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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
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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

‘ 140 w
801 TX3Rx1 | Black: 15GHz %
__ 120! Red: 60GHz X X
— L o X _ o &
% -100 - i A8 = >>§ = RSl
= R s a ’E——__K J——
‘ 100 - - [
% " ) i) Etl"g”_lj oL _E_——E-
o -120¢ = A - _-g
© ’ _ ﬂ’
’’’’’’’’’’’ Q gor/, /%
1.7 [: Line-of-sight channels
-140+ n’ : Non-line-of-sight channels
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, » 60 ,'l - - -: Free space pathloss
0 200 400 600 0 20 40 60 80 100 120
Delay [ns] Tx-Rx distance [m]
(a) Power delay profiles. (b) Omnidirectional pathloss

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 :
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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.
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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-LoSNLoS) 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 sumizad 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
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[TRXM: Transceiver Module] [BBM : Baseband Module]  [RFM: RF Module]

[Power Module] [3D-Positioner] [Omni-directional Antenna]

[TIM: Timing Module]

Figure A1.4.1-1: ETRI Channel Sounder.

As shown in Figur&1.41-1, the sounder is composed of a basetlanodule (BBM), a transceiver module
(TRXM), a timing module (TIM), a@81z or 38Hz RF module (RFM), and antennas (directional horn antennas
and an omnidirectional antenna). The-BIdsitioner includes a RFM and an antenna servo unit that generates
seno signals for stepping motors to control the orientation of the horn antenna whthcturacy (horizontally

and vertically). The rubidium oscillator of timing module provides the reference clock maintaining stable time
synchronization between TX and RXbl&@&1.41-1 describes detailed specifications of the channel sounder. The
dynamic range of the sounder is sufficient to measure a path loss of up to 170 dB. The temporal resolution for
multipath analysis is 2 ns. It is noted that, to remove the systenaimment from measured channels, a

calibration process is carried out prior to actual measurements by directly connecting between TX and RX.

Table A1.4.1-1: Specifications of ETRI channel sounder.

System parameters Specifications
Center frequency 28 /38 GHz
Channel Bandwidth 500 MHz
PN code length of probing signal 4095 chips
Maximum power of TX 28 GHz 29 dBm
(w/o antenna) 38 GHz 21 dBm
Automatic gain control range of RX 60 dB
Multipath resolution 2ns
HPBW of pyramidal horn 28 GHz 10°(24.4 dBi), 30°(15.4 dBi), 60°(9.9 dBi)
antenna and gain 38 GHz 10°(24.6 dBi), 30°(16.4 dBi) ), 40°(12.6 dBi)
Gain of omnidirectional 28 GHz 5 dBi
antenna 38 GHz 6 dBi

The outdoor measurements were conducted in Dundang site(located in Daejeon) in Korea, which were
selected to represent typical dense urban environment. It is a downtown area inhabited bgtéry buildings
(20-35 m height) with 2885 m wide streets between buildings.

Note that the measurement site is compabsef rectangular flat street grids. Figukel.42-1 depictsadetailed
measurement scenario, on which the locations of TX and RX of the sounder are markeddbsiite (LoS)
and nonLoS (NLoS) situations. To emulate typical urban micuteedicenaios (street canyon)we installed the
TX antennas at a height of 10 m and the RX antenna at 1.5 m (pedestrian level) as illustrated A Eigenk
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To expand the communication range between TX and RX of the sounder, a 3BdiWakBeamWidth (HPBW)

horn antenna is used for TX. At the RX side, an omnidirectional antenna or 10° HPBW horn antenna is used
separately according to channel parameters that can be analyzed. For example, measured data from
omnidirectional antenna are used to derive a path logslel. For the case of directional horn antenna, we
rotated the boresight of the RX antenna in small steps to measure signals from all azimuthal directions, while
keeping the TX boresight fixed with a wider HPBW antenna to cover the entire range oétintdre rotation

step size was 10°in the azimuthal direction ranging frdito@60°. The measured data from this directional

horn antenna are used to derive mufiath characteristics such as delay and angular spread. The measurement
campaigns were takediuring daytime and outside of normal rush hours. Furthermore, traffic was light and ran
at about 30 km/h, with few people on sidewalks.

RF & Antenna (TX)

e

=

Omni-directional
Antenna (RX) 1

O—> Transmitter (TX)
©  LoS position of Receiver (RX)
. NLoS position of Receiver (RX)

Channel Sounder (TX) e

Figure A1.4.2-1: Measurement scenario (left) and campaign at Dunsan-dong site (right).

In order to overcome considerable path loss in the high frequency bands above 6 GHgihighectional
antennas have been typically used to measure propagation chanasateristics. However, synthesizing
omnidirectional characteristics by scanning these directional antenna measurements may cause erroneous
results due to improper selections of the antenna beaidth and the rotation step size. Thus, we use an
omnidirectional antenna at the receiver side to obtain path loss characteristics by limiting distance range up to
200 m.

There are two popular path loss models: the alfiiea-gamma (ABG) modebRRT+J&nd the closen (Cl)

free space reference distance modBINICS+15. The below figures show scattered plots of the measured path

loss data along with the Cl model predictions in an Urban Mietb(UMi) scenario at 28 and 38 GHz in LoS and

NLoS environments, respectively. The path loss exponent (PLE) of thedeTisribl for both frequencies in LoS,

which agree with the free space PLE of 2. In NLOS, the PLE of the Cl model is 3.0 for both frequencies. Therefore,
we can observe that the PLE of the Cl model tends to be similar at both frequencies in LoS and NLoS
environments. The standard deviation of the shadow fading differs by only a fraction of a dB in LoS. In NLoS
environments, the difference is about 1.6 dB.
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UMi 28GHz LOS UMi 28GHz NLOS
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Figure A1.4.3.1-1: Measured path loss at 28 GHz in UMi scenario.
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Figure A1.4.3.1-2: Measured path loss at 38 GHz in UMi scenario.
TableAl1.43.1-1 summarizes the path loss parameters in the ABG and Cl models in UMi scenario.

