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Executive Summary

This deliverable is a report on the channel sounding campafithe RESCUE project. For the channel sounding
campaign the V2V use case has been de ned and the scenadesastd street crossing have been selected. Both
scenarios are located at the campus of the TU limenau andlgedevithin this report.

Furthermore the measurement setup consisting of the RUSKneh sounder, the dedicated antenna arrays for
directional analysis and the measurement trolleys have described. As dynamic/moving scatterer 2 different
vehicles: a passenger car/van and a pickup truck have béestesk Both are described wrt. their physical
parameters.

In preparation of the V2V channel sounding campaign a measeint method consisting of 4 different steps has
been developed. The goal is to investigate propagationgghena with and without the dynamic/moving scatterer.
The 4 different measurement tasks are detailed and the acfataga sets are summarized within the report.

During the channel sounding campaign and as a rst step dfpaxessing the quality of the channel data sets
has been veri ed.
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List of Acronyms and Abbreviations
BS Base Station

CDF Cumulative Distribution Function

DMC Dense Multipath Components

DoA Direction of Arrival

DoD Direction of Departure

GBSCM Geometry based Stochastic Channel Model
ITS Intelligent Transportation Systems

MaxSDR maximum-signal-to-remainder-ratio
MIMO Multiple-Input Multiple-Output

OTA Over-The-Air

RF Radio Frequency

Rx receiver

SC Specular Propagation Paths

SCME Spatial Channel Model Extended

SDR Software De ned Radio

SNR Signal-to-Noise Ratio

SPUCA Stacked Polarimetric Uniform Circular Array
Tx transmitter

VANET Vehicular Ad-hoc NETworks

V2| Vehicle-To-Infrastructure

V2V Vehicle-To-Vehicle
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1. Introduction and Considered Scenario

Recent activities within the eld of wireless channel measunents and modeling for Vehicle-To-Vehicle (V2V)
or Vehicle-To-Infrastructure (V2I) scenarios have showa increased interest for this research area. They are
driven by safety and security requirements coming fromlligent Transportation Systems (ITS) and are one of
the objectives of the RESCUE projéctFurthermore the increasing demands for high data thrautghpvehicle
applications boost the research in this eld.

Different surveys on V2V propagation channels from [9, 3, T7highlight the key challenges to be met for
these channels. In [3, 10] various channel models are cadpar.t. the application within an Vehicular Ad-
hoc NETworks (VANET) simulator. Whereby some contribudnllow the stochastic channel model approach
as [16, 2, 12] and provide low complexity but not a deterntinieepeatable realism. Examples on ray tracing
based deterministic modeling can be found in [11, 10, 6]tlfermore Geometry based Stochastic Channel Model
(GBSCM) are introduced for V2V applications in [5, 3]. Bessdother advantages one major key point of these
model types is the embedding of basically arbitrary ant@emaguration at both sides of the wireless link. A semi-
deterministic approach consisting of a ray tracing stelpfedd by the Spatial Channel Model Extended (SCME)
was proposed in [3, 6].

One of the key challenges for V2V and V2| communication isgtaluation of link or system performance under
the consideration of different antenna designs at the leetiéelf. Therefore basically only approaches which have
the degree of freedom to allow in a exible manner the embeddif arbitrary antenna pattern are attractive for
future research. Such approaches can be found in the graway tfacing tools or GBSCMs. While ray tracing
account for high repeatability and high computational ctaxipy, the GBSCMs are statistically proven, have low
complexity and are well accepted by the research and indastnmunity.

Our approach will follow the channel modelling work from [&8% well as [4] and is based on an extension of
the GBSCM developed under the IST WINNER projects [1]. Thecsp features of a V2V channel such as
dynamic/moving scatterers in combination with quasiigtetry environment/cluster are addressed. Currently no
attempts are available to extend a cellular system dedichi@nnel model to V2V applications. But it is necessary
to provide a full picture of wireless communications in tlemtext of vehicles. With some limits channel models
for cellular applications can be understood or consideoed/R| scenarios, e.g. a classical micro cell scenario
with base stations (BS) below the rooftop is similar to a M@ sario, where the infrastructure side of the link is a
lamp post or a traf c light. Based on that it would be intu@ito extend and/or combine a V2| channel to/with a
V2V application.

