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Abstract—Millimeter wave wireless spectrum deployments
will allow vehicular communications to share high data rate
vehicular sensor data in real-time. The highly directional nature
of wireless links in millimeter spectral bands will require
continuous channel measurements to ensure the transmitter
(TX) and receiver (RX) beams are aligned to provide the best
channel. Using real-world vehicular mmWave measurement data
at 28 GHz, we determine the optimal beam sweeping period,
i.e. the frequency of the channel measurements, to align the
RX beams to the best channel directions for maximizing the
vehicle-to-infrastructure (V2I) throughput. We show that in a
realistic vehicular traffic environment in Austin, TX, for a vehicle
traveling at an average speed of 10.5 mph, a beam sweeping
period of 300 ms in future V2I communication standards would
maximize the V2I throughput, using a system of four RX phased
arrays that scanned the channel 360 degrees in the azimuth and
30 degrees above and below the boresight. We also investigate
the impact of the number of active RX chains controlling
the steerable phased arrays on V2I throughput. Reducing the
number of RX chains controlling the phased arrays helps reduce
the cost of the vehicular mmWave hardware while multiple RX
chains, although more expensive, provide more robustness to
beam direction changes at the vehicle, allowing near maximum
throughput over a wide range of beam sweep periods. We show
that the overhead of utilizing one RX chain instead of four
leads to a 10% drop in mean V2I throughput over six non-line-
of-sight runs in real traffic conditions, with each run being 10
to 20 seconds long over a distance of 40 to 90 meters.

Index Terms—mmWave; beam management; channel sound-
ing; phased arrays; V2X; V2V; 5G; sidelink

I. INTRODUCTION

Modern automated vehicles require hundreds of sensors to
ensure road safety [1]. Light detection and ranging (LIDAR)
sensors generate a 3-D point cloud of the environment, allow-
ing the vehicle to detect landmarks. The inertial measurement
unit (IMU) measures the linear acceleration and rotation of
the vehicle, which when combined with data from the global
positioning system (GPS) receiver provides an estimate of the
position and orientation of the vehicle. Radio frequency (RF)
radars detect surrounding objects and are used for blind-spot
detection [1].

By sharing the information gathered by a vehicle with
surrounding vehicles and the infrastructure, cooperative ap-
plications such as platooning and smart traffic monitoring are
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possible [2]. Sharing sensor data between vehicles enables
cooperative perception, wherein the field of view of the
vehicle is expanded by sensor data from nearby vehicles [2].
Cooperative sensing reduces accidents by allowing vehicles
to use awareness from surrounding vehicles, ensuring au-
tonomous vehicles can safely perform traffic maneuvers. A
50% reduction in crashes, injuries, and fatalities could be
achieved by assisting drivers in making left turns and warning
drivers about potential collisions at intersections [3].

Today’s spectrum allocations for vehicular communications
are limited. For more than twenty years, 75 MHz in the 5.9
GHz band (5.85-5.925 GHz) was dedicated for intelligent
transportation and vehicle safety systems using the Dedicated
Short Range Communications (DSRC), an IEEE 802.11p-
based wireless communication technology which supports a
maximum bit rate of 27 Mb/s [4]. In 2020, the United States
Federal Communications Commission reallocated a majority
of this bandwidth away from connected vehicle technologies,
leaving only 30 MHz (5.850-5.895 GHz) for cellular vehicle-
to-everything (C-V2X) applications [5]. To meet the gigabit-
per-second data rate requirements for vehicular sensor data
sharing such as 3D LIDAR environmental imaging and high
definition video feeds, a spectral bandwidth of hundreds of
MHz would be required, for which the millimeter wave
(mmWave) band is a feasible solution [1]. The mmWave band
supports channels with bandwidths several hundreds of MHz
wide, thus enabling sensor data sharing required for advanced
vehicle-to-everything (V2X) applications. IEEE 802.11bd, an
evolution of 802.11p, is currently being developed, which
could support high throughput communication in the unli-
censed mmWave band at 60 GHz [6].

