows from as
low as1toashigh as50, where every node either actsasasource or
adestination. The degree of multipath scattering considered in the
network varies from O degrees (LOS) to 180 degrees (rich urban
setting). The impact of node speed (upto 20 m/s) is incorporated
in multipath fading through means of packet losses upto 30%.
The number of elements possessed by each node determines the
available DOFs; and is varied between 1 and 12 elements. The
sources and destinations are randomly chosen in the network,
resulting in a random traffic pattern. Each simulation is run for
about 400 secs.

3.4 Metrics
3.4.1 Throughput

Throughput is measured as the number of bits successfully de-
livered from the source to the destination per unit time. Wemeasure
throughput/flow in our evaluations. However, in comparisons with
range in the presence of low node densities and low loads alone,
aggregate flow throughput (throughput capacity) is considered to
account for the difference in the number of flows existing in the
network in the different strategies.

3.4.2 Throughput/Energy

Here, we measure the number of bits that can be successfully
delivered to the destination per unit of Joule consumed. The
different components determining the energy consumed per slot
transmission are the communication energy (circuit-driving power
P, andtransmit power P;) and computational energy (mainly signal
processing operations).

3.5 Protocols and Algorithms

Since the focus of the study is to obtain fundamental tradeoffs
in the operation of the different antenna technologies, the impact
of distributed inefficiencies of the protocols on performance is
eliminated by considering centralized protocols for evaluation.

All the sources are assumed to be back-logged for the entire
simulation duration. A shortest path routing algorithm (Djikstra's
algorithm) isused to determine theroutesfor the flowsbased on the



Routing :

Estimate Scattering

If (tech == “sw”||tech == “adap”)
Update dir/array gain

If (strat == “range”)
Find_Txrange(tech, gain)

Run shortest path routing

Generate Flow Contention Graph, G = (V, E)

NO O~ WNE

Scheduling :

8 VieV,res; = K, alln; =0, service; =0

9 While(slot < 100, 000) 30

10 Vi, jeV & (i,5)eE, 31

11 Obtain channel matrix H, with coefficients, hfj 32
Obtain channel matrix H.,- with Rayleigh fading coefficients, ;7

LINK:

12 VeV, If (Is-pkt(i))

13 Register (¢, tech, strat, Kiz)

14 R— RU:

15 If (tech == “sw”||tech == “adap”)

16 res; = K, [*Update res; based on scattering */

35

SCHEDULER:
17 Find J C R, suchthat,V jeJ, alln; =0
18 & Check_self (j, K+o, Hs) & Check_neighbor (j, K¢, Hs)

38
39

While (J # 0)
Findk = arg[min(service(J))]
Update_SINR (strat, gain, F,hy, Kiz)
allny, = allng, + Kz - R(strat, gain, Kiz)
resy = resy — Kz
V jeN (k)
Update_SINR (strat, gain, F.hi;, Kia)
res; =res; —wi; - Ko [* wij = f(hfj) */
energy, = energyr + E(strat, gain, SNRy, d)
Re-estimate J
VeV & alln; > 0
Update_SINR (strat, gain, F, Hgy, Kty)
If Uniform (0,1) > PER_Table (SINR,Configuration)
servicey, = servicer + Kz - R(strat, gain, Kiy)
slot + +, alln; =0, res; = K

Check_self (¢,K 4 ,H)
34 If (res; > Ko & Temp_SINR (strat, gain, F, hii, Ktz) > SIN Ripresh)

return 1;

36 elsereturn0;

Check_neighbor (i, K ¢, H)
37 V jeN(i) & alln; >0

If (resj < wyj - Kio || TEMp_SINR (strat, gain, F, hij, Kiz) < SIN R¢presh)
return O;

40 return 1;