Table A1.4.3.1-1: Parameters in the ABG and ClI path loss model in UMi scenario

Scenario | Environment DIS[tr:;]CG Model Frigl:_'ezr;cy PLE/a b[dB] g s [dB]
cl 28 2.1 - - 1.8
LoS 50-180 38 2.1 - - 1.7
UM ABG 28-38 1.9 40.6 1.8 1.7
al 28 3.0 - - 3.8
NLoS 40-140 38 3.0 - - 5.4
ABG 28-38 4.5 3.1 2.0 4.3

In order to understand spatitemporal characteristics of 28 and 38 GHz channel -tégblution parameter
estimation algorithm, Spaeglternating Generalized Expatibn- maximization (SAGHyTHD+99WZWG+1)h
was adopted to extract multipath components (MPCs) from the measurements data. For the calculation of delay
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and angular spread, MPCs are cut out which power is 25 dB lower than the strongest MPC. Cumulative
distribution functions of delay spread (DS) amtjular spread (AS) are in the below figures and table.

1 m— 1 Z7
0.9 F 0.9 /' -
y.
0.8 0.8
0.7 V 0.7 ﬂ
0.6 [ / 06 ‘,/ /
tDL) 05 / é 05 l fq
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0.1 UMi 28GHz NLoS |+ 0.1 7 UMi 28GHz NLoS [+
UMi 38GHz NLoS l UMi 38GHz NLoS
0O 20 40 60 80 1(’]0 1;0 140 DO 10 20 30 40 50 GrO 7’0 8r0 90
DS [ns] AS [degree]
Figure A1.4.3.2-1: CDF of DS (left) and AS (right).
Table A1.4.3.2-1: Percentiles of DS and AS.
Delay spread [nsec] Angular spread [degree]
28 GHz 38 GHz 28 GHz 38 GHz
10% 2.2 35 7.8 8.6
LOS 50% 10.8 8.4 16.8 18.2
95% 29.2 37.8 47.1 41.5
10% 12.6 134 22.0 24.2
NLOS 50% 44.6 40.0 42.2 38.7
95% 99.4 106.6 77.7 71.0

For clusterwise analysis, the-RowerMeans algorithm@CSB+Qés utilized forclustering of estimated MPCs
from SAGE. Cumulative distribution functions of cluster parameters are in the below figures and table.
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Figure A1.4.3.3-1: CDF of cluster number, DS and AS.

Table A1.4.3.3-1: Percentiles of cluster number, DS and AS

Cluster number Cluster DS [nsec] Cluster AS [degree]

28 GHz 38 GHz 28 GHz 38 GHz 28 GHz 38 GHz
10% 1.0 1.0 0.0 0.0 2.1 2.3
LOS 50% 2.2 2.3 1.1 1.3 5.0 5.0
95% 5.6 5.4 3.7 6.1 16.3 14.7
10% 3.7 35 15 0.9 3.8 3.3
NLOS | 50% 5.9 6.6 8.3 6.3 10.5 8.6
95% 9.7 10.6 29.8 215 27.2 25.8

In summary, we embraced a popular channel model framework, e.g. the existing 3GPP 3D channel model for a
geometrybased stochastic channel modeling. Based on the framework, we extended the applicable frequency
range of the channel modé&br anUMi - street canyonscenaridby seeking parameters at 28 and 38 GHz as

shown in the Tabl&1.43.4-1 [PLLK1B

Table A1.4.3.4-1: Channel model parameters for UMi i street canyon scenario.

Parameters 28 GHz 38 GHz
LOS NLOS LOS NLOS
Delay spread (, ps) ‘ bs -8.1 -7.5 -8.0 -7.4
logio(seconds) -Ds 0.4 0.4 0.4 0.3
AOA spread (,, asa) ‘' AsA 13 1.6 1.3 1.6
logio (degrees) - ASA 0.3 0.2 0.2 0.2
‘K 11 N/A 9 N/A
K-factor [dB]
-K 2 N/A 1 N/A
ASA vs DS 0.6 -0.2 0.8 0.2
ASA vs SF 0 0.1 -0.4 0.2
Cross-Correlations DS vs SF 05 0.2 0.2 03
ASA vs K -0.2 N/A 0.1 N/A
DSvs K -04 N/A -04 N/A
SFvs K -0.1 N/A -0.2 N/A
Delay scaling factor rt 1.3 0.9 1.2 0.9
Ave. number of cluster 3.0 6.7 3.0 7.1
Cluster DS (nsec) 1.4 11.2 2.0 8.7
Cluster ASA (degrees) 6.1 12.7 5.8 10.8

A.1.5Huawei Technologies

Adualbandultra wideband channel soundédesigned to measure th28G ande-band channeimodel The
sounder systerm baseon avector network analyzer (VNApPm Rohde & Schwayravhichprovidesan
intermediate frequency (IF) sigradsamplingreceive IF signal from down converter.

In our configuration, the frequency increadmearlyin the measurement bandwidttvith an incremeniof
10MHz Alocaloscillator(LO)frequencyis generated by aintegrated frequency synthesizesf Agilent The LO
frequencyisthen sextupled toaround 73GHby afrequency onverterfor Eband. Meanwhile, the L®equency
isdoubled for 28G After that, the measuremensequence ofFsignals genetted by the VNAs mixed with the
LOsignalone by oneto generatea RF signal ramgg from 72GHz to 4GHzor Eband and 27GHz to 29GHz for
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28G whichisthenreceived bythe Rx When the measuremerstfor the whole bandwidthat someposturefinish,
the azimuth and elevation angles or the location oigthanged Andthe processnentioned repeats to acquire
the data for other positionsVertically polarized éovrn antennas with 25dRjain and 10half power beam width
areusedfor Eband and 28GHnithis measurementThe duatbandUWB soundesystems arealibrated witha
backto-back measurementhichconnects the transmiér and receive through50dB attenuator A channel
sounder system fomeasuremenis demonstrated as figur&1.51-1.

Figure A1.5.1-1: Huawei channel sounder.

Huawe® channel measurement result for Str&eanyon scenarivas implemented at TianQuan RoadHitech
Western Districof Chengdtin ChinaThe measurement includesore than 80 TsRxpositionsfor LOS scenario
and 50 positions for NLG8enario. Théeightof Tx antenna is about 6m while the Ryxsetup toabout 1.8mfor
the UMI caseThe cable driven byubidium clockhelps to synctonize the Tx an®Rx.The wholemeasurement
campaigncompose of a mainstreetand threecrossedstreets. The locations of Tx and Rx are shown in Figure
Al.52-1for LOS and NLOS scenarios respectively. Locatioriso€dixfiguredat end of the streetto acquire a
maximum length about 150nThe Tx for LOSestariowas placedn the middle of the streefmarked with a
bluetriangle)and thepositions ofRx (marked with greepoint) were located at the straight lingy the street In
NLOS scenario, the Tx was chosethatorner of the firstcrossedstreet (marked with a red triangle) to ensure
that the LOS path was obstructed and the Rx (marked with regbirged stars) werglacedrandomly at the
NLOS area.