To compensate for the additional path loss in the first meter
of propagation, mmWave systems employ high gain antenna
arrays with narrow antenna beamwidth [7]-[9]. Phased arrays
at 28 GHz with antenna beamwidths as narrow as 7° may
be utilized [10]. As observed in [11], narrow beamwidth
antennas at mmWave are more likely to be blocked by
surrounding vehicles, with a vehicular blockage loss of 10-20
dB measured at 28 GHz in [12]. The receiver (RX) antenna
must quickly adapt to changing channel conditions due to
dynamic blockage caused by the increased relative velocity of
the transmitter (TX) and RX in vehicular channels. In [13],
the authors show that an impeding blockage may be sensed



by a small fluctuation in received signal due to the diffraction
edge. Beam failure is said to occur when the signal-to-noise
ratio (SNR) of a beam falls below a predetermined threshold.
The authors in [14] suggested that beam failure recovery
procedures must be triggered as soon as a single failed beam
is detected, rather than wait until all the TX and RX beams
fail. In [15], the authors proposed combining the signal energy
from multiple beams simultaneously in order to improve the
signal-to-interference ratio. The mmWave RX must carefully
select the beamforming direction and periodically update the
selected direction based on measurements of the evolving
vehicular channel. Various beam tracking algorithms have
been suggested in prior work to ensure beam alignment
and prevent signal outage. The authors of [16] introduced
a machine learning based beam tracking approach, where the
channel state information (CSI) was used to build a long
short term memory (LSTM) prediction model. In [17], an
extended Kalman filter (EKF) was used to estimate the com-
plex channel gain in order to minimize the beam alignment
error, assuming initial access provided accurate initial channel
parameters. The authors of [18] proposed a heuristic beam
management strategy, wherein the TX beams were pointed
towards stationary vehicles at red traffic lights, in order to
serve vehicles for a longer time.

Along with the design of accurate beam tracking algo-
rithms, knowledge of the rate at which the mmWave channel
should be measured is required for efficient mmWave system
design. The beam sweep period is the interval between two
channel measurements in a particular beamforming direction.
Work in [19] developed the concept of beam coherence time,
which is the duration over which the TX and RX beams
stay aligned, after which beam realignment is required. The
authors in [20] studied beam management by observing the
effect of beam sweeping rate on received power in an out-
door measurement campaign at 28 GHz. The required beam
switching rate can be reduced by long-term beamforming,
wherein the RX is aligned with macro-level angular directions
that vary at a much slower rate in comparison to individual
multipath components [21]. Frequent channel measurements
with a short beam sweep period ensure higher RX SNR since
the beams remain well aligned, however, the beam switching
time overhead potentially nullifies any gains from switching
to the strongest beam. A base station (BS) beam management
procedure was proposed in [22], where regions far from the
BS were covered by narrow beams, while wider beams were
used to cover regions near the BS. Additionally, recognizing
the sparsity of the mmWave channel, the beamforming code-
book was pruned to a select few beam directions based on
the geometry of the roads in order to reduce the overhead to
1.7% [22].

The remainder of this paper is organized as follows. Section
IT describes the channel sounder design. A description of
the vehicular channel measurement campaign is provided
in Section III. Using real-world mmWave vehicular channel
data as a basis, a system model is developed to determine
the optimal beam sweep period at the vehicle to maximize

Fig. 1: TX and RX vehicles used for channel sounding
campaigns. Four RX antennas were arranged in a square
pattern to provide 360° coverage, with a beam sweeping range
of £45°.

vehicle-to-infrastructure (V2I) throughput in Section IV. Fi-
nally, conclusions and future work are given in Section V.

II. CHANNEL SOUNDER DESIGN

The novel Real-time Omni-Directional Channel Sounder
(ROACH) developed at AT&T Labs in Austin, is a wideband
correlation type channel sounder [10]. ROACH transmits a
Zadoff-Chu (ZC) sequence [23] of length 8192, sampled
at 65.536 MHz, which results in a 125 ps long sounding
sequence, equal to a 3GPP NR slot duration using a sub-
carrier spacing of 120 kHz, in order to better relate channel
measurements with NR system design parameters. At the TX,
the ZC sequence is mixed with an intermediate frequency (IF)
of 3.3 GHz and upconverted by 25 GHz, for an RF output
frequency of 28.3 GHz. The RF signal is amplified and fed
into the Anokiwave AWA-0134, a 256-element phased array
module having a 3 dB beamwidth of 54.1° in the azimuth and
a boresight gain of 36.8 dBi. Note that the boresight gain is
the overall module gain, which is a combination of the gains
from beamforming and power amplifiers on the module. A
wide TX beamwidth was used to provide greater coverage
without changing the TX pointing direction, however utilizing
a narrower TX beamwidth may lead to different results since
the smaller area illuminated by a narrower TX beamwidth
will cause the vehicular channel will change more rapidly as
the vehicle will move in and out of the smaller illuminated
area more frequntly. In this paper we examine the effects of
RX beamforming by switching only the beams of the ROACH
RX that was mounted on a van at a height of 2.4 m as seen
in Fig 1