Figure 1. Pseudo Code for Centralized Algorithm

transmission range used by the nodes. The medium access control
functionality isachieved by the presence of acentralized scheduler
which performs max-min node fairness. To better understand the
operation of thecentralized scheduler, it helpsto review somebasic
terminology: A flow contention graph (G = (V, E)) represents the
interference existing between the different links in the underlying
network. Hence, the vertices (V) in this graph represent the
communication links in the network topology and an edge (€ F)
between two verti cesindicatesthat thetwo linksinterferewith each
other when operating at the same time (assuming a single DOF).
When determining if a link interferes with another, we assume
bi-directional communication over the links, which isthe casein
most of themodern M AC protocolsin ad-hoc networks. Theweight
of the edges isindicative of the amount of interference caused. A
necessary condition for acontentionregionisone, whereevery link
intheregion contendswith every other linkinthesameregion. Itcan
also be identified by determining the maximal cliques (complete
subgraphs of maximal cardinality) in the flow contention graph.

The pseudo code for the centralized algorithm is presented in
Figure 1. Once the routing protocol determines the routes (lines
1-7), the sources start pumping in traffic into the network. At the
beginning of thedl ot, the channel coefficientswith shadowing (Hs),
and with both shadowing and Rayleigh fading (H,,) are generated
between every pair of communicating and interfering nodes (lines
10-11). If anode has a packet to transmit, it registers with the cen-
tralized scheduler (lines 13-14). The centralized scheduler deter-
mines the next-hop node and hence the link requesting for service.
It al so recordsthetechnol ogy, the strategy, and the number of DOFs
(resources, Ky,) with which the link would communicate. It also
determines the impact of multipath scattering on the technology
and if needed limits the gain and determines the effective number
of resources K, that can be used by the link in its communication
(lines 15-16). It then determinesthe set of links(J, lines 17 and 18)
that can potentialy transmit in the slot. A link belongs to the set
if it has sufficient resources (DOFs) of the total effective available
(Krz) to go ahead with the transmission/reception and maintain
therequired SNR (based on the path loss, shadowing, fade margin

F and gain from the antennas), after suppressing interferencein al
itscontention regionsdueto linksthat have already been scheduled
(lines 33-35). The scheduler aso checks to see if the aready
scheduled linksin the concerned link’s contention regions will not
havetheir SNR’sdegraded bel ow their required threshold duetothe
scheduling of thislink (lines 36-39). If both the checksare positive,
thelink isadded totheset J. Thelink with thelowest serviceisthen
chosenfromtheset J to bescheduled with K3, DOFs(line20). The
scheduled link as well asits neighboring links have their available
resources then updated for the current dot to reflect the newly
scheduled transmission (lines 21-26). The energy consumed by
the scheduled link is also updated based on the strategy employed
(line 27). Once al possible links have been scheduled based on
their service, availableresources, and SNR, theimpact of multipath
fading on the success of the communication is then incorporated.
Based on the Rayleigh channel s generated between the source, and
the destination of the link as well as other interfering nodes, the
new SNR on every scheduled link is calculated and checked to see
if it still satisfiesthe required threshold (line 30). If so, the service
obtained (bits/slot) by the link is updated based on the strategy
employed (line 31). The scheduling then moves to the next slot.

The rate strategies apply equations 3 or 5 to determine the
additional bits that can be transmitted using their appropriate
gains, when a link is scheduled successfully (function R). The
impact of range strategies is indirectly felt through the presence
of lesser number of links and increased size of contention regions
due to larger transmission range. The rel strategies use the gain
for increased link SNR to counteract fading loss, reducing the
probability of packet loss in the presence of fading as governed
by equations 7 or 8 (functions Update_SN R and Temp_SN R).
Finaly, the pow strategies apply their respective gains to reduce
the energy consumption per slot as governed by equations 9 or 10
(function E).

