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Annex A: Summaryof channel soundingsimulations
and measured data

Annex A summarizehannel sounding and simulation campaigns performed by the partners.

A.l Urban microcellular scenariosz street canyon
A.l.1 Aalto University

The channel sounder is based on a vector network analyzer (VNA) with a range extension option-ogarg RF
fiber solution as shown in Fig. A1.4L1The sounder is capable of measuring 15, 30 and 60 GHz bands by
changing the upand downconverters at thédransmit and receive sides. In indoor scenarios, each band covers
14-16, 2729, and 6165 GHz RF for the measurements, while the first two bands are reducedli$.94nd 27

27.9 GHz in outdoor scenarios due to the radio license. The RF signal is drbgumaixing the signals from the
VNA and the local oscillator. The transmit power fed to the antenna port is 17 dBm15b tred 66GHz bands

and 2 dBm in the 2&Hz bandOn the receive side of the channel sounder, an electromechanical rotator was
instaled to rotate horn antennas for directional channel sounding. The rotator works in synchronization with the
VNA for data acquisition. Two different horn antennas are used for vertical and horizontal polarization
measurements; both have 19 dBi gain with tiedf-gain beamwidth of 100 in azimuth and 400 in elevation. In a
channel sounding of a single link, the directional scanning is performed twice with the horn antennas having
different polarizations. The transmit antenna is an osminectional biconical aenna with maximum 2 dBi gain.

The VNA sweeps over the frequency band of interest to measure channel transfer functions. The number of
frequency points in the sweep and the IF bandwidth determines the noise level of the sounder. They are set to
10001 poins and 40 kHz, respectively. A baclback calibration measurement that connects the transmit and
receive sides through a 2B attenuator is always performed before and after the channel sounding to obtain
channel transfer functions of the sounder.

Rx horn atennd Tx biconeantennd
Waveguide

Rotator Tripod
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Figure A1.1.1-1: Aaltobdés channel sounder architec

The channel sounding was performed in a campus area of the Aalto University School of Electrical Engineering,
Espoo, Filand. As described in Fig. AP-1, the measurement was piermed between two 208n long

buildings. The buildings have three floors and are 25 m high. The receive antenna was fixed at one side of the
street, while the transmit antenna was placed at 11 locations. Four of the transmit antenna locations were
behind abuilding at the end of the street canyon and hence #liae-of-sight channels, while the other 7



channels had line@f-sight. The longest separation distance between the transmit and receive antennas was

about 124 m. Both the transmit and receive antenmase set at 2.77 m above the ground. The directional horn
antenna at the receive side was rotated over azimuth angles with 5 deg azimuth steps towards horizontal
directions to measure power azimuth angular spectra. The measurements were performed atah, @8 GHz

in July, June and November 2015, respectively. The measurement site has obvious differences for the three
frequencies due to moving objects such as cars. There were trees at the end of the street canyon, whose amount
of leaves differs for theulsnmer and winter seasons. However, the effects of vegetation were expected to be
insignificant because of the low antenna height.

(a) Photo of the sounding site. (b) Point cloud environmental description of the
sounding site.

Figure A1.1.2-1: Aa | toha@nsel sounding in a street canyon.

A raybased channel simulation tool calibrated by the measurements is used to acquire more channel data for
parameterization of channel models. We use a point cloud, which is obtained flaserascanning of a physical
environment where the channel sounding takes place, for this purpose. The point cloud offers detailed
description of the environmenwith a typical accuracy of 5 ¢rwhich is crucial in high frequency channel
simulations. Theacorded point cloud of thetreet canyornis illustrated in FigureJA1.2-1. The prediction

method simulates a specular reflection from the poi@itand uses a singlebe directive scattering model
[DEFV+07o calculate the diffuse backscattering from each poiie assume that the field consists of a liok

sight (LOS) path along witingle and doublebounce reflections and scattering from the poifdlaHal4]The

effect of shadowing caused by blocking objects in the environment such as walls, furniture and human body is
modeled properly by searching for points that fall into thetfifresnel zone for each path; if points are found,
additional attenuation of 30 dB is added to the path. The reflection and scattering losses are optimized so that
the simulated channel resembles the measured power delay and andeillay profiles. Withthie optimized

channel simulation tool, it is possible to have channel responses when the astaenia the area where the
channel sounding is performed.

