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Executive Summary

The future mobile communications systems are likely to be very different to those of today with new
service innovations driven by increasing data traffic demand, increasing processing power of smart
devicesand new innovative applications. To meet these service demands the telecommunication
industry is converging on a common set of 5G requirements which includes network speeds as high as
10 Ghps, cell edge rate greater than 100 Mbps and latency of ledsmisafo be able to reach these

5G requirements the industry is looking at new spectrum bands in the range up to 100 GHz where
there is spectrum availability for wide bandwidth channels. For the development of the new 5G
systems to operate in bands up @ I5Hz there is a need for accurate radio propagation models for
these bands which are not addressed by existing channel models developed for bands below 6 GHz.
This white paper presents a preliminary overview of the 5G chanpphgation phenomena and
channelmodels for bands up to 100 GHz. These have been derived based on extensive measurement
andray-tracingresults across a multitude of bands. The following procedure was used to derive the
channel model in this white paper.

Step 1: Step 2: o
Measurements / Study on Step 3.' Step 4: In't.'al .
. : . Establishment of parameterization of
simulations and data propagation - A
) baseline model the baseline model
analysis phenomena

Based on extensive measments anday-tracingacross frequency bands from 6 GHz to 100 GHz,
the white paper describen mitial 3D channel model which includes:

a. Typical deployment scenarios for urban micro (UMi), urban macro (UMa) and indoor (InH)
environments.

b. A baseline modehcorporating pathloss, shadow fading, line of sight probability, penetration
and blockage models for the typical scenarios

c. Preliminarysmall scale fadingnodels for the above scenarios

d. Various processing methodologies (e.g. clustering algorithm, antecpapling etc.)

These studies have found some extensibility of the existing 3GPP models (e.g. 3GPP TR36.873) to
the higher frequency bands up to 100 GHz. The measurements indicate that the smaller wavelengths
introduce an increased sensitivity of the piggidon models to the scale of the environment and show
some frequency dependence of the path loss as well as increased occurrence of blockage. Further, the
penetration loss is highly dependent on the material and tends to increase with frequency. The shado
fading and angular spread parameters are larger and the boundary between LOS and NLOS depends
not only on antenna heights but also on the local environmibetsmaliscale characteristics of the
channel such as delay spread and angular spread amditipath richness is somewhsimilar over

the frequency range, which is encouraging for extending the existing 3GPP models to the wider
frequency range.

Version 2.0 of tis white paper provides significant updates to the baseline model that was disclosed
in the first version In particular, Version 2.0 provides concrete proposals for modeling important
features, such as outdoor to indoor ga#is. In addition, modeling proposals are provided for features
that were not modeled ithe first version, such @ dynamic blockage, and spatial consistency.

Finally, version 2.0 provides significant updates to large and swalk parameter modeling,
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including a newly proposed clustering algorithm and models that capture frequency dependency of
various large andnsall-scale parameters.

This white paper has had a profound impact on the development of a channel model for higher
frequencies in 3GPP. The resulting 3G&*Iorsed model [3GPFR38.900] implements most of the
scenarios and model components that are desttierein including the path loss argmall scale

fading models for the Urban Macro, Urban Micro Street Canyon and Indoor Hotspot Open and Mixed
Office and the additional enhancements related to dynamic blocking and spatial consisseisy
natural in ay derivative work there are some additions and modificati@sed on further input in
3GPP, howevethe majority of themodelling ideas angarameter values folf R38.900] come from

this white paper based on the measurements described in the Annexth&hpigsent white paper

can be seen as a companion to [3GM38.900] that elaborates on the modelling ideas and the
supporting measurements.
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1 Introduction

Next generation 5G cellular systems will encompass frequencies from around 500 MHz all the way to
around 100 GHz. For the development of tleer 5G systems to operate in bands above 6, Gidee

is a need for accurate radio propagation models for these tiatdeclude aspects thate not fully
modelled by existing channel models below 6 GRmvious generations of channel models were
designed and evaluated for operation at frequencies only as high as 6 GHz. One important example is
the recently developed 3lrban micro (UMi) and 3Burban macro (UMa) channel models for LTE
[B3GPP TR36.873]. The 3GPP 3D channel model provides additional ilikyxilor the elevation
dimension, thereby allowingnodelling two dimensional antenna systems, such as those that are
expected in next generation system deployments. It is important for future system design to develop a
new channel model that will be vaditbd for operation at higher frequencies (e.g., up to 100 GHz) and
that will allow accurate performance evaluation of possible future technical specifications for these
bands over a representative set of possible environments and scenarios of intehestménar, the

new models should be consistent with the models below 6 GHz. In some casesy tequirements

may call for deviations from the modelling parameters or methodology of the existing models, but
these deviations should be kept to a minimumamg introduced when necessary for supporting the

5G simulation use cases.

There are many existing and ongonegearchefforts worldwide targeting 5G channel measurements
and modelling They include METIS202METIS 2015, COST2100COSTCOST], IC1004 [I1C],

