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Abstract—We report results based on millimeter wave vehicleto-infrastructure (V2I) channel measurements carried out in an
urban street environment, down-town Vienna, Austria. Signal to
noise ratios (SNRs) have been acquired at 60 GHz with 100
MHz bandwidth. Two horn antennas were used on a moving
transmitter vehicle: one horn emitted a beam towards the horizon
and the second horn emitted an elevated beam at 15-degrees
up-tilt. This configuration was chosen to assess the impact of
beam elevation on V2I communication channel variability. The
variability of the V2I channel is shown by density estimates of
the channel transfer function magnitudes. The channel changes
severely along a the vehicle trajectory in an urban street scenario.
Density estimates in the region with clear wide-angle view are
bimodal and motivate a two-wave with diffuse power (TWDP)
fading model for V2I communication with horizontal and elevated antenna beams. We compare three different strategies for
beam switching: fixed, geometry-based, and SNR-based.
Index Terms—millimeter wave, vehicular communications,
propagation, measurements.

I. I NTRODUCTION
Vehicular communications was intensely investigated in the
last decade [1]–[4]. Millimeter waves (mmWaves) have been
a research topic in vehicular communications for already several decades [5], [6]. The path loss for train-to-infrastructure
scenarios in the mmWave frequency band is measured in [5],
performance for vehicle-to-vehicle (V2V) communication is
investigated in [6].
The wide-sense stationarity of high-mobility V2I propagation was investigated based on experimental measurements
in an expressway at 28 GHz [7] and the range of stationary distance is found to be 6–23 wavelengths. Simultaneous
multi-band ultra wideband double-directional measurements at
6.75 GHz, 30 GHz, and 60 GHz are reported in [8]. Specifically, the propagation at a corner scenario at a “T” intersection
in an urban environment was characterized by measurements,
indicating that the propagation channel offers similar scattering
opportunities at the sub-6 GHz and the mmWave bands.
The effect of an overtaking vehicle on a V2V channel at
60 GHz of a communicating car platoon has been investigated
in [9], [10]. A more detailed statistical analysis of delay

and Doppler spread is provided in [11], [12]. V2V channel
measurements with antennas placed in the bumpers of cars
at 38 GHz and 60 GHz, using a channel sounder with 1 GHz
bandwidth, have been conducted in [13]. Further mmWave
V2V measurements with approaching cars are shown in [14].
Doppler spectra of vehicle-to-infrastructure (V2I) measurements at 28 GHz in an expressway environment are shown in
[15]. Doppler spectra of vibrations appearing while the vehicle
is in operation are shown in [16] and [17].
Sparsity in the delay-Doppler domain for a V2I scenario
at 60 GHz has been shown in [18] for a single measurement
recording, and spatially agnostic characterized in [19]. The
receiver SNR showed three distinct regions in terms of fading.
This raises the question of probability density of the received
signal strength, since the shape of a corresponding probability
density function (pdf) determines the performance of a wireless receiver in the presence of noise and interference [20].
The scientific contributions in this work are descriptive
statistics of the channel transfer function magnitude from
the measurement campaign in [18]. The descriptive statistics
show severe variability along the vehicle’s trajectory in an
urban street scenario. Estimates of the pdf in the region with
clear wide-angle view show bimodal behavior motivating a
two-wave with diffuse power (TWDP) fading model for V2I
communication.
II. M EASUREMENTS
The measurements took place at a crossroads in an urban
street environment as shown in Figure 1. The wireless system
communicates at 60 GHz with a bandwidth of 100 MHz. The
transmitter (TX) antennas are 20 dBi conical horn antenna and
mounted on a vehicle roof. Both horn antennas are directed
in driving direction towards the crossroads. One horn emits a
beam at 0◦ elevation angle and the second horn emits a beam
at 15◦ elevation angle as shown in Figure 2. The receiver (RX)
antenna is an omni-directional monopole antenna and mounted
on a crane arm, directly above the crossroads. The thereby
elevated RX antenna is at a common infrastructure height
of 5 m. Each measurement recording is limited to 3600 ms
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Fig. 1. V2I scenario with a transmitter vehicle approaching a receiver mounted
above the street crossroads. [19]