Figure A1l.4.1-1(a)showspower delay profiles of 15, 28 and 60 Gifani-directionalline-of-sightchannels
measured at the same transmit and receive antenna locations. Despite significant difference of the noise floor
due to the difference iflRF components of the soundand measurement bandwidtim the different bandsit is



possible to see from the figure dlh strong specular components represented by peaks appear at the same
delays.Furthermore, the diffuse scattering, which appears as exponential decay of the power as delay goes
longer, is present at all frequencies. Only the differeisctheir relative paver levelsattributed to smaller

antenna gaingas the frequency is higheFigure A1.1.4-1(b) shows omndirectional pathlos§HNIP1H

showing that the pathloss of liref-sight channels is mostly close to the free space loss. The pathloss-of non

line-of-sight channels have 10 to 25 dB excess loss compared to the free space loss. The higher frequency tends
to show greater excess lass
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Figure A1.1.4.1-1: Comparison of 15, 28 and 60 GHz channels in a campus street canyon
scenario.

A.1.2China Mobile(CMCC)& Beijing University of Posts and Telecommunication(BUPT)

A.1.2.1 Channel sounder

The dannel sounddPropSound C% developed by Elektrobit of FinlanBropSoundCS is working basedn the
pseudenoise sequence sliding correlating principald supports MIMO channel sounding Byme Domain
Multiplexing (TDM) with high speed electrical switchingThe sounder is capable of measuring
2.35/3.5/4.9/6/8GHz bands with a maximum bandwidtf2@FMHz. In our measurement campaign, tenter
frequency to 3.5GHz and 6GHz with Q0/1Hz bandwidth

The specifications of antenna arrays ahd system parameteluring this measurement are showed in Fig.
A1.2.1-1, Fig. A1.2.12 and Table A1.2-1.

Figure A1.2.1-1. Omni-directional antenna array (ODA) at left (receiver), Uniform planar antenna
array (UPA) at right (transmitter)



Table A1.2.1-1: The specifications of antenna arrays and system configuration

Parameter value
Antenna type ODA UPA
Center frequency 3.5/6 GHz 3.5/6 GHz
Antenna ports number 56 32
Antenna elements number 28 dual polarized 16 dual polarized
Antenna elements distribution Cylinder Planar
Gain 6 dBi typical 6 dBi typical
Polarization +/- 45 deg +/- 45 deg
Front to back ratio N/A 30 dB typical
Spacing 0.5 wavelength 0.5 wavelength
Angle range AZimL.lth -180% 180° -70%= 70°
Elevation -55°~90° -70% 70°
UPA antenna

Figure A1.2.1-2:

The channel sounding was performed in a campus arBaijofg University of Posts and Telecommunications
which is a typical UMi scenarigHTYJ+16]. The base statiorfas the transmitter) waset upon the top ofa 3-

floor office building The base statioantennaheightis 13m.Surroundingbuildings were relatively much higher

than the base station.dderate traffic and people were on the surrounding main roads. The measurement routes
were mainly planned on the roa@®und as showed in Fig. 2.22 Someof the routes are LoS, while others are
NLoS. The receiver was placed on the trolidyl.7m height The trolleywas movedat pedestrian speed about
3kmvh. Figurel is a top view of the measurement scenafable Al.2.21 showsthe parameters of

measurement.
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Figure A1.2.2-1: UMi Measurement scenario.

Table A1.2.2-1: Parameters of measurement.

Item Value
Tx height 144 m
Rx height 1.8m
Length of PN sequence 127
Time of one chip 10 ns
Time of one cycle 2.32ms
Transmitting power (fed to the Tx) 23 dBm

A.1.2.3 Findings and observations

A.1.2.3.1E0A and EoD follows the Laplacian distribution in LoS and NLoS at 3.5 GHz and 6 GHz

Fig. Al.2.34lshows he EoDand EoAdistribution in UMaloS and N.oSfrom field channel measurement
results. Laplace distribution is considered for elevation angle distributidriglre A1.2.3-1, the mean value
of EoD/EOA is normalized tolCaplaciardistributionis used to modefEoD and EcA
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Figure A1.2.3.1-1 The EoD and EoA distribution in UMi LoS and NLoS

The Laplace distribution fits the EoD and EoA well. The-patti energy concentrates on a specified angel in
the LoS situation, while is dispersed over different angles in the NLoS situation.