ETSI mmWave SIG ETSI 201%, 5G mmWave Channel Model AllianceN|ST], MIWEBA
[MIWEBA 2014, mmMagic jnmMagic],and NYU WIRELESS Rappaport 2015, MacCartney 2015,
Rappaport 2013, Samimi 201Samimi MTT201%. METIS2020, for instance, has focused on 5G
technologies and has contributed extensive studies in terms of channel modelling. Their target
requirements include a wide range of frequency bands (up tGHRH, very large bandwidths
(hundreds of MHz), fully three dimensional and accurate polarizatiodeling, spherical wave
modelling, and high spatial resolution. The METIS channel models consist of -aaveg model,
stochastic model, and a hybrid model which can meet requirsifoerfiexibility and scalability. The
COST2100 channel modil a geomet-based stochastic channel model (GSCM) that can reproduce
the stochastic properties afultiple-input/multiple output MIMO) channels over time, frequency,

and spaceOngoing the 5G mmWave Channel Model Alliadcis a newly establishedroup thatwill
formulateguidelines for measurement calibration and methodology, heglehethodology, as well

as parameterization in various environments and a database for channel measurement campaigns.
NYU WIRELESS has conducted and published extensive urban prapagatiasurements at 28, 38

and 73 GHz for both outdoor and indoor channels, and has createddalgand sma#cale channel
models and concepts of spatial lobes to model multiple multipath time clusters that are seen to arrive
in particular directions Rappaport 2013,Rappaport 2015, Samimi GCW2@E&nimi VTC2013,
MacCartney 2015, Samimi EUCAP2Q1%amimi MTT2016 Samimi GC2014, Samimi ICC20[L5

In this white paper, we present a brief overview of the channel properties for bands up to 100 GHz
based on densive measurement analy-tracingresults across a multitude of bandts additionwe

1 https://sites.google.com/a/corneralliance.comtigwavechannetmodetalliancewiki/home
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presenta preliminary set of channeparameterssuitable for 5G simulations that are capable of
modellingthe main properties and trends.

2 Requirements for new channemodel

The requirements of the new channel model that will support 5G operation across frequency bands up
to 100 GHz are outlined below:

1. The new channel model should preferably be based on the existing 3GPP 3D channel model
[3GPP TR36.87]3but with extenmns to cater for additional 5&odellingrequirements and
scenariosfor example:

a. Antenna arrays, especially at higHerquency millimetewave bands, will very
likely be 2D and duapolarized both at the access point (AP) and the user equipment
(UE) and will hence need properdsnodeled azimuth and elevation angles of
departure and arrival of multipath components.

b. Individual antenna elements will have antenna radiation patterns in azimuth and
elevation and may require separate midaglfor directional prformance gains.
Furthermore, polarization properties of the multipath components need to be
accurately accounted for in the model.

2. The new channel model must accommodate a wide frequency range up to 100T&Elz.
joint propagation characteristics owdifferent frequency bands will need to be evaluated for
multi-band operation, e.g., lebband and higlband carrier aggregation configurations.

3. The new channel model must support large channel bandwidths (UpHa)2where:

a. The individual channel banddths may be in the range of 100 MHz to 2 GHz and
may support carrier aggregation.
b. The operating channels may be spread across an assigned range of several GHz

4. The new channel model must support a range of large antenng arnagicular:

a. Some large aenna arrays will have very high directivity with angular resolution of
the channel down to around 1.0 degree.

b. 5G will consist ofdifferent array types, e.g., linear, planar, cylindrical and spherical
arrays, with arbitrary polarization.

c. The array manifoldvector can change significantly when the bandwidth is large
relative to the carrier frequency. As such, the wideband array manifold assumption is
not valid and new modi@hg techniqgues may be required. It may be preferable, for
example, to model arrivalgbarture angles with delays across the array and follow a
spherical wave assumption instead of the usual plane wave assumption.

5. The new channel model must accommodate mobititparticular:

a. The channel model structure should be suitable for mobility &5® km/hr.
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b. The channel model structure should be suitable for ssuale mobility and rotation

of both ends of the link in order to support scenarios such as device to device (D2D)
or vehicle to vehicle (V2V).

The new channel model must ensure spédialporal/frequency consistenay particular:

a. The model should provide spatial/temporal/frequency consistendigh may be

characterized, for example, via spatial consistence, -siteer correlation, and
correlation among frequency bands.

The model shoald also ensure that the channel states, such as Line Of Sight
(LOS)/norLOS (NLOS) for outdoor/indoor locations, the second order statistics of
the channel, and the channel realizations change smoothly as a function of time,
antenna position, and/or fregucy in all propagation scenarios.

The spatial/temporal/frequency consistencies should be supported for simulations
where the channel consistency impacts the results (e.g. massive MIMO, mobility and
beam tracking, etc.). Such support could possibly tiermgd for simpler studies.

The new channel model must be of practical computational complexjgrticular:

a. The model should be suitable for implementation in sHiglesimulation tools and

in multi-cell, multiFlink radio network simulation tools. dnputational complexity

and memory requirements should not be excessive. The 3GPP 3D channel model
[BGPP TR36.873] is seen, for instance, as a sufficiently accurate model for its
purposes, with an acceptable level of complexity. Accuracy may be provided by
including additional modéng details with reasonable complexity to support the
greater channel bandwidths, and spatial and temporal resolutions and
spatial/temporal/frequency consistency, required for millirmetere modHing.

The introduction of a newnodeling methodology (e.g. Map based model) may
significantly complicate the channel generation mechanism and thus substantially
increase the implementation complexity of the systevel simulator. Furthermore,

if one applies a completely different mdlileg methodology for frequencies above 6
GHz, it would be difficult to have meaningful comparative system evaluations for
bands up to 100 GHz.



3 Typical Deployment Scenarios

The traditional modéhg scenarios (UMa, UMi and indoor hotspot (InH)) havevimasly been
considered in 3GPP for motielg of the radio propagation in bands below about 6 GHz. The new
channel model discussed in this paper is for a selective set of 5G scenarios and encompasses the
following cases:

3.1 Urban Micro (UMi) Street Canyon and Open Square with outdoor to outdoor
(020) and outdoor toindoor (O2I)

Figure 2. UMi Open Square

A typical UMi scenario is shown for street canyon and open squéigune 1 andFigure2,
respectively. The cell radii for UMi is typically less than 100 m and the access poirgs (AP
are mounted below rooftops (e.g-28 m). The UEs are deployed outdoor at ground level or
indoor at all floors.

