
R2D2: Regulating Beam Shape and R ate as
Directionality meets D iversity

Kishore Ramachandrany, Ravi Kokkuz, Karthikeyan Sundaresanz, Marco Grutesery,
and Sampath Rangarajanz

yWINLAB, Rutgers University, North Brunswick, NJ, USA
zNEC Laboratories America Inc., Princeton, NJ, USA

y{kishore, gruteser}@winlab.rutgers.edu, z{ravik, karthiks, sampath}@nec-labs.com

Abstract
We design, implement, and evaluate a vehicular commu-
nication system that improves uplink connectivity through
multi-lobe beam pattern switching on a smart antenna. Di-
rectionality and base station-diversity are two well-known,
independently developed mechanisms for improving the up-
link connectivity of mobile clients. In this paper, we highl ight
that a system combining both mechanisms can achieve sig-
ni�cant improvement in performance with multi-lobe beams
that strike a tradeo� between directionality and diversity .
This is in contrast to the mere steering of narrow beams
used in conventional smart antenna systems. For tractabil-
ity at vehicular speeds, our R2D2 system searches through a
limited set of beam patterns with di�erent numbers of lobes,
and includes a two-stage algorithm that uses both runtime
adaptation and cached candidate patterns. We design and
evaluate several variants of run-time adaptation that tune
the number and angle of lobes in the beam, and the bit rate.
The design of these algorithms is guided by both analysis
and real-world measurements with a smart antenna system
mounted on a vehicle. These measurements with our proto-
type implementation show that R2D2 can achieve an uplink
throughput increase of up to 154% over pure beamsteering
and 45% over pure basestation diversity.
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Figure 1: Di�erent beam con�gurations for commu-
nication between clients and the receivers. B1 uses
directionality with a single receiver, B2 uses diver-
sity with all visible receivers, and B3 uses a combi-
nation of directionality and diversity with a subset
of the visible receivers.

1. INTRODUCTION
The advent of truly mobile computing devices [7, 5] is

leading to an unprecedented demand for a�ordable Inter-
net access with both high capacity and coverage. In par-
ticular, users are increasingly expecting broadband Inter -
net while actively moving, for example on public transit in
trains and buses, and in cars. Meanwhile, novel applica-
tions such as web 2.0 [40], peer-2-peer media sharing [25],
and video calls are shifting network workloads towards in-
creased uplink usage, and reducing the applicability of ex-
isting downlink-intensive bandwidth allocation strategi es.1

Directionality and Diversity. While several techniques
are likely to be required to collectively meet these require -
ments, two fundamental mechanisms|directionality and di-
versity|have already individually found their way into sev -
eral wireless standards, and we believe they form an integral
part of future mobile networks. Directionality represents
the idea of forming a beam towards a node (i.e., direct the
transmitted energy in an intended direction) in order to in-
crease theaveragesignal-to-noise-ratio (SNR), while reduc-
ing interference to and from other surrounding nodes. This
method is pictorially represented by beam B1 in Figure 1.
Typically, it is implemented with an antenna array and is

1Existing 3G EVDO Rev A provides up to 3.1Mbps on the
downlink and 300{400Kbps on the uplink. Next generation
3GPP Release 8 (LTE) supports a peak downlink bandwidth
of 172.8Mbps and a peak uplink bandwidth of 86.4Mbps
(2x2 antennas and 20MHz spectrum).
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Figure 2: A combination of directionality and diver-
sity (C2 or C3) achieves lower PER at a majority of
locations relative to vanilla directionality (C1) and
diversity (C4). C1, C2, C3, and C4 correspond to
reception using 1, 2, 3 and 4 receivers respectively.

part of the WIMAX [4], LTE [9], and 802.15.3 [3] standards.
While antenna arrays are usually �rst considered for base
stations, their use has also been successfully demonstrated
on vehicles [28, 37, 36] and could be particularly appealing
for trunking solutions on mass transit vehicles [6, 23]. Di-
versity, in this paper, refers to base station macro diversity
(a.k.a. receiver diversity) schemes, where multiple receivers
at di�erent locations overhear transmissions and combine
received packets [39]. This scheme reduces packet losses due
to SNR variance or deep fades at any individual receiver. It
is already in use in CDMA cellular networks and is part of
numerous additional standards and research proposals [13].
It may gain further prominence with the increasing avail-
ability of large numbers of small cells, in the form of WiFi
access points (APs) [16] or customer-installed femto-cells [1].
Its use has also been successfully demonstrated for vehicular
WiFi communications (ViFi [12]). This method is pictoriall y
represented by beam B2 in Figure 1.

Need for beam shape adaptation. In this paper, we
argue that a mobile system can combine directionality and
diversity to signi�cantly improve uplink throughput. This ,
however, raises the novel challenge of beam shape adap-
tation. Prior work, in contrast, has primarily focused on
beam steering, to choose the direction of a single narrow
beam (e.g., [28]). While a narrower beam increases SNR at
one particular node, it tends to reduce diversity bene�ts be -
cause it covers fewer nodes (and vice versa). Intuitively, the
optimal choice depends on node placement and the wireless
channels to the APs. If only one AP is available, a narrow
beam with no diversity performs best (e.g. Fig. 1-B1), while
with multiple APs and highly variable channels, an omnidi-
rectional (no beamforming) con�guration with diversity (e .g.
B2) may yield higher performance.

To verify this intuition, we measured SNRs and packet er-
ror rate (PER) for these di�erent con�gurations from a mov-
ing vehicle to four road-side WiFi APs. More details on this
experiment setup are provided in Section 4. Figure 2 shows
the fraction of time (or locations of the moving vehicle) for
which each of the con�gurations C1-C4 achieved the lowest
PER (and hence highest throughput) among all con�gura-
tions. Notably a majority of the time, a mix of directionality
and diversity (C2 or C3) is more appropriate than using ei-
ther pure directionality (C1) or pure diversity (C4). Furth er,
the throughput-maximizing con�guration varies over time.
The graphs also show that the gain of using a combination
of the mechanisms is higher at higher rates (54 Mbps); the

lower rates (36 and 18 Mbps) are robust enough to reach
maximum packet delivery ratios with either C1 or C4 alone.
In other words, a beam that covers more than one but not
all of the visible receivers (e.g. Fig. 1-B3) can enable the
usage of higher rates, while also reducing packet loss. We
con�rm these results through analysis in Section 2.

R2D2's salient features. Our prototype system R2D2pro-
vides beam shape adaptation, by switching among a set of
selected single-lobe, double-lobe, and triple-lobe beam pat-
terns that it precon�gures for a directional antenna. To
rapidly converge on a suitable pattern on a highly mobile
node, R2D2 uses a two-step approach. Nodes �rst report
their GPS location to a centralized beam manager in the
network infrastructure to obtain a set of candidate pattern s
with di�erent numbers of lobes and PHY bit-rates for their
upcoming locations. These candidate patterns are initiall y
learned, and updated, through online learning algorithms
based on client feedback. Next, to account for time-varying
signal fading, we explore the e�ectiveness of two runtime
adaptation algorithms, one performing only rate adaptatio n
and the other performing both rate and beam shape adap-
tation. We implement the former in the prototype based
on the complexity-to-performance tradeo� study among the
two algorithms. The algorithm design is driven by both
analysis and measurements. Note that R2D2's applicabil-
ity is not limited to WiFi networks, although we build a
prototype with a 802.11g Phocus Array smart antenna [8]
mounted on a moving car and roadside WiFi APs.

