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E v e n l o n g e r t e r m

designsfornewvehicleswillhavetominimizeantenna

heighttoprotectthemagainstvandalismandother

damage.Antennadesignsforcellularnetworkshave

beenextensivelystudied[7].However,itisdifÞcultto

directlyapplythisexperiencetoV2Vcommunications,

predominantlybecauseofdifferencesinantennaheight

andplacement.Thus,itisimportanttoexperimentally

understandhowdifferentmountingpositionsaffectV2V

communications.

ThispaperaddressestheabovebyquantifyingIEEE
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SeveralelectronictollcollectionsystemssuchasEZPassinthe

NewYorkmetroareaalreadyusethismountingpositionfortags.



(a) Receiver moves away
from and towards a station-
ary sender.

(b) The freeway path.

Fig. 3. Experiment locations

the affect of different antenna positions on performance
of vehicular networks. Below, we list the different ex-
periment scenarios and their objectives.

B. Open Space Baseline

This experiment evaluates the effect of RX Cargeom-
etry on the signal transmitted by the TX Car. The effect
of car geometryis the effect on packet reception of the
absolute antenna position at the RX Carand the relative
orientation of the transmit antenna (at the TX Car) with
respect to the antenna at the RX Car. The effect can
cause asymmetric antenna patterns at the RX Car.

We quantify the effect using the metric of per packet
RSSI observed at the RX Car. In general the signal re-
ceived is affected by the signal propagation environment
that is a result of various factors like the propagation
path, surrounding structures, and mobility of communi-
cating nodes and the surroundings. To reduce effects not
due to car geometry, we conduct the experiment in an
open space environment with no identifiable nearby scat-
terers and diffractors. We also begin by characterizing
remaining environmental effects using an RX antenna
on a tripod stand instead of on the car. The height of the
tripod is adjusted to the car height.

During the experiment the TX Car transmits packets,
see Table I, driving around the tripod in 7 equally spaced
circles of radii between 12 feet and 72 feet. Next, the
experiment is repeated with the tripod replaced by the
RX Car, with its six receiving antennas.

C. Parking Lot and Freeway Experiments

The parking lot experiments further characterize the
magnitude of antenna performance differences in envi-
ronments with significant scatterers and diffractors and
under NLOS conditions.

The RX Car drives along three rectangular paths of
increasing perimeter around the TX Car, up to a maxi-
mum distance of 60m. Each path is repeated thrice. This

experiments aims to collect samples for the same inter-
vehicle distance at different locations and with different
car orientations, thus it allows averaging out some effects
of surrounding structures and other temporal character-
istics. Changing orientation of the RX Car with respect
to the TX Car will lead to different parts of the RX Car
geometry affecting an antenna placed in or on the RX
Car.

We conducted experiments in two additional parking
lots, one office parking lot (WINLAB) and one shopping
mall lot (WALMART). The WINLAB parking lot is
surrounded by office buildings and a number of vehicles
were parked on the lot during the experiment. Movement
in the environment (other than the experiment cars)
was very limited. The WALMART parking lot contains
many rows of densely packed vehicles and a shows
a continuous influx and outflow of shoppers. Line of
sight between the RX Car and TX Car was frequently
obstructed at WALMART, but more rarely at WINLAB.
We also conducted a similar experiment, although with
extended maximum inter-vehicle distance of 250m, at the
Livingston parking lot to provide a baseline for a largely
open-space environment, save for sparsely distributed
trees and street lights on the parking lot. No other fixed
structures exist in the vicinity of this parking lot.

The freeway experiment is considerably different from
a parking lot because both experiment cars are moving,
and the presence of other vehicles moving at high speed.
We conduct this experiment on a 2.7 mile stretch of
US Highway 1, in New Jersey. This is a busy 3 lane
freeway and a snapshot of it is shown in Figure 3(b).
The TX Car and the RX Car, drive along this stretch
making two loops during moderately high traffic con-
ditions. They maintain an average speed of 50 mph,
intermittently switching lanes and overtaking each other,
while maintaining a maximum distance of 60m, mostly
staying within line of sight.

IV. EXPERIMENTAL RESULTS

In this section we present the results of the ex-
periments defined in Section III. We first show that
omnidirectionality of antenna patterns is affected by the
antenna’s position on the car and its orientation with
respect to the transmit antenna (effect of car geometry).
We quantify the asymmetry introduced in the antenna
pattern by showing that the effect of car geometry
can make considerable difference to the perceived link
quality, measured in terms of packet error rate seen at
the receiver. The difference is found to be similar in
different propagation environments. Finally, we discuss
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Fig. 4. RSSI received at antenna (a) BD, FD, BP and (b) FP, RV,
CC, compared to the antenna on a tripod.

an antenna diversity technique than can alleviate pattern
distortion and provide additional diversity gains.

A. Effect of Car Geometry on Antenna Patterns

We perform Experiment Open Space Baseline, sec-
tion III-B, to measure the receive patterns of the six
antenna placed at the RX Car. To accomplish this we
measure the change in the RSSI received at an antenna
placed on the RX Car as the position of the TX Car
changes. Note that for a circular path the distance of
the transmit and receive antennas remains approximately
the same. Given that the experiment is performed under
strong LOS conditions, one might expect RSSI to remain
constant while the TX Car circles the receiver. Figure 4
shows the effect of changing TX Carposition on different
RX antennas. The RX Car is facing north and is placed
at the center of the polar plot. The plots only show the
results for 72 ft radius, since other radii lead to similar
results.