Table A1.5.2-1: Channel Sounder System parameters.

O O
Tx Height 6 m 6m
Rx Height 1.8m 1.8m
TX Ant Gain 10dB 10dB
Rx Ant Gain 25dB 25dB
Tx Antenna Horn Ant of 55° Horn Ant of 55°
Rx Antenna Horn Ant of 10° Horn Ant of 10°
Polarization Vertically Vertically
Central Frequency 28G/73 GHz 28G/73 GHz
Sweep point 2001 2001
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Bandwidth 2 GHz 2 GHz
Tx Locations 1 1
Rx Locations 80 50
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Figure A1.5.2-1: Huawei channel sounding in Street Canyon.

It is not quite accuracy to predict the propagation loss with all sample in a single linear fitting appvéiich.
limited complexity increasing, such as, sector/zone grouping, the model predict accuracy can be increased
significantly.72GHz and 28GHz ¢grscale pathloss were measured and analyzed famyorscenario Multi

Zone model was investigated. At least two zooas be observed for the measured distance rangee std.
deviationand the prediction error can be adopted as model evaluation criteria

P r———
wf | ——zmea =i wl ﬁ:‘;'m“ e o2
Imed ia N i
o 4
- - . -
a0l Feeapace PL .t SO —— peemzace FL
" .._l‘ - _.—o:"l.1
8 L PR R
% o e — . g — L
—— I
E I . w £ ol
29—

£ =} z
a o a0

Wy, = 20,84
WPLyjd) = 6.4+ 1.04"10%0g10(d] dsdg,

= 2344
WPL,jd) = PLy[dgl + 11.310%0g1 0jdidys)
o

L
WPLyd) = 844+ LET10°log10(d) dSdy,

EPL{d) = PLy{dpe} + 7.0°10%0g 1 0iclidyy) -
e SRMEEs 454
10 = w’ %
Dt i Distance jm}
©28GHz WT73GHz

Figure A.1.5.3.1-1

FromFigureA.1.53.2-1(a) showdelay spread shrinks with increased bandwidth. Minor difference between
28GHz and 73GHz at each bandwidth. The delay spread trends to a constant #@@btidz. FigureA.1.53.2-
1(b) showAoA spread keeps almost stable with increased bandwidth. 2. Mifference between 28GHz and
73GHz at each bandwidtRrom fgure A.1.53.2-1(c) showZoA spread keeps almost stable with increased
bandwidth. Minor difference between 28GHz and 73GHzaahbandwidth.
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The channel sounding is conducted in city center and residential ar&eslin The table below summarizes the

channel sounder parameters:
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Table A1.6.1-1: Channel sounder parameters.

Parameter

Value

Antenna setup (#f simutaneously supported TX and R>

atBS and MS)

1 TX station and 1 RX station

Maximum rumber of simultaneously supported frequent

bands

N

Coverable frequency bands

3.7 and 28 GHz

Bandwidth(maximum)

250 MHz @ 1GHzand 60 GHz

Multipath time resolution

approx. Ins

Waveform Optimized multitone sequence

TX power 30 dBm max, 36 dBm EIRP max
Measurement repetition rate * mo LT

System processing gain ¥ cn R. 6x mnn R. €

(without further postprocessing)

scenarios with channel coherence time in
the order of 1s)

Antenna characteristics at TX / RX

omnidirectional / omnidirectional

Antenna gain at TX / RX

approx. 2 dBi

Antenna azimuth 3 dB beam width

omnidirectional

Antenna elevation 3 dB beam width

approx. 80 deg.

Antenna polarization at TX / RX

vertical / vertical
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Figure A1.6.2-1 andFigure A1.6.2-2 show the NLOS path Loss data for street canyon scenario in a residential
area. The path loss parameters based on Cl model and ABG model are summarasd il.6.2-1.
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FIGURE A1.6.2-1: NLOS PATH LOSS DATA FOR STREET CANYON IN RESIDENTIAL AREA (10 GHz AND 60.4
GHZ), AROUND ONE CORNER.
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FIGURE A1.6.2-2: NLOS PATH LOSS DATA FOR STREET CANYON IN RESIDENTIAL AREA (10 GHz AND 60.4
GHZ), AROUND ONE AND TWO CORNERS.

TABLE A1.6.2-1: PATH LOSS PARAMETERS.

. . Dist F
Scenario | Environment |s[na:;1ce Model r(;glaez?cy PLE/a b[dB] g s [dB]
NLoS o] 10 2.13 - - -
©one 1 15100 60 252 - - -
. corner)

UMi ABG 10, 60 2.33 36.1 2.17 -
NLoS (one 10 3.71 - - -
and two 10-100 cl 60 2.74 - - -
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corners) | | ABG | 10,60 | 3.28 26.5 1.84

FigureAl1.62-3 shows the RMS delay spread of the measured locations at 10 GHz and 60 GHz. A higher delay
spread is observed at 10 GHz. The delay spread tends to increas&aslifiance increases.

_?C—RA scenario at 60 GHz _GSC—RA scenario at 10 GHz
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FIGURE A1.6.2-3: RMS DELAY SPREAD DATA FOR STREET CANYON IN RESIDENTIAL AREA (10 GHz AND 60.4
GH2).

A.1.7/NTT DOCOMO, INC.

TableA1.7.1-1 shows specifications of measurement equipment. Transméterdscontinuous wave (CW) and

received power is recorded at receiver.

Table A1.7.1-1: Specifications of measurement equipment and parameters.