In summary, this paper makes the following contributions.

� It identi�es a fundamental tradeo� between direction-
ality and diversity, and highlights the need for joint
beam shape and rate adaptation.

� It provides a two-stage algorithm for joint beam shape
and rate adaptation, with a location-based candidate
set and runtime adaptation for fast convergence.

� It demonstrates feasibility and signi�cant throughput
gains over state-of-the-art techniques that use beam-
steering and diversity in isolation | we observe gains
of up to 154% and 45% respectively in our experiments.

The rest of the paper is organized as follows. In Section
2, we expose the tradeo� between directionality and diver-
sity using an analytical model, which also serves to guide
the design and implementation of R2D2 in Section 3. This
is followed by an extensive empirical evaluation, using bot h
trace-driven simulations and real-world experiments, in S ec-
tion 4. Sections 5 and 6 discussR2D2's limitations and re-
lated work. Finally, Section 7 concludes.

2. BASIC CONCEPTS
In this section, we provide the necessary background to

understand the individual bene�ts of directionality and di -
versity. We then highlight a fundamental tradeo� between
directionality and diversity that makes combining the two
mechanisms for maximum bene�t non-trivial. This moti-
vates the need for a sophisticated beam adaptation system.
The analysis also leads to several observations that will guide
the design of R2D2.
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a) Low SNR (-4 dB)
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b) Medium SNR (8.75 dB)
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c) High SNR (11 dB)

Figure 3: Tradeo� Illustration. Throughput is maximized at a speci�c combination of rate and beamwidth, and
individually controlling either the beamwidth or the rate l eads to local maximas (making the case for joint adaptation) .

2.1 Directionality
The notion of directionality corresponds to the ability of

antennas to direct (beamform) energy in a desired direc-
tion, while suppressing the energy in all other unwanted
directions. The footprint of the beam in the direction of
maximum energy is often termed mainlobe. Increased direc-
tionality results in improved average link SNR in the desire d
direction, which is referred to as the beamforming gain. One
way of achieving directionality is to use arrays of antenna
elements placed in circular, linear, rectangular or other g e-
ometries. The signal sent to each of the elements is weighted
in both magnitude and phase. The speci�c set of weights ap-
plied to the antenna elements is responsible for the antenna
radiation pattern that is created. The antenna radiation
pattern for an n-element uniform array is given by,

A(� ) = a1 :ej (2 �=� ) kd 1 + a2 :ej (2 �=� ) kd 2 : : : + an :ej (2 �=� ) kd n

where an is a complex number representing the magnitude
and phase applied to the n th antenna element, k is the dis-
tance between two consecutive antenna elements,� is the
wavelength of transmission, and dn is a geometry-speci�c
function of � , 0 � � < 2� . Together, (2�=� )kdn represents
the shift in phase introduced by the displacement of each an-
tenna element. An illustration of several beam patterns tha t
we generated is provided later in Figure 5. If � is the average
received SNR at a client due to an omni-directional trans-
mission, then a beamformed transmission from an n-element
array focused towards the client will result in a received SN R
of at most n� , i.e. gain increases by a factor proportional to
the number of elements n [19].

Observe that there exists a tradeo� between the beam-
forming gain and the mainlobe width. With increasing el-
ements, the beamforming gain increases by a factor pro-
portional to the number of elements, n. However, this is
achieved by focusing energy in a thin lobe of width 2�

n . In
other words, increased beamforming gain is achieved at the
cost of reduced spatial coverage. Also note that, since prac-
tical antenna arrays cannot completely eliminate the energ y
radiated in undesired directions, they do result in some spi ll-
over of energy in these directions, referred to as side-lobes.
These side-lobes also increase with thinner main lobes.

2.2 Diversity
While directionality helps improve the average link SNR,

it does not alleviate the pitfalls of variance in SNR, or deep
fades, resulting in channel outages and consequent packet er-
rors. Diversity is a mechanism that tackles such deep fades.

Diversity constitutes the idea of leveraging the broadcast na-
ture of the wireless medium to receive the transmitted signa l
at multiple receivers and exploit the statistical independ ence
between the channel paths to the di�erent receivers to suc-
cessfully decode the packet. Essentially, with multiple ob -
servations of the same signal, the probability that all of th e
independent paths fail simultaneously reduces signi�cant ly,
thereby alleviating channel outages and packet errors.

While diversity-combining can be considered at multiple
layers|bit, symbol, packet, etc.|we focus on packet-level
diversity that is amenable to implementation using o�-the-
shelf equipment, and is also shown to provide a large fraction
of the bene�ts of diversity (relative to bit-level combinin g)
on our chosen evaluation platform (with WiFi devices) [26].
If pi is the packet error rate (PER) at a receiver i , then the
PER after diversity combining reduces to

Q
i 2 L pi , where L

is the set of receivers involved in diversity combining. Thu s,
it can be seen that the resulting diversity gain is dependent
on the number of receivers involved, which in turn depends
on the broadcast nature of the transmission.

2.3 Tradeoff and Observations
When the average SNR on a link is improved through

beamforming, it reduces the broadcast nature of the trans-
mission, thereby limiting its ability to leverage diversit y
combining to reduce PER, and vice versa. Consequently,
there exists a fundamental tradeo� between using the avail-
able elements at a transmitter for directionality and diver -
sity. However, in general, this tradeo� depends on a num-
ber of factors such as the number of antenna elements, the
channel SNRs, the available set of discrete rates, the number
of the receivers and their locations. Since an experimental
approach to exhaustively capture the e�ect of all these fac-
tors is impractical, we take an analytical approach. Using
a simple model (details in the Appendix), we capture this
tradeo�. More importantly, we �nd that the link through-
put ( T (R; n )) is related to the number of antenna elements
(n), the spectral e�ciency in bps/Hz ( R), and the number
of receivers (̀ (n)) as follows:

T (R; n ) = R �

0

@1 �
Y

i 2 ` ( n )

�
1 � e�

�
S

n� i

� �
1

A

where S = 2 R � 1, and � i is the average SNR at receiver i
corresponding to an omni transmission.

The above equation captures the tradeo� between diver-
sity and directionality. To illustrate this tradeo�, we qua nti-



tatively evaluate throughput as a function of n, � i and R un-
der simplifying assumptions. We assume � i = �; 8i 2 `(n),
and `(n) = 8

n such that there are eight receivers reachable
with omnidirectional transmission, and they decrease pro-
portionally with increasing antenna elements (i.e. decreas-
ing beamwidth). We allow fractional values of `(n) for ana-
lytical simplicity. Figure 3 shows the results as an increas ing
function of average SNR (between -4 to 11 dB) across the
graphs. Within each graph, we examine the behavior of dif-
ferent spectral e�ciencies ( R) for a given average SNR with
increasing beamwidths on x-axis. The values for R (= 2,
3 and 4 bps/Hz) are chosen to be in the regime for future
wireless broadband standards. Increasing n (the number
of antenna elements) increases directionality (beamwidth of
360 o

n ), with n = 1 representing pure diversity from an omni-
directional transmission, and n = 8 representing pure direc-
tionality with an eight element array, with 1 < n < 8 cor-
responding to combinations of diversity and directionalit y.
The results reveal complex interactions between directional-
ity, diversity, and rate. Speci�cally, we observe that:

Need for beam pattern adaptation: Comparing �g-
ures 3(a)-(c) shows that the throughput-optimal beamwidth
depends on SNR and available rates. In case (a), through-
put is maximum with a low beamwidth (i.e. increased di-
rectionality), whereas a moderate beamwidth is best in case
(b), and full beamwidth (i.e. omni transmissions) maximize s
throughput in case (c). In case (c), wide beams o�er higher
throughput because diversity is more e�ective in reducing
packet errors due to deep fades than the average SNR in-
crease possible through directionality. On the contrary, i n
case (a), when the average SNR is low, beamforming gain is
required to increase the average SNR and maximize through-
put. This motivates the need for beam pattern adaptation.
It also means that the optimal beamwidth cannot statically
be determined based on receiver locations alone, but must
adapt to the actual observed SNRs.