3.2 Indoor (InH) i Open and closed Office, Shopping Malls

The indoor scenario includes open and closed offices, corridors within offices and shopping

malls as examples. The typical office environment has open cubicle areas, walled offices,

open areas, corridors, etc., where the partition walls are composed of a variety of materials

like sheetrock, poured concrete, glass, cinder block, etc. For the office environment, the APs

are mounted at a height of2m either on the ceilings or walls. Teaopping malls are
generally 25 st ories high and often inclu-tha@dl an op
environment, the APs are mounted at a height of approximately 3 m on the walls or ceilings

9|Page



of the corridors and shops. The density of the APs raage from one per floor to one per
room, depending on the frequency band and output power The typical indoor office scenario
and shopping malls are shownHigure3 andFigure4, respectively.
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Figure 3. Typical Indoor Office

Figure 4. Indoor Shopping Malls

3.3 Urban Macro (UMa) with 020 and O2I

Figure 5. UMa Deployment

The cell radii for UMa is typically above 200 m and #Es are mounted on or above
rooftops (e.g. 285 m) an example of which is shown Figure5. The UEs are deployed
both outdoor at ground level and indoor at all floors.
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4 Characteristics of the Channel in 6 GHz100 GHz

Measurementsver a wide range of frequencies have been performed by thigratories of this

white paper. However, due to the more challenging link budgets at higher frequencies there are few
measurements at larger distances, e.g. beyon@@0@n in UMi or in sevesly shadowed regions at
shorter distancedn UMa measurements were able to be made at least in the Aalborg location at
distances up to 1.24 km. An overview of the measurement artdarayg campaigns can be found

in the Appendix. In the following sectis we outline the main observations per scenario with some
comparisons to the existing 3GPP models for below 6 GHz (e.g. [3GPP TR36.873]).

4.1 UMi Channel Characteristics

The LOS path |l oss in the bands of issmodal qutet appe
well. Just as in lower bands, a higher path loss slope (or path loss exponent) is observed in NLOS
conditions. The shadow fading in the measurements appears to be similar to lower frequency bands,
while raytracing results show a much highghadow fading (>10 dB) than measurements, due to

the larger dynamic range allowed in soragtracingexperiments.

In NLOS conditions at frequencidmlow 6.0 GHz, the RMS delay spread is typically modelled at
around 56500 ns, the RMS azimuth anglersad of departure (from the AP) at around300, and

the RMS azimuth angle spread of arrival (at the UE) at arourBD5(BGPP TR36.873]. There are
measurements of the delay spread above 6 GHz which indicate somewhat smaller ranges as the
frequency incrases, and some measurements show the millimeter wave omnidirectional channel to be
highly directional in nature.

4.2 UMa Channel Characteristics

Similar to the UMi scenario, the LOS path loss behaves quite similar to free space path loss as
expected. For #a NLOS path loss, the trends over frequency appear somewhat inconclusive across a
wide range of frequencies. The rate at which the loss increases with frequency does not appear to be
linear, as the rate is higher in the lower part of the spectrum. THi possibly be due to diffraction,

which is frequency dependent, being a more dominating propagation mechanism at the lower
frequencies. At higher frequencies reflections and scattering may be more predominant. Alternatively,
the trends could be biased the lower dynamic range in the measurements at the higher frequencies.
More measurements are needetlétierunderstand the UMa channel.

From preliminary raytracing studies, the channel spreads in delay and angle appear to be weakly
dependent on the fragncy and are generally2times smaller than in [3GPP TR36.873].

The crosgolar scattering in the rayacing results tends to increase (lower XPR) with increasing
frequency due to diffuse scattering.

4.3 InH Channel Characteristics

In LOS conditions, muiple reflections from walls, floor, and ceiling give riseaavaveguie like

propagation effectMeasurements in both office and shopping mall scenarios show that path loss
exponents, based on a 1 m free space reference distance, are typically beldwaing amore

favor abl e path | oss than predicted by Friisod6 free
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effect is variable and the path loss exponent appears to increase very slightly with increasing
frequency, possibly due to the relatioetween the wavelength and surface roughness.

Measurements of the small scale channel properties such as angular spread and delay spread have
shown remarkable similarities between channels over a very wide frequency range. It appears as if the
main multipath components are present at all frequencies though with some smaller variations in
amplitudes.

Recent work shows that polarization discrimination ranges between 15 and 25 dB for indoor
millimeter wave channels [Karttunen EuCAP2015], with greater potarizaliscrimination at 73
GHz than at 28 GHz [MacCartney 2015].

4.4 Penetration Loss in all Environments
4.4.1 Outdoor to indoor channel characteristics

In both the UMa and the UMi scenario a significant portion of UEs or devices are expected to be
indoors. Thesdoor UEs increase the strain on the link budget since additional losses are associated
with the penetration into buildings. The characteristics of the building penetration loss and in
particular its variation over the higher frequency range is therefolnégh interest and a number of

recent measurement campaigns have been targeting the material losses and building penetration losses
at higher frequenciesee e.gjRodriguez VTC Fall 2014], [Zhao 2013], [Larsson EuCAP 20a4(d

the measurement campaggmeported in the AnnexThe current understanding based on these
measurements is briefly summarized as follows.

Different materials commonly used in building construction have very diverse penetration loss
characteristics. Common glass tends to be relgtiransparent with a rather weak increase of loss
with higher frequency due to conductivity losses. "Enerfiicient” glass commonly used in modern
buildings or when renovating older buildings is typically metzdted for better thermal insulation.

