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ABSTRACT

Sectorized antennas can increase wireless network capacity
through greater spatial reuse. Despite their increasing pop-
ularity, their real-world performance characteristics in dense
wireless mesh networks are not well understood. This paper
conducts a systematic experimental study on a mesh net-
work testbed using commodity 802.11 hardware and multi-
sector antennas.

Our study results in the following main observations. (i)
Sector selection should be based on explicit measurement in
all sectors, though the measurement overhead can be signifi-
cantly reduced by exploiting spatio-temporal characteristics
of the best sector. (ii) Multi-sector activation typically re-
duces the signal strength of a link compared to single sector
activations due to antenna design constraints. (iii) Spatial
reuse is constrained by characteristics of antenna radiation
pattern in different sectors (iv) Physical layer capture re-
duces the effect of directional hidden terminal problem. Fi-
nally, we discuss the implications of these observations on
the design of practical directional MAC and topology control
protocols.

Categories and Subject Descriptors

C.4 [Performance of Systems|: Measurement Techniques;
C.2.1 [Network Architecture and Design]: Wireless Com-
munication—Dense Wireless Mesh Networks

General Terms

Experimentation, Measurement, Performance

Keywords

Sectorized Antenna, Dense Wireless Mesh Networks, Sector
Selection, Directional Hidden Terminal Problem

1. INTRODUCTION

Today, numerous urban areas around the world are cov-
ered by dense 802.11 wireless networks that enable a wide
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variety of legacy and emerging applications, ranging from
WLAN Internet access to content sharing in community
wireless mesh networks [1]. These dense deployments are
typically unplanned and operate in unlicensed bands shared
by other wireless technologies such as Bluetooth devices,
cordless phones, and microwave ovens. As a result, interfer-
ence becomes a major problem for 802.11 wireless networks
operating in this environment.

Sectorized antennas aim to reduce interference and in-
crease network capacity and spatial reuse through direc-
tional transmissions. In practice, they have been success-
fully used in cellular network planning [12]. In the enterprise
802.11 WLAN space, several companies ([2], among others)
are now offering sectorized or directional antenna systems in
their products, though their focus is on WLAN base station
to client communication. In dense wireless mesh network
scenarios, there is little evidence on the real world perfor-
mance of sectorized antennas. This environment poses two
main challenges. First, sector selection is challenging in en-
vironments characterized by non-line-of-sight, multipath re-
flections and high angular spread. Second, sectorization can
limit the performance of the 802.11 CSMA MAC protocol
due to directional hidden terminals. This problem has been
identified in ad hoc networks and addressed by directional
MAC protocols [5, 10]. These protocols have been evaluated
only by simulations and, as we show later, some of their fun-
damental design assumptions do not hold in dense reflection
rich 802.11 wireless environments.

The primary goals of this paper are to characterize the
performance of sectorized antennas in real-world dense 802.11
wireless mesh networks and to derive practical design guide-
lines for directional MAC protocols and topology control
mechanisms that operate in this environment. Directional
MAC protocols [5, 10] achieve higher performance with sin-
gle sector switching at packet-level time scale. On the other
hand, topology control mechanisms [7, 11] activate multiple
sectors at slower time scales at the potential expense of per-
formance, but do not require complex modifications to the
standard 802.11 MAC protocol. We conduct an experimen-
tal study using an 802.11 wireless mesh testbed equipped
with sectorized antennas in an environment rich in reflec-
tions and multipath. The measurements cover a wide range
of network topology and traffic configurations, including sin-
gle sector and multi-sector activations, interaction of 802.11
MAC protocol with sectorization, directional hidden termi-
nals and interference. These measurements investigate three
main issues related to usage of sectorized antennas: sector
selection, spatial reuse and directional hidden terminals.



Our measurement study has the following main results.
First, received signal strength value is a robust metric to
compare the performance of a link across different sectors
as it is directly influenced by the radiation pattern of the
sectors and has good correlation with higher layer metrics.
Second, in a dense reflection rich environment, selecting the
sector that geographically points to a node to communicate
with it, can lead to poor performance. This contrasts the
fundamental assumption in directional MAC protocols pro-
posed for ad hoc networks. Although all sectors need to
be probed to identify the best sector, we find that the best
sector exhibits several spatio-temporal properties that can
be exploited to reduce the measurement overhead. Third,
contrary to the assumption made by current topology con-
trol algorithms, performance of a link can be radically differ-
ent under single-sector activation and multi-sector activation
due to antenna design constraints such as the antenna array
factor [9]. Fourth, the increase in spatial reuse due to sec-
torization is primarily constrained by the antenna radiation
pattern characteristics, such as the difference in maximum
and minimum gain, and the particularities of the shapes of
the main and side lobes rather than environmental effects,
such as multi-path reflection. Fifth, physical layer capture
reduces the effect of the directional hidden terminal prob-
lem. We identify conditions for sector selection to reduce di-
rectional hidden terminals while maintaining spatial reuse.
These conditions are specific to wireless hardware param-
eters rather than environmental factors. Qualitatively, all
our results are generic and apply to different multi-path en-
vironments (both indoors and outdoors), sectorized antenna
parameters (number of sectors, sector width, peak gain in
main lobe and side lobes) and wireless hardware parameters,
though the actual numerical values presented in this paper
may vary depending on the above factors.