Omni-directional antennas possess a single DOF for both trans-
mission and reception (K¢, = Krz = 1) and are not associated
with any gain. Switched-beam antennas use a single DOF for
both transmission and reception (K¢ = Krx = 1), but by
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virtue of directing transmissions, they avoid causing and incurring
interference in directions other than their own beam direction. This
istaken into account in the generation of theflow contention graph.
The impact of side and back lobes is also taken into account in
determining if the required SNR can be sustained on the link as
well ason the activelinksinitscontention regions. Adaptive arrays
use a single DOF for transmission but all available resources
for reception and flexible interference suppression using nulling
(Ktz = 1,Krz = K). MIMO links are capable of using all
DOFsfor both transmission aswell asreception. However, only in
spatial multiplexing and hence in rate the used resources directly
trandate to multiple independent datastreams (Ki, = Krz = K).
In diversity and hence in its range, rel, and pow strategies, the
transmitted streams are dependent and hence do not trandate to
multiple data streams for generic STBC codes (Ktr = Kre = 1).

4. COMPARISON OF STRATEGIES

Recall that each of the antenna technologies (switched beam,
adaptive, MIMO) can be used with one of the four strategies (rate,
range, rel, pow). While we have evaluated and compared each
of the technologies operating in each one of these strategies (12
combinationsinall excluding omni-directiona antennas), weadopt
atwo-level discussion of the studies conducted for clarity.

First, we evaluate the different strategies in each antenna tech-
nology and identify the strategy that delivers the best performance
with respect to a metric of interest for a given set of network
parameters. Then using these insights, we evaluate the different
technologies, each employing itsbest strategy that deliversthe best
performance for the given set of network parameters, and draw
inferences on their relative performance.

The key components that impact throughput and through-
put/energy are: number of active links/contention region («),
number of independent contention regions (m), and number of
resources (Kr,) available in each contention region. While «
depends on node density, load (number of flows) and hops/flow
(h, determined by transmission range); m depends on network
size and transmission range. The dependence of network capacity
(N¢) on the network parameters can now be captured by, N. o
min{a, K} - m. For MIMO, the resources used in a contention
region will always be K and are not limited by « or K-z, unlikein
switched beam and adaptive where every link uses a single DOF
for transmission (and also for reception in switched beam). The
throughput per link 7;, which directly impacts the throughput per
flow 7', is now captured by 7; oc -2s—-.

The default values for the parameters used in the results (when
not varied) are: a node degree of 12 for density that ensures that
the network is connected, afading loss of 5% which iscommon in
wireless ad-hoc networks, aload of 50 flows ensuring that every

node is either a source or destination, array size of 4 elements
that ensures easy deployment, and a small scattering angle of 25
degrees to isolate the impact of scattering on other parameters.
These default values hold for both the comparisons of strategies
aswell as technologies in the subsequent section, unless specified
otherwise.

4.1 Throughput

The throughput (7°) results for the different strategies are pre-
sented in Figure 2. rate performs the best amongst the four
strategies under most conditions due to its ability to utilize the
available gain from elements to directly increase throughput. In
range, the decrease in spatial reuse reduces the throughput gain
that can be obtained from the decrease in hop length. Whilerel is
expected to be agood strategy at high lossrates, this happens only
when losses are extremely high (> 40%) and when small number
of elementsis used. This is because when losses are moderate or
low, the reduction in throughput in rate is not significant enough
compared to its advantages. Further, most of the protection against
losses is leveraged at smaller number of elements itself in rel
and hence increasing elements further does not contribute to any
significant additional gain. Finally, power control does not exploit
the available elements to increase throughput and hence performs
the worst. So the general trend in throughput performance is
{rate > rel > pow > range} as can be seen in Figures 2 (a),
(b) and (c), where a scattering angle of 90 degrees was considered.

However, the trend is violated under the following conditions:
When density is low and hence the network is not connected,
then range can help more flows exist in the network and hence
provide better aggregate throughput. Also, when load and hence
the number of flowsisalready |ow, the decreasein spatial reuse due
to increased range does not impact much. Though the number of
flows existing in rate isnot as many asin range, its still possible
for the directional/array/multiplexing gain available in rate for
those existing flows to outperform the aggregate throughput in
range. Hence, the specific conditions vary with respect to the
technology considered (Figure 2(d)). For switched beam, range
performs the best at low density; and moderate density with low
loads. For adaptive arrays, the region islow density and low load;
low density, high load but small-medium number of elements;
and moderate density, low load with small-moderate number of
elements. The reason for small-moderate number of elementsin
adaptive isbecause, unlikein switched beam where the directional
gaininrateislimited severely by scattering and scallopingl oss, the
array gain in adaptive's rate increases significantly with elements