Values, Types

Parameters
Frequency 0.81 GHz, 2.2 GHz, 4.7 GHz, 26.4 GHz, 37.1 GHz
Transmission power 43 dBm (0.81 GHz, 2.2 GHz), 40 dBm (4.7 GHz, 26.4 GHz ), 37 dBm (37.1 GHz)
Transmission signal cw
BS antenna height 1.5m,6m,10m
Tx antenna (BS) Sleeve
MS antenna height 25m
Rx antenna (MS) Sleeve

Distance between BS -MS 30 to 676 m (LOS), 56 m to 959 m (NLOS)
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Path loss measuremenigere carried out h a dense urban area in Tokyo [KITQ+FgureAl.7.2-1 shows

picture of measurement site and Tx antenna sgjti In the measuremersite, the average building height is 18

m, the average road width is 29 and buildings occup¥6 % of the areaTableAl1.7.1-1 gives the measurement
parameters.Continuous wave (CW) is transmitted from a BS antenna, and the recposedr levelis recorded

at the MS while the MS is moving. The &fenna height is set to 10 m. The MS antenna is established on a
measurement vehicle and the height of the antenna.B &. The antennas used for the BS and MS are sleeve
antennas. The measutlefrequencies are 0.81 GHz, 2.2 GHz, 4.7 GHz, 26.4 GHz, and 37.1 GHz. The distance
between the BS anthe MSwasbetween30 m to 676m in LOS case, amétween56 m to 959 nin NLOSase

Path loss is obtaineevery meter by takingnedianvalue ofreceivedpower levek within 10 m (before and after

5 m).

Tx antennas

Figure A1.7.2-1: Measurement site and setting of Tx antenna.

FigureAl1.7.3-1 shows path losever distance fromthe BS to Mt 4.7, 26.4 and37.1 GHZor LOS and NLOS
cases. Moreover, regression analysis is applied to the measurement data by using Cl and ABS Snot®slary
of theseregression results shownin TableA1.7.3-1.

Cl model is expesed as
PL(d)=10nlog,,(d)+FSPL(f.,1)+ c. (A1.7.3-1)
FSPL(f., d)=3244 + 20log(f.)+ 20log(d) (A1.73-2)

wherePLis path lossn dB d is distance from BS to M meters f. is frequencyin GHz andc; is shadow fading
factorin dB,which islog-normal distribution with standard variation &g

ABG model is expressed as

PL(d) =102 10g,,(d) + & +10g10g,o( fo )+ ¢, (A1.733)



27

f=47GHz e f=26.4GHz

e f=37.1GHz
70 C T T T ] 70 E T T T T 7T T L
r ] 80 | E
o BO iR P - 90
g | | R
g O DTN - g u0-
- r ] s 1205
[%2] - - [%2] e
8 100[ - S S 130 F
g 1§ w
LOF ! S & 1s0p
L : v E
c 1 ] 160 £
120 C | Lo | ] £
40 60 80100 300 170
Distance, d (m) Distance, d (m)
(a) LOS (b) NLOS

Figure A1.7.3-1: Path loss vs. distance.

Table A1.7.3-1: Regression analysis.

Parameters
n/a b@dB) | g S (dB)
LOS Cl 2.09 3.1
NLOS Cl 3.21 N/A 6.2
ABG 3.47 25.3 | 2.07 6.2

A.1.8New York University (NYU)

A set of 28 GHz and 73 GHz ultrawideband sliding correlator (or swept time delay cross correlation (STDCC))
channel sounders with superheterodyne architectures with similar baseband hardware and relatively similar
intermediate frequency (IF) and radio freency (RF) stages are used to measure the outdoor urban

environment on the UT Austin campus, and downtown Manhattan in New YorlRSMZ+1RMCS+15

MCRS1p The baseband probing signal is a 400 megaghepsecond (Mcps) pseudorandom noise (PN)

sequence generated via an it linear feedback shift register (LFSR) with digital circuitry. For the 28 GHz, 38
GHz, and 73 GHz systems, the baseband signal is modulated to an IF between 5 GHz and 6 GHz that then entered
customdesigned RF frorgnd upconveter boxes which then modulates the IF broadband signals to RF carrier
frequencies of 28 GHz, 38 GHz, and 73 GHz. At the receiver side, the incoming ultradwideband 800 MHz RF null
to-null bandwidth signal is downconverted with custdmilt hardware to an Ibetween 5 GHz and 6 GHz and is

then subsequently demodulated into itsand Q baseband components. Both the | and Q baseband signals are

then mixed with a PN sequence identical to the transmitted signal, but at a slightly slower rate of 399.95 Mcps,
which produces an impulse when the codes are aligned in time. The subsdgumel® correlated voltages are

then low pass filtered and digitally sampled with higeed oscilloscope. The digitaind Q signals are then

squared +Q?) to generate a raw power delay profile (PDP) of the channel for further processing. For each
acquisition, 20 consecutive PDPs are averaged to improve processing gain and to reduce noise fluctuations.
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Table A1.8.1-1: Channel sounder specifications for the 28, 38, and 73 GHz measurement
campaigns [RSMZ+13, RQTM+12, RGBD+13, RMCS+15].

Carrier Frequency 28 GHz | 73 GHz | 38 GHz
Probing Signal 11" order PN sequence (length=2047)
TX PN Code Chip Rate 400 Mcps
TX PN Code Chip Width 2.5ns
RX PN Code Chip Rate 399.95 Mcps
Slide Factor 8000
Digitizer Sampling Rate 2 Megasamples / second
RF Bandwidth (Null-to-Null) 800 MHz
TX/RX IF Frequency 5.4 GHz 5.625 GHz 5.375 GHz
RX/RX LO Frequency 22.6 GHz 67.875 GHz 32.25 GHz
Center Frequency 28 GHz 73.5 GHz 37.625 GHz
TX/RX LO Power 10 dBm -29 dBm
Max. TX Output Power 30.1 dBm 14.6 dBm 21.2 dBm
TX/RX Antenna Gain 24.5 dBi; 15 dBi 20 dBi 25 dBi/25 dBi; 13.3 dBi
TX/RX Azimuth HPBW 10.99 28.8° 15° 7.877.87 49.4°
TX/RX Elevation HPBW 8.69 30° 15° 7.877.87 49.4°
Max. TX EIRP 54.6 dBm 32.1 dBm 46.2 dBm
TX Antenna Height 7m; 17 m 8m
RX Antenna Height 15m
Max. Measureable Path Loss 178 dB 181 dB 15071 160 dB
Multipath Time Resolution 25ns
TX Polarization Vertical/ Horizontal Vertical Vertical
RX Polarization Vertical / Horizontal Vertical Vertical

In the 28 GHmeasurements, three TX locations (heights of 7 m and 17 m) and 27 RX locations (heights of 1.5 m)
were selected to conduct the measuremen®MCS+1]5Two types of horn antennas were employed: a 24.5
dBigain narrowbeam horn antenna with 18d&gree and &-degree halpower beamwidths (HPBWS) in the

azimuth and elevation planes, respectively, and a 15gdBi widebeam horn antenna with 28dggree and 30

degree HPBWSs in the azimuth and elevation planes, respectively. The narrowbeam antenna was aieesys util

at the TX locations, and five of the RX locations used both the narrowbeam and widebeam antennas, including
two LOS and three NLOS locations. For nine out of the ten measurement sweeps for-8athotation

combination (except the two LOS RX logadlo the RX antenna was sequentially swept over the entire azimuth
plane in increments of one HPBW at elevation angles of 0 degree and +20 degrees about the horizon, so as to
measure contiguous angular snapshots of the channel impulse response over itlee3@&®degree azimuth

plane, while the TX antenna remained at a fixed azimuth and elevation angle. The TX antenna was swept over
the azimuth plane in the last measurement sweep.