The rest of the paper is organized as follows: Section 2
describes our experimental setup and Section 3 character-
izes our performance metric for comparing different sectors.
In Section 4, we present results on impact of sectorization
on the performance of links in isolation. In Section 5, we
present results on spatial reuse opportunities achievable when
using sectorized antennas. We discuss related work in Sec-
tion 6 and conclude the paper in Section 7.

2. EXPERIMENTAL SETUP

In this section, we describe the antenna hardware and
testbed setup we use in this study.

2.1 Sectorized Antenna

We use multi-sector antennas [13] of the type shown in
Figure 1(a) that consists of four Vivaldi sectors, each cov-
ering one quarter of the azimuth plane. These sectors can
be simultaneously activated in any combination, and when
all four sectors are active, it represents omni-mode. Sector
activation is controlled by a switch integrated on the an-
tenna system, which we control from the parallel port of the
host computer. Figure 1(b) and Figure 1(c) show the radi-
ation patterns in the azimuth plane for a single sector and
omni-mode, respectively. The radiation patterns of different
sector activations are obtained by performing measurements
in an anechoic chamber [8]. The Antenna under Test (AUT)
is attached on a mast at far-field distance from a source an-
tenna and is rotated around a vertical axis. A RF contin-
uous wave signal is emitted by the source antenna and the

received signal level by the rotating AUT is recorded for each
angular position. For the antenna gain measurements, the
conventional gain-comparison test method [8] is used with
a standard gain antenna. The measured radiation patterns
are used to obtain data shown in Section 4.4 and 5.1.

The maximum gain for sectorized as well as omni-mode
are comparable. This property eliminates the negative ef-
fects caused by directional hidden terminal problem due
to asymmetry in gain [5]. Current solutions to eliminate
this problem uses multi-hop RTS/CTS packets which are
hard to implement in commodity 802.11 hardware. The sec-
torization of this antenna thus primarily targets interfer-
ence reduction along the side lobes rather than link budget
improvement. These antennas operate in the 5GHz band
and do not require any additional signal processing such as
needed in MIMO operations. They can thus be used with
commodity IEEE 802.11a wireless cards.

2.2 Testbed

We deploy a 6 node testbed in an indoor office environ-
ment as shown in Figure 2. We purposely select a dense
environment which is rich in multi-path reflection, since this
has resemblance with the typical conditions in dense wire-
less mesh deployments. Each node is a Dell D610 laptop
equipped with an Atheros IEEE 802.11a/b/g mini-PCI wire-
less card, to which we connect the multi-sector antenna. We
set this wireless card to operate in Ad hoc demo mode to
facilitate ad hoc communication between nodes. In order to
accurately identify the geographically pointing sectors be-
tween different nodes, we use the same orientation for all
sectorized antennas. FEach node has a second wireless card
with a regular omni-mode antenna that is set to monitor
mode. This card is used to accurately measure the number
of packets actually sent out in air by the first card. We per-
form all our experiment in channel 52 (in the 5GHz band
of 802.11a) without any external interference. All experi-
ments are conducted during nights, except when we investi-
gate the channel variation in the presence of people mobility
(Section 3.2 and 4.3). All nodes run Linux (Fedora Core 6)
and use Madwifi driver (version 0.9.4) to control the wireless
cards. We use a UDP traffic generator to generate broadcast
packets and collect measurement data using Tcpdump. We
detail our experimental settings for each respective experi-
ment in conjunction with presenting the results.
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Figure 2: A map of the testbed with the dark
squares showing the location of the 6 nodes and the
orientation of their antennas.



(a) Four-sector Vivaldi an-
tenna.
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(b) Radiation pattern in az-
imuth plane for a single sec-
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(c) Radiation pattern in az-
imuth plane for omni-mode.

Figure 1: Sectorized antenna used in our study. The concentric circles in the radiation patterns are 2dB per

division.

3. RSSCHARACTERISTICS

We use the received signal strength (RSS) value reported
by the vast majority of commodity IEEE 802.11 wireless
cards as our primary metric to compare the performance of
different sector combinations. RSS is an estimate of the sig-
nal energy level at the receiver during packet reception and
is measured when receiving the PLCP header of a packet.
It is the fundamental physical layer quantity directly influ-
enced by sector changes, because the antenna gain changes,
and this in turn affects the energy level at the receiver.

We first study how well RSS of a link is related to the
link’s delivery ratio and data rate. This is important in un-
derstanding how a physical layer phenomenon (e.g., a sector
change) affects higher layer performance. Next, we quantify
the variation of RSS in our testbed under different channel
conditions. This is necessary to accurately compare differ-
ent sector combinations, as it is impossible to measure the
RSS of a link in all combinations at the same time instant.