Need for joint adaptation with rate: The throughput-
optimal beamwidth depends on the rate choice and vice
versa. Consider Fig. 3(b), where at R = 3, the highest
throughput is achieved at a beamwidth of 360 � while the
throughput peaks at about 180 � when R = 4. This behav-
ior can be explained as follows. Any given wireless channel,
at a point in time, supports a certain maximum R (that
maps to a particular PHY rate) that can be achieved pro-
vided the set of rates are continuous. However, since the set
of usable PHY rates are discrete in practice, there is a need
for joint adaptation of beamwidth and rate so as to come as
close as possible to the maximum achievable rate. Without
joint adaptation, a system may get stuck in local maxima
such asR = 3/360 � in Fig. 3(b).

Summary: The analytical results in Figure 3 convey two
guidelines for system designers: (a) throughput is maxi-
mized at a speci�c combination of rate and beamwidth, and
(b) individually controlling either the beamwidth or the ra te
can lead to local maximas, thus making the case for joint
adaptation of these parameters.

3. R2D2 DESIGN AND IMPLEMENTATION
Goals. Following these guiding observations, R2D2 is de-

signed to improve uplink throughput through joint beam
pattern and rate adaptation. Further, R2D2 aims for:
1. Fast convergence suitable for vehicular speeds: At high
client speeds, the radio propagation environment changes

Figure 4: Solution Overview.

rapidly. For example, at 50mph a car travels about 20m/s.
It is not feasible to search through thousands of possible
beam patterns to �nd the optimal con�guration.
2. Antenna technology independence: As wireless technolo-
gies evolve, clients are bound to di�erent beamforming ca-
pabilities. For example, the number of antenna elements
or transmission powers may di�er. The solution should be
agnostic to these issues.

We also focus onswitched beamdirectional antennas since
they provide a good tradeo� between implementation com-
plexity and beamforming gain [15]. We leverage the Phocus
Array [8] platform in our implementation that can change
or switch beam patterns, but cannot adaptively form new
patterns, at runtime.

3.1 Approach
To achieve fast selection of beam pattern and rate, we (i)

work with a limited set of the most useful beam patterns and
(ii) use a two-step approach that includes long-term learn-
ing of parameters and short-term adaptation. Placement
of receivers and their surrounding environment usually lim -
its the set of useful beam patterns signi�cantly. In some
cases, even the optimal radio parameter choices can remain
relatively stable for timescales of minutes to hours [20] at
a given location. This allows learning of reasonable default
parameters for each client location, particularly if clien ts can
share the learned parameters. Thus, the long-term learning
component is based on a centralized location-indexedBeam-
Manager database through which clients obtain and share
optimal beam patterns for each location. Clients determine
their own position through GPS and access this database
through a control channel to obtain a set of beam con�gu-
rations for each of the upcoming locations.

Since the propagation environment can vary rapidly, we
also use a short-term adaptation component on the client
that selects the optimal beam pattern out of the received
set and adapts bitrate from the default con�guration. This
short-term adaptation is based on actual observed SNRs and
packet error rates. In essence, location-based learning pro-
vides reasonable starting parameters and a restricted search
space to speed up convergence for the adaptation algorithm.
Figure 4 shows a diagram of the overall architecture.
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car is along zero degrees.

3.2 Selecting a Limited Set of Beam Patterns
To enable rapid switching between beam patterns, the

Phocus Array [8] steerable antenna requires storing a prede-
�ned set of patterns in antenna memory. A pattern is de�ned
through the phase and magnitude values applied to individ-
ual antenna elements, and when triggered by a command
to the antenna the Phocus Array can switch among stored
patterns with 150-200� s delay. A large number of possible
patterns exist. For example, the 8 element Phocus Array
antenna supports a minimum beamwidth of 45 � , which can
be rotated in 22:5 � steps, yielding 16 possible patterns with
the single narrowest beam. Considering all possible combi-
nations of wider single- and multi-lobe beams, yields on the
order of 216 patterns, while antenna memory is limited to
about 1000 patterns.

This raises the question of which patterns to store|e.g., is
a 90� degree beam or a beam with two 45� lobes in opposite
directions more useful? We select a subset of the possible
patterns using the following heuristics:

1. Select multi-lobe beams over wider beams. It is well
known that the channel between receiving antennas
separated by distances greater than �= 2 is uncorre-
lated, and that the greater the inter-receiver distance,
the lesser the correlation [30]. Accordingly, we expect
that the channels to two receivers in di�erent direc-
tions are more likely to be independent than the chan-
nels to two co-located receivers. We verify this using
an experiment with three receivers, and a single mo-
bile sender (see Figure 9 for the topological details).
Two receivers (R2 and R3) are placed on the same
side of the road (Independence Way), at a distance
slightly greater than �= 2, whereas the third receiver
(R1) is placed on the opposite side. The sender broad-
casts 1500 byte packets at 54 Mbps, and we report
the packet delivery rate using selection diversity across
pairs of receivers in Figure 6. As expected, receive di-
versity is more bene�cial (provides higher PDR and
increased range) with widely dispersed receivers.

From the perspective of directional antenna systems,
multi-lobe patterns more e�ciently cover widely dis-
persed receivers. To see this, consider an antenna com-
municating with minimum width of 30 � with base sta-
tion B1. To include another base station located at an
angular separation of 180� by widening the beam leads
to a loss of 9 dB power at B1 (3 dB loss for every
doubling of beam width). A 2-lobe beam with 30 �

each covers both base stations but leads to a loss of
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Figure 6: Receive diversity across receivers on oppo-
site sides of the road (R1+R2/R3)is more bene�cial
than that from receivers on the same side (R2+R3).

only 3 dB at B1. Thus, we expect higher gains from
multi-lobe, rather than wider single-lobe patterns.

2. Select patterns with few main lobes. Should we empha-
size patterns with smaller or larger numbers of lobes?
Prior work on wireless diversity [39, 12] has shown that
diversity gains increase most signi�cantly for a few ad-
ditional receivers, and quickly level o� after covering
more than three receivers. We therefore include pat-
terns with few main lobes.