From these graphs, we make the following observa-
tions:(i) most antennas show strong asymmetric patterns,
with up to 10dB variance (on Atheros cards one RSSI
equals ca. 1 dB); (ii) the CC mounted antenna shows
the most omnidirectional pattern, apparently the top-
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Fig. 5. Performance of antennas at different heights

center position is also preferable in the 5 GHz band;
(iii) the baseline experiment with the tripod mounted
RX antenna, in contrast to most other antennas, shows a
typical omni-directional pattern.

The tripod baseline indicates that the presence of the
car geometry affects these measurements. This motivates
us to quantify the effect of asymmetric patterns on the
communication link between the RX Carand the TX Car.

B. Effect of Car Geometry on Communication Link

In this experiment the TX Car is parked in one corner
of an empty and isolated parking lot. The RX Cardrives
away and then returns, at a speed of approximately 5
miles per hour. The RX Car’s trajectory is a straight line
joining placeholders RX Startand RX End(approx. 180m
apart) shown in Figure 3(a).

We choose the cumulative percentage packet error
(CPPE) to characterize the relative performance dif-
ferences due to antenna placement in the following
experiment, since the same distances and locations are
repeatedly visited during the experiment. We define the
cumulative packet error (CPE) for distance d as the total
count of lost packets at all distances less or equal to d.
We can then derive the CPPE through dividing CPE by
the total number of packets sent during the experiment.
The slope of a CPPE curve corresponding to an antenna
position is determined by the packet error rate at a given
distance as well as the distribution of distances covered
in the experiment. The latter affects different antenna
curves in the same way.

The plots corresponding to No Box(antenna placed on
car roof) in Figure 5 show PER of the order of 80% at
230m when the RX Car moves away from the TX Car.
In contrast the plot for the return trip shows only 10%
PER. Note that the two runs are performed on the exact
same path and the vehicles always remain in line-of-
sight. This difference is apparent even at small distances
of 50-70(m). Repetitions of the experiment at different
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Fig. 6. CPPE comparison of antenna positions, Livingston parking
lot experiment (section III-C).

times of day and in different locations showed similar
results. These findings corroborate that car geometry
affects propagation significantly.

The car geometry effect should be reduced, if the
antenna is raised higher over the vehicle. Thus, we
repeated the above experiment by placing a 30cm tall
cardboard box on the roof of the car, and fixing the
antenna on top of this box. We also experimented with
an additional steel plate as a ground plane, motivated by
improvements reported in [24].

The results from these experiments are also reported in
Figure 5. While the steel plate only provided a marginal
improvement, sizeable CPPE improvements were ob-
tained by increasing the height of the antenna placement,
above the car roof, using a box. To ensure that our results
are not artifacts of a specific antenna make, we further
experimented with three different folded dipole antenna
makes. While the antennas showed differences in the
gain patterns, all showed packet error losses starting at
distances of about 50m. The reported results are for the
best antenna make.

Substantial differences in packet error rates due to
the effect of car geometrywere obtained in a LOS
environment with no other moving traffic. It is not clear
whether these effects can also be observed in more
realistic dynamic multi-path environments. Next, we will
study results from busy parking lots.

C. Effects of Antenna Placement in Dynamic Parking
Lot Environments

Here, we compare the effect of vehicle geometry in the
near-LOS environment of the isolated Livingston parking
lot with the near-NLOS multipath environments at the
WINLAB and WALMART parking lots.

Figure 6 shows the CPPE comparison between all six
antennas obtained for the Livingston parking lot experi-
ment. Recall from section III-C, that in this experiment
the RX Car with the six antennas drives around the
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Fig. 7. Performance comparison of antennas at (a) WALMART and
(b) WINLAB.

TX Car in rectangles of different size. All antennas
(except the inside antenna RV) are in LOS of the TX
during the entire experiment. As expected based on the
previous results, Figure 6 shows that a significant 25%
CPPE difference exists between antenna positions. In this
particular instance, FD performs best and FP shows the
highest error rate, although this can be expected to vary
with different environments.

Note that RV shows good performance for distances
of 70-150m after which its performance deteriorates
markedly compared to the other antennas. Inspecting
the RSSI values of received packets, we find that their
mode is about 7 RSSI points higher than other antennas.
Its good performance at short distances may be due to
less car diffractions and reflections. At longer distances
it may be more likely to move into NLOS conditions
compared to the other antennas, which would explain its
deteriorating performance.

Figure 7, finally shows the CPPE comparison for the
NLOS-dominated WINLAB and WALMART parking
lots. Here, CC is the best performing single antenna and
FD only shows average performance. It is insightful to
observe that the difference in the performance of the best
and the worst performing antenna at all the parking lots
is between 25-30%. This shows that the effect of car
geometryon antenna performance did not vary much
with changing propagation environments (NLOS and
LOS).

D. Diversity Gains

The performance differences across antenna positions
at the RX Car motivated us to investigate the gains
obtainable by exploiting multiple antennae. Note, that we
can only consider Multi-Radio Packet Selection (MRPS),
since our antennas are connected to different radios. We
consider a packet correctly received if it passes the CRC
check on at least one of the radios. This notion differs
from traditional diversity techniques at the physical layer,
which counter fading [25]. It is more similar in nature to