3.1 Relation between RSS and Delivery Ratio

We set all nodes to omni-mode and instruct each node,
one after another, to broadcast 1000 UDP packets of size
1024 bytes at a rate of 100 pkts/second. We measure the
delivery ratio and the average RSS value of packets in each of
the 30 links in our testbed. We repeat the same experiment
by varying the transmit power in all the nodes from 18dBm
to 1dBm, in steps of 1dBm, to obtain the average RSS value
and corresponding delivery ratio for 540 different links. The
above procedure is repeated for all data rates.

Figure 3 shows the relationship between average RSS and
delivery ratio at different data rates. For each data rate, we
obtain a scatter plot between RSS and delivery ratio and
compute an interpolation for the same. For better read-
ability, we show the interpolations for all data rates. The
goodness of the interpolation is shown in the plot by the
R? (coefficient of determination) values. The high values of
R? show that the interpolations are good approximations of
the relation between delivery ratio and average RSS. We see
that for lower data rates the delivery ratio is 100% above a
certain RSS value and drops sharply to 0% below this value.
For higher data rates, there is a larger range of RSS values
with intermediate delivery ratio. In these regions, the corre-
lation between RSS and delivery ratio is weaker. In general,
however, we observe that for each data rate the decrease in
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Figure 3: Relation between RSS and delivery ratio
at different data rates.

delivery ratio closely follows the decreasing RSS. This rela-
tion is useful to map RSS of different sectors to higher layer
performance.

3.2 RSSVariation

We study 5 different links in our testbed, each in isolation
and for a continuous duration of 5 hours. For each link, we
set the antennas to omni-mode, send UDP packets of size
1024 bytes at a rate of 100 pkts/second, and record the RSS
value of each packet. We conduct this experiment under two
different channel conditions — during office hours when there
are people movement, and at night when there are no people
and thus a relatively more stable environment. We quantify
the RSS variation of a link at different time intervals by
computing the Allan deviation®.

Figure 4 shows the Allan deviation of RSS for five links
under the two different channel conditions. During office
hours (Figure 4(a)), the Allan deviation is about 1-2 dB
for all time intervals. It is important to note that under
these conditions, sector combinations can only be compared
with an accuracy of 2 dB. By comparing these results with
the ones from the night time experiments in Figure 4(b),
we conclude that most of the RSS variation during the of-
fice hours stems from people mobility. During night time,
the Allan deviation is very similar across all five links and

! Allan deviation measures variation burstiness (of any quan-
tity), and can be used to understand RSS and loss rate vari-
ation of IEEE 802.11 links.
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Figure 4: Allan deviation of RSS at different time
intervals for five different links.

is consistently less than 0.5 dB for intervals greater than 1
second. In this channel condition, sector combinations can
be accurately compared (within 0.5dB) even when the mea-
surements are taken at different time instants. Moreover,
RSS measured in a short interval (in the order or seconds or
minutes) is representative of long term measurements. In all
our experiments, we measure RSS of a link in different sector
combinations for a duration of 10 seconds to quickly iterate
over all combinations. In the next section, we study the
characteristics of different sector combinations when links
in our testbed operate in isolation.

4. SINGLE LINK BEHAVIOR

In this section, we study the behavior of links in isola-
tion across different sectors. We define the following terms
used in this section. ‘Sector combination’ denotes the sec-
tors used by the sender and receiver node of a link. ‘Best
sector combination’ refers to the sector combination with
the highest RSS for a link. ’Geographical sector combina-
tion’ refers to the sector combinations at the end-nodes that
directly point towards each other. First, we study the RSS
distribution across different single sector combinations. We
then investigate how well the best sector combination is cor-
related with geographical direction, and next the best sector
combinations’ temporal behavior. Finally, we quantify the
impact of multi-sector activation on links’ RSS. Throughout
this section, we use the following experimental setup. All
nodes use 6 Mbps data rate. Each node takes turns and
broadcasts 1000 UDP packets of size 1024 bytes at a rate of
100 pkt/second, and all other nodes record the number of
received packets and their RSS values. This experiment is
repeated for all single sector combinations and omni-omni
combination, one after another.

4.1 Link Quality in Different Single Sector
Combinations

We study the impact of using different single sector com-
binations on the RSS of a link. Figure 5 shows the average
RSS value and MAC level delivery ratio for all 17 combina-
tions (omni-mode and single sectors) for two sample links.
In the first link, we observe that the delivery ratio is 100% for
all sector combinations, although there is up to 16 dB differ-
ence in RSS among different combinations. The omni-omni
combination has the highest RSS (recall from Section 2.1
that sectorization does not provide link budget gain) and is
closely followed by the (4, 3) and (4,4) sector combinations,
while the other combinations have significantly lower RSS.
This link can reduce interference to other nodes by switch-
ing from omni-mode to (4,3) or (4,4) while maintiaining

the same link quality. In the second sample link, we can see
that the delivery ratio drops to zero for several sector com-
binations whose RSS falls below the receive threshold (-92
dBm). We also see intermediate delivery ratios for combina-
tions with RSS close to this threshold. This is representative
of links that work only in certain sector combinations.
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Figure 5: Average RSS and delivery ratio in two
sample links.
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Figure 6: Range of RSS values in each link with
different sector combinations.