This coating introduces additional losses that can be as high as 40 dB even at lower frequencies.
Materials such as concrete or brick have losses that increase rapidly with freqeigocg.6
summarizes some recent measurementsaténal losseincluding those outlined in the AnneXhe

loss trends with frequency are linear to a first order of approximation. Variations around the linear
trend can be understood from multiple reflections within the material or between differest layer
which cause constructive or destructive interference depending on the frequency and incidence angle.
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Typical building facades are composed of several materials, e.g. glass, concrete, metal, brick, wood,
etc. Propagation of radio waves into or out of a building will in most cases be a combination of
transmission paths throhglifferent materials, i.e. through windows and through the facade between
the windows. The exception could be when very narrow beams are used which only illuminates a
single material or when the indoor node is very close to the external wall. Thus fdbevef
penetration loss can behave a bit differently than the single material loss. A number of recent
measurements of the effective penetration Ifissclose to perpendicular incidence angkr®
summarized irFigure?. As indicated by theerrorbars available for some of the measurements, there
can be quite some variation even in a single buildlifige measurements can loosely be grouped into
two categories: a set of high penetration loss results for buildings constructd®Ritllass, and a

set of lower loss results for different buildings where regular glass has been used,

Increased penetration losses have been observed for more grazing incidence angles, resulting in up to
1520 dB additional penetration loss in the worsde

Propagation deeper into the building will also be associated with an additional loss due to internal
walls, furniture etc. This additional loss appears to be rather weakly freqdepeynpdent but rather
strongly dependent on the interior compositadrthe building. Observed losses over th6(2GHz

range of 0.2 dB/m.

4.4.2 Inside buildings

Measurements have been reported for penetration loss for various materials at 2.5, 28, and 60 GHz for
indoor scenarios [Rappaport Book2015] [Rappaport 2013] [And ]2p0213] [ Zhao 2013]. For

easy comparisons, walls and drywalls were lumped into a common dataset and different types of clear
class were lumped into a common dataset with normalized penetration loss shgurés8. It was

observed that clear glass has widely varying attenuation (20 dB/cm at 2.5 GHz, 3.5 dB/cm at 28 GHz,
and 11.3 dB/cm at 60 GHz). For mesh glass, penetration was observed to increase as a function of
frequency (24.1 dB/cm at 2.5 GHz and 31.9 dB/cm at 60 GHd)aaimilar trend was observed with
whiteboard penetration increasing as frequency increased. At 28 GHz, indoor tinted glass resulted in a
penetration loss 24.5 dB/cm. Walls showed very little attenuation per cm of distance at 28 GHz (less
than 1 dB/cm).
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Figure8. 2.5 GHz, 28 GHz, and 60 GHz normalized material penetration losses from indoor
measurements with common types of glass and walls lumped into common datasets [Rappaport 2013]
[And2002][ Zhao 2013|Nie 2013]

4.5 Blockage inall Environments

As the radio frequency increases, its propagation behaves more like optical propagation and may
become blocked by intervening objects. Typically, two categories of blockage are considered:
dynamic blockage and geomeinduced blockageDynamic blockage is caused by the moving
objects (i.e., cars, people) in the communication environment. The effect is transient additional loss on
the paths that intercept the moving objeEtgure 9 shows such an example from 2Z8Hz
measurement done bintel/Fraunhofer HHI in Berlin. In these experiments, time continuous
measurements were made with the transmitter and receiver on each side of the road thaffhad on
traffic controlled by traffic light. Note that the time periaglken the traffic light is red is clearly seen

in the figure as periods with little variation as the vehicles are static at that time. When the traffic light
is green, the blocking vehicles move through the transmission path at a rapid pace as is geen in th
figure. The variations seen when the light is red are explained by vehicles turning the corner to pass
between the transmitter and receivieigure 10 shows a blockage measurement at 28 GHz due to
passing by bus and lorry. Thigsal attenuation at LOS path is observed to be 8 @B dB. Signal
fluctuation is observed during the period of blockage perhaps due to windows in the bus and lorry.
The aggregated omni signal attenuation is observed to be aroundil@edBite the higlattenuation

on the LOS path, some of the NLOS paths can still go throkgjure 11 shows a blockage
measurement at 15 GHz by garbage tifiakvist 2016] The signal was transmitted from two carriers,
each with 100 MHz bandwidtiThe signal attenuation is observed to be B) dB. A gap between
drivers compartment and trash bin can be observed, where temporal recovery of signal strength is
observed.Figure 12 shows a blockage measurement at 73.5 GHz hyahumovement. The
measurement setup is shownFigure 13, where the transmitter and receiver are placed at 5 m apart
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and 11 blocker bins are measured each separated by (MaoCartneyl6] The average LOS
blockage shadowing vads across the blockage bins range from 22 dB to more than 40 dB. The
lowest shadowing value is achieved when the blocker is standing in the middle of the transmitter
and receiver. When the blocker moves closer to the transmitter or the receiver, thagdolock
shadowing increases, This implicates that more NLOS paths are blocked when the blocker is at close
distance to the transmitter and receiver. Based on the above measurement results, we can observe that
blocking only happens in some directions, multigiatim other directions probably not affected. The

effect of blockage can be modelled as additional shadow fading on the affected directions.
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Figure 9 Example of dynamic blockage from a measurement snapshot at 28 GHy Intel/Frau nhofer
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Figure 10 blockage measurement at 28 GHz bglistant bus + lorry by Intel/Fraunhofer HHI
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Figure 11 Blockage measurement at 15GHz by garbage truck by Ericsson
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Figure 12 Blockage measurement at 73.5 GHz by human being by NY[MacCartney 2016]
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Figure 13 measurement setup of human being blockage measurement in NYMacCartney 2016]

Geometryinduced blockage, on the other hand, is a static psopéthe environment. It is caused by
objects in the map environment that block the signal paths. The propagation channels in
geometryinduced blockage locations are dominated by diffraction aachetimes by diffuse
scattering The effect is an exceptiahadditional loss beyond the normal path loss and shadow
fading.Figurel4illustrates examples of diffractiesiominated and reflectiedominated regions in an
idealized scenario. As compared to shadow fading caused by refigctifractiordominated
shadow fading could have different statistics (e.g., different mean, variance and coherence distance).