However up to now only few MIMO channel sounding data setkaoevn focusing on the directional propagation
effects of the V2V channels. Furthermore up to now no speaitempt has been made to separate the propagation
effects coming from the moving/interacting vehicles ammhithe xed surrounding buildings and other objects.

Both research challenges will be addressed by the V2V MIM@nadkel sounding campaign reported within this
deliverable. The concept and methodology of a measurenaampaign applicable to V2V channel modelling is
presented. The different measurement tasks are a resultstiofctive features of the V2V channel as well as a
consequence of the model presented in [4]

Considered Scenario

For the V2V MIMO channel sounding campaign two scenariodaurstreet and crossing - have been considered.
The campus of the TU llimenau has been chosen as measuregstigicsince it allows easy access and blocking
of any public traf c. Based on this the different measuret@asks can be conducted under the required well
controlled conditions. The channel sounding task has bedonmed at 2.53 GHz carrier frequency. However the
original plan was to conduct the campaign in two frequenaydsa2.53 and 5.2 GHz, whereby the latter is close
and related to 5.8 GHz band allocated for ITS communicati@ecause of manufacturing problems at the TU
IlImenau the antenna arrays for the 5.2 GHz band could not lshad before the channel sounding campaign was
scheduled. For the RESCUE project itself no risk will occut. wthe validation and veri cation tasks planned. The

1FP7 project ICT-61955 RESCUE (Links-on-the- y Technolofgy Robust, Ef cient and Smart Communication in Unpredi&aEnviron-
ments
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reason is that the Software De ned Radio (SDR) devices wiltkwuintil 3 GHz and furthermore the Over-The-
Air (OTA) test facility at lImenau will also work until the 3 Bz. Therefore the parametrization of the extended
channel model to be used during the OTA validation has to e dmsed on the 2.53 GHz channel data sets.
However for the propagation research it will be interestagtudy the effect of the dynamic/moving scatterer
at different frequency bands, therefore the campaign irbtBeGHz band will performed as soon as the antenna
arrays are available.

Page 7 (27)



RESCUE D4.2,v1.0

2. Description of Measurement Environment

The channel sounding campaign took place on the campus ofriéhlu. Two basic scenarios were selected 1)
street 2) crossing. Figure 2.1 shows an aerial view of thesorement environment. The street section is situated
between two of ce/lab buildings and should mimics a stremtyon-like propagation scenario. Within 2.1 the
basic physical scenario parameters as building heiglegtstvidth and length are summarized.

Figure 2.1: Aerial view of the environment. Street section dpicted by green ellipse, crossing section depicted
by yellow ellipse. The road is divided into two lanes shown ad lines

Table 2.1: Overview on basic scenario parameters
Scenario | Building height| Street width| Street length|

Main street 12 14m 10 14m 100m
Crossing stree 12 14m ‘ 10 30m ‘ 30m ‘

The street ends on the upper border of Figure 2.1 with anathes building while the lower end of the street

is open. Figure 2.2 is illustrating the street view situasiowhere the road is surrounded by of ce building. The

location of the crossing-section was chosen since it istéabaear an open place and thus accounting for larger

distances (up to 30 m) to neighbouring buildings typicatlyrid at road crossings.
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Figure 2.2: View into the street towards crossing and other bce buildings.
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3. Description of Measurement Setup

3.1 RUSK MIMO Channel Sounder

The channel sounder used was the RUSK HyEff Sounder, manuégichy the Medav GmbH (Uttenreuth, Ger-
many) and is capable to continuously record real-time wateldMIMO channel matrices [15]. Depending on the
measurement setup and the antennas used, the sounder ulditene.g., cellular, WLAN, BS2relay, relay2user,
peer2peer, V2| or V2V network scenarios. Together withiratied high resolution antenna arrays, as described in
3.3, the records are used to estimate the geometricalsteust the propagation channel (double directional)[14].
The outcome of the parameter estimation will be subsequest for channel analysis and channel modelling. The
measured bandwidth is 40MHz at a central frequency of 2.58GHhe length of the measured channel impulse
responses was set t@&s. The transmit power was set to 24dBm,27dBm and 36dBm reispBctThe reason for

the different power levels is that for certain measuremasis the transmitter and receiver are very close (approx.
5m), thus setting the power level to high would create the afsoversteering the receiver (despite the automatic
gain control of the sounder).