Figure 6 shows the range of RSS values for the 16 single
sector combinations of each link in our testbed. The circles
on the vertical bars are the individual RSS values for each
sector combination. The distribution of RSS values for each
link is not uniform and differs for each link. We observe a
maximum RSS range of 26 dB and the median RSS range
is 14 dB. There are also several links for which the RSS
range crosses the receive threshold. These links do not work
in certain sector combinations. This result demonstrates
the importance of identifying the best sector combination
to achieve the highest possible data rate over a link (cf.
Figure 3). Techniques to identify a link’s best sector combi-
nation is an important part of any MAC protocol that uses
sectorized antennas. If the geographical sector combination
of a link has the highest RSS, then the best sector combi-
nation can be identified without any measurement overhead
by only knowing the location of the nodes and the orienta-
tion of the antennas. We therefore proceed to investigate
whether we can identify the best sector combination using
only knowledge about a link’s geographical direction.



4.2 Correlation of Best Sector Combination
with Geographical Direction

A common assumption in directional MAC protocol de-
sign [5, 6, 10] is for any node to select the geographical
sector for the node that it wants to communicate with. In
this section, we study how often the best sector combination
matches the geographical sector combination. We determine
the best sector combination as described in the previous sec-
tion, and the geographical sector combination by using the
node locations and each node’s antenna orientation, as given
in Figure 2. Figure 7(a) shows that the fraction of links in
our testbed for which the best sector combination and ge-
ographical sector combination match (both sender and re-
ceiver side) is less than 40%. Our results show that be-
tween a majority of the nodes, there is poor correlation be-
tween the best sector combination and the geographical sec-
tor combination. The actual fraction of links in which the
geographical sector combination has the highest RSS could
vary depending on the amount of multi-path reflection that
occur in the measurement environment. Qualitatively, our
observations hold for all dense reflection rich wireless envi-
ronements. Similar results have also been shown in both
indoor [3] and outdoor scenarios [18]. The novelty in our
work in comparison with existing works, is that, in addi-
tion to showing the poor correlation, we also quantify how
bad the geographical sector combination performs in prac-
tice and propose practical sector selection mechanisms in
dense wireless deployments (as discussed in Section 4.3).

Even though the geographical sector combination is not
the best sector for a majority of the links, it is interesting
to investigate how much it differs from the best sector com-
bination in terms of RSS. This helps us understanding the
trade-off between selecting geographical sector combination
versus best sector combination.

Figure 7(b) shows the distribution of the RSS difference
between the best sector combination and the geographical
sector combination whenever these do not match. We can
see that the median difference is about 8 dB and the max-
imum difference is as large as 24 dB, which is close to the
maximum difference between the best and worst sector com-
bination as seen in Figure 6. The large difference in RSS
between the best and the geographical sector combination
shows that relying on geographic location for sector selec-
tion can lead to a significant reduction of link performance.
This result emphasizes the need to perform measurements
in all sector combinations to identify the best sector com-
bination. Measuring in all sector combinations can incur
a high overhead. If there are k sectors in each node, the
number of measurements needed is O(k?). If it is possi-
ble to optimize the number of combinations to measure, the
best sector combination can be identified quickly. For this
we investigate how much the geographical sector combina-
tion differs from the best sector combination in terms of
angle. Figure 7(c) shows the percentage of time that a sec-
tor part of the best sector combination is the same, adjacent,
or opposite compared to the sectors in geographical sector
combination. We see that only in less than 10% of cases a
geographical sector is directly opposite to the best sector.
This gives us an opportunity to start with the geographical
sector combination and measure only in the adjacent sectors
to identify the best sector combination with high probabil-
ity. This observation is also useful when using antennas with
a higher number of narrow sectors as the measurements in

sectors in the opposite geographical direction need not be
measured. Next, we investigate the temporal characteristics
of the best sector combination in order to understand how
often the measurements need to be repeated.