In the 73 GHz measuremenBNICS+15five TX locations (heights of 7 m aridrh) and 27 RX locations were

used, with RX antenna heights of 2 m (mobile scenario) and 4.06 m (backhaul scenario), yielding a total of 36 TX
RX location combinations for the mobile (access) scenario and 38 combinations for the backhaul scenario. A pair
of 27 dBigain rotatable directional horn antennas with a HPBW of 7 degrees in both azimuth and elevation
planes was employed at the TX and RX. For ea@XTl¥cation combination, TX and RX antenna azimuth

sweeps were performed in steps of 8 degrees odé@rees at various elevation anglé4gZN+1B

38 GHz cellular measurements were conducted with one TX location chosen on one building at the UTA campus
in the summer of 2011 at height of 8 m, with a maximum measurable dynamic range of 160 dB, for 10 RX
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locations in the surrounding campus using narrowbeam TX antennad€@r8e Az. HPBW) and narrowbeam
(7.8degree Az. HPBW) or widebeam (48efree Az. HPBW) RX antennas. A total of 1RX ¥cation
combinations were measured for narrowbeam measureméwith T-R separation distances ranging from 29 m
to 225 m) and 6 TRX location combinations were measured for widebeam measurements (Mtheparation
distances between 29 m and 156 rRQTM+12RGBD+1RMCS+15

Table A1.8.2-1: NY UO® s sohradimghsité numbers and distances in New York City [MCRS15].
Manhattan Measurements
28 GHz 73 GHz
TX/RX: 10.9° HPBW TX/RX: 7° HPBW
# of LOS 6 5
locations
measured
LOS 33 30
(d < 200 m) NLOS !
# of LOS 6 5
locations
measured
NLOS 3
for all d NLOS 68 !
# of LOS 6 5
locations : (Blm<d<102m (B0m <d<54m)
with signal 20 25
NLOS
(d < 200 m) 6l m < d< 187 m) 48 m<d< 190 m)
# of outage LOS 0 0
locations 13 5
NLOS
(d < 200 m) ©6m<d< 193 m (168 m < d < 198 m)
# of LOS 6 5
locations B Blm<d< 102 m) B0m <d<54m)
with signal 20 25
NLOS
for all d 6lm<d< 187 m) 48 m < d< 190 m)
# of outage LOS 0 0
locations 48 [
for all d NLOS O6m<d<425 m) (168 m < d < 216 m)
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(a) Sounding sites in the 28 GHz campaign (b) Sounding sites in the 73 GHz campaign

channel soundi sites i n UMi

[RSMZ+13, RMCS+15].

Figure A1.8.2-1 : NYUOGs ng

Both the 1 m closén (ClI) free space reference distance model and the floatitegcept (FI) model were utilized

to investigateomnidirectional path loss in the UMi scenarRNICS+1J5The LOS PLEs are equal or very close to
the free space PLE of 2 for all three frequencies, while the NLOS PLEs are comparable to those at microwave
frequencies and have no obvious frequency dependdmeyond the first meter of free space propagation in the
UMi scenarioRMCS+15 FigureAl1.83.1-1 shows the 73 GHz omnidirectional 1 m ClI and FI path loss models for

str
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the hybrid scenario with RX antenna at heights of 2 m and 4.06 m in New York €#olMvin that the 73 GHz
NLOS PLE is not vastly different from that corresponding to 1.9 GHz using omnidirectional antennas with a base
station antenna height of 3.7 m and a mobile RX antenna height of 1.7 m, as displayed i\Fi§8r&-1.

Table A1.8.3.1-1: Omnidirectional Cl and Fl path loss models at 28, 38, and 73 GHz in the UMi
scenari o. U is the floating intercept in the FIl mod
Manhattan [RMCS+15].

Omnidirectional Path Loss Models (dy = 1 m)
I—— TX Ht. RX Ht. NLOS Meas. LOS NLOS NLOS (Floating)
’ (m) (m) Range:d (m) ["PLE [ ¢ [dB] | PLE [ o [dB] | a [dB] [ 8 [ ¢ [dB]
28 GHz (Man.) Narrow/Narrow T 17 1.5 61<d<187 2.1 36 34 9.7 79.2 2.6 9.6
23 61<d<150 20 24 28 9.1 39.1 4.0 8.9
36 75<d<377 1.9 36 26 10.8 1222 | 0.1 9.2
Narrow/Narrow 1.5 - =

23 36 61<d<377 1.9 34 27 10.5 100.9 1.0 9.6

38 GHz (Austin) 8:23:36 29<d<377 1.9 44 2.7 10.1 96.2 1.3 9.1
23 d=101 1.8 24 26 - - - N
Narrow/Wide 36 15 7§§d§?28 1.8 1.8 22 4.1 81.7 1.5 34
23 36 75<d<728 1.8 2.1 23 4.9 88.6 1.2 34
8:23:36 209<d<728 1.8 32 23 7.4 §88.2 1.3 57
Access 2 48<d<190 2.0 52 33 7.6 81.9 27 7.5
73 GHz (Man.) Backhaul 717 4.06 50=d<190 2.0 42 35 7.9 84.0 28 78
Hybrid 2:4.06 | 48<d<190 2.0 48 34 7.9 80.6 29 78

73 GHz Omnidirectional PL Model 1 m — Manhattan
for Hybrid (RX at 2 m and 4.06 m AGL)
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Figure A1.8.3.1-1: NYUbs 73 GHz dmrCiaddH path tossanodels for the hybrid
scenario with RX antenna at heights of 2 m and 4.06 m in New York City [RMCS+15]. Blue
squares represent NLOS omnidirectional path loss values and red diamonds represent LOS
omnidirectional path loss values. An omnidirectional NLOS path loss model for the 1.9 GHz
band measured in San Francisco is also displayed on the figure for comparison.