3.2 Measurement Trolleys

The transmitter and receiver of the sounder system wereglas two trolleys (see Figure 3.1). The two antenna
arrays were mounted on top of the respective trolley. On thef” of the trolleys absorber were put in order to
minimize the re ections coming from the metal parts and trelR Frequency (RF) equipment of the sounder.
The antenna height was 1.7m in both cases to be in accordatictypical heights of the roof top of a passenger
car.

Figure 3.1: Both measurement trolleys, containing the redeer and transmitter

3.3 Measurement Antenna Arrays

The antenna arrays used at both the transmitter and reeg®éro Stacked Polarimetric Uniform Circular Array
(SPUCA) (see Figure 3.2). Each array is composed of two nwigfs eight patch antennas each. The patch
antennas posses two port where one is primarily susceitibleorizontal (orj -) polarisation and the other for
vertical (org-) polarisation. In total each array is composed of 32 ardgrorts. Which leads to a 32x32 MIMO
con guration.
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Figure 3.2: 2x16(dual-polarized) SPUCA used at both recear and transmitter side

The geometry of the arrays is designed to suitable for higblotion parameter estimation algorithms [8]. The
reason for using two stacked rings is the better resolutichearray in the elevation domain allowing a three

dimensional characterisation of the channel. Figure 3@atlea schematic of the array showing the geometrical
parameters, i.e. element and ring distance.

Figure 3.3: Schematic of SPUCA showing element and ring diahces

Both antenna arrays were calibrated in an anechoic chamibéch means that the complex radiation pattern
suitable for e.g. beamforming application or high resolufparameter estimation are available.
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Figure 3.4: Polarimetric radiation patterns for H- and V-Port of rst array element, magnitude is normal-
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Figure 3.5: Polarimetric radiation patterns for H- and V-Port of rst array element, magnitude is normal-
ized to maximum of nominal polarization (e.g. to maximum of lorizontal pattern for H-port,
etc.)

3.4 Considered Interacting Vehicles

Besides the two trolleys acting as transmitter and receasectively two additional cars were used. Those cars
were supposed to act as mobile scatterer. Thus making iipp@$s evaluate the impact of passing or overtaking
vehicles on the mobile radio channel between the trollepg dar depicted in Figure 3.6 was selected to represent
a typical passenger car/van in Europe. The roof-top heifjthi® car is the same as the height of the two antenna
arrays. Therefore, this car might not fully block a linesiftht connection even if it is located directly between
the transmitter and receiver. The pickup truck depictediguie 3.7 is signi cantly larger than the rst car (with
respect to roof-top height) and the chassis is made of métiabut windows except for the front windows. Due

to the metallic body it might represent a better re ectonthihe rst car and due to the height it might be better
suited to completely block a line-of-sight.

Figures 3.8 and 3.9 show schematics of the two cars with gpertive dimensions. The pictures were taken from
the Volkswagen AG and Mercedes Benz AG websiteespectively.

http://www.volkswagen.de/content/medialib/vwd4/daldg/pdf/sharan/sharatup/_jcr_content/renditions/rendition.downlozattachment. le/
sharanpreisliste.pdf

2http://www.mercedes-benz.de/content/melitimary/germany/mpayermany/de/mercedes-bedeutschland/transportgrg/neuetransporter/
sprinter/transportesprinter24.object-Single-MEDIA.download.tmp/Brosehel Der-neue-SprinteKastenwager07-2013. pdf
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Figure 3.6: Passenger car/van: VW Sharan

Figure 3.7: Pickup truck: Mercedes Sprinter
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Figure 3.8: Technical dimensions of passenger car/van: VWlran (source: Volkswagen AG website)

Figure 3.9: Technical dimensions of pickup truck: MercedesSprinter (source: Mercedes Benz AG website)
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4. Measurement Tasks