Based on these heuristics we included 1-lobe, 2-lobe, and
3-lobe beams, as shown in the examples in Fig. 5, plus the
standard omnidirectional pattern. To further reduce the
number of beams, we only included patterns where each lobe
has equal gain and omitted overlapping beams. In all, this
leaves us with (a) 8 single-lobe beams|each beam shifted
clockwise by the beam width of 45 � from the previous beam
such that they together cover the entire 360 � space without
overlap, (b) all

� 8
2

�
possible two-lobe combinations of the

single-lobe beams and (c) all
� 8

3

�
three-lobe combinations of

the single lobe beams. Together with the omnidirectional
pattern, this yields a total of 1 +

P 3
i =1

� 8
i

�
= 93 patterns.

The single lobe beams are adopted from our previous
work [15]. They possess the characteristic of having very low
side lobes (a front-to-side lobe ratio of 18 dB), and about 8
dB extra gain over the omnidirectional pattern. To gener-
ate the multi-lobe beams, we super-impose the single lobe
beams in MATLAB to derive the combined weights accord-
ing to conventional antenna theory [30]. The algorithms to
generate these patterns, and the exact element weights can
be found in our extended technical report [32].

3.3 Long-term Learning of Parameters
Once a limited set of beam patterns are available, two key

requirements to enable the use of parameter choices learned
over a period of time are (a) an antenna-hardware-agnostic
database, and (b) an online parameter update protocol.



Client
TABLE_REQ (cur_pos)

(p1->BS1, Angles:270, ERate:52.3
(p2->BS1, Angles:315, ERate:31.5)
(p3->BS2, Angles:270;45, ERate:48.1)
...

TABLE_RSP 

...

TABLE_REPORT

BeamManager

(p1->BS1, Angles:270, Rate:54M
(p2->BS1, Angles:315, Rate:36M)
(p3->BS2, Angles:270;45, Rate:54M)

Figure 7: Protocol Overview. p1, p2, p3 represent
GPS locations, and BS1, BS2 represent the anchor
base stations. We de�ne a GPS location (area) by
considering only the �rst four digits after the deci-
mal of the latitude and the longitude.

Antenna-agnostic database. The information stored
in the BeamManager must be usable across clients with dif-
ferent hardware capabilities (e.g. number of antenna ele-
ments). To enable this feature, we leave to the client the
choice of the exact beam and only identify the direction in
which a beam should be formed. For each location, the
BeamManager provides a ranked list of the single-lobe, two-
lobe, three-lobe, and the omni beam that are likely to yield
the highest throughput.

In addition, the direction must be stored relative to a
common reference orientation. Clients can perform angu-
lar localization (similar to Mobisteer [28]) but this deter -
mines direction only relative to the current orientation of
the antenna. We propose storing the direction relative to th e
global geographical north. By obtaining their heading from
GPS and knowing the orientation of their antenna elements
relative to their direction of movement (which depends on
antenna mounting on the vehicle), the direction informa-
tion in the database can be used in a client hardware in-
dependent manner. If antenna mounting information is not
known, clients can use a one-time calibration procedure to
determine the angular o�set, whereby they rotate through
all single-lobe beams to determine the throughput maximiz-
ing beam direction to a particular receiver. The o�set is
then the di�erence to the angle stored in the BeamManager
for this receiver, corrected by GPS heading of the vehicle.
Repeating this process for multiple receivers or locations im-
proves the estimate.

BeamManager Online Update Protocol. Client probe
con�gurations can be used by the BeamManager to contin-
uously update its database. To this end, clients exchange
and update the beam con�guration table using a protocol
shown in Figure 7. For every TABLE REQ from a client,
the BeamManager returns a TABLE RSP containing the
parameters corresponding to a set of nearby locations that
the mobile client may traverse. The parameters include the
anchor base station ID that must be added to the packets
for correct diversity routing by the receiving BSes (we ad-
dress this in Sec. 3.5 in more detail), the angles in which the
beams should be formed, and the EWMA of bitrate observed
by the clients at those locations. The clients choose the best
supported bitrate below the ERate as starting point.

Algorithm 1 BeamManager pseudo-code
1: FUNCTION on TABLE REQ (pos)
2: for each posi close to posdo
3: if exists unexplored combo then
4: add posi, combo to ret table;
5: else if random() < = 0.9 then
6: add combo with max. throughput;
7: else
8: randomly pick non-max. combo;
9: end if

10: end for
11: send TABLE RSP (ret table);

Algorithm 2 on position change ()

1: t = get mapping table(pos);
2: rcvr angles = lookup table(t, pos);
3: beam = form beam (rcvr angles);
4: con�gure beam(beam);
5: tx rx packets();

The training-based approach used to build the BeamMan-
ager database is shown in Algorithm 1. Lines 2 and 3 in
the on TABLE REQ pseudo code represent the initial phase
when the BeamManager lets clients try out all possible pa-
rameter combinations. Lines 7-9 ensure that periodically
the BeamManager table is updated with recent best con�g-
urations (using the TABLE REPORT message (Figure 7)).
We use a heuristic value of 0.1 to try out non-max combina-
tions (and keep the overhead to 10%); more experiments are
needed to determine the appropriate value that strikes the
right tradeo� between convergence to changes and accuracy
of the BeamManager.

The BeamManager applies a weighted update to resource
parameters to ensure that a single observation due to mo-
mentary 
uctuations or rare client capabilities (such as an -
tennas with either too low or too high gain) will not change
the settings signi�cantly. Note that our idea is to use the
BeamManager to capture settings that are generally appli-
cable across several clients, and let the clients do further
improvements through run-time adaptation. Also, since cy-
cling through all the available parameter choices at a lo-
cation requires a signi�cant number of training samples to
gain con�dence in the parameter settings, an alternative ap -
proach involves measuring performance using a subset of
beams (only the single-lobe beams), and estimating the com-
posite beams (two-lobes and higher) that have the potential
to improve performance. We leave the evaluation of this
optimization as part of future work.

3.4 Client Adaptation
The basic client-side algorithm for location-based param-

eter changes is shown in Algorithm 2. The client looks up
the angles at which a beam should be formed at the current
location (Line 3), uses its antenna elements to form the ap-
propriate transmit beam (Line 4 and 5), and transmits and
receives packets till the location changes (Line 6). We call
this basic algorithm R2D2-LOC. Further, we consider two
variants that perform run-time adaptation to better match
resource parameters to changing link conditions: R2D2-R
that only adapts rate when the location changes, and R2D2-
BR that adapts both beam and rate.



Algorithm 3 R2D2-R runtime rate adaptation.
1: FUNCTION on pkt loss summary ()
2: if PER < low thresh then
3: increase rate;
4: else if PER > high thresh then
5: decrease rate;
6: end if

Table 1: Run-time adaptation.
SNR # / PER ! High Low

High 1. " Diversity " Rate
2. # Rate

Low 1. # Diversity Maintain
2. # Rate settings

R2D2-R: R2D2-R performs rate adaptation based on packet
error rate (PER) much like RRAA [41], as shown concisely
by Algorithm 3. The basic idea is that if the packet loss rate
is too high, the rate is reduced, and if the loss rate is too
low, the rate is increased. The rate is reset to that suggested
by the BeamManager when the location changes.