1\We use the operator > in A > B to indicate that strategy (technology) A’s
performance is better than or similar to that of strategy (technology) B.
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to outperform range. For MIMO, range isbest only at low density Observation 2: For TE, pow is the best strategy for operation
and low load sincethelarge (linear) range extension resulting from when P; > P., and rate is the best strategy when P, ~< P, for
diversity gain significantly reduces spatial reuse. This can be seen all technologies under most network conditions. At low densities,

from the aggregate throughput in Figure 2(d), where anode degree range isthe best strategy in all cases.
of 3 was considered.

Observation 1: For T', rate performsthe best for all technologies 4.3 Inferences
under most networ k conditions, except at low densitieswhererange

performs the best We make the following inferences regarding the performance

ordering of the different strategies.

4.2 Throughput/Energy For moderate-high network densities,

In considering throughput/energy (7'E) it becomes necessary to T : rate> rel > pow > range
consider therelation between circuit driving power . and transmit TE(P;> P.) : pow > rate > range > rel
power P:. This is because, if P > P, then the pow strategy
will help significantly improve T'E since it directly exploits the
available smart antenna gain to reduce P;. However, if P, ~< P For low network densities,
(P lessthan or comparableto F. ), then no matter how largethegain

TE(P; ~< P:) : rate> range > pow > rel

is, power cannot be reduced beyond P in pow since P. places a T+ range>rate>rel > pow
lower bound on the power and hence the energy consumed. Hence, TE(Pt > Fe) : range > pow > rate > rel
the amount of reduction in (P + P.) will provide diminishing TE(P; ~< P:) : range > rate > pow > rel

returns with larger number of elements. Thus, the effectiveness of
pow, which ison P, is significantly reduced in this case, thereby
affecting the trend.

When P; > P.. The TE results for this case are presented
Figure 3. pow performsthe best under most conditions since power
control directly helpsexploit thegaininreducing F; unliketheother
strategies. The other strategies do not optimize energy and hence
their T'E depends on how well they can optimize their throughput.
Thus, we have the following trend for T'E performance: {pow >
rate > range > rel} (Figures 3 (), (b) and (c); scattering angle
= 90 degrees). However, at low loads and low densities, range
performs the best by virtue of it being able to alow al flows to
exist in the network (miniplot in Figure 3 (d); node degree = 3).

When P, ~< P.: Theahility of pow to reduce energy consump-
tionissignificantly reduced. In addition, it also does not possessthe
ability to optimize throughput. Hence, the advantage of rate and
range overshadow pow’s energy reduction capability to result in
thefollowing trend {rate > range > pow > rel} (results omitted
due to lack of space). Once again, there exist some exceptions to
thistrend. range performs the best at low loads and low densities
for al technologies. Further, in MIMO, pow performs the best

Thus, we find that the optimal strategy of operation varies not
only with respect to the network conditions but also with respect
to the performance objective. To the best of our knowledge, this
isthefirst time all possible strategies possible with smart antenna
technol ogies have been evaluated and their performance ordering
has been obtained for multi-hop wireless networks. Further, we
have aso considered different possible network conditions as
well as different performance objectives such as throughput and
throughput/energy (taking into account both communication and
circuit power for energy). This would help a network designer
choose the best strategy of operation based on network conditions
as well as the performance objective desired. Further, evenif itis
not possible for the network designer to operate his network using
the best strategy (say, not being able to perform power control and
hence use the pow strategy in connected networks with P, > P.),
theordering can hel p him determinethe next best strategy to operate
on (rate strategy).