As mentioned above the main goal of the measurement camjzaigraid in the development of a V2V channel
model. The model shall be based on/be an extension of theeslblished WINNER channel model [1]. WIN-
NER is of the class of geometry-based stochastic channe¢ls@BSCM). Within GBSCMs channel parameters
like delay-spread or angular-spread (at both transmittéreceiver) are stochastically generated based on soenari
dependent probability functions. The parameters of thdaendistributions (mean, variance, etc.) are commonly
extracted from measurement campaigns. The WINNER modéhisdhat cellular systems with one or more mo-
bile receiver (mobile station) and stationary transmitigrasestation). The basestation is thereby usually ldcate
on the roof top of a tall building.

The situation in a V2V scenario differs from the cellularsggo which creates new challenges in channel mod-
elling as well as channel sounding measurements.

The rst major difference is the similar height of both tramigter and receiver. In cellular scenarios the basestation
will most likely be signi cantly higher than the mobile stai. It is expected that this will have severe impact
on the propagation conditions on both sides of the link. Té&et mand probably most obvious difference is the
mobility of both nodes. While in cellular scenarios the bstsdion is xed and only the mobile station is moving,
in V2V scenarios both nodes are moving. In a cellular sceriidan be said that the base station is illuminating
the environment from a certain location. The mobile stai®tihen moving through the area. If the base station
is moved to a different location the mobile station will, hewer, experience a different channel since the source
of illumination has changed, even if the mobile moves aldregtame trajectory. The WINNER channel model
accounts for changing base station locations already byagirey the derived WINNER parameters for different
base station locations. However, it must be said that thsigpplicable for the V2V scenario since the different
base station location are usually far away, emulating @difit cell in a cellular system or even different cities to
give a set of average WINNER parameters (e.g. for typicagjit In the V2V case the impact of the mobility of
both nodes is expected to in uence the channel model on a ouatr level, e.g. changing the way the probabilty
density functions are designed, since much smaller chandesations are assumed.

Another aspect in V2V scenarios is the presences of mobédtesers. In a typical vehicular scenario the two
nodes that are communicating are not are on their own but timerother vehicles. This creates moving objects in
the environment that create time variance of the channelditian to the movement of the nodes alone. While it
is possible to conduct measurements incorporating botbctsmobile scatterers, motion of nodes) at the same
time it might be insightful to separate both effects. Funtihere, this approach follows the layered approach of the
V2V channel model presented in[4].

Given the phenomena explained above four different measemts tasks for the V2V channel sounding measure-
ment campaign were identi ed. The data obtained can be usethé development of a V2V channel model as
well as realistic channel measurements for system sinonisti

4.1 T1: wide grid static measurements

The purpose of the "wide grid static measurements” is tostigate the impact of a moving transmitter on the
channel observed by the receiver. Therefore, a grid of inéttex locations was selected as depicted in Figure 4.1.
The grid points are separated by 10m on each lane (two adjgdenpoints on the same lane are 10m apart).
The transmitter was located on each of the grid points anddabeiver was slowly moved on the opposite lane.
The receiver was set to a way-triggered mode of measurembiet® each 4cm a MIMO snapshot was recorded.
Doing so it should be able to evaluate the change of channaipters (delay-spread, angular-spread etc.) for the
different transmitter locations. It must be said that inaldeonditions the transmitter should be positioned using
a step-size of 4cm (as it is done with the receiver). Howelee, to the enormous measurement time and arising
data size this is not feasible. Using this approach 28 measemt les were recorded with a total number of 87583
MIMO snapshots (approx. 88.2GB).
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Figure 4.1: Top view of the locations of the transmitter in the WideGrid measurement task
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Table 4.1: Overview on RUSK measurement les for "T1 WideGrid”
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Figure 4.2: Schematic map including Tx (red) and Rx (green)dcations in the "T1 WideGrid”
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4.2 T2: dense grid static measurements

The distance of 10m between the transmitter grid points waialsnselected by considering the resulting measure-
ment time. To validate if the transmitter location has argger impact on the channel (channel changes with lower
transmitter movement) a limited part of the road was meabsuwith a step-size of 1m. Between two adjacent "wide
grid” points a dense grid of 1m separation was selected antetteiver was again slowly moved on the opposite
lane. This task resulted 10 measurement les with a totallpemof 31375 MIMO snapshots (approx. 31.6GB).