Tx

A

Diffraction .
Reg Reflection

dominated
Reg

LOSfegion

Figure 14 Example of diffraction-dominated and reflectiondominated regions (idealized scenario)
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5 ChannelModelling Considerations

Tablel summarizes a review of the 3GPP 3D channel model [3GPP TR36.873] capabiliies. A

s i g ameéans that the current 3GPP 3D channel model stgpffwe requirement, or the necessary
changes are very simple.rAi n u s -osmnieana thdi the current channel model does not support the
requirement. This evaluation is further split into two frequency ranges: below 6 GHz and above 6
GHz. Note that in theable, LSP stands for largeale parameter.

Table 1. Channel Modeling Considerations

Attribute Requirement Below Above | Improvement Comments
6 GHz 6 GHz addressed in
this white
paper
#1 Scenarios Support of new - \Y% Current 3GPP
scenarios such as model supports
indoor office, UMi and UMa
stadium, shopping
mall etc.
#2 Frequency | 0.5 GHz 100 GHz | + \% Current 3GPP
Range supported model 27 6 GHz
Consistency of - V E.g. shadowing,
channel model angle of departure,
parameters and in carrier
between different aggregation
frequency bands
#3 Bandwidth ~100 MHz BW for | + V
below 6 GHz,
2 GHz BW for
above 6 GHz
#4 Spatial Spatial consistency | + \Y, LSP map (2D or
Consistency of LSPs with fixed 3D)
BS
Spatial consstency | - U Complexity issue
of LSPs with (4D or 6D map)
arbitrary Tx / Rx
locations (D2D /
V2V)
Fair comparison of | -
different network
topologies
Spatial consistency | - Autocorrelation of
of SSPs SSPs
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Distributed \
antennas and

extremely large

arrays

#5 Large
Array Support

Accurate modelling U 20 sinusoids
of Laplacian PAS problem

#6 Dual Doppler + U Not yet done,
Dual-mobility but should be easy
support (D2D,

V2V)
Dual Antenna + - U Not yet done,
Pattern (mobile but should be easy
antenna pattern at
both ends of the
link)
Spatially consistent Complexity issue
multi -dimensional (4D or 6D map)
map

#7 LOS

Probability
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#8 Specular
Reflection

#9 Path Loss

#10
Shadowing

#11 Blockage

#12 Cluster
definition

#13 Drop
concept (block
stationarity)

#14 Accurate
LSP
Correlation
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Power scaling
(directive antennas
VS.
omnidirectional)

Log-normal
shadowing

Blockage modelling

APs and UEs are
dropped in some
manner (e.g.,
hexagonal grid for
3GPP)

Important in mmW

Shadow fading
(SF) parameters
needed for high
frequency

It is not sure if the
drop concept
works perfectly in
mmWave. Also it is
not clear how to
test beam tracking,
for instance.




#15 Number The number of 4 - U The current model
of Paths paths needs to be is based on low
accurate across frequency
frequency. measurements.
#16 Moving Cars, people, - - Vv
Environment vegetation etc.
#17 Diffuse Specular vs. diffuse| + - U Most mmWwW
Propagation power ratio, measurements
modelling of report specular
diffuse scattering only despite the
fact that diffuse
exists

5.1 Support for a large frequency range

One of he outcoms of WRC-15is that therewill be studies of bands in the frequency range between

24.25 and 86 GHz for possible future INZED20 designation [ITU 238]. For the 3GPP studies, the

broader range of 6 GHz to 100 GHz should be studied for miglgdurposes. Furthermore, as
mentioned iN3GPP RP151606], possible implication of the new channel model on the existing 3D

channel model for below 6 GHz should also be considered. It is wotitigthat the frequency range

of 3GPP 3D model is | imited t o drangeoftheBOdBanded v a n c e
model is at leastfor-3. 5 GHz 6 [ 3GPP TR36.873]. Therefore a
terms of frequency randger modelling tools

In addition to the frequency range, the channel model should be frequency consistethie
correlation of LSPs and SSPs between frequency bands should be realisticallgdnaddithe LOS
state and indoor state shouldt change randomly over frequency

5.2 Support for high bandwidths

Many scenarios for 5G high frequency services postulery high data rates up to several
gigabits/second for user services. Such high throughput communications will require channels of very
wide bandwidth (up to several gigahertz). The bands to be studied under the RESolution [ITU

238] cover frequencbands up to IMGHz (including66 GHzi 76 GHz). The implication ithatone
operatormay be allocated multiplgigahertz wide channels for operation. Therefore, the channel
modeling should includesupport forscenariowith bandwidths up to several gigertz This implies

that the delay resolution of the modelled channel needs to be much improved comg&@BRo
TR36.873]to produce realistic frequency domain characteristics over several GHz. This will likely
require modifications of the cluster dibutions in delay and the sygath distributions within
clusters.

5.3 Modelling of spatial consistency

The requirement of spatial consistency is probably the most challenging to meet with simple
extensions to the u r rdeopliased modek, as there are mile aspects of the chanrenditions,
including largescale parameters and srsdhle parameterthat would need to vary in a continuous
and realistic manner as a function of positione3éconditionsvill include the LOS/NLOS state, the
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indoor/outdor state, and of course tharameters fothe associated clusters of multipath components
characterized by angles, delays, and powers. Preferably the inclusion of spatial consistency should not
come at the cost of a high implementation or simulation cexitpl and the channel statistics should

be maintained.