R2D2-BR: The basic idea of R2D2-BR is captured in Ta-
ble 1. First, it aims to increase diversity when packet error s
are primarily due to high SNR variance (i.e., deep fades)
and reduces diversity (increases directionality) if packe t er-
rors are primarily due to low average SNR for the given
rate. It infers this from both SNR and PER measurements
as follows. Deep fades are the likely cause if the SNR is suf-
�ciently high (3dB above the SNR threshold for each rate
in our implementation) to support communication at the
current rate, but many packet errors are still observed. As
indicated in the table, in this case the algorithm increases
diversity. If no higher-diversity con�guration is availab le, it
reduces rate. Second, it aims to maintain the highest possi-
ble rate, by �rst exhausting the possible directionality an d
diversity con�gurations before lowering rate. For example ,
if SNR is low for the current rate and PER is high, the
algorithm �rst reduces diversity (thereby increasing dire c-
tionality). Once diversity reductions are exhausted, beca use
it arrives at the narrowest possible beam, it reduces rate.
An increase or decrease in diversity is obtained by switching
to a di�erent beam suggested by the BeamManager that has
one more or one less lobe respectively.

Both R2D2-R and R2D2-BR depend on aggregate feed-
back from the infrastructure regarding the SNR and PER
across multiple BSes. To calculate PER, we use packet se-
lection diversity across the BSes, and for SNR, we use the
highest SNR across packets from multiple BSes. While more
sophisticated techniques can be used for aggregate PER
and SNR calculation, we �nd that signi�cant gains can be
achieved even with these simple approaches.

3.5 Diversity Protocol
As shown in Fig. 4, all the BSes in this system are con-

nected through the backplane to the Internet. For a set
of consecutive locations, we designate ananchor BS to col-
lect packets forwarded by all the receiving BSes [12]. The
anchor BS also determines the performance (e.g. packet
loss/reception and/or SNR) summary across all the receiv-
ing BSes (required for runtime adaptation).

(a) (b)

Figure 8: (a) Transmitter with beamforming an-
tenna, (b) Transmitter enclosed in a box and
mounted on a car.

Essentially, we split the data and control path functionali-
ties so as to e�ectively leverage the bene�ts of directionality
and diversity: the receiving BSes are used as bridges to en-
able diversity in the data path (while not sending back indi-
vidual acknowledgments), whereas the packet loss summary
(i.e. control functionality) is sent back from the anchor BS ,
which is the actual point of association. In addition, since
the anchor BS can change less frequently than the beams
and receivers themselves (made possible by the assumption
that the BSes are connected on a backplane), the e�ect of
hando�s is also reduced [12]. Finally, to ensure that the mo-
bile client is not deaf to downlink transmissions (including
packet loss summary transmissions), the anchor BS at each
location uses one of the currently receiving BSes (which is
easily determined from the receiving packets).

MRD [27] and ViFi [12] discuss several components of
the data transfer protocol required to leverage the bene�ts
of receive diversity, which include (a) a block acknowledg-
ment technique to ensure that the transmitter retransmits
unrecovered packets, (b) the use of a reorder bu�er on the
anchor BS to reduce packet reordering and its consequent
e�ects on higher level protocols, and (c) optimizations suc h
as probabilistic relaying of packets to reduce the amount
of forwarding tra�c on the backhaul. However, both ViFi
and MRD enable synchronous ACKs from one of the BSes
primarily because their focus is on WiFi networks. We do
not make the assumption of synchronous ACKs and build
an ARQ protocol along with broadcast of packets with a
reorder bu�er on the anchor BS, both to reduce the com-
plexity of determining which of the receiving base stations
at that instant should send back the synchronous ACK, and
to make the solution independent of WiFi. Further, we over-
provision the backhaul and do not implement optimizations
in the current prototype, to focus our concentration on the
client-to-base station link and the tradeo� involved betwe en
directionality and diversity.

3.6 Prototype Implementation
We have implemented a prototype of R2D2 (Figure 8) by

using the Phocus Array beamforming node [8] mounted on a
car as the mobile client, and a set of stationary receivers that
are small form-factor PCs with 6dBi gain external antennas.
One of the receivers acts as the anchor BS to which the
other receivers forward packets through additional wired a nd
wireless interfaces (on orthogonal channels that the mobile
client does not use).



Figure 9: Testbeds: 1. Parking Lot (15-20mph), 2.
Independence Way (35-40mph).

On the Phocus Array, the directional antenna consists of
an array of eight elements arranged in a regular octagon (see
Figure 8). This directional antenna is electronically stee r-
able, i.e., a speci�c beam pattern out of the several precom-
puted beams can be chosen on the 
y via software control
with less than 200 � s switching delay. The software control
of the antenna is a�ected through an embedded computer
running Linux [8, 28]. To disable the automatic retransmis-
sion behavior of the card (and the associated exponential
backo�), we modi�ed the device driver (MadWi� v0.9.2) on
this node so that all unicast packets are sent only once. We
implement R2D2's client adaptation algorithms ( R2D2-LOC
and R2D2-R) in user-space on this embedded computer. Our
trace-driven simulations reveal that R2D2-R is e�ective in
obtaining most of the bene�ts; hence we do not implement
the prototype of the more complex R2D2-BR. We also im-
plement prototypes of a beamsteering system and a receiver
diversity system to match the behavior of Mobisteer [28] and
ViFi [12] for comparison study.

On the stationary receiver nodes, we use a kernel-level
click script [21] to forward packets between the access(mo-
bile client to receivers) and backhaul (receivers to anchor)
links. On the anchor BS, we use a multi-threaded C ap-
plication in user-space to aggregate packets received from
multiple BSes, and send periodic (every 100ms) block ACKs.
We use libnet [22] and libpcap [2] to send and receive packets
from user space. The block ACKs carry the PER informa-
tion for packets received in the last 100ms interval. For ease
of implementation, we (a) disable retransmissions on the
backhaul links also to avoid issues related to delayed block
ACKs (measured backhaul loss rate is < 1% even without
retries), and (b) implement the BeamManager on the client.

4. EVALUATION
We evaluate the performance of R2D2 in terms of the up-

link throughput and average SNR compared to a state-of-the
art receiver diversity system, a beamsteering system, and an
oracle solution (that has the power to adapt on a per-packet
basis to the best parameter combination for maximizing the
throughput). In particular we use:
1. AR-ViFi : An enhanced version of ViFi [12], a system that
exploits receiver diversity for vehicle-to-infrastructu re (V2I)
transmissions using regular omnidirectional antennas. Th e
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Figure 10: Variants of R2D2. R2D2-R is a good com-
promise between performance and complexity.

enhanced version also performs bitrate adaptation based on
observed packet loss, so that comparison toR2D2 is fair. We
also report selected results of the base version (i.e., trans-
mitting at �xed rate) which is labeled ViFi in the graphs.
2. Mobisteer [28]: A system implementing beamsteering
through location-based beam adaptation, for V2I commu-
nications. The beam is steered to a single receiver at any
point in time, and bitrate adaptation works independently.

Our evaluation uses a combination of trace-driven sim-
ulations and prototype implementation. The trace-driven
approach makes a rigorous evaluation tractable given the
size of the search space (dictated by the number of beam
patterns, bit-rates, receivers, GPS locations, receiver place-
ment, etc.). In addition, it also enables us to approximate
the performance of the oracle solution (referred to as MAX).
As for the prototype implementation, it helps demonstrate
the achievable throughput gains in real settings. We report
results from our trace-driven simulations �rst.