Figure 4.3: Schematic map including Tx (red) and Rx (green)dcations in the "T2 DenseGrid”

No. Txroute Txtrack Txspeed Rxroute Rxtrack Rxspeed #snap untime involved car direction car

1 L60 L60 0.0m 0.0m/s RI4R1 130.1m 1.1m/s 3152 122.8s - -
2 L61 L61 0.0m 0.0m/s R1R14 130.0m 1.2m/s 3122 111.9s - -
3 L62 L62 0.0m 0.0m/s RI4R1 130.3m 1.2m/s 3157 114.5s - -
4 L63 L63 0.0m 0.0m/s R1R14 129.8m 1.2m/s 3116 114.8s - -
5 L64 L64 0.0m 0.0m/s RI4R1 129.6m 1.2m/s 3140 112.8s - -
6 L65 L65 0.0m 0.0m/s R1R14 130.3m 1.3m/s 3128 108.3s - -
7 L66! L66 0.0m 0.0m/s RI14R1 130.4m 1.2m/s 3160 116.8s - -
8 L67! L67 0.0m 0.0m/s Ri1 R14 130.1m 1.2m/s 3125 112.0s - -
9 L68 L68 0.0m 0.0m/s RI14R1 129.9m 1.1m/s 3150 119.5s - -
10 L69 L69 0.0m 0.0m/s Ri1 R14 130.0m 1.1m/s 3125 117.2s - -

Table 4.2: Overview on RUSK measurement les for "T2 DenseGid”
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4.3 T3: moving cars measurements

The third measurement task is meant to analyze the impacbwiy scatterers on the channel between stationary
transmitter and receiver. Here, the transmitter and rec&ere located on different points of the "wide grid” and
kept stationary. During the (now time-triggered) measwaenone of the two vehicles (Sharan, Sprinter) moved
along the road. Hereby, different scenarios were congiddfer some measurements the nodes were located on
opposite lanes and the vehicle was overtaking either thmestnéter and receiver. For other measurements both
nodes were located on the same lane with larger distanogiatjdhe vehicle to overtake one and thus blocking
the line-of-sight. gures 3.6 and 3.7 are showing the sitwratluring this measurement task. 20 measurement les
with a total number of 48407 MIMO snapshots (approx. 48.7b@G&e recorded.

PR —

Figure 4.4: Schematic map including Tx (red) and Rx (green)dcations in the "T3 MovingCars”
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No. Txroute Txtrack Txspeed Rxroute Rxtrack Rxspeed #snap untime involved car direction car

1 L7 L7 0.0m 0.0m/s  L1L L11 0.0m 0.0m/s 2470 83.4s  PickupTruck backward
2 L7 L7 0.0m 0.0m/s  L1L L11 0.0m 0.0m/s 2269 76.6s  PickupTruck forward
3 L7 L7 0.0m 0.0m/s  L1L L11 0.0m 0.0m/s 2520 85.1s Van backward
4 L7 L7 0.0m 0.0m/s  L1L L11 0.0m 0.0m/s 1965 66.4s Van forward
5 L7 L7 0.0m 0.0m/s L8 L3 0.0m 0.0m/s 2414 81.5s  PickupTruck backward
6 L7 L7 0.0m 0.0m/s L8 L3 0.0m 0.0m/s 2276 76.9s  PickupTruck forward
7 L7 L7 0.0m 0.0m/s L8 L3 0.0m 0.0m/s 2600 87.8s Van backward
8 L7 L7 0.0m 0.0m/s L8 L3 0.0m 0.0m/s 2669 90.2s Van forward
9 L7 L7 0.0m 0.0m/s R10 R10 0.0m 0.0m/s 2319 78.3s  PickupTruck backward
10 L7 L7 0.0m 0.0m/s R10 R10 0.0m 0.0m/s 2308 78.0s  PickupTruck forward
11 L7 L7 0.0m 0.0m/s R10 R10 0.0m 0.0m/s 2447 82.7s Van backward
12 L7 L7 0.0m 0.0m/s R10 R10 0.0m 0.0m/s 2567 86.7s Van forward
13 L7 L7 0.0m 0.0m/s R4 R14 0.0m 0.0m/s 2340 79.0s  PickupTruck backward
14 L7 L7 0.0m 0.0m/s R4 R14 0.0m 0.0m/s 2250 76.0s  PickupTruck forward
15 L7 L7 0.0m 0.0m/s R4 R14 0.0m 0.0m/s 2444 82.6s Van backward
16 L7 L7 0.0m 0.0m/s R4 R14 0.0m 0.0m/s 2627 88.7s Van forward
17 L7 L7 0.0m 0.0m/s RR2 R2 0.0m 0.0m/s 2419 81.7s  PickupTruck backward
18 L7 L7 0.0m 0.0m/s RR2 R2 0.0m 0.0m/s 2355 79.5s  PickupTruck forward
19 L7 L7 0.0m 0.0m/s RR2 R2 0.0m 0.0m/s 2542 85.9s Van backward
20 L7 L7 0.0m 0.0m/s RR2 R2 0.0m 0.0m/s 2606 88.0s Van forward