In therest of our comparison of the different antenna technolo-
gies, weconsider rate for T, pow for TE when P, > P., and rate
for TE when P; ~< P, asthe default strategies unless otherwise

at low elements, low-moderate loads and high densities unlike in specified.

switched beam and adaptive arrays since the reduction in B is

large even at small elements due to diversity gain and hence the 5. COMPARISON OF TECHNOLOGIES

net power P isreduced to almost P. even at small elements (larger We evaluate the different antenna technologies with respect to
elements in diversity only provide diminishing returns). Further, the five network parameters of density, elements, load, scattering
range does not have the advantage of improving connectivity at and fading loss. However, not all parameters impact each other
high densities. Hence, pow outperforms both range and rate in and hence its not necessary to evaluate the inter-play between all

thisregionin MIMO. five parameterssimultaneously. Recal | that thekey componentsthat
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impact T'and T E are: number of activelinks/contention region («),
number of resources available in each contention region (K), and
number of independent contention regions (m). « isinfluenced by
loadand density; K isinfluenced by elementsand scattering (incase
of switched beam and adaptive); and m is influenced by density.
Fading lossdirectly reduces T and T'E and does not inter-play with
any of the other parameters. Now, since each of the components
are atmost impacted by two parameters, evaluating the inter-play
between every pair of parametersis sufficient. However, note that
« and K together determine the effective number of resources that
can be used in any contention region. Hence, the study of the
inter-play between parameters impacting both these components
is also necessary. While we have evaluated the technologies with
inter-play between the parameters for various combinations, we
present results and discussions only for the important subset of
the combinations that can be used to derive generic inferences and
design rules.

5.1 Throughput
5.1.1 Scattering and Elements

T decreaseswith an increase in scattering in switched beam and
adaptive arrays due to the loss of energy in undesired directions,
unlike in MIMO (Figures 4(c) and (d)). As number of elements
increases, the available resources per contention region increases
and hence improves T'. Scattering limits the amount of gain that
can beleveraged from the avail able elementsin switched beam and
adaptive (Figures 4(a) and (b)) and is hence more influential .

For increasing scattering angles, the trend in performance is
{MIMO > adaptive > switched} with the relative gain being
more at larger number of elements (Figures 4(c)-(d)). But when
scattering angles are low, MIMO suffers the most due to the
lack of multipath scattering which isin fact essential for spatial
multiplexing, resulting in {adaptive > switched > MIMO}.
The improvement from switched beam to adaptive arrays is much
more than the improvement from adaptive arrays to MIMO since
scattering has a very significant (negative) impact on switched
beam, a slight impact on adaptive arrays and almost no impact
on MIMO. Further, the improvement over switched beam is more
at large scattering angles and larger number of elements.

Observation 3: At large scattering angles, MIMO performs the
best irrespective of load and density. However, at low-moderate
scattering angles, highloadsand high densities, adaptive performs
the best.

5.1.2 Scattering and Fading

Throughput decreases with both multipath scattering and fading
losses. While fading degrades performance in all technologies, the
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Figure 6. Scattering and Fading

0 5

impact of scattering isrelatively more in switched beam (Figures
6(a) and (b)).

Noneof thetechnol ogiesemploying rate have protection against
fading and hence suffer adegradation in throughput. However, the
degradation in throughput is not significant enough to shift the
strategy to rel. In fact, as long as the fading is not highly time-
correlated, semi-reliable MAC layers (eg. |EEE 802.11) will be
able to recover from most of these losses, suggesting that the
available gain should be wisely leveraged through rate. In this
comparison, sincethe number of elementsismoderate (four), when
scattering angles are low, switched beam and adaptive outperform
MIMO (Figure 6(a)). However, at larger scattering angles MIMO
outperforms switched beam and adaptive (Figure 6(b)).

Observation 4: Fading impacts all rate strategies alike. The
choice of best technology in the presence of fading, is influenced
by the other network parameters considered.

Fading does not have any influential effect on the other param-
etersin terms of affecting the trends. Also, since scattering limits
the gain (in switched beam and adaptive), it has the same effect as
reducing the effective avail able elements (resources) at each node.
Hence, we do not present combinations of other parameters with
fading and scattering in the rest of the discussions in this section,
since their trends can be easily extrapolated from the individual
results.