Additional information regarding directional and omnidirectional RMS delay spreads may be found in the
following resource$or 28 GHz, 38 GHz, and 73 GHz measuremdRMCS+15 MCRS15 XRBS99.

A.1.9Samsung /Korea Advanced Institute of Science and Technology (KAIST)

The channel sounder ikevelopedusing a sliding correlat@rovides an accurate multipath time resolution by
utilizing 250 Mega chiper-second (Mcps) pseud@ndom (PN) sequences. Figé&.91-1 shows the block

diagram and photograph of the developed channel sounding system. In transmitter part, PN sequesrategen

by software goes into two DACs which generates | and Q signal, and these analog signal is converted to the 28
GHz band with the local oscillator and mixer in RiEapverter unit. The signal is radiated at TX with up to 29
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dBm transmit power. The 2®alf-power beamwidth horn antennas (24.5 dBi gain) with are equipped at the RF
end of transmitter and receiver. The received RF signal at 28 GHz band isdlovented and fed into an ADC

for data acquisition. Each side has its own external referena.clbalso has a common trigger signal for the
synchronization. To cover all channel directions it needs multiple measurements in different angles due to the
narrow beamwidth of the horn antennas. Both transmitter and receiver had each rotating modadémnth

and elevation angle for steering the horn antenna, and the pointing direction is automatically controlled on

measurements.

Transmitter

Receiver
RF Unit ! RF Unit 1

Antenna

RF
Down-converter

Generator

Computer

! Post-
processing

Trigger Signal Function Trigger Signal
Generator

I

Figure A1.9.1-1: Measurement system block diagram (upper) and photograph of the system

(lower).

The channel sounding was performeddmwntown Daejeon and the Alpensia resort in Pyeongchigea The
measurement overview and the description of channel sounder are given in Aalgle-1.

Table A1.9.2-1: Measurement overview.

Propagation scenario 020 NLOS in Daejeon | 020 NLOS in Pyeongchang
Center frequency 28 GHz

Bandwidth 500 MHz

Polarization Verticallinear polarization
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TXlocation 1 test location | 2 test locations
TXvelocity Sationary
RX location 47test locations | 15test locations
RXvelocity Sationary
RX height above ground levg 1.5m
TXRX distance 43¢ 209m | 55¢ 207 m
Angular scanning Rotation in azimuth 860

Rotation in elevation60-60° with 10° step
Remarks 9 test locations fell into outagd -

This channel measurements were performed in downtown Daejeon, South Korea. Environment of this scenario
is densely buitup urban environment. The TX system was placed on the fifth floor of a building, 15 m height
above the ground. Figur1.92.1-1 shows the view at TX location and Fighe92.1-2 depicts a satellite map

of the TX and RX locations. The sounding was performed for 47 NLOS RX locations in totdRXTtistéKce

ranged from 43 m to 209 m.

L

Figure A1.9.2.1-2: A satellite map of the TX and RX location in downtown Daejeon.
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A.1.92.2 The Alpensia resort in Pyeongchang, Korea

The second channel measurement scenario was carried out in the Alpensiaind3getongchang similar to the
typical urban environment. Photographs of the measurement locations are in FAGQU®2.2-1. A satellite map

of the measurement site marked on transmitter and receiver locations is presented in Rig@2.2-2. The TX
system was located in two places, the sixth floor (17 m above the ground) of the hotel in the resort town and an
external vacant lot with height of 8 m. Total 15 NLOS measurements were performed. AndRiedistances
ranged from 55 m to 207 m.

Figure A 1.8.2.2-1: Photographs of the measurement sites of the Alpensia resort in
Pyeongchang.

Figure A 1.8.2.2-2: A satellite map of the TX and RX location in Pyeongchang.

A.1.93 Findings and observations

A.1.93.1 Path loss analysis
Fromthe measured data, the path loss (PL) for each location was estimated as

PL = B¢ Prxt Gl'x+ GR)@ (A1-9-3-1'1)
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where Ryis the transmit power, andgRis the received power derived by integrating the eneofpaths in the
omni-PDP, and5r,and Ggcare the gains of the horantennas used in the transmission and reception,
respectively. For our measurement syster,#29 dBm an@r,= Gzy= 24.5 dBiTwo PL models are considered
to fit the measured PLs; namdhye closein (Cl) free space referendéstance PL model and the AlpBata
Gamma (ABG) PL modeigureA1.93.1-1 shows the path loss plots for the NLoS channels in Daejeon and
Pyeongchang, Korea. The path loss model parameters are listed inAla®& 1-1 with the valid ranges for

distance.
Path Loss Model in Daejeon, Korea (UMi NLoS)
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Figure A1.9.3.1-1: Path loss models for UMi street canyon scenarios in Daejeon and
Pyeongchang, Korea at 28 GHz.

Table A1.9.3.1-1. The path loss parameters

Parameters Daejeon Pyeongchang
d[m] 40<d<210 50 <d< 210
do [m] 1 1

N 2.92 3.51
xS 9.89 5.75
| 3.63 3.96
d 46.61 52.15
xzee 9.83 5.69

For automatic clustering of the measureaultipath components (MPCs), theROwerMeansalgorithm[CzinOT

was usedThis algorithm is iterative and uses a multipath component distélteD) as a metric for clustering.

In addition to delays and angles, it also considers the paftBtPCs, and thus, the clusters are defined mainly

by strongMPCs. The algorithm minimizétee sum of MCDs between MPCs and their cluster centroids, which has
an effect of minimizingluster angular and delay spreads for a given number of clusters. THeakn{KP) index
proposed in KiPPOLis used for determininthe optimum number of clusterszigureA.1.93.2-1 shows an
exemplary clustering of MPCs using the KPowerMeans algorithm in which three clear @rsiiservedAnd

from the measurements, the cumulative distribution functsi€DE) of the number of tustersin two cases are
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alsoshown in FigA.1.93.2-2 (a) and 2 (h)where the positivd?oisson distribution is overlaid as the bestThe
averagenumber of clusters werd.58 and 5.33, respectively
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Figure A1.9.3.2-1: An exemplary clustering of MPCs using the KPowerMeans algorithm.
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Figure A1.9.3.2-2: Cumulative distribution function of the number of clusters for UMi street
canyon scenarios in Daejeon and Pyeongchang, Korea at 28 GHz.