4.3 Temporal Characteristics of Best Sector
Combinations

In this section, we study the temporal characteristics of
the best sector combination for all the links in our testbed.
We continuously repeat the previously described experiment
for a duration of 30 hours. This duration includes both night
and office hours. Recall that the Allan deviation during reg-
ular office hours is approximately 1.5 dB for intervals larger
than 1 second (see Figure 4). We therefore use this as a
threshold to distinguish between sectors when we identify
the best sector combination. At each iteration, we select
a sector combination to be the best if it has the highest
RSS during the current iteration, and this value is more
than 1.5 dB higher than the current RSS of the best sec-
tor combination in the previous iteration. Otherwise, the
previous best sector combination remains the best for the
current iteration. From our measurement data, we observed
that for each link, a specific sector combination is selected
as the best sector combination in a majority of iterations.
We use the term ‘dominant sector combination’ to refer to
this sector combination for each link. Figure 8 shows dif-
ferent characteristics of the dominant sector combination.
Figure 8(a) shows that the probability of occurrence of the
dominant sector combination is higher than 0.6 for all links
and higher than 0.9 for 50% of the links. These high prob-
abilities reveal that even under varying channel conditions
there is good stability in the best sector combination. Fig-
ure 8(b) shows that whenever the best sector combination for
a specific iteration differs from the dominant sector combina-
tion, it is within 90° (adjacent sector) with high probability.
Another interesting characteristic is that this variation oc-
curs only in one end of the link in most cases, as shown by
Figure 8(c). Finally, Figure 8(d) shows the distribution of
the difference in RSS value between the best sector combina-
tion and the dominant sector combination when they differ.
Interestingly, in only 30% of cases is the dominant sector
combination poorer by more than 1.5 dB and the difference
does not exceed 3 dB in 90% of cases. This means that if
we select the dominant sector combination even when it is
not currently the best choice, the resulting difference in RSS
would be typically low.

These spatio-temporal properties of the dominant sector
combination can be exploited to reduce the measurement
overhead involved in identifying the best sector combina-
tion for a link. We conclude that practical MAC protocols
using sectorized antennas cannot rely on geographic loca-
tions to identify sectors to communicate with other nodes.
Instead, they should have a sector selection scheme that per-
forms measurements in different sector combinations which
can be optimized using our observations.

4.4 Impact of Activating Multiple Sectors

In this section, we study the impact on the RSS of a
link when activating multiple sectors at the communicat-
ing nodes. Activating multiple sectors is necessary when a
node is communicating with multiple neighbors using dif-
ferent sectors and cannot switch between sectors on a per-
packet basis. This idea has been used in various topology
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control approaches using directional antenna [7, 11, 20]. A
typical assumption in such topology control approaches is
that activating an additional sector does not impact the al-
ready activated sectors. We refer to this as the ‘sector in-
dependence’ assumption. As an example, refer to Figure 2
and consider following scenario. The nodes N4 and N2 com-
municates using their best single sector combination. Node
N4 then wants to communicate also with node N3 using a
different sector, and must thus activate two sectors simul-
taneously. We investigate for each link in our testbed if
such simultaneous activation of multiple sectors affects the
performance of the original links (which previously used the
best single sector). We conduct experiments similar to those
previously described in this section. For each link in the
testbed, we measure the average RSS in all sector combi-
nations (including multi-sectors combinations). Recall that
our antennas have four sectors, out of which any number
of sectors can be simultaneously activated, leading to 225
sector combinations for each link.

Figure 9 shows the distribution of the difference in RSS
value at the receiver node when the sender activates mul-
tiple sectors (two, three and all four sectors, respectively)
compared to the best single sector combination of the link.
We present two sets of data — one derived from sector radia-
tion patterns measured in an anechoic chamber, and another
based on measurements of the links in our testbed. Accord-
ing to the sector independence assumption, there should be
no difference in RSS of the link when simultaneously activat-
ing multiple sectors compared to using single sectors, which
would result in a curve that would be a vertical line at 0 dB
in the figure. However, the results from the testbed as well
as the anechoic chamber show that the RSS of the original

link is affected when activating two or more sectors. We
note that our testbed results follow the same trend as the
results from the anechoic chamber, but the latter typically
shows a higher RSS decrease. We expect some differences
due to signal propagation effects in real environments, such
as different multi-path scattering for different radiation pat-
terns.

Focusing on the testbed data, we see that for two and three
sector combinations, the RSS decreases for about 40% of
links and increases for the remaining links. For four sectors
(omni-mode), we observe an increase of RSS for about 70%
of the links. The reason for decrease and increase of RSS
is due to the antenna radiation pattern irregularities when
activating multiple sectors. Radiation patterns of multiple
sectors are not simple superimpositions of their component
single sectors. This stems from antenna design difficulties,
such as the antenna array factor [9]. This factor quanti-
fies the effect of combining radiating elements in an array
without the element specific radiation pattern taken into ac-
count. This factor is not an artifact of the antenna used in
our experiment and exists in all types of sectorized antennas
based on antenna arrays, which is a popular method of con-
structing smart antennas (e.g. [2]). The antennas used in
our experiments have indeed been optimized to reduce the
antenna array factor [13]. We expect this effect to be more
prominent in antennas that are not carefully designed.