5.1.3 Load and Elements

Throughput increases with increasing load and number of e-
ements (Figure 5). While both elements and load seem to be
equally influential in switched beam and adaptive (load increases
the number of flows and elementsincrease the throughput obtained
by eachflow), elementsisthemoreinfluential componentinMIMO
since even at low loads, a MIMO link can use up al available
resources in a contention region unlike in adaptive and switched
beam.
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As load increases, T' increases, as more and more network
resources get utilized by the addition of flows. The trend in
performance is {MIMO > adaptive > switched} for low loads
(Figures 5(a), (c) and (d)), where switched beam and adaptive are
not able to use up al available elements (o < K and o < K2
respectively). The gain is especially more at larger elements due
to high under-utilization in switched beam and adaptive (Figure
5(a)). But when load ishigh, the resources are not under-utilized in
switched beam and adaptive and hence the directional/array gain
helps them outperform MIMO in the presence of low scattering
resulting in {adaptive > switched > MIMO} (Figures5(b), (c)
and (d)).

Observation 5: MIMO performs the best at low loads and high
densitieseven in the presence of low scattering, with the gain being
more at larger elements, due to the under-utilization of resources
in its counterparts.

Since load and density, both impact the number of active links
per contention region (), their influence on the performancetrends
aresimilar. Hence, the combined variation of density and elements
isnot presented here.

5.1.4 Load and Density

As density increases (by decreasing network size), T' increases
initially dueto increased number of connected flows but then starts
to decrease once the network is connected wherein the impact of
thedecreasein spatia reuseisfelt (Figures 7(a) and (b)). Further, if
the elements are not sufficient to accommodate all the active links
in the contention region, which in turn increases with density, then
T will start to decrease. As load increases, T increases, and then
startsto saturate when the avail abl e resourcesare exhausted (Figure
7(d)). Load is a more influential factor since it directly increases
the number of flows that can utilize the resources in the network,
especialy at low densities (Figure 7(c)) and hence directly impacts
the number of active links/contention region in the network.

MIMO performs the best for low loads and high densities, when

the number of active neighboring links is less than the available
elements, thereby resulting in under-utilization of resources in
adaptive and switched beam (Figures 7(a) and (d)). For the rest
of the cases, adaptive performs the best. As identified in Section
4, range replaces rate strategy for specific network conditions,
namely, at low densities, and low load at moderate densities for
switched beam and adaptive; and at low densities with low load
for MIMO. We now have the following trends when using range
under specific conditions: {adaptive > switched > MIMO} at
low densities with low load (Figures 7(a) and (c)); {adaptive >
MIMO > switched} a low densities with high load (Figures
7(b) and (c)); and {adaptive > MIMO > switched} a moderate
densities with low load (Figure 7(a)). Thus, MIMO performs the
best only at high densities with low loads. The reason for poor
performance of MIMO at low densitieswith low load isthat: when
we move to low densities (with low load for MIMO) we need to
shiftto range strategy which provides better 7. However, whilethe
same directional/array gain is used in switched bearm/adaptive for
range extension, the diversity scheme needs to be used in MIMO,
whose large range extension significantly reduces spatial reuse.
Further, diversity has code rates < 1 for K > 2 and uses up all
degrees of freedom, whereby only one active link can transmit
in any contention region. This degrades MIMO’s performance
worse than adaptive and switched beam. Further, adaptive (range)
outperforms MIMO's best strategy (rate) at low densities with
high load since the moderate range extension from array gain helps
find routes for more flows and aso reduces the hops/flow (which
helps significantly at large loads) without significantly reducing
spatial reuse. Note that, we have considered low scattering here. If
however, scattering islarge then MIMO will perform the best.