1) Temporal analysis

Using the synthesized omdirectional PDPs, the temporal characteristics can be analyzed through exce
delays, subpath delays, the RMS delay and subpath delay spreads. The histograms of the excess delz
subpath delaysind their probability density functions (PDFs) for urban street canyon scenarios in Daeje
are illustrated in Fig#\.1.93.3-1(a) and (b), respectively. Note that they follow exponential distributions v
the decay rate parameters of 0.009 ns and 0.887respectively. Also, the histograms and their PDFs in
Pyeongchang are illustted in FigsA.1.93.31 (c) and (d), respectively. It can be shown that they also foll
exponential distributions with the decay rate parameters of 0.0098 ns and 0.018&spgctively.
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Figure A1.9.3.3-1: Probability density functions of excess delays and subpath delays for UMi
street canyon scenarios in Daejeon and Pyeongchang, Korea at 28 GHz.

FigureA1.93.3-2 shows the CDFs of the RMS delay and subpath delay spreads alongnihad)
distributions as their best fits. The average value of the RMS delay spread and théhsidlpg spread from the
measurements in Daejeon are 55.43 ns 4@dB6ns, respectively. For the cases of the measurements in

Pyeongchang, the average value of the RMS delay spread and the subpath delay spread are 60.41 ns and 15.77
ns, respectively.
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Figure A1.9.3.3-2: Cumulative distribution functions of RMS delay and subpath delay spreads for
UMi street canyon scenarios in Daejeon and Pyeongchang, Korea at 28 GHz.

2) Spatial analysis

The spatial characteristics fohannel modeling can be analyzed through the distributions of the cluster AoD and
AoA, and their corresponding circular angle spreads. In&ify€93.3-3 (a) and 3(b), PDFs of the measured

cluster AoD and AoA in Daejeon are shown, and a Laplacian ulistnilis also plotted as the best fit. Note that

the bestfit distribution for 28 GHz is different from the distribution for the cellular bands, which is the wrapped
Gaussian distributioryos0T. The PDFs of the measured cluster AoD and AoA in Pyeorpatealso shown

along with Laplacian distributions as their best fits, in AgE.93.3-3 (¢) and 3(d).
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Figure A1.9.3.3-3: Probability density functions of cluster AoD and AoA for UMi street canyon
scenarios in Daejeon and Pyeongchang, Korea at 28 GHz.

The AoD and théoA spreads (ASD and A&Ajn the measurements in Daeje@me illustrated with theilCDFs
in Fig/A.1.93.34 (a) and 4 (h)The average values of the AoD and AoA spreads.@88and 31.395
respectivelyAnd the ASD and ASA in Pyeongchan@lamashown with their CDFs Fig.A.1.93.3-4 (c) and 4 (d)
The average values of thedd and SA are 6.78and 43.12, respectivelyln addition, the measured intra
cluster AoD/AoA spreads of the urban environments in Daejeon have the mean values of {5.82° 15.56%,
respectively. And the mean values of the inttaster ASD and ASA in Pyeongchandg46s’, 10.75%,
respectively Note that the intracluster angular spreads smaller than the beam width of the horn anteanas
the Tx and Rx sides were roughly calculated and based on subpaths which appear across several adjacent
angular bins; the subpaths were resolvedhe tielay domain thanks to the large bandwidth of the sounder. If
highly precise intraluster angular spread values are required for any specific application, it should be
considered that the limited angular resolution of the channel sounder have an impabg intracluster
spreads. Thus, rayacing analysis and/or measurements with narrower beam width for our measurement
scenarios would be needed to obtain more reliable irthaster spread values.
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Figure A1.9.3.3-4: Cumulative distribution functions of the AoD and AoA spreads for UMi street
canyon scenarios in Daejeon and Pyeongchang, Korea at 28 GHz.
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The large scale parameters, i.e., iheer-cluster AoD and AoA spreads, RDS and shéadiwg are generally
correlated with each otherThe cross correlation coefficients of ttveo urban scenarios are listed in Table
A.1.93.4-1.Based on our 28 GHz measurements, usually there exists a a@atné@flector near the Txite,
which illuminates wide spatial areas and influences the totaster AoD spread and ttehadow fading, while
indirectly affects the intecluster AoA spread and the RDS; radio warepagation mechanisms are mainly
dominated by reflections due to the weak diffraction effeatt28 GHz

Table A1.9.3.4-1. Cross correlation coefficient of large scale parameters.

Parameters Daejeon Pyeongchang
DS vs SF -0.1293 -0.0137
ASD vs SF -0.2244 -0.1302
ASA vs SF -0.1293 -0.0764
ASD vs DS 0.5539 0.5933
ASA vs DS 0.0685 0.4954
ASD vs ASA 0.2303 0.5772

In addition, the essential SCM parameters for the UMi NLoS street canyon environments in Daejeon and
Pyeongchang are compared in Tahl&.93.4-2.

Table A1.9.4.3-2. Comparison of the essential channel parameters in Daejeon and Pyeongchang.

Parameters Daejeon Pyeongchang
U 3.63 3.96
b 46.61 dB 52.15 dB
X286 9.83dB 5.69 dB
Number of clusters 5
Delay distribution Exponential distribution
RMS delay spread 55 ns 60 ns
Subpath delay spread 13 ns 16 ns
Angle distribution Laplacian distribution
AoD spread (ASD) 8 deg 7 deg
AOA spread (ASA) 31 deg 43 deg
Subpath ASD 6 deg 5 deg
Subpath ASA 16 deg 11 deg

A2 Urban microcellular scenariosz open square
A.2.1Aalto University

Please refer to Section Al11l.

Ffd2Qa OKIFIyYyySt a2dzyRAy3I FT2N) §KS 2 LISy shdppirgicexdr inda OS y I NJ
Helsinki,Finland. The square is about 80 x 80im&ize and is surrounded by sitory buildings with average

height of 40 mThe square includes some lampposts, a sculpture in the middle and some shops, trees and
vegetation at the side. Theounding was performed during the day and hence there wastntmus traffic of

people passing through the squafhe transmit and receive antennas were placed in the middle of the square

at a height of 2 m, and their separatidistance was between 4.5 and 19.2 m. The 60 GHz sounding was
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performed with 13 cepolarized and twarosspolarizedlinks, among which three links were with obstruction of
LOS due to lamp posts and the sculpture.