The RX used the Anokiwave AWMEF-0129, a 64-element
planar phased array module. The AWMF-0129 was operated
with a 3 dB beamwidth of 16.8° and a boresight gain of 43.3
dBi. The boresight gain is the overall module gain, which is
a combination of the gains from beamforming and low-noise
amplifiers on the module. For omnidirectional reception in the
azimuth, four Anokiwave AWMF-0129 arrays were placed in
a square pattern as seen in Fig. 2, each covering 90° of the
azimuthal plane. Consequently, the beam sweeping range for
each array was chosen to be +45° in azimuth, and 4+30° in
elevation from boresight.



Fig. 2: The four ROACH RX array faces jointly provide om-
nidirectional sensing capability [10]. The 64-element phased
arrays on each RX faces synchronously sweep through 50
predefined beamforming directions once every 6.25 ms.

The received signals from each of the four arrays were
fed to a four-input down-converter with a 25 GHz local
oscillator producing four simultaneous IF signals. The re-
ceived IF signals were cross-correlated with the ZC sequence
to generate the power-delay profiles (PDPs) and received
correlated power simultaneously on each of the four antenna
array faces. The channel measurements were timestamped and
sent to the host computer for immediate visualization and
storage.

The four RX AWMF-0129s switched beams via serial-
parallel interface (SPI) control. The 3.3 V transistor-transistor
logic (TTL) output of a NI USRP-2955 general purpose input
output (GPIO) subsystem was converted into four separate
synchronized low voltage differential signal (LVDS) digital
inputs, enabling synchronous beam switching for each of the
four phased arrays. The 3-D spherical segment bounded by
the +30° elevation planes was tessellated by a 200 uniform
hexagonal lattice with the beam directions at the centers of
each hexagon (refer to [10] for an illustration of the beam
pattern). Each of the four phased arrays was assigned 50
beams, which were switched every sounding interval of 125
us, resulting in an overall segment scan time of 6.25 ms.

III. CHANNEL MEASUREMENTS

The ROACH system was used to conduct V2I channel mea-
surements in the 28 GHz frequency band. An experimental
permit to temporarily transmit in this band was granted by
the Federal Communications Commission (FCC) [24].

Unlike the vehicle-to-vehicle (V2V) scenario, where the
TX and RX are at roughly the same height, the infrastructure
TX is typically at a greater height. The V2I channel measure-
ments were conducted in and around two outdoor urban light
commercial areas containing offices and retail stores, cars,
and light pedestrian traffic. The first area was adjacent to
multiple shopping complexes and office buildings as depicted
in Fig. 3, while the second area contained office complexes
and residential apartment buildings as seen in Fig. 4. In the
first area, the transmitter was mounted on an accessible roof
of a building at a height of 15 m, while in the second area, the
TX was mounted on an extendable mast on top of a stationary
van at a height of 2.9 m (roughly at the height of light-posts)
as shown in Fig. 1. The RX array system was mounted on

Fig. 3: A map of the V2X Type I measurement environment,
with the TX mounted on the roof of a building.

the roof of a van, at a height of 2.4 m while the RX baseband
system was mounted on a rack inside the van.

The RX van was driven around on surface roads and
shopping and office parking lots near the transmitter, ensuring
that both line-of-sight (LOS) and non-line-of-sight (NLOS)
locations were covered. Five LOS runs (L1, L2, L3, L4, and
L5) and six NLOS runs (NL1, NL2, NL3, NL4, NLS, and
NL6) were chosen for analysis in this paper, with each run
10-20 seconds long. The runs are marked on the maps in Fig.
3 and Fig. 4, with the LOS runs marked in blue and the NLOS
runs marked in red. TX locations are marked with yellow
stars. Table I lists the serving TX each run. In this paper
only a subset of all measurements conducted in vehicular
measurement campaign has been chosen for analysis to ensure
that the vehicular channel was studied in dynamic vehicular
channel conditions that would faithfully emulate future 5G
V2I deployments, avoiding locations where the vehicle expe-
rienced complete signal outage and locations too close to the
TX (with very high SNR), where the beam pointing direction
had no effect on the received SNR. Histograms of the velocity
of the RX van in the LOS and NLOS runs are provided in
Fig. 5 and Fig. 6. The average vehicular speed was 10.3 mph
in LOS scenarios and 10.5 mph in NLOS scenarios.