Threedifferent approaches for introducing spatial consistency ringekill be outlined hereAt this
point, no preference is given to any of the methods since they all have different benefits and
drawbacks.

5.3.1 Method using Spatially consistentrandom variables

In this approach, the spatial consistencyclénnel clusters are motkd in the 3GPP 3D channel
model [3GPP TR 36.873py introducing spatial consistency to the channel cluster specific mando
variables LOS/NLOS and indoor/outdoor states.

1) Spatially consistent cluster specific random variables
The channel cluster specific random variables include:

a) Cluster specific random delay in step 5

b) Cluster specific shadowing in step 6

c) Cluster spcific offset for AoD/A0A/ZoD/ZoA in step 7
d) Cluster specific sign for AoD/A0A/ZoD/ZoA in step 7

Amongthesecluster specific random variables, the first three are continuous random variabéee and
made spatially consistent using the following methidte fourth variable is discrete aigigenerated
per dropinstead of varying spatially to avoid discontinuous sign changes

The spatidl consistent randomariables can be generated by interpolating i.i.d. random variables
deployed in the simulation areahis is a simulatiosiime-saving approximation to the
two-dimensional filtering with the autocorrelation function [Forkel et al. 2604]examplén Figure

15, one spatially consistent uniform distributed random &hle can be generated Hyoppingfour
complex normal distributed i.i.d. random variablesfaur vertexof one grid withd., (€.9. dor=50)
decorrelation distance and interpoldteising thesei.i.d. random variablesThe decorrelation
distance couldbe a scenario specific parametarorder to save simulation complexigygrid may be
generated only if there aeetualusers droppedithin the gridarea

deor=50 Y, ~CN(0, 0,1)

A

Y,.~CN(0, 0,1

X
- Yixy)

Y,~CN(0, 0,1
: Y, ~CN(0, 0,1)

Figure 15 Example of generating one spatially consistent random varidé.
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Assuming Yo, Yo1, Y10 Y11 are theii.d. complex normal random numisegeneratedn the four
vertex of one grid, the complex normal numbgg at position (X, y) can be interpolated eguation
(x.1):

& i P GIQ p oIQ O QO rQ p QO
WV (O AT (x.1)

One uniform radom number can be generated using the phase of the interpolated complex normal
random number asquation X.2):

O G 0B T (x.2)

where s S operation ensures there is no abrupt change of the interpokteédm numberd
between 0 and dlonga trajectory This will be desired when the uniform random number is used to
generate cluster specific random delay in stdpe&ause otherwise the delay of one cluster could
change between infinity to zero aloadrajectory.

The spatially consistent normal distributed random variable can be generated by dropping normal
distributed random variables on the vertex of one anidl interpolated among the random variables

The cluster specific random variables showddabplied to one cluster before clusters are sorted based
on itsrandomdelay.

This method can be extended to additional dimensions, e.g. temporal/frequency, to generate
spatial/temporal/frequency consistent random numbers.

2) Spatially consistent LOS/NLOSate

Variant 1: The spatially consistent LOS/NLOS state can be generated by comparing a spatially
consistent uniform distributed random number with the LOS probability at a given poSitin.
LOS/NLOS state can be generated by filtering the binary LOSSlk€@te over spac&igure 16

gives one example of generating the soft LOS/NLOS stadieits effectThe soft LOS/NLOS state at

a given position is calculated using the average of nine binary LOS/NLOSattaies positions on

the squarecentredby the position of interests. The middle plot depicts the spatially consistent binary
LOS/NLOS state with 50 meter @errelation distance. The right plot depicts the spatially consistent
soft LOS/NLOS state with 50 meter-derrelation distnce and 1 metéransitiondistance.

LoS, .71 Lo§,.F1 L0S,1,,71
v
Gheansition=2

L . dlrans\\\u42710$‘y:1 L .
05, 7L 0S5 £
Sy Soft LogFzie |3t E

Qyransition/ 2=1

-200
— - - -2 50 0 50 100 150 200 £
L0S1a=1 Logy.=1 LoSi1ye=1 x(m) x(m)

Figure 16 Example of generating one soft LOS/NLOS state.

Variant 2: In this variant, a spatially consistent Gaussian number G with autocorrelation digtance d
is generated. This is comlgid with a threshold value F determined via
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"0Q WCQi Q¢cd Q p
Here Q is the distance and 'Q is the LOS probability function. The soft LOS state is
determined by a function approximating kaé&dge diffraction:

0 0Y

P Piasx aQc o0 .
c AOAOA+ O O
An examples of the soft LOS/NLOS state using this method is givétigire 17. Note that the

transition becomes more rapid with increasing frequency and that the tramsitibahave similarly
as in some of the reported blocking measurements in the Annex.

An alternative implementation for spatially consistent LOS/NLOS, based on the concept of visibility
regions, has been proposed in the COST 259 model [Molisch et al.A&@énd et al. 2006] and its
SuCCessors.

o

y-position [m]
o
LOS coefficient [dB]
O .
o

&
=]

A \ H H H
200 -100 O 100 200 ) “Boo 105 110 115 120
x-position [m] position [m]

Figure 17 Example of spatially consistent soft LOS state using second variant (left) and a transition from
NLOS to LOS (right)

3) Spatially consistent indoor/outdoor state

Spatially consigtnt indoor/outdoor state can be generated by comparing a spatially consistent uniform
distributed random number with the indoor/outdoor probability at a given posgionlarly as soft
LOS/NLOS state, soft indoor/outdoor state can be introduced byrfijteinary indoor/outdoor state

over spaceAlternatively, transitions between the outdoor and indoor states can be avoided through
modifications of the mobility model if this would be more desirable.