Observation 6: Unlike the case of low scattering and high
densities, at low scattering and low densities, adaptive performsthe
best, while MIMO performs the worst owing to its range strategy
resulting in a large reduction in spatial reuse.
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5.2 Throughput/Energy

The throughput/energy (T'E) results are presented in Figures
8 and 9. TE shows an increasing trend with elements due to
increased rate from directional/array/multiplexing gain (when
P, ~< P, Figure 8(a)) or reduced power consumption from
directional/array/diversity gain (when B, >> P., Figure 8(b)).
TE decreases with an increase in scattering angles in switched
beam and adaptive arrays due to reduced antenna gains unlike in
MIMO (Figure 8(c)). Increased fading losses directly degrade T’
and consequently T'E (Figure 8(d)). T'E decreaseswith increasing
load and tends to saturate at large loads (Figure 9(b)). In fact, both
T and energy decreasewithincreasing load, but thedecreasein T is
relatively more. Thisisbecausethe energy associated withaflowis
proportional to the product of itsthroughput and hop length; and as
theload (# flows) increases, thereis an increase in the average hop
length initially, which in turn tends to saturate with larger number
of flows (higher load). Finally, T'E’ shows an increasing trend with
density (reduced network size) since hops/flow decreases at high
densities, thereby reducing the energy consumption (Figure 9(a)).
At very high densities, the impact of decrease in spatia reuse is
morethanthedecreasein hops/flow, thereby degrading T'F slightly.

52.1 When P, > P.

pow Serves as the operating strategy in all technologies. MIMO
performs the best in most conditions due to its diversity gain
contributing to large reduction in power, with the trend being
{MIMO > adaptive > switched} (Figure 8(b)). However, at
small scattering angles and large number of elements, MIMO is
outperformed resulting in
{adaptive > switched > MIMO} (Figures8(b) and (c)). Thisis
because, the diversity gain and hence power reduction diminishes
with increasing elements unlike the array gain in switched and
adaptive arrays as can be seen in Equations 9 and 10. At low
densities and low loads, range is always the strategy employed
by &l the technologies. In these conditions, while switched beam
and adaptive outperform MIMO in T due to the large reduction
in spatial reuse (due to increased range from diversity - Figure
7(a)), MIMO performs the best with respect to T'E dueto the large
reduction in hop length resulting from the same diversity gain (low
density region in Figure 9(a)).

Observation 7: For TE, when P, > P., MIMO performs the
best with a large gain for most network conditions (including low
densities, unlikeinT') owing toitsdiversity gain. At low scatterings
and large elements, adaptive performs the best.

5.2.2 When P, ~< P,

rate serves as the operating strategy in al technologies.
MIMO performs the best in most conditions with the trend being
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{MIMO > adaptive > switched} (Figure 8(a)). The main rea-
son isthat while switched beam (adaptive) can exploit directional
(array) gain, and also potentially enable multiple parallel transmis-
sionsin their contention regions dueto their K available resources
(interference suppression gain), every transmission requires one
unit of energy. However, in MIMO, K equivalent transmissions
can take place on alink at the cost of one unit of energy due to
the spatial multiplexing gain, resulting in power-efficient resource
usage. ThishelpsMIMO scalewell in T'E with respect to elements
unlike switched beam and adaptive. Since multiplexing is used,
MIMO does not suffer from diminishing returns from diversity
gain and hence outperforms switched beam and adaptive even at
low scatterings and large number of elements (compare Figures
8(a) and (b)).

Observation 8: For TE, when P, ~< P., MIMO performs the
bestinall conditions, showing good scal ability (with el ements) and
gain due to the power-efficient resource usage in multiplexing.

5.3 Inferences and Implications

We now summarize the inferences with respect to the perfor-
mance of the different smart antenna technologies.

Weobservethat smart antennas provide significant benefitscom-
pared to omni-directional antennaswithrespecttobothT andTEin
multi-hop wireless networks. We a so observed MIMO to perform
the best in the presence of significant scattering, while adaptive and
switched beam tend to perform the best when scattering is low or
moderate. Further, MIMO’s diversity technique provides the best
protection against multipath fading |osses.

While the above set of inferences have parallels in PHY
layer (cellular networks), the following inferences we identify
are specific to multi-hop wireless networks, considering different
networks parameters such as load, density, elements, etc. both
individually as well asin conjunction.