Fig. 4: A map of the V2X Type II measurement environment, including a depiction of the scenarios of interest where the
effect of beam sweeping period was studied. A list of the TXs serving each run are provided in Table I

TABLE I: TX locations serving each LOS and NLOS run.

TX Runs
X 1 NLI1, NL2
TX 2 L1, L2, NL3
TX 3 | L3, L4, NL4, NL5
TX 4 L5, NL6
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Fig. 5: The velocity profile of the LOS scenarios.

IV. PERFORMANCE IMPACT OF BEAM MANAGEMENT

Beam management is the process of acquiring and main-
taining beam pair links between a BS and user equipment
(UE) [25]. To determine the beam link directions with max-
imum SNR, the BS and UE sweep across different direction
pairs. At each beam direction pair, the BS (or UE) transmits
a known sounding signal, which is measured at the UE/BS to
determine the channel SNR. Three types of beam sweeping
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Fig. 6: The velocity profile of the NLOS scenarios.

procedures are discussed in 3GPP 5G NR standard [26]. In
Procedure 1 (P1) beam sweeping during initial access, both
the base station (BS) and the UE sweep through all possible
beam directions to determine the optimal pointing direction
for data transmission. In Procedure 2 (P2), beam sweeping
occurs only at the BS. Once the link is established, Procedure
3 (P3) beam sweeping maintains the link, with beam sweeping
at the UE only [25]. We shall investigate P3 beam sweeping
and its effect on the data communication rate based on the
data collected from the outdoor vehicular measurements.

A. System Model

We shall now provide a system model to predict the average
data throughput a vehicular UE would receive, based on the
received SNR and the beam sweep period.



Let there be M beam directions at the vehicular UE, over
which the UE must search for the best beam direction. Let
T, be the time required for the UE to switch from one beam
direction to another and dwell in the new beam direction to
measure the sounding signal. Assuming an exhaustive search
across all beam directions, M - T will be spent in beam
alignment. If the beam sweep period is 7', a time period of
T — M - T is available for data transmission. The fraction of
time available for data transmission is thus [27]

M- Ts
T ey
With a longer beam sweep period, a greater fraction of time
is available for data transmission. However, if beam sweeping
is not done at a sufficient rate, the SNR at the UE will degrade
as the vehicular environment changes due to mobility which
then requires a change in the optimal beam pointing direction.
The total data rate, R, of a UE is given by

R =nBlog, (1+ SNR), 2)

where B is the RF bandwidth of the channel in Hertz, SNR
is the signal-to-noise ratio at the UE (expressed as a linear
ratio) [27]. We wish to obtain the beam sweep period 1" that
maximizes the UE data rates.

n=1-

B. Optimal Beam Switching Speed

The modulation and coding scheme (MCS) choice at the
RX is determined by the measured SNR. Although higher-
order modulation schemes support higher data rates, a higher
SNR is required to ensure low block error rates (BLER).
If the duration between two channel measurements is too
long, the SNR may drop to a level below the minimum SNR
required to support the chosen MCS, thus leading to high
BLER. Frequent channel measurements (i.e. a short beam
sweep period) ensure that the RX correctly estimates the
maximum MCS supported by the wireless channel. An outage
event is defined as when the RX SNR falls 5 dB below the
SNR measured during beam sweeping. As seen in Fig. 7, in
LOS channels, if the interval between consecutive channel
measurements in a particular beamforming direction, i.e. the
beam sweep period, is greater than one second, an outage may
occur more than 10% of the time in some scenarios (scenarios
L1 and L5). The SNR in NLOS channels varies more rapidly
as seen in Fig. 8.

As discussed in Section IV-A, since the RX cannot transmit
data while scanning the 360° azimuth and £30° elevation
beam-space, there is a trade-off between scanning the beam-
space for the beam pointing direction with maximum SNR
and dwelling at a selected beam direction to transmit data.
If the scanning rate is too high, the RX will spend a large
percentage of time scanning the channel, without transmitting
data, due to which the net throughput would drop. If the
scanning rate is too low, the RX will miss beam directions
with strong multipath.