4) Spatially consistent patbss

Based on the soft LOS/NQS and soft indoor/outdoor states, spatially consistent path loss can be
defined using the soft LOSLOS and indoor/outdoor states as equatio8)(x

0000 YROG OO O'Y 00 z0OOGTY 00 zp 007Y 00 00 U Vv
0QE Q1 GOQEEDET | (x.3)
Since penetration loss is a function of indoor distameecan make penetration loss to be spatially
consistent to have spdtiaconsistent path loss for indoor state.
5) Spatially consisteramall scaldading channels

Based on the soft LOS/NLOS and indoor/outdoor states, the spatially consmdhscalefading
channel matrix can be generated using equatigi. (
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p 0DOTY O0 00 0 'O (x.4)

To summarize, this method can be implemented with a similar complexity as the spatially consistent
largescale parameters which are already a part of mostltirespd models such BBEGPP TR36.873].

Smooth variations of angles and delays will be induced, aithdbese will not fully resemble
variations seen in measurements. Instead, they will tend to be a bit too smooth and synthetic, and the
rate of variations can sometimes be unphysically high, This method will maintain the channel
statistics which is a vergesirable characteristic.

Another important aspect of obtaining spatially consistent pathloss is to describe the fact that different
streets/areas can experience different pathloss coefficients, in particular in microcells; for further
discussion we refap [Molisch et al. 2016].

5.3.2 Geometric Stochastic Approach

Spatial consistency means thatannel realizationsncluding largescale parameters (LSPs) and
smallscale paramete($SPsWwould need to vary in a continuous and realistic manner as a function
of positionin geometry. Two features of spatial consistency are important. Firstly, user equipments
(UEs) sharing similar locations should have correlated LSPs, and the LSPs should be crucially
dependent on UE position instead of random allocation in eacbpdas done in 3GPP SCM.
Moreover, the path loss including shadow fading should vary smoothly as UE moves in geometry,
even in a drop durationThis is particularly important to the evaluation of multiuser MIMO or
multiuser bearforming techniques. SeconydISSPs in a drop (e.g. angle, power, and delay) should
be dynamically changing with position. More accurately, the new model realizegaimaat angles

and cluster death and birth as UE is moving which is important to evaluate mobility and beam
trackingfor 5G communications.

Geometry stochastic approach for spatial consistency might be the suitable solution to extend 3GPP
SCM with small changes in sense of backward compatihiliite that other models such as COST
273/2100 explicitly model reflectiomjnts geometrically and thus do not need the transformations
shown here.The modified procedures for the new model based on 3GPP[$dMsummarized as
follows.

- 3GPP SCM step 1 and 2: Rrempute the LSPs for each grid, grid shape can be rectangular
with side length of spatial consistent distance.ieeeC.

- 3GPP SCM step 3 and 4: Every UE takes the LSPs of the grid that the UE locates. See
itemC. Cal cul ate the path ieordanditeeB.ed on UEO®Ss

- 3GPP SCM step 5: Add the decisiohcluster birth and death. If yes, take the procedure of
cluster birth and death item-E.

- 3GPP SCM step 11: Updateetangles based aiem-D at the beginning of the step.

A. Geometry position

Geometry positions of UE, scatters, and BS are the fundamefdrmation of SCM, and are fixed in
a drop. Actually thgositionof UE is time variant as UE is moving. Suppose the moving speed of UE
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is v.and moving direction isf, in global coordination system (GCS), the position of UE at tilse

given by

ad (to)Sin(qzoD) COSQ‘AOD) +V(t - to) COSfV)()
Xue (1) = ad (t,) SiN(@0p) SIN(E pop) + V(T - L) SIN(,) 5
g e 2

where ¢(t,) is the distance between BS and UE at previous tymBlotice that the time interval
t- t, can be a suframe duration as used in 3GPP.

B. Time-variant Path loss

The path dss is crucially depending on the position of UE or distance between BS and UE. Since
BSGs position is fixed aXgs = (0, 0,hgs)’, the distance between BS and UE at tirse

d(t) :|XBS } XUE(t)| .

With the path loss model for above 6 GHz or 3GPP pattieirfor sub6GHz, the path loss at time t
can be updated accordingly. The correlated shadow fading in different positions are discussed in
section 7.2.1 in 3GPPR 36.873 The correlated shadow fading is given by

F(d)=a.F, +V1- a*.F,,

where @ =exp(-d/d,,), d. is the correlation distance shadowfading,F; andF, are the shadow
fading allocated in twaeighbouringyrids.

C. Position-based Largescale Parameters (LSPs)

3GPP SCM allocate LSPs randomly for each UE. Two UEs may have much diff€sialthough

they are close in locations. The fact is the LSPs of the two UEs should be similar which leads to
channel impulse response with high correlation. In order to circulate the problem, we divide each cell
under a B coverage into multiple gridgach grid is spatial consistent in sense of lsgge fading
characteristics. Each grid is configured with a set of LSPs following the given probability density
function defined in 3GPP SCM. Grid centre is assumed as the location in calculatingnLtbesstep

to generate the LSPs for a UE channel, it firstly checks which grid the UE locates, and then take the
LSPs of the corresponding grid to the UE channel. In this way, UE sharing the same grid will have the
same LSPs.
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Grid-based LSPs

Set scenario,
network layout and  —pm{
Grid parameters

Assign propagation
condition (NLOS/
LOS) for every grid

Generate correlated
large scale
parameters (DS,
AS, SF, K) for every
grid

Save the Grid-
based LSP table

Y General parameters:

4

Set scenario,
network layout and  —m-
antenna parameters

Get propagation
condition (NLOS/
LOS)

Get correlated large
scale parameters
(DS, AS, SF, K)

—®= Calculate pathloss

\
Small scale parameters:

Fig. 1 LSPs generation procedure

Fig. 1 illustrates the procedure to generate LSPs where red texts are the new steps based on 3GPP
TR 36.873 Notice that the gridbased LSPs are calculated only once and are saved as a table. Most
LSPs of UEs are taken frothe table. Thus, the computational complexity of LSPs is lower than
3GPP SCM.