Table. Al1.2.3Ashows the ESD, E®¥§Dand ASARMSazimuth angle spread of arriyalistribution in UMa LoS
and NLoS from field chann@leasurement resultsA larger angle dispersion can be observed for 6 GHz
compared with 3.5 GHz.

Table A1.2.3.2-1: ESD, ESA, ASA and ASD in UMi LoS/NLoS

Frequency 3.5GHz 6 GHz
Situation LoS NLoS LoS NLoS
ESD[*] € 1.14 1.26 1.28 1.23
l0g10 ([degree]) a 0.50 0.59 0.29 0.44
ESA[Y] € 0.6 0.88 1.38 1.36
log10 ([degree]) G 0.16 0.16 0.13 0.21
ASDI[*] € 1.2 141 14 1.46
log10 ([degree]) a 0.43 0.17 0.25 0.27
ASA[*] € 1.75 1.84 1.71 1.78
l0og10 ([degree]) a 0.19 0.15 0.12 0.15

[*] The values of ESA, ASD and ASA in 3.5GHz are referred to 3GPP TR 36.873. The values of ESD are refer to
3GPP TSBAN WG1 #74 RI133525.
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Table A1.2.3.3-1: Cross-correlation with other LS parameters in UMi LOS/NLOS

Frequency 3.5GHz 6 GHz
Situation LoS NLoS LoS NLoS
ASD VS DS 0.5 0 0.07 -0.17
ASA VS DS 0.8 0.4 -0.17 0.31
ASD VS ASA 0.4 0 0.29 0.42
ASD VS K -0.2 N/A -0.27 N/A
ASA VS K -0.3 N/A -0.29 N/A
DS VS K -0.7 N/A -0.25 N/A
ESD VS K 0 N/A -0.26 N/A
ESAVS K 0 N/A -0.3 N/A
ESD VS DS 0 -0.5 -0.26 0.12
ESA VS DS 0.2 0 -0.06 0
ESD VS ASD 0.5 0.5 0.72 0.73
ESA VS ASD 0.3 0.5 0.2 0.42
ESD VS ASA 0 0 -0.38 0.41
ESA VS ASA 0 0.2 0.57 0.40
ESD VS ESA 0 0 0.21 0.75

A.1.3Ericsson

In this scenaridhasic propagation properties at 15Hz are assessed through radio channel measurements using

a 5G radio access prototype; the prototype consisting oftevminal platforms(TP$ and one mobiled¢rminal.

TPs are installed on the walls of two office buildings at heights 8.5 m (TP1) and 12 m (TP2), respectively. TPs are
separated with a distance of appdamately 80 m; see Figurel.31.1-1.

Figure A1.3.1.1-1:Er i csson O6Ur ban mi cir@peneshdanel ar scenari

C2NJ) 2LISYy aljdzZ NB 2dziR22NJ YSI adzNBYSyGas GSNYAYLFEfQa |y
FigureAl1.31.1-2(a); for outdoor blocking measurements, terminal is carried on an electrical scooter with a
typical antenna heighof 1.5 m; sedrigureA1.31.1-2(b).
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(&) Mobile antenna location (van). (b) Mobile antenna location (scooter),

Figure A1.3.1.1-2: Ericsson &6Ur ban miidestonolele dntehnallocason.enar i o

Total transmit power from each TP over the 200 Midmdwidth is 1 W. Each antenna element at the TPs has a
maximum gain of 15 dBi, azimuth half power beam width (HPBW) o808 elevation HPBW of 8.8/0obile
terminal antenna element is roughly omdirectional with-3 dBi gain and 4 dB feeder loss.