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

(a) Photo of the sounding site.

Figure A2.1.2-1: Aal t o6s channel sounding in an open

Please refer to A1.3.

To estimate the LOS probability in the opgjuare, a point cloud was captured to describe the environment and
a large number of mobile and base stations were defined in the siroal&tiol, as depicted in Figure A.2.1.4.1

(a). For a single link, shadowing was detected by looking for points insdé st Fresnel zone [JNHN+16]. The
resulting LOS probability as a function of link distance is presented in Ridguie4.11 (b) which shows a linear
decrease of the probability until the curve saturates at 0.2 due to the open areas between thadmjildhich
allows also long links with LOS. Furthermore, the result is similar to other UMi scenarios [SaRM15].

70 i . : . 1r
W = Caleulated
60 % .08 —ITU-R UMi, (2a)
507, 5 = =Exponential, (3)
40§ So6t NS, Linear, (4)
< 0.
30w -5 ---Eq. (1) from [4]
9
20 2 0.4
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=02
0
-10F 0 : : : . . |
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Link distance [m]

20 40 60

(b) LOS probability as a functionlofk distance
(a)BS and MS deployment in open square

Figure A.2.1.4.1-1: LOS probability evaluation in open square.

There were 648 channels including LOS and OLOS links generated using point cloud baaeidgapol to
analyze the path loss and other largeale channel parameters in the open square. The BS antenna height was
set to 6 m and the MS antenna height vet to 1 m in the simulations. In all calculations, edB0threshold was

used to limit the number of MPCs obtained from the ray tracer. The results show that the PLE of thie friese
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spacereference distance model is 2.07 in LOS an@ th8 OSParanetersin floatingintercept path loss model
are also shown in Table A2.1.4.2

Table A2.1.4.2-1: Parameters in floating and close-in path loss models.

LOS Floating model | A =20.05, B =67.71,=0.26
Closein model | n=2.07,, =0.26,, =0.26
OLOS Floatlpg model| A=21.50,B=7491=3.1
Closein model | n=2.83, =3.1
115 T T T 40
ol s R sl + oo
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Figure A.2.1.4.2-1: Simulated path loss data and path loss models (left), and ZSA versus link
distance (right) in UMi 1 open square.

Beside path loss, the analysis also reveals a clear dependence of ZSA on the distance in both LOS and OLOS links
Parameters for generic models and the correlation distance of all lsecgke parameters are shown in Table
A2.1.4.22 and Table A2.1.4-2, respectively.
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Table A2.1.4.2-2: Channel model parameters for UMi i open square.

Parameters 60 GHz

LOS | NLOS
Delay spread (DS) ‘bs -8.35 -7.61
logs([s]) .os | 032 | 0.9
AoD spread (ASD) ‘ ASD 1.34 1.56
logso ([J]) »w ASD 0.56 0.22
AoA spread (ASA) ' AsA 0.56 1.45
logso ([J]) w ASA 0.5 0.27
ZoD spread (ZSD) ' 75D 0.62 0.83
l0g10 ([J]) » ZSD 0.25 0.26
ZoA spread (ZSA) » ZSA 0.85 1.05
l0gso ([J]) » ZSA 0.55 0.23
Shadov[vdea]dlng (SF) - 0.26 3.10

K-factor (K) "k 7.95 N/A

[dB] " K 203 | NA

Table A2.1.4.2-3: Correlation distance (in meters) of large-scale parameters for UMi i open
square.

60 GHz
LOS | NLOS
Delay spread (DS)| 3.0 4.0
AoD spread (ASD) | 6.5 3.0
AoA spread (ASA) | 1.5 6.5
ZoD spread (ZSD) | 7.5 15
ZoA spreadZSA) 7.0 1.0
Shadow fading (SF) 5.5 10

K-factor (K) 5.0 N/A

Parameters

A3 Indoor hotspot scenarics 7 office
A.3.1China Mobile CMCG( & Beijing University of Posts and Telecommunication€BUPT)

The measurement platform in the measurementsséup based oninstruments of Rohde & Schwarz as Fig.
A3.11-1. R&S SMW200A vector signal generagarsedas transmitter at the Tx side, whose frequency ranges
from 100 KHz t@l0 GHz. The transmittk power before Tx antenna can be up to +30 dBm, which guarantees
long enough measurement distance for indoor office scenario. At the Rx side, R&S FSW signal and spectrum
analyzer is utilized and its maximum analysis bandwidth can be 320 Mtie fmeasurenent campaign, the
center frequency of transmitter is set to multiple frequencie®.5(6/14/20/26/28/GHz with 250 MHz
bandwidth and the PN sequence whose length is 216 are transmitted at a rate of 125 Mcps. Thus, this platform
allows a multipath time redution of 4 ns (double sampling) and the total time of a PN sequence is 524 us (about
0.5 ms). Doubleidged waveguide horn antennas and dipole antennas are used separately. The basic
parameters of these two kinds of antennas are listedrable A3.11-1. Where E and A indicate the angle of
elevation and azimuth, respectively.
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Figure A3.1.1.1-1: Channel sounder architecture.

Table. A3.1.1.1-1: Antenna parameters.

Item Horn antenna Omni-directional antenna
Frequency range [GHZz] 0.8t0 18 3.5-18,18-40
Polarization Vertical Vertical
Gain [dBi] 14.1 2-5
3dB beam width(E) -18=18° -30% 30°
3dB beam width(A) -16% 16° -180% 180°

The channel soundingf the indoor office scenario was performed in China MeBibffice inBeijing Thelayout

is shown in FigA3.11.2-1. Theopen officeincludes concrete pillars, cubicles amgeting rooms, glass wall and
corridor. The sounding was performed at weekemdthout human moving The antennabeightat transmitter

and receiverare 1.6m, and located at the star point and the round spota addition, a 28 GHz channel
measurement campaign was conducted in the clepkoh office scenario. Path loss and delay characteristics are

analyzed, for details, which can be referret@ TD%4].

Nk T
b @ Txi- >R LO$

Figure A3.1.1.2-1: the layout of the indoor office scenario.






























































































































































