4.1 Trace-Driven Methodology
For trace-driven analysis, we use two di�erent realistic

vehicle-to-roadside communication settings, as shown in Fig-
ure 9. The four receivers for each setting are placed as shown
by the stars close to the paths. In each setting, we consider
two receiver placements at di�erent distances from the path ,
to emulate both high SNR conditions (when the receivers
are close to the path), and low SNR conditions when the re-
ceivers are further away (corresponding to up to 20 dB drop
in average SNR relative to the high SNR case).

We collect a set of packet traces with the transmitter
in omni-directional mode and then emulate the e�ects of
beamforming by adjusting the received SNRs at the ac-
cess points. The transmitter broadcasts 200 ICMP packets
(1350 bytes payload) per second using di�erent 802.11g PHY
rates (18, 36, 54Mbps) and transmission power levels. The
use of broadcast mode suppresses several MAC-level fea-
tures of 802.11 such as retransmissions, acknowledgments
and RTS/CTS and enables us to measure the packet er-
ror encountered due to impairments su�ered at the physical
(PHY) layer. The receivers operate in monitor mode, in
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Figure 11: Average throughput obtained by R2D2-R, AR-ViFi, Mobisteer, and the oracle (MAX).

which the node can passively listen to all data on a particu-
lar channel without being associated with any AP. Receivers
utilize tcpdump [2], which give them relevant information o n
a per-packet basis from both the PHY and MAC layers. In
addition, all the nodes (clients and BSes) continuously log
their location and speed information using a GPS device.
The system time on each node is set to the GPS time so
that the system clocks of all nodes are synchronized. The
transmitter includes its timestamp in the ICMP packet's
payload so that the receiver can correlate the location from
which each packet was transmitted. Two sets of four runs
each are taken on a circular path in a parking lot (Testbed1)
around a building, and on a road named Independence Way
(Testbed2) with a speed limit of 40 mph.

Using these traces, we can emulate the e�ect of beam-
forming by scaling received SNRs at all access points. We
observe (a) with a phase array directional antenna [8] avail -
able to us, and (b) theoretically with MATLAB simulations,
that a beam covering two well separated receivers (i.e. hav-
ing two main lobes) will have approximately 3dB lower gain
than a beam with a single main lobe pointing to a receiver,
and a beam covering three receivers will have 3dB lower gain
than the two receiver case. Based on this observation, we
pick four transmit power levels: 17dBm, 14dBm, 11dBm
and 8dBm. When transmitting at 17dBm, we interpret this
as the beam being pointed to one of the receivers, at 14 dBm
to any combination of two receivers, at 11dBm to any com-
bination of three receivers, and at 8dBm to cover all four
receivers. We assume that packets are dropped for receivers
outside the emulated beam. We process these traces, and
implement all the candidate algorithms using a simulator
written in C (details in the extended technical report [32]) .

4.2 Trace-Driven Results
We �rst present the performance of R2D2 compared to

the oracle and other approaches, and then elaborate on the
adaptation algorithm behavior.

4.2.1 Performance Improvement
Variants of R2D2 vs MAX: Figure 10 shows the av-

erage throughput with the three variants of R2D2 in four

runs in each of the di�erent settings when the average SNR
is low, i.e. the receivers are farther away from the path.
The location-based database is trained using two runs other
than the one under consideration. For instance, run1-34 in-
dicates the performance in run1 when using 3rd and 4th runs
for training the database.

The di�erence between R2D2-LOC and R2D2-R or R2D2-
BR makes the case for additional run-time adaptation. In
both settings, the performance of R2D2 with run-time adap-
tation comes close to MAX. Between R2D2-R and R2D2-
BR, the minor di�erence across all settings and runs shows
that just run-time rate adaptation with location-based bea m
adaptation is quite e�ective in reaping most of the bene-
�ts. This is a signi�cant observation given that the imple-
mentation complexity of R2D2-BR is substantially higher
than that of R2D2-R; in particular, R2D2-BR involves tun-
ing several parameters at run-time in a short period of time,
and requires signi�cant control messaging between the beam
manager and a transmitter. Hence, in the rest of the paper,
we only report results for R2D2-R. We also implement only
R2D2-R in our prototype.

R2D2-R vs AR-ViFi vs MobiSteer: Figure 11 shows
the average throughput obtained by R2D2-R relative to AR-
ViFi, MobiSteer, and MAX. Note that we build the location-
based database for MobiSteer in the same manner as that
for R2D2 (using two runs other than the run under consid-
eration). Figure 11(a) shows the throughput for the park-
ing lot case when the average SNR is low. In this case,
R2D2 performs signi�cantly better than existing approaches
and their extensions. The di�erence between AR-ViFi and
MAX clearly shows that even after extending ViFi, there
is still a signi�cant scope for improvement. Finally, R2D2's
performance gain over AR-ViFi and Mobisteer shows that
carefully trading o� directionality and diversity and join tly
adapting rate can take the uplink throughput signi�cantly
closer to MAX. Similar observations can be made on the
Independence Way path in Figure 11(c).

Figures 11(b) and 11(d) plot the throughput under high
SNR conditions, i.e. when the receivers are very close to the
paths. Even in this case, R2D2 performs better than other
algorithms and is close to what MAX can achieve. Observe
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Figure 12: CDF of throughput obtained by the can-
didate algorithms at several client locations.
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Figure 13: The distribution of average, and std. de-
viation of, RSSI for candidate algorithms relative to
MAX. R2D2 improves link robustness by increasing
the average RSSI and reducing the variance.

also that AR-ViFi performs close to or better than Mobisteer
in most cases, unlike the low-SNR case. This is inline with
the theoretical predictions in Figure 3.

Figure 12 shows the CDF of throughput for R2D2, Mobis-
teer and AR-ViFi for run 3, using runs 1 and 2 for training
the database. The CDF clearly demonstrates that R2D2 has
high throughput at higher percentage of locations. For in-
stance, in the parking lot case, the median throughput with
R2D2 is 25 Mbps, whereas that with AR-ViFi and Mobisteer
are 9 and 8 Mbps respectively.

Improved mean SNR and reduced SNR variance:
To highlight the e�ect on SNR better, Figure 13 shows the
distribution of the mean and standard deviation in the re-
ceived signal strength indicator (RSSI) achieved by each of
the algorithms relative to MAX. RSSI is an estimate of the
signal energy at the receiver during packet reception, mea-
sured during the PLCP headers of arriving packets and re-
ported on proprietary (and di�erent) scales. The Atheros
cards we use, for example, report RSSI in dB [33]. For a
single link, since SNR = RSSI / noise 
oor, and since the
noise 
oor is relatively constant, here, we use RSSI to rep-
resent SNR. The CDFs shown in Figure 13 use the average
and standard deviation in RSSI calculated over successive
100-millisecond intervals. As RSSI is available only if the
corresponding packet was successfully decoded, and since
we need the RSSI of lost packets to calculate the variance,
we make the assumption that lost packets have an RSSI
value just below the receive threshold for the bit-rate used
to send that packet. Using this assumption, we report the
\best-case" average and standard deviation of RSSI.