Table 4.3: Overview on RUSK measurement les for "T3 MovingCars”

4.4 T4: full dynamic measurements

The last measurement task considers the situation oftenfimvV2V measurement campaigns. Both the transmit-
ter and receiver are moving as well as one of the vehicles iSlihe most complicated scenario as it incorporates
movement of the nodes as well as moving scatterers. The §tied ¥2V channel model will be to accurately sim-
ulate a scenario like this thus serving as some kind of viidaneasurement for the channel model. An overview
on the 12 measurement les is given in Table 4.4. Furtherradotal number of 31389 MIMO snapshots (approx.
31.6GB) have been recorded.

o

Txroute Txtrack Txspeed Rxroute Rxtrack Rxspeed #snap untime involved car direction car

N

1 L14 L1 128.8m 1.1lm/s R2R14 120.7m 1.1m/s 2901 114.3s  PickupTruck backward
2 L14 L1 128.8m 1.1m/s R2R14 120.2m 1.0m/s 2888 118.6s Van backward
3 L14 L4 98.8m 1.1m/s L11 L1 100.9m 1.1m/s 2434 92.3s  PickupTruck backward
4 L14 L4 98.8m 1.1m/s L1 L1 100.7m 1.1m/s 2429 93.1s Van backward
5 L14 L4 98.8m 09m/s L1 L1 109.3m 1.1m/s 2651 104.3s  PickupTruck forward
6 L14 L4 98.8m 1.0m/s L1R L1 109.2m 1.1m/s 2650 98.2s Van forward
7 R2 R11 91.3m 1.0m/s R5R14 90.5m 1.0m/s 2175 93.3s  PickupTruck forward
8 R2 R11 91.4m 1.0m/s R5R14 90.1m 1.1m/s 2163 87.6s Van forward
9 R2 R12 98.9m 1.1m/s R4R14 100.5m 1.1m/s 2413 94.2s  PickupTruck forward
10 R2 R12 98.9m 1.1m/s R4R14 100.7m 1.1m/s 2419 91.8s Van forward
11 R2 R14 118.8m 1.0m/s L14L1 129.2m 1.2m/s 3130 119.9s  PickupTruck forward
12 R2 R14 118.8m 1.0m/s L24L1 129.4m 1.1m/s 3136 117.3s Van forward

Table 4.4: Overview on RUSK measurement les for "T4 FullDynamic”
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Figure 4.5: Schematic map including Tx (red) and Rx (green)dcations in the "T4 FullDynamic”
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5. Veri cation of Measurement Data - Quality Check