5.3.1 Scalability

One of the key inferences iswith respect to scalability. MIMO'’s
spatial multiplexing provides the best scalability with respect to
increasing elements (resources), due to its ability to use up al
availableresourcesefficiently unlikein switched beam and adaptive
arrayswhereasingle DOFisused for desired communication, with
the remaining resources being used for interference suppression.
Hence, the ability to use up all resources and hence scale, depends
on the number of active neighbors available to a node in the case
of switched beam and adaptive arrays. Thus, aslong as number of
neighbors (©(logn)) issmall compared to the available resources
(K > ©(log n) inadaptiveand K2 > ©(log n) in switched beam),
there will be under-utilization, thereby limiting scalability. Hence,
itisimportant for network designersto deploy smart antennaarrays
with appropriate technology and number of elements based on the
network topology and traffic pattern envisioned.

5.3.2 Exploiting Diversity

Another important observation iswith respect to deploying large
number of elementsfor diversity (and hence large diversity order)
inMIMO. Inthecaseof rel, largediversity order can reducethelink
BER to arbitrarily small values. However, most applications only
require that packet error rates satisfy acertain threshold, especially
in the presence of FEC mechanisms and semi-reliable MAC layers
such as|EEE 802.11 that employ re-transmissions (overcomes fast
Rayleigh fading). Hence, a large diversity gain that comes at the
cost of rate, is obviously un-necessary in such situations. Even
worse, when diversity is exploited for increased communication
range asin range, alarge range extension than that required (say
for connectivity) would significantly reduce the spatial reuse in
multi-hop networks, thereby degrading throughput performance.
Hence, it becomes necessary for network designers to devote only
as many number of elements for diversity as required for the
purpose (increased reliability, range, etc.) and use the remaining
for spatial multiplexing, thereby employing a combination of both
strategies on the link.

5.3.3 Performance Ordering

One would normally expect the relative performance between
the technologies to follow {MIMO > adaptive > switched}
in rich multi-path environments and {adaptive > switched >
MIMO}instrong LOSenvironmentsbased on PHY layer studies.
However, we observe that the optimal technology and strategy not
only depends on the environment conditions but also largely on
(i) network parameters specific to multi-hop networks and (ii)
performance objectives considered, thereby proving the impor-
tance of the conducted study. For eg., we find MIMO to suffer
significantly in 7" at low densities even in the presence of large
scattering where the use of large range extension from diversity
significantly reduces spatial reuse. However, we find the same
range strategy of MIMO to perform the best in TE, due to the
large reduction in hop length, which matters the most for TE. We
also find adaptive arrays and switched beam to outperform MIMO
inTE (P, >> P.) at large elements and low-moderate scattering
angleswherethediversity gaintendsto saturate unlikethearray and
directional gains. However, when P, ~< P., MIMO performs the
best even at low scatterings and large elements due to the efficient
resourceutilization of multiplexinginrate andthelargehop-length
reduction due to diversity in range.
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5.3.4 Adaptive Arrays vs. Switched Beam

Finaly, considering the performance between adaptive arrays
and switched beam, we find that adaptive arrays perform signif-
icantly better than switched beam at large scattering angles and
large elements. Hence, unless scattering and elementsarelarge, the
gain of adaptive over switched beam may not justify thecomplexity
and communication overhead incurred in adapting itsbeam-pattern
and hence its deployment by network designers.

6. CONCLUDING REMARKS

Inthiswork, wehaveidentified thevariousstrategiesof operation
of different smart antenna technologies and have evaluated them
comprehensively for a variety of network conditions and perfor-
mance objectives. We have used the studies to draw inferences on
the optimal strategy and antennatechnology to be used for specific
network conditions as well as identify their relative ordering in
performance. The inferences presented in this work will help
a researcher working in the field of smart antennas in ad-hoc
networks, better understand the relative performance benefits of
the different strategies and antenna technol ogies and appropriately
design efficient protocols. Further, it would also help a network
designer better decide the antenna technology and strategy to be
deployed in his network based on the metrics of interest.
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