Figure 13(a) shows that both R2D2 and Mobisteer come
close to approximating the maximum achievable average RSSI.
The median for both algorithms is 5 dB higher than the

 0
 10
 20
 30
 40
 50

 0  3  6  9  12  15  18  21  24  27  30  33  36  39  42  45  48

T
hr

ou
gh

pu
t (

M
bp

s)

Time (sec)

R2D2
Mobisteer

AR-ViFi

(a) Parking Lot

 0
 10
 20
 30
 40
 50

 240  250  260  270

T
hr

ou
gh

pu
t (

M
bp

s)

Time (sec)

R2D2
Mobisteer

AR-ViFi

(b) Independence Way

Figure 14: Instantaneous throughput obtained by
R2D2 compared to AR-ViFi and Mobisteer.
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pure diversity based scheme. However, Figure 13(b) shows
that both pure directionality and diversity based schemes
are unable to e�ectively deal with SNR variance (due to
deep fades). The distribution of standard deviation for bot h
algorithms has heavy tails with a maximum deviation of 14
dB. The graph also shows that even MAX observes standard
deviations of up to 4dB. R2D2 is able to closely approxi-
mate the behavior of MAX (and eliminate a large part of
the heavy tails of the distribution).

4.2.2 Algorithm Behavior
E�cient tracking of channel 
uctuations: We com-

pare the the behavior of the candidate algorithms in Fig-
ure 14. Figure 14(a) shows the throughput with time (av-
eraged every 200 milliseconds) for the parking lot case with
the low SNR setup for run3 using runs 1 and 2 for training
the database. The graph clearly shows that in many regions
R2D2 makes a better choice of parameters than AR-ViFi or
Mobisteer. Figure 14(b) shows similar result for the Inde-
pendence Way setting with the low SNR case.

In Figure 15, we zoom into the behavior of R2D2-R and
compare its performance with R2D2-LOC and MAX, to show
the e�cacy of additional run-time adaptation over using
location-based training for parameter selection. The grap h
clearly shows that location mispredicts the best choice in
several instances making R2D2-LOC perform worse than
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Figure 16: Variants of ViFi. Runtime adaptation
bene�ts pure diversity-based approaches as well.

MAX; whereas R2D2-R detects these conditions and adapts
well to match the performance of MAX.

Variants of ViFi: For the sake of completeness, we
also demonstrate the bene�ts of run-time rate adaptation
to diversity-based solutions, which have been acknowledged
but not implemented in past solutions [27, 12]. In Figure 16,
we compare AR-ViFi with two static rate settings for ViFi
(54 Mbps and 18 Mbps) to show these expected gains.

Intelligent choice of BSes: Figure 17 shows the combi-
nation of receivers chosen with time by the transmitter when
using R2D2, in comparison to the extremes of choosing all
receivers (as in AR-ViFi) and only one receiver (as in Mobis-
teer). We use information from run3-12 for the parking lot
case and run4-12 for the Independence Way case. The graph
demonstrates that in several locations a middle-ground be-
tween the extremes, i.e. choosing a subset of visible receivers
is the best choice. Note that while Mobisteer and R2D2over-
lap in Figure 17(a) after 20 seconds, the choice of rate is
di�erent due to run-time adaptation, leading to R2D2's im-
proved performance over Mobisteer (see Figure 14(a)).

We now describe our prototype implementation results.

4.3 End-to-end Evaluation
We perform our prototype evaluation in the parking lot

setup, as shown in Figure 9. The BeamManager is trained on
the same path and the best set of receivers at each location
is determined. A location is uniquely determined by con-
sidering only the �rst four digits after the decimal point of
the GPS coordinates (latitude and longitude). This method
de�nes unique rectangles (of area 11x8m) that enables shar-
ing beam con�guration and rate selection information acros s
clients. We perform angular localization on the same path
to determine the beam angle that is best at each location for
each receiver, similar in methodology to Mobisteer [28]. We
also take the conservative approach of lowering the bit-rat e
in response to a block ACK loss since a majority of these
losses occur on the access link (validated via experiments).

Figure 18 shows the total amount of data transferred by
AR-ViFi, R2D2-R, and Mobisteer in three runs of the park-
ing lot, for both the high and low SNR cases. R2D2 is
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Figure 17: Receiver combination selections: #(re-
ceivers) = 1 corresponds to pure directionality while
#(receivers) = 4 corresponds to pure diversity.

able to transfer larger amounts of data in the same time
duration, relative to both diversity-based (AR-ViFi), and
directionality-based (Mobisteer) approaches. For instan ce,
in the low SNR regime, R2D2 transfers 45% and 154% more
data than AR-ViFi and Mobisteer respectively. In the high
SNR regime, the gains are lower (23% over AR-ViFi, and
65% over Mobisteer) since the high SNR itself provides im-
munity from deep fades, while supporting higher bit-rates.

Figure 19 shows the CDF of the bitrates used by the mo-
bile transmitter with AR-ViFi, R2D2-R, and Mobisteer in
three runs of the parking lot, for both the high and low
SNR cases. The graph demonstrates that R2D2's through-
put gains are primarily a result of using higher bitrates
(which in turn arise from the improved average and std.
dev. in SNR). Note that Figures 18 and 19 are not directly
comparable since the bitrate CDF plots are based on the
bitrate used by the transmitter (and not the bitrates of the
successfully decoded packets).

5. LIMITATIONS AND DISCUSSION
Compared to an omni-directional beam, the cost of choos-

ing a \wrong beam", e.g. due to lack of enough information
at a location or due to inaccurate position estimation due
to GPS errors [20], can be very high. This can be easily
appreciated by looking at Figure 20, where six beams out
of the eight provide signi�cantly lower packet delivery rat e
than the omni-directional beam. This observation indicate s
that the training phase is a very important component of the
system, requiring a signi�cant number of training samples
to gain enough con�dence in the parameter setting at each
location, contrary to what we had initially anticipated. Th is
problem is especially challenging due to (a) high client mo-
bility, and (b) hardware di�erences between clients. For (a ),
we envision that, by distributing the training phase across a
large client-base, resource parameter settings at a location
can be used across di�erent clients. As for (b), we acknowl-
edge that our current approach may need extensions as it
does not account for hardware di�erences between clients.
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Figure 19: CDF of bitrate used by the mobile trans-
mitter with AR-ViFi, R2D2, and Mobisteer. The
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SNR regime while that used by AR-ViFi and Mo-
bisteer is � 6Mbps.

In Section 2, we discussed the e�ect of number of transmit
antenna elements on the theoretical tradeo� between direc-
tionality and diversity. An additional issue that we do not
address in this paper is that while a greater number of el-
ements can form thinner beams, the duration of validity of
a beam reduces because of client mobility. In general, the
e�ect of the aging of training data, and the BeamManager's
e�cacy in keeping the parameter database up-to-date is an
interesting avenue for future work.

A key focus of this paper was to introduce, and address the
fundamental tradeo� between directionality and diversity ,
on the uplink, in a standards-independent manner. While
we used WiFi devices (primarily due to their ready avail-
ability) to achieve this objective, we believe that our solu -
tion itself is equally applicable to other wireless technol ogies
such as WIMAX [11] and LTE [9] assuming the necessary
extensions are in place (such as the ability to connect to
multiple base stations simultaneously). Note that current
CDMA standards already allow data combining from mul-
tiple base stations on the uplink [10]. Also, while we focus
on uplink connectivity, diversity and directionality can a lso
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be leveraged in the downlink direction. However, this re-
quires additional functionality on the base stations e.g. s yn-
chronization. While we do not expand on this direction in
this paper, this topic is already of signi�cant interest to t he
LTE and WIMAX standards bodies, and forms an interest-
ing problem for future work. Finally, this work does not
consider the issues associated with multiple clients and base
stations, which are beyond the scope of this paper.