An important and unfortunately often neglected part of a sneament campaign is the quality validation of the
obtained data. The measurement equipment may be affectrddryg that did not occur before the actual measure-
ment runs. This means although the system seems to be wamidpgrly at the beginning it cannot be predicted to
remain in this state up to the end of a campaign. In generafdligation of measurement data is a challenging and
tricky task. This is due to the complexity of the measurensgstem, errors may occur either by operating errors
or malfunctioning of the hardware. Therefore, the data khbe validated just in time on measurement site by
on-line processing and later more intensive by post-psingprocedures. Both approaches have been considered
for the RESCUE channel sounding campaign. At the measursitera proper Signal-to-Noise Ratio (SNR) was
checked directly at the channel sounding device and subsédfue transmit power was adjusted as mentioned
above. Furthermore brie y at the site and later as postgseing for every measured MIMO snapshot the detec-
tion of malfunctioning of the antenna array switches or eathn an incorrect ordering of the combinations of
receiver (Rx) and transmitter (Tx) array elements durirggrtteasurement was in focus. Typical failures of the
multiplexers caused by hard- and software errors lead wrdised, missing, or static switching sequences. A
further problem may occur due to the loss of the synchroimizdietween the switches at both link ends. This
synchronisation ensures that the transmitter is only switcafter a full cycle of the receiver switch. Since direc-
tional channel sounding takes into account the temporakdisas the spatial structure of the mobile radio channel
a proper data validation scheme has to consider both donéiesefore two different methods can be used:

1. simply checking the MIMO switching matrix consideringpgeri knowledge about the antenna structure
and multiplexing schemes and

2. applying a high resolution multipath parameter estiovaframework RIMAX[13] and a related metric

to investigate a proper switching of the Tx and Rx antennayatr

MIMO switching matrix

In order to detect said malfunctioning a-priori knowledgeat the outcome of the measurement has to be applied.
If e.g. a circular antenna array is used at the receiver, angoeedict which elements will receive most power in
a Line-of-Sight scenario; namely the elements that arefpici the direction of the transmitter. Furthermore, the
information about the polarization of the array elementsloa used. If an element at the transmitter is primarily
transmitting horizontal polarized waves, one can expettttie elements at the receiver that are primarily sensitive
for horizontal polarization will receive the most power.iJhapproach is only working as long as the in uence of
the radio channel on the polarization is low. If the chanaedqually distributing power to both polarizations it is
not possible to detect incorrect channel ordering, sineecamnot tell if e.g. a horizontal element at the receiver
is receiving power because of a horizontal element at thesinétter being enabled or because of the channel
changing the polarization of the transmitted wave.

RIMAX estimation and MaxSDR metric

In order to decide whether the channel ordering of a measit&tD channel is the expected one or not, one
has to understand how the wave eld of a radio channel is mépp@n antenna array. A well accepted model
of the radio channel is the superposition of a multitude oé&ar Propagation Paths (SC), Dense Multipath
Components (DMC), and measurement noise:

x = 5(gsc)+ d(ggmd+ n2 CYTMRMi 1 (5.1)

The presence of DMC can be explained by diffuse scatteringtrgrwise unresolvable specular paths. For the
validation of measurements the physical meaning of DMC Iswér importance, it is in fact used as a method to
improve the estimation of the SC by the later mentioned patanestimator. The parameter vealgg contains
the parameters Direction of Arrival (DoA) and Direction oéparture (DoD) as well as time-delay of each specular
path.
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As the electromagnetic wave of a single specular path reabtieearray a characteristic pattern is measured at the
elements of the array. This pattern is de ned by both thedtiioa of arrival of the wave and the geometry of the
array. In other words: depending on the direction of arrth@ wave reaches some array elements earlier than
others which lead to a phase difference between the sighablca element. Furthermore, the signals amplitude
is weighted with the antenna gain of the respective arrajnefed. This means that for each direction a — not
necessarily unique — pattern is obtained. The manifold séiide patterns is hereby stored in the arrays steering
vectors:

B(;J)=fbi(j;J):::bm( 5 J)9 (5.2)

with b (j ;J) corresponding to the antenna response of the i'th arrayestesnd(j ;J) being the direction of
arrival in azimuth and elevation respectively. This facs béten been used to resolve the direction of arrival of a
propagation path by comparing the measured pattern to edtdripthat is possible for a given array and direction
of arrival. The paths direction of arrival is then given bg ngular parameters of the steering vector that matches
the signal vector best. The evaluation of the quality of tleahing is in general given by the correlation between
the signal vector and the steering vectors; the steeringredth the highest correlation determines the direction
of arrival. Note that this is also possible for direction efdrture, since in a MIMO measurement one also uses an
antenna array at the transmitter. An important constrdititie method is that the order of array elements of the
measured signal vector has to be known, since it de nes ttamgement of array elements in the steering vector.
This circumstance leads directly to a way of detecting ueeted channel ordering. If there is no steering vector
that matches the measured signal vector, this is a clean$igmme sort of malfunctioning, since such behaviour
is physically impossible if everything works correctly. Agntioned above, the steering vector with the highest
correlation determines the direction of arrival but unfioitely such a maximum correlation would also appear in
case of scrambled channel ordering, although the resyttitiy parameters are wrong with respect to the actual
specular path. If the parameters of the path are estimatedatly it should be possible to synthesize the signal
vector and subtract it from the measurement. After thisraghibn nothing should remain but the measurement
noise. This leads to the introduction of the maximum-sigoalemainder-ratio (MaxSDR) in the delay domain.

PDP(x)

MaxSDR = _POP)
xS M POP(x 3

(5.3)

with x denoting the measured signal vecgxtenoting the synthesized signal vector, and PDP being difumihat
computes the mean power-delay-pro le for all channelsiaglements. This metric is used to nd the maximum
amount of power that can be subtracted from the measurermeatia delay tap.

Quality check results

The quality check has been performed for all measured sp#pshing the MaxSDR metric. A threshold value of
3dB is commonly used to decide whether a snapshot can bedevedi”valid” using this metric. It should be noted
that a value less then the threshold does not necessarily thatthere is something wrong with the data but only
that the metric is not suf cient in those cases. Figure 5ficts the cumulative distribution function of MaxSDR
of all measured tracks and all four measurements tasksn beaeen that in most of the cases the threshold value
of 3dB is met for the measurement tasks T1, T2 and T3 respdgetitFor the fourth task (T4 FullDynamic) the
MaxSDR value is too low in the majority of cases. Howevess thbes not mean that the MIMO switching was not
working. It rather shows that the estimation framework hiésudties with substracting an substantial amount of
power from the measured channel impulse responses. Thisecattributed to e.g. a multipath rich environment
(large number of resolvable specular paths) or otherwisgpbex propagation conditions (e.g. presence of non-
planar wave fronts due to the small distance between rac#igasmitter and scatterers). To validate the correct
functioning of the switch in T4 the "MIMO switching matrix"mproach can be applied. Figure 5.2 shows an ex-
ample of the total power matrix (total power for each Rx-haonel). It is apparent that the switch was working as
the transition from copolar (horizontal transmitter elemi® horizontal receiver element) to cross-polar channels
can be clearly seen. Therefore, it can be concluded thaethts of MaxSDR in case of measurement task T4 are
not caused by faulty MIMO switching but arise from the progiéon conditions.
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Figure 5.2: Matrix of total powers of one snapshot of a "FullDynamic” measurement le
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6. Summary

The report summarizes and details the V2V measurement ggmganducted on the campus of TU limenau. The
aim of the campaign was to gather complex channel data s&bleufor double-directional channel characterisa-
tion and subsequent for directional modelling ofthe V2Vecakherefore, circular antenna arrays were selected at
both sides of the link.

Furthermore, four measurement tasks were identi ed antbpeed accordingly. The de nition of the different
tasks was done in order to separate the different distimétigtures of V2V radio channels (mobility of both nodes,
moving scatterers and non-moving surroundings).

Based on the two uses cases of the RESCUE project the V2V eadaelen selected beforehand and furthermore
two measurement scenarios street and street crossing Bamecbnsidered. Both scenarios can be found at the
campus of the TU limenau, where access and controllableitbomslcould be ensured.

One of the most crucial points during a MIMO channel soundiaigpaign is the correct switching of the Tx and
Rx antenna multiplexer. Two different approaches have ggfied on site and as post-processing step to ensure
the quality of the data. The results of the post-processiaglaown within the report and verify the quality of the
data sets.
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