D. Time-variant Angle

Variant angles are introduced for each ray including azimuth angle of departure and arrival (AoD,
AoA) and zenith angle of departure and arrival (ZoD, xaA[Wang201%. Since UEs position at
time t is available, the angles can be updated with transmitter and receiver information in the global
coordination system (GCS). Linear approximation is an efficient way to reduce complexity with
acceptable errorhe linear method for variant angles are generally formulatfd/asg 2015

Qn,m,Angle(t) = qn,m,AngIe(tO) + Sﬁ,m,AngIe(t - to) 1

wherethe subindexfiAngled represents AoA, AoD, ZoA, or ZoD in SCM; ... is the slope which

describes the changing ratio of timaryinganglesFor LOS cluster, the expression of AoD and ZoD
slopes are given yWang2015]

VCOSch B fAOD(tO)) , S

-g = vsin(, - £ aop(to))
hes - Nye)/cos@yop(ty)) AOD = “A0A

(th - hJE)tan@ZOD(to)) .

SZOD:'SZOA:(

For NLOS cluster with one reflection ray, the model carsbyeplified by introducing a virtual UE
which is themirror image of UE based on the reflection surface. The simplified slopes in NLOS
channel are given Qywang201%

) vsin(f, +fipop(ty) - 7rs)
(hes - Nue)/€0S@yon(ty)

- VCOSQ‘V +onD(to)' fRS)

Sio0 =~ Sron= PR (g - M) taN@0fto))

'AoD —
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where fgis the angle of the reflection surfaeed it can be deduced fno the initial f,,, and

f

AoA"

E. Cluster Birth and Death

Cluster birth and death are assumed to happen at the same time in order to keep a fixed number
clusters as defined in 3GPP SCM. Scatters are assumed to be indepeatideach other. In this

sense, cluster birth and death cannbedeledwith Poisson process if looking the rate of cluster
birth/death in time. Accurately, the clusterth/death will happen at timewith the probability

Pr) =1- exp(-/.(t- 1)),

wheret, is the previous time that cluster birth/death happened. The model has pEngheteree

which representshie average number of cluster birth/death per secmd hence is very simple in
channelsimulations The single parametex is essentially depending on the number of birth/death in

a spatial consistency distanaad UEmoving speedFor cluster death, the cluster selection can be
based on the cluster power from weak to strong since weak cluster is easy to[ tWigER]. For

cluster birth, new cluster can copy the cluster (power, delay, and angles) from nearest grid. The
priority of cluster selection is based on the cluster power from weak to strong. When UE is moving to
theneighbouringyrid, the clusters will be replaced by the new clusterssagihbouringgrid gradually

and hence keep spatial consistency in sense cluster.

5.3.3 Method using geometric locations of clusteréGrid -based GSCM, GGSCM)

According to the drop concept of the conventional GSCMs (SCM, WINNER;AdManced, 3GPP

3D, etc. ), the receivers (Rx6s) are |l ocated rar
drawn fom the predefined probability distributions. The channel is assumed to be stationary along a
short distance (segment), but this assumption does not hold for longer distances, therefore the
parameters need to beagalculated (new drop/segment). This aygwh is called as bloektationary
modelling in which large scale (LS) and small scale (SS) parameters are fixed during the segment and
fully different between the segments. The transition from a segment to another provides a rapid
change of channel modphrameters thus the channel is discontinuous. To improve the reality and
time evolution, it is possible to interpolate between the segments. However, it is difficult to ensure
spatial consistency especially between nearby users in-uselticase. Therefer a new method

(partly based on [METIS_D1.2]) is proposed and drafted in the following.

In the method, called Gridased GSCM (GGSCM), cluster and path angles and delays are translated
into geometrical position(y) of the corresponding scatterers, &gure18. The benefit is that the
cluster and path evolution in delay and angle can be naturally traced and will have very realistic
variations.
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Figure 18 Clusters are translated into geometric positions

This method needs to be complemented with some birth/death process to maintain uniformity of
clusters during movement. An example clarifies this discuskietnus consider a case of three users:

A, B, and C Figure19). Users A ad C are far away from each other. They may assume independent
clusters. However, the users A and B are located nearby. The current3BGRIBdel assumes
independent small scale parameters (SSPs), which lead {phgseital situation, and too optimistic
MU-MIMO throughput evaluationdzigure 20 illustrates the thinking of spatially consistent case in
which all or some of the clusters are shared between nearby users.

e

(<g))

Figure 19. The problem of independent alsters of nearby users (current GSCM).

((g»

Figure 20. Shared clusters (necessary improvement).

Figure21ldepi cts the situation in which aimbansighal numbe
map. Each e has a ring around, and the radius of that ring is equal to the correlation distance (or
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stationarity interval). If another user is located inside that ring, the spatial consistency has to be taken
into account. Otherwise, current method of random SSBsceptable.

These users share some clusters
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Figure 21. Dropping of users.
In the case of nearby users, the clusters shomidterpolated between the users. User B takedthe
strongest