From a deployment perspective, while it is unlikely that
mobile devices such as cellphones and PDAs will incorporate
multi-antenna systems with more than three elements due
to their small form-factor, we envision the evolution of rel ay
devices on moving vehicles that can a�ord to carry such
large form-factor antenna systems. A similar proposal for a
di�erent purpose was made by Rodriguez et al. [34].

6. RELATED WORK
Smart antennas are an integral part of most future wireless

standards (WiMAX [4], LTE [9], 802.15.3c [3], etc.). Beam-
forming (directionality) is one of the core features adopte d
by operators to meet the high spectral e�ciency require-
ment of future mobile applications. As mentioned before,
macro-diversity on the other hand, is already being used in
CDMA cellular networks, following the work of Viterbi et
al in [39] to improve performance for cell-edge users. While
several of the future wireless standards advocate the concept
of directionality and diversity, they deal predominantly w ith
protocol issues and do not consider algorithms or systems
that instantiate the core mechanisms. The algorithms are
left open for implementation and innovation by individual
vendors. Further, the bulk of mechanisms and sophisticatio n
in today's cellular networks is downlink-oriented. Note th at
the directionality-diversity tradeo� explored in this wor k is
uplink-speci�c, where the receivers (BS or AP) can collabo-
rate unlike the case of mobile clients on the downlink.

Several research works have looked at leveraging the ben-
e�ts of directionality and diversity, albeit in isolation. Mo-
bisteer [28] attempts to improve the uplink performance by
forming a beam directed at a single receiver. Solutions in
the WiFi domain [12, 14, 17, 26] also utilize opportunistic
reception of packets due to omni-directional transmissions
in order to mask-o� packet loss at any individual receiver
due to SNR 
uctuations. However, none of the above works
explore the issues involved in combining diversity and dire c-
tionality. Tao et al. [38] address this issue to some extent
in an ad hoc network setting. They conclude that diversity
and directionality have con
icting parameter settings and
that further exploration is required to incorporate both ap -



proaches. They also focus on the complementary issue of
developing a MAC protocol to enable nodes in an ad hoc
network to leverage directionality and diversity together .
In contrast, this paper addresses the directionality-dive rsity
tradeo� by devising the system support and run-time adap-
tation required for choosing the beams, receivers and rate
jointly in a mobile environment.

Recently, a number of research e�orts have focused on dif-
ferent aspects of improving connectivity to moving vehicle s.
Bychkovsky et al. [16] study the possibility of using organi c
WiFi deployments for providing improved uplink connectiv-
ity to moving vehicles. They investigate the e�ectiveness o f
a caching technique to reduce the overhead of IP address ac-
quisition. Ott et al. [31] discuss an architecture and proto col
to make applications disconnection-tolerant by maintaini ng
application sessions despite connectivity interruptions . Sys-
tem support for fast association to APs and optimizations
at the TCP level to improve throughput for moving vehicles
is discussed by Eriksson et al in [18]. Rodriguez et al [34]
introduce a wireless multi-homed device (MAR) for moving
vehicles that dynamically aggregates channels (and hence
bandwidth) across several technologies to meet the band-
width requirements of moving users. Detailed studies on
the factors a�ecting connectivity to moving vehicles is per -
formed by Hadaller et al in [20], where they conclude that
lack of environmental awareness is the fundamental underly-
ing cause of several problems. Our exploration in this work i s
complementary to the above approaches and hence could be
integrated. Further, our location-based beam and rate selec-
tion algorithm instantiates environmental (location) awa re-
ness into the adaptation process, the bene�ts of which have
already been shown in several other works [28, 29, 35, 24].

7. CONCLUSIONS
In this paper, we highlight that directionality and diversi ty|

two commonly used mechanisms for improved uplink con-
nectivity from mobile clients|are only extremes of a solu-
tion, and a combination of these mechanisms, can signi�-
cantly improve throughput. This, however, requires beam
shape adaptation in addition to commonly used beamsteer-
ing. A narrow beam tends to cover fewer receivers, thereby
reducing diversity. To obtain gains from both directionali ty
and diversity, the system has to select a channel-dependent
multi-lobe beam that covers multiple nearby receivers. To
rapidly converge to suitable beam con�gurations on a fast
moving node, we have proposed a two-stage algorithm that
(a) obtains a candidate set of beam shapes from a central-
ized repository based on the current node location, and (b)
selects the appropriate number of lobes within this candi-
date set through run-time adaptation. This run-time com-
ponent increases diversity when packet loss is likely due to
deep fades (i.e. high SNR variance), and reduces diversity
(or increases directionality) if packet loss is likely due t o low
mean SNR. In addition, the two-stage algorithm also jointly
adapts modulation rates.

Experiments with a smart antenna system mounted on a
vehicle and roadside WiFi access points have demonstrated
feasibility and signi�cant throughput gains. We believe th at
this tradeo�, and our solution are not limited to WiFi net-
works, and that they may be particularly suited to providing
high throughput communications to mobile users via relay
devices on vehicles.
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Appendix
In this section, we use outage probability to model the resul t-
ing throughput on a link for a system that exploits both di-
rectionality and diversity. Outage probability refers to h ow
often (probability) does the bit error rate (BER), or equiv-
alently SINR, experienced falls below a certain threshold.
It is both a popular and practical measure for robustness
to fading, especially for block fading where it can directly
be related to frame/packet error rate. It can be measured
by determining the probability that the mutual information
of communication (capacity) is less than the information
rate. We consider an independent, quasi-static, frequency
nonselective Rayleigh fading (complex channel coe�cients
being uncorrelated and circularly symmetric Gaussian ran-
dom variables with zero mean and unit variance) along with
free space path loss for our channel model. Let a channel re-
alization between an n-element Tx and an omni-directional
Rx be denoted by htr (captures fading). Now, the mutual
information for a given channel realization in the case of
beamforming is given by the asymptotic Shannon capacity
formula,

C(htr ) = log 2(1 + n� jhtr j2))

where � jhtr j2 is the average receiver SNR (absolute value)
at Rx for an omni-directional transmission ( � is the aver-
age receiver SNR based on path loss alone). IfR is the
information (data) rate applied to the system (normalized
to bandwidth in bits/sec/Hz), then the outage probability
can be given as,

Po(R; n ) = P r [C(htr ) < R ] = P r
�
jhtr j2 <

2R � 1
n�

�

By way of de�nition of jhtr j, jhtr j2 follows an exponential
distribution. Hence, on averaging over all possible channel
realizations, we have,

Po(R; n ) = 1 � e
�

�
2R � 1

n�

�

= 1 � e�
�

S
n�

�

where S = 2 R � 1. When a beam of width 360 o

n is formed
with n elements, let the number of receivers falling in the re-
ception zone of the beam be given by the function `(n). Note
that, `(n) is a monotonically decreasing function, with num-
ber of accessible receivers decreasing with �ner beamwidths.
Now, the resulting probability of successfully receiving t he
packet/frame can be given as,

Ps (R; n ) = 1 �
Y

i 2 ` ( n )

�
1 � e�

�
S

n� i

� �

where � i is the average SNR at receiver i corresponding to
an omni-directional transmission. The resulting throughp ut
can be given as,

T (R; n ) = R �

0

@1 �
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