Theradio interface is OFDM with a subcarrier spacingsdHz a symbol length af3.3 ps, and a 0.94 us cyclic
prefix. Reference symbols are transmitted frahre TP to facilitate phase and amplitude measurements foi @ll
(4x4) MIMCOtransmitreceive antena pairs between the mobile terminal atide TP.Measurement resolution is
5ms in time(corresponding to 200 Hz sampling raée)d 1MHz in frequency. itannel estimates for the
downlink transmissions are logged in the form of both complex channel fyaitise 4x4 MIMO channelndthe
total received signal strength on the 4 receive antenonaer each 100/Hz band.

ONAOAaA&2Yy Qa dz2NBFYy YAONROSTE f dzf dpawlsqisderen dziiSta, Stgckhalm, g S NB
Sweden, surrouded mainly by 48 floor office buildings. Main test areas are typically located3e from
corresponding antennas, and are in LoS apart from local blocking, by e.g. signs, trees and vehicles, causing
smaller local areas to be in NLoSohile terminal (atenna) was driven around the square and some nearby
streets up to 250 m away including NLoS areas with a typical spee80drd/h. Measurementsvere

conducted during business hours, meaning that pedestrians, cars, trucks, public transportation, etc. were
present in the area.

Given described test system setup, we #eg primary coverage areas are in LoS to any of the TPs. In the
enclosed quare and along adjacent streets within LoS, coverage is quite good with received signal strength
above-65 dBm. In notLOS conditions, coverage disappemsseceived signal stretigquickly decreases

towards the noise floor with the present configuration of the test systemnpractice, coverage is achieved along
streets in TP antenna directions and on theside of a corner, see Figufd..31.3.1-1.



Figure A1.3.1.3.1-1 :

() Coverage areafor TP 1

Eri

csson

(b) Coverage area for TP2

6Ur ban

mi eoveoageeatebsu | ar

scenart

FigureA1.31.3.2-1 shows the LOS/NLo0S transition when turning around a building corner. Observed additional
loss after the corner is around 20 dB, see Fid\ke31.3.2-1(b); observed lossaks not deviate significantly
from what is assumed for lower frequency bands. The rather steep loss slope is also observed in corresponding
coverage map in FiguAl.33.3.2-1(a).
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FigureA1.31.3.22(a) showssignal strength as a function of distance between mobile antenna and the transmit

antenna. Blue markers correspond to all gdes illustrated Figura1.31.3.2-2(b). Free space propagation is

indicated with the black line; excess loss compared to the free space reference is caused by the antenna pattern
and by shadowing and blocking. Red markers in Figgirg1.3.2-2(a) represat samples from the street right in

front of the antenna and driving soutast in LoS. The red line is according to the empiricaistappe model
based on measurements at 98Hz along streets reported in [BeBl92sed model parameters mimicking
assessedtreet are; ¥=1 (first slope propagation constant 2), m=4 (second slope propagation constant 4) and
x=120 (i.e. a break point at 120 m). Model parameters matching measurement data from the 15 GHz LoS street
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(red markers) do not deviate from the 900 Mprameters ifBeBL9?, indicating no significant LoS
propagation difference at 16Hz.

—~ Horizontal

1]

45}

Signal Strength [dBm]
®

70k-.F HC ;s

-75
10

1

Distance [m]

(b) Map overview, white line
corresponds to safjordsgatan
samples as in figure (a)

Figure A1.3.1.3.2-22. Eri csson O6Ur ban miicormecless.l ul ar scena

(a) Signal strength vs. distance

Delay spread statistics for the outdoor area described in Figaira1.3.31 for the 4x4 complex channel

estimates with 1 MHz and 5 ms resoluti@s{urther described in sectioA.1.31.1) is achieved via a

transformation from frequency to delay domain using windowed IFFT and averaging ovef albRiénna
combinations and a tiesholding of 6dB over noise level and 30 dB below peak level, calculate RMS delay spread
based on power density profiles with > 20 dB SNR.
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Figure A1.3.1.3.3-1: Ericsson 6Urban miiRM®dely spreddar scenari