The impact of the beam sweep period on the mean through-
put in the six NLOS runs is depicted in Fig. 9. The mean
throughputs are normalized in order to isolate the effect of
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Fig. 8: Outage likelihood vs beam sweep period in NLOS.

beam sweep period across runs with different SNR. For the
six NLOS runs considered, the maximum data throughput
was achieved with different beam sweep period. However,
to maximize the mean throughput on average, a beam sweep
period of 300 ms should be utilized. No appreciable effect of
changing the beam sweep period was observed for the LOS
runs which implies that the SNR of the LOS channels did not
vary appreciably over the 10-20 second runs considered over
a distance of 40 to 90 meters.

The speed of the vehicle affects the optimal beam sweeping
speed - vehicles moving at faster speeds must also sweep the
channel at a faster rate. The velocity at which the vehicle was
moving during the measurement runs, obtained from the GPS
of the vehicle, is provided in Fig. 5 and Fig. 6.

C. Impact of Number of RX Chains

Directional antennas are used at mmWave frequencies to
combat the larger path loss in the first meter of propagation
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Fig. 9: The normalized mean throughput for the NLOS
measurements follows a concave trend with the beam sweep
period. To maximize the mean throughput, a beam sweep
period of 300 ms should be utilized.

[8], [9]. Consequentially, in order to receive signals from
all directions, a typical vehicle with mmWave capabilities
will have multiple RX panes. ROACH has four RX panes,
one pointing to the front, the back, and to the sides of the
vehicle. Data from each RX pane is synchronously collected
via independent RX chains. The number of RX chains impacts
the cost of deployment and hence a common RX chain may
be used for multiple RX panes in future vehicles. As a result,
the RX must sequentially sweep over beams in each RX pane
while searching for the optimal beam direction, leading to
longer sweep times and a drop in overall throughput. Since
each of the four RX panes had 50 potential beam directions
and the beams were switched every 125 us, the fraction of
time available for data transmission (1) is given by

4 % 6.25

)
NRX chains X T

n=1- 3)
where Ngxchains 18 the number of RX chains (1, 2, or 4)
and T is the beam sweep period in milliseconds. In addition
to the lower beam sweeping overhead, nrpx RX chains may
simultaneously monitor npx beam directions, the additional
RX chains offer more resilience to blockages.

The performance of one, two, and four RX chains, averaged
across the six NLOS runs, is shown in Fig. 10. Utilizing
one RX chain instead of four led to 10% drop in the mean
normalized throughput. However, four RX chains were more
tolerant to varying the beam sweep period. A throughput
greater than 95% of the maximum throughput was achieved
with four RX chains for beam sweep periods ranging from
100 ms to 1000 ms.

V. CONCLUSIONS AND FUTURE WORK

MmWave frequencies have the potential to offer high data-
rates for real-time vehicular sensor data sharing, however,
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Fig. 10: Mean throughput averaged over all NLOS runs.
Increasing the number of RX chains leads to greater data
transfer since the beam sweeping time decreases.

narrow antenna beamwidths are required to compensate for
the additional path loss in the first meter of propagation. To
prevent link failure caused by dynamic blockage of the narrow
beams, robust beam management algorithms are required. In
this paper, based on real-world data gathered in an outdoor
urban light commercial area, a beam sweeping rate of 300 ms
was found to be optimal for mmWave V2X communications
at an average vehicular speed of 10.5 mph. The wideband
ROACH TX sounded the channel and the ROACH RX, which
consists of a system of four RX phased arrays, scanned the
channel 360° in the azimuth and 30° above and below the
boresight. Six NLOS runs were used to determine the optimal
sweeping rate, with each run being 10-20 seconds long, over
a distance of 40 to 90 meters. Future V2I communication
standards may leverage the optimal beam sweeping rate
determined in this work for the design of efficient beam
management algorithms.

Vehicles equipped with mmWave communication systems
will have multiple RX panes in order to receive signals from
all directions. The cost of mmWave vehicular deployment can
be reduced by switching between multiple RX phased arrays
with a single RX chain. Reducing the number of RX chains
from four to one led to only a 10% reduction in the mean
throughput, normalized across all measurement runs, however
there was vast robustness in throughput over an order of
magnitude of beam sweep rate (100 ms to 1000 ms), showing
the advantage of 4 RX chains.

The analysis in this paper assumed a constant beam sweep-
ing rate. The vehicular surroundings influence the optimal
beam sweeping period, with faster rates required in cluttered
environments, or when the orientation of the vehicle is
changing rapidly. The effect of aperiodic beam sweeping is
left for future work.
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