The received signal sum-power to noise ratio (SNR) varies
strongly over the distance covered by the vehicle as shown
in Figures 3a and 3b. The SNR profile of one antenna varies
only slightly among all recordings.
The V2I scenario as shown in Figures 1 and 2 allows a
geometry-based TX antenna switching strategy, where the TX
antenna with its beam closest to the line of sight (LOS) is
selected. This selection can be made in a practical situation
by the vehicle itself based on the knowledge of its and the
deployed wireless infrastructure’s position. In our scenario the
geometric-based switching ground distance is at 24.3 m and
the effective SNR is shown in Figure 3c.
Another switching strategy selects the maximum instantaneous SNR among both TX antennas, which is shown
in Figure 3d. As the SNR is available at the receiver, a
feedback channel is necessary for this strategy. If two transmit
radio frequency (RF) chains are available, maximum ratio
transmission (MRT) [22] yields an effective SNR as shown
in Figure 3e.
IV. R ESULTS
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Fig. 2. Schematic of V2I scenario with distance measurements. In this work,
the TX to RX ground distance is used in the investigations.

and starts at either 24.5 m or 40.95 m ground distance before
the RX antenna. The data set consists of seven dual channel recordings. For more details regarding the measurement
campaign, please refer to [18].
The vehicle’s TX antenna ground distance to the RX antenna is derived from vision data [21]. Figure 1 shows an
annotated sample frame of the vision data. This allows us
to compare recordings of multiple trials on the same vehicle
trajectory within a region of uncertainty.

The resulting SNR profiles for the different antenna switching strategies are shown in Figure 3. As already indicated
in [18], three distinct fading regions due to multipath components (MPCs) are visible in the investigated scenario.
The mean of the effective SNR within a sliding window of
2 m is shown in Figure 3f. For MRT, the mean SNR is highest.
However, it requires two RF chains. The maximum instantaneous SNR strategy has highest mean SNR for a switched
antenna system with a single RF chain. The geometry-based
strategy offers a small improvement compared to the beam
with 0◦ elevation angle in mean SNR.
The distribution estimates of the channel transfer function’s
magnitudes at the LOS delay tap are shown as violin plots
[23] in Figure 4 for investigated strategies. Violin plots are
similar to box plots, except that they also show a kernel density
estimate of the probability density at different values. 2 m
windows are used to investigate the variability of the channel.
The vertical dashed line marks the distance, in the direction
of driving, where the 15◦ elevated beam is closer to the LOS
compared to the 0◦ horizontal beam. For the geometric-based
strategy, the distribution estimations are a composition of the
left side of the dashed line in Figure 4a and the right side of
the dashed line in Figure 4b.
Clusters of magnitudes are shown as bumps in the distribution estimates. A single peak allows for modeling the magnitudes with an unimodal pdf. A bimodal pdf has two distinct
peaks and a multimodal pdf has several peaks. We observe
bimodal distribution estimates for both antennas (Figures 4a
and 4b) in the region from 28 to 16 meters. Within this region,
the TX antennas have a clear wide-angle view to the mounted
RX. The pdfs of the magnitudes become bimodal for twowave interference and for TWDP interference with two strong
distinct specular components [20] i.e. the LOS component and
a ground reflection. For the horizontal beam in Figures 4a

and 4b, the region from 40 to 30 meters shows multimodal
distribution estimates with at least one additional mode to
possibly two modes due to the LOS component and a ground
reflection One additional mode in this region is possible due to
interference with MPCs scattered at the parked truck. Near the
RX, the bimodal distribution vanishes and channel variability
is highest between 15 and 10 meters.
The implications of the different strategies are shown in Figures 4c and 4d. The number of bimodal distribution estimates
are reduced. Furthermore, the distribution estimates are more
compact, especially in the region from 30 to 20 meters. Thus,
the variability of the channel decreases in this region.
V. C ONCLUSION
The variability of the investigated V2I channel is shown by
density estimates of the channel transfer function magnitudes.
It changes severely along a typical vehicle trajectory in an
urban street scenario. The bimodal density estimates in the
region with clear wide-angle view motivate the application of
a TWDP fading model for V2I communication with horizontal
and elevated antenna beams.
The maximum instantaneous SNR and MRT strategy offers
an increase in the mean SNR and decrease the variability of
the channel for regions with bimodal density estimates.
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Fig. 3. (a)-(e) SNR over ground distance between TX and RX position for all measurement recordings. (f) Mean SNR within a 2 m sliding window.
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Fig. 4. Violin plots of the normalized LOS tap’s magnitude within a distance of 2 m and an ensemble of 9 different trials. Circular marker indicates the
median, vertical bar indicates inter-quartile range. Violin shape resembles a smoothed kernel density estimate. The geometry-based strategy is not shown, as
it is easily derived from 4a and 4b

