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1 Introduction
This paper gives our latest V2V and V2I field trial results at 28GHz using phased array antennas. 

2 Field Trial Setup

Hardware:
In our previous field trial [1], the channel sounder was based on a passive widebeam antenna called PANDA (Propagation And Network Data Acquisition system). While it gave us some insights into potentials of using mmWave signals for V2V/V2I applications, it didn’t have any beamforming capability. 
In order to obtain the beamformed information, PANDA was upgraded to PANDA2.0., a sliding correlator-based sounder, with 160 dB coupling loss measurement capability with a 65MHz RF bandwidth and operating at 28/39 GHz. PANDA 2.0 transmitter (TX) transmits a ZC sequence through a up conversion/amplification chain and a 256 element phased array ( see https://www.anokiwave.com/products/awa-0134/index.html for details). The array can be used as four 64-element square sub-arrays, or 256-element array. For measurement purpose, we fixed transmitter beam to a widebeam (60 degrees HPBW).  
PANDA2.0’s receiver (RX) is capable of measuring received signal strength and angle of arrival (AoA). It has four parallel receivers which are connected to four 64-element phased arrays (See https://www.anokiwave.com/products/awmf-0129/index.html for more details.) arranged in a square configuration.  This gives the capability of measuring and logging received power from four phased arrays pointing to a pre-determined location in sky .  Each array was programmed to have 50 beams in a 90-degree sector. In this configuration, the receiver has a total of 360-degree field of view in azimuth and 60-degrees in elevation. enabling the complete measurement in about 6ms. In addition, a 360-degree 8K camera is mounted in the centre of the four phased arrays. The recorded video is used to analyse the environment of each measurement location during post processing. Table 1 summarizes the PANDA 2.0 characteristics.
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Figure-1: PANDA2.0 Tx and Rx (Left: TX , Right: RX )
Table-1: PANDA 2.0 Transceiver Characteristics.
	Carrier Frequency
	28GHz

	Signal Bandwidth
	65MHz

	EIRP
	23dBm

	Tx Antenna:
	256-element phased array

	Tx beamwidth 
	60° 

	Rx Antenna
	Four 64-elements phased arrays
50 beams per array (total of 200 beams)
Sweeping all beams in 6ms 

	RX Beamwidth
	15 degrees 

	Max. Coupling loss capability
	160 dB
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Figure-2: Illustration of sky view coverage by PANDA 2.0  
Field setup
The target of this field trial was to compare the quality of received signal with beam forming technology. The transmitter is mounted on a 10m Pneumatic mast. For V2I trial, transmitter antenna is elevated to ~10-meter-high while in V2V trial, antenna height is just on rooftop of the sprinter (for mobility).  Future measurement campaigns will explore car rooftops and bumper heights
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Figure-3: Tx and Rx vehicle setup

V2I trial setup
In V2I trial, the TX antenna is elevated to ~10m high using a Pneumatic mast which is the typical height of small cell base-station. Then the receiver vehicle moved around to measure the coverage as well as the beam related information.  The below figures the scenario setup. 
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Figure-4: Bird eye view of V2I field trial
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Figure-5: Transmitter antenna is elevated to ~10m high in V2I test

V2V (dual mobility) trial setup
In order to trial the real V2V communication, dual mobility test is also performed. In this case, the transmitter is lower to right above Tx vehicle rooftop. And both Tx and Rx vehicles are moving along the same road with real traffic between them. During the trial, the distance between Tx and Rx varies between 5-630m, signal quality has been very good through entire test while outage happens at some turns (where Tx and Rx vehicles LOS were blocked by a building.). Below are two videos related to V2V test: 
left: selected video footages on V2V test environment from the camera mounted on Rx vehicle, where you can see Tx and Rx vehicles running on the real road and surrounded by real traffic. 
Right: 360-degree video overlay with arrival beam directions when vehicles are turning.
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Figure-6: Bird eye view of V2V field trial. (Tx and Rx vehicles moves into the real traffic)
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Figure-7: Transmitter antenna is right above rooftop of the sprinter (for V2V)

3 Beamforming gain and beam switching 
In order to show the beamforming effect, best beam based RSRP is compared with that from omni reception. Here Omni reception RSRP comes from post-combination of all beams’ signal. The below figure shows the RSRP difference and the average of 14dB gain has been observed when best Rx beam is selected.  Also, we overlay the beam direction with the 360
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Figure-3: compare the signal power between best beam and omni beam. 

Additionally, NR beam switching procedure has been emulated with hysteresis-based beam selection: only when the new beam is x dB better than current beam will trigger a switch. Although it may select a sub-optimal beam, it effectively reduced the number of beam-switching. In below figure, we compare 3 cases: “no hysteresis”, “3 dB hysteresis” and “10 dB hysteresis”. Not only we give the number of beam switch (per 200ms window), we also correspond the frequent beam switching event with GPS data (red dot below illustrates the locations where more than 5 times of beam switching happened in 200ms window). And those locations are typically with large number of clutter or edge between building (switching from LOS to NLOS). Also, the RSRP lost due to imperfect beam selection is rather marginal. Even at 10dB hysteresis, the averaged lost is only around 1.08dB. 
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	Hysteresis threshold
	RSRP lost (compare to the best beam)
	number of beam switches 
(in 200ms window)

	0 dB
	0
	4.26

	3 dB
	0.36
	1.12

	10 dB
	1.08
	0.38




Observation-1: Beamforming can bring significantly gain over omni antennas in FR2. 
Observation-2: Average beam switching period is in the range of 200ms while in specific scenarios, e.g. rich clutters or vehicle turning, the beam switching can happen much faster (in the range of 40ms)

4 Conclusion
This paper summarizes the V2V dual mobility trial we conducted with the following observation:
Observation-1: Beamforming can bring significantly gain over omni antennas in FR2. 
Observation-2: Average beam switching period is in the range of 200ms while in specific scenarios, e.g. rich clutters or vehicle turning, the beam switching can happen much faster (in the range of 40ms)
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