The differences in RSS we observed have two implications.
First, if the RSS of a link decreases by more than around
3 dB, there is a high probability that the link’s maximum
achievable data rate decreases to a lower rate (refer Fig-
ure 3) or, in the worst case, a link operating at a maxi-
mum rate of 6 Mbps may break. Second, if the RSS of the
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Figure 9: Effect of Activating multiple sectors

link increases when activating multiple sectors, it can cause
interference (and thus collisions) at nodes which were not
previously affected by this link. Our results show that the
sector independence assumption does not hold in practice.
It is insufficient to measure RSS only in the single sector
combinations and assume that it will remain the same when
activating multiple sectors. However, measuring RSS in all
combinations is difficult in practice as the number of multi-
sector combinations are exponential in number of single sec-
tors. If there are k sectors in each node, there are 28 — 1
multi-sector combinations and the number of measurements
for each link becomes O((2%)?). Interestingly, as previously
noted, the distribution of our testbed data closely follows the
anechoic chamber data with a few dB offset (see Figure 9).
This means that a topology control protocol could limit its
RSS measurements to single sector combinations, and use
the data from those measurements together with anechoic
chamber data to extrapolate multi-sector RSS.

5. SPATIAL REUSE OPPORTUNITIES

We now investigate the spatial reuse opportunities offered
by antenna sectorization in dense 802.11 wireless environ-
ments. We perform single-interferer and aggregate through-
put experiments. In single-interferer experiments, we study
the impact of a single interferer I on a link with sender S
and receiver R. We first quantify the reduction in sender side
interference when I uses single sector activations instead of
omni-mode (Section 5.1). We then study to what extent in-
creased spatial reuse at S is reduced by directional hidden
terminal problems at R (Section 5.2). In aggregate through-
put experiments (Section 5.3), we study the combined effect
at both S and R by measuring the throughput achieved by
multiple competing nodes using sectorization as opposed to
omni-mode in our testbed.

Experimental Methodology: The setup in single inter-
ferer experiments is as follows. We select 23 links with 100%
delivery ratio. For each link, we study the effect of four in-
terferers, one at a time, which gives 92 (S,R,I) triplets. S
and R always use their best single sector combination; I uses
its four single sectors and omni-mode, one at a time. This
results in 460 triplet configurations. For each configuration,
we first instruct the nodes to broadcast back-to-back 1024-
byte UDP packets in sequential rounds, 10s each, to collect
(i) RSS for all 6 links among the three nodes (ii) number of
packets (Ss) sent by S and the number of packets delivered
at R (Rs) when S was broadcasting alone. Then, in a similar
broadcast round, S and I broadcast simultaneously to col-

RSS difference over best single sector combination (dB)

(b) Activating three sectors

RSS difference over best single sector combination (dB)

(c¢) Activating four sectors

on a link.

lect the number of packets (Ss;) sent by S and the number
of packets delivered at R (Rs;). We describe the multiple
interferer experiment in Section 5.3.

5.1 Medium Access Probability | mprovement

In this section, we present results that quantify the re-
duction in sender side interference when the interferer I uses
one of the sectors instead of omni-mode. We use the quan-
tity Ssi/Ss, referred to as medium access probability, as the
amount of sender side interference reduction. Ideally, we
would expect the medium access probability to be 0.5 for
RSS values above a carrier sensing (CS) threshold value,
(i.e., S and I equally share the channel). Similarly, ideally
the medium access probability should be 1 for RSS values
below the CS threshold, (i.e., I is completely hidden from
S).
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Figure 10: Relation between RSS value at the sender

from the interferer and the medium access probabil-
ity at the sender.

Figure 10 plots the medium access probability at S versus
the RSS at S due to I for all 460 triplet configurations. We
observe that for RSS values above -85 dBm, the medium
access probability of S is between 0.40 and 0.55, indicating
that S shares the medium with I. However, below -85 dBm,
the medium access probability of S varies between 0.5 and
1. We conclude that in practice there is no sharp thresh-
old below which S obtains full medium access. However, its
medium access probability (hence spatial reuse) will still in-
crease above 0.5 with high probability when sectorization at
I causes the RSS to fall below -85 dBm.

Figure 11 depicts the CDF of RSS change at S, when
I switches from omni-mode to each single sector. The first
CDF corresponds to the 460 triplet configurations studied in
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at the sender when the interferer switches from
omni-mode to one of the sectors.

our testbed and the second from antenna measurement data
in the anechoic chamber. An important observation is that
the two distributions have a similar shape and differ by only
a few dB. This means that spatial reuse opportunities are
primarily controlled by the antenna design characteristics
rather than the testbed environment. The distribution from
testbed data is shifted by a few dB to the right. Thus, there
is typically less RSS difference between omni- and sector-
ized mode in the testbed environment. One possible cause
is that sector combinations with large width (in this case
omni-mode) suffer more from multi-path fading than single
sectors.

In both environments there is about 10% probability that
the RSS value at S increases when interferer I switches from
omni-mode to a single sector. This case occurs when I uses
its best sector towards S, while the omni-mode suffers low
antenna gain in this particular direction (e.g., compare the
respective gains at 60 ° angle in Figure 1(b) and 1(c)). The
median RSS reduction is about 7 dB and 5 dB, and the
maximum RSS reduction is about 20 dB and 18 dB, for the
anechoic chamber and testbed, respectively. The maximum
RSS reduction has an important implication. It limits the
possible interference reduction, and thus also the maximum
achievable improvement in spatial reuse. For example, if we
refer to Figure 10, we can infer that with a maximum RSS
reduction of 20 dB, we can in best case increase medium
access probability (i.e., decrease an interferer’s RSS below
-85 dBm) only for sender nodes where the RSS from an
omni-mode interferer is lower than -65 dBm. As a reference,
we recall from Figure 3 that -65 dBm roughly corresponds
to a loss-less 54 Mbps link.