Somewhat lower daly spread than 3GPP 3D UMBiobserved, which igithin expected range of variability
of a single measurement campaign compared to a mdgeded on these results warmot conclude thaRMS
delay spread reduces with increasing frequency
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The channel soundesetupis based on @ector network analyzer (VNAjom Keysight (10 MHg 43.5 GHz)ln

order to allow longrange measurementgntenna remoting usingn optical fiber extensioof the transmit RF
cableis employedas shown in FigA1.32.1-1. Themeasurements have been performed 244, 14.8and58.68
GHzcarrier frequencies using 80, @0and 2000 MHz bandwidth, respectively. The VNA supports operating
frequencies of up to 43.5 GHz. Henaeathieves8.68GHz transmission over the aihe VNA RF signal which is
swept between 2 and 4s upconverted in the transmitter (TX) and dowonwerted in the receiver (RXgs
shown in FigA1.32.1-2. For this purpose the local oscillator signal of frequency 15 GHz is distributed to the TX
end over optical fiberThe transmit power fed to the antenna portasound10 dBm in all the frequency bands

Two identical verticaly polarized dipole antennas are used at both TX andb@i have2 dBi gain. The VNA
sweeps over the frequency band of interest to measure channel transfer functions. The number of frequency
points in the sweep and the IF bandwidth determines the naiggmal tolevel of the measured impulse
responses Thenumber of freqiency points is set to 1601 for 2.44 and 14.8 GHz measurements and to 8001 for
58.68 GHz measurements. The IF bandwidth is s&0tkHzin all measurements and has been reduced to 300
Hz for better noise suppression at some measurement poistsalibratbn measurementat short distancess
always performed before and after the channel sounding to obtaference lineof-sight (LoS) measurement
More details on the measurement &g in 60 GHz can be found in [MeAB15

O - :R/X
Photonic Photonic

Systems Systems Py ®

PSI-1601-40 PSI-2601-40 e e
1550 nm 1550 nm

FIGURE A1.3.2.1-1: MEASUREMENT SETUP FOR 2.44 AND 14.8 GHz.

-
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FIGURE A1.3.2.1-2: MEASUREMENT SETUP FOR 58.68 GHz.
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The channel sounding was performed around Ericsson Research building in Kista, Stockholm, Sweden, which is a
suburban area with 4 floors office buildings. Two measurement campaigns were performed, each around one
corner of the building as depicted in Figl.32.2-1 (left). The measurement campaign along the green path is
denoted as campaign 1 and the one along the red path is denoted as campaign 2. Both TX and RX antennas are
installed at 1.5 m height above the grourithe building has 5 floors and is @vhigh. At each measurement
campaign, theRXantenna was fixed close to one corner of the building, shown inAig2.2-1 as RX%or

campaign land RXZor campaign 2while the TXantenna was placed at 16 locatioria. campaign 1, RX1 is
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located on t@ of a bridge at a height 5 m above the street where the TX is located as shownAd.Big2-1
(upper right). TX and RX2 in campaign 2 are, however, at the same street level as showhlii3Eigrl (lower
right). Moreover, a few locations in eacheasurement campaign are in LoS with the corresponding RX, while
the rest of thelocationsare behind the corner and hencemon-LoS(NLoS) The measurements were performed
during June, July, and Augui15 Thee were changes in the environment for eapfeasurement campaign
due to movingand fixedobjectslocationssuch as carpassing by and parked cafEhere werealso a few closely
spacedtrees dong LoS part of the measurement route in campaign 2, while there were sparsely distributed
trees along bothLoS and NLoS segment of the measurement route in camping 1.

Figure A1.3.2.2-1: Measurement scenario around Ericsson Research building.

Findings and observations are sumized in R1160846 available at:
ftp://ftp.3gpp.org/TSG_RAN/WG1 RL1/TSGR1 84/DoetRB46.zip

A.l.4Electronics and Telecommunications Research Institute (ETRI)

To explore the spatitemporal characteristics of a wireleseannel including the path loss, ETRI developed a
wideband channel sounder. This channel sounder is designed for performing a field measurement campaign and
collecting measured data by transmitting and receiving signals with a 500 MHz bandwidth atfoegriencies

of 28 and 38 GHKJvKC1}h Note that the channel sounder can be operated as a transmitter (TX) or receiver

(RX) depending on the settings.


ftp://ftp.3gpp.org/TSG_RAN/WG1_RL1/TSGR1_84/Docs/R1-160846.zip















































































































































































































































