Dense wireless environments typically suffer from inter-
ference with high RSS level, leading to increased need, but
at the same increased challenge, to achieve spatial reuse. A
high RSS reduction is therefore key to successfully improve
spatial reuse in such environments. Note that the shape
of the RSS reduction distribution directly depends on the
antenna radiation pattern characteristics, such as the differ-
ence in maximum and minimum gain, and the particulari-
ties of the shapes of the main and side lobes. The achievable
RSS reduction from sectorization® is therefore limited and
subject to, often challenging, antenna optimization. As spa-
tial reuse from sectorization increases, the directional hidden

2Combining sectorization with techniques such as transmit
power control and carrier sense threshold adjustment to
achieve some further spatial reuse is an interesting avenue
for future work.

terminal problem increases. We therefore proceed to study
to what extent hidden terminals exist and reduce the gain
from the improved spatial reuse.

5.2 Directional Hidden Terminal Problem

The directional hidden terminal problem occurs when two
nodes adjust their sectors such that they can transmit pack-
ets simultaneously (i.e., they no longer carrier sense each
other), but their packets collide at a receiver. In this section,
we investigate how the directional hidden terminal problem
manifests in our testbed as a result of using sectorization.
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Figure 12: Distribution of delivery ratio of the
links studied when the interferer is hidden from the
sender node.

In Figure 12, we show the distribution of delivery ratio for
the links in our testbed where sender S has medium access
probability equal to 1 (i.e., interferer I is completely hidden
from S). We see that approximately 70% of the links have
more than 0.9 delivery ratio. This shows that even when
there is an increased risk of directional hidden terminal prob-
lem, the delivery ratio does not significantly decrease, lead-
ing to increased effective throughput. Furthermore, about
82% of links have higher than 0.5 delivery ratio. In the case
of broadcast traffic, this results in higher link throughput
(as the medium access probability is 1) compared to the case
when S and I perfectly share the medium with probability
0.5.
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Figure 13: Scatter plot between difference in RSS
value at the receiver from sender and interferer,
and the medium access probability at the sender
node. The size of the circle denotes the correspond-
ing link’s delivery ratio.

We explore the reasons for the sustained high delivery
ratio in the presence of directional hidden problem using
Figure 13. This figure shows a scatter plot between the dif-
ference in RSS value at the receiver from the sender and the



interferer, and the corresponding medium access probability.
Positive RSS difference means that the RSS value at the re-
ceiver from the sender is higher than that of the interferer.
The size of the circles is proportional to the corresponding
link’s delivery ratio. We note that there are three character-
istic regions in the plot. We mark these regions using dotted
lines and denote them A, B, and C.

In both regions A and B, we see that the sender ob-
tains high medium access, which corresponds to the cases
when the interferer with high probability is hidden from the
sender. However, these two regions exhibit two main differ-
ences. First, links in region A typically have poor delivery
ratio (small circles), while a majority of the links in region B
have a delivery ratio above 90% (large circles). Second, the
positive RSS difference from the sender and the interferer (at
the receiver) is larger in region A than in region B. We see
that when the RSS difference is higher than 6 dB (in Region
B), the delivery ratio is high. This is due to the physical
layer capture effect, that is, the packets from sender S are
captured at the receiver R. The capture effect thus reduces,
or in some cases completely eliminates, the directional hid-
den terminal problem. On the contrary, RSS differences be-
low 6 dB result in collision at the receiver, which manifests
the directional hidden terminal problem. Region C shows
the cases when S carrier senses I, and thus shares the chan-
nel with it. However, despite S’s proper carrier sensing, we
observe a few cases with poor delivery ratio in this region.
These cases occur when I does not carrier sense S, which
in turn causes collisions at the receiver (unless the sender’s
packets are captured due to the capture effect).

We conclude that the directional hidden terminal prob-
lem occurs in our testbed, but under certain conditions its
effect can be eliminated by physical layer capture of the
sender’s signal at the receiver. This implies that sector se-
lection schemes for topology control algorithms should select
sectors in different nodes that result in capture in the links
that carry traffic. This observation is generic and is not
specific to the wireless hardware and antenna used in our
experiments. A wide variety of current commodity wireless
cards based on popular chipsets, such as Atheros and Prism,
implement capture effect, though the actual thresholds can
differ for different cards. The capture threshold also depends
on the data rate used [17]. However, appropriate MAC mod-
ifications [5] are needed to address the remaining cases of the
directional hidden terminal problem.

5.3 Impact of Sectorization on Aggregate
Throughput

In this section, we quantify the impact of using sectorized
antennas instead of omni-directional antennas on aggregate
network throughput. We create 30 different topologies, each
consisting of 3 sender-receiver pairs. We fix the data rate of
all nodes at 6 Mbps. For each of these topologies, in turn, we
perform experiments where all three links are simultaneously
loaded with back-to-back UDP traffic (1024 bytes packet
size). For each topology, we first conduct experiments with
all nodes using omni-mode, and then repeat with all node
pairs using their best sector combination. Figure 14 shows
the relative improvement in aggregate sending rate and ag-
gregate throughput when using the best sector combination
for each link compared to using omni-mode. We order the
topologies (x-axis) with increasing aggregate sending rate.
We see from the graph with circles, that sectorization leads

Sending rate improvement ——
Throughput improvement ---->-----

Improvement over omni-omni communication

Topology Index

Figure 14: Improvement in aggregate sending rate
and throughput when using best sector combination
compared to using omni-omni combination.

to higher aggregate sending rates for all topologies. The
graph with crosses shows that sectorization leads to through-
put improvement in a majority of the topologies although
we do not address hidden terminals. We observe that the
relative throughput improvement compared to omni-mode
ranges from 25% reduction to 200% increase. We notice
that in some cases the improvement in aggregate through-
put is higher than the improvement in aggregate sending
rate. This occurs when using best sector combination result
in less hidden terminal problems compared to using omni-
mode.

6. RELATED WORK

The majority of past research on the use of sectorized an-
tennas in 802.11 wireless networks have focused on analytical
studies, protocol design and evaluation through simulations.
Several directional MAC protocols have been proposed in
the literature [5, 10] (see also references therein). These pro-
posals focus on, either partially or completely, solving MAC
related issues that arise from per-packet sector switching
(e.g., deafness and directional hidden terminals). Topology
control is another approach where nodes activate multiple
sectors and form topologies that reduce interference in the
network, thereby improving spatial reuse and capacity [7,
11, 20]. A few efforts have taken an experimental approach
to study various aspects of using directional or sectorized
antennas. Previous work studied V2I [14] and V2V com-
munication [19] using steerable beam directional antennas
and proposed practical beam steering strategies. In [4], a
steerable beam directional antenna is used to study link
quality in outdoor environments. The same antenna has
been used in an indoor WLAN scenario [3] to study the
extent of directionality and its impact on node localization
and spatial reuse. Node localization has also been investi-
gated in other indoor [15] and outdoor [18] settings. These
works also observe that there is poor correlation between ge-
ographical direction and best directional sector due to multi-
path reflection. In [16], Ramanathan et al. studied the use
of directional antennas in mobile ad hoc networks and de-
veloped a CSMA /CA based directional MAC protocol that
operates on a custom-made radio board and showed perfor-
mance gains in outdoor ad hoc network scenario with little
reflections. Our work relates to these studies as follows.
We conduct an experimental measurement campaign on a
real testbed rather than simulations. In contrast to existing



experimental studies, we consider dense network environ-
ments with rich reflection and scattering, which pose great
challenges in using sectorized antennas. Furthermore, rather
than vehicular networks and steerable beam antennas, our
work targets dense mesh networks using multi-sector anten-
nas. While we confirm some results from the node local-
ization studies, we extend beyond these studies and investi-
gate the spatio-temporal characteristics of the best sectors.
Moreover, we quantify the achievable interference reduction
using commodity hardware, and provide implications that
can guide design of practical protocols using sectorized an-
tennas in these scenarios.

7. CONCLUSIONS

In this paper, we undertook an experimental approach to
explore the performance characteristics of sectorized anten-
nas in dense wireless mesh environments. We conducted
a systematic experimental study using an 802.11 wireless
mesh testbed equipped with sectorized antennas exploring
the impact of single sector and multi-sector activations on
link quality, effects of sectorization on spatial reuse opportu-
nities, and the extent of directional hidden terminal problem
in dense wireless environments. Based on our measurement
results we made several observations that have implications
on, and should guide the design of, future directional MAC
and topology control protocols.

We draw the following main conclusions. Sector selection
should be based on explicit measurements of sector perfor-
mance. However, measuring in all sector combinations has
high complexity. Our results suggest that we can signifi-
cantly reduce this measurement overhead while maintain-
ing good performance, by exploiting spatio-temporal char-
acteristics of both the geographical sector combination and
the dominant sector combination. Furthermore, antenna de-
sign, and in particular the radiation pattern characteristics,
strongly influence the possible spatial reuse improvement.
Anechoic chamber measurement data provides good indica-
tion for antenna performance in terms of resulting spatial
reuse. In addition, this data could be exploited to further
reduce measurements of multi-sector combinations in topol-
ogy control protocols. Finally, physical layer capture reduces
the effect of the directional hidden terminal problem and can
help leverage the benefits of greater spatial reuse from sec-
torized antennas even without complex modification to the
standard 802.11 MAC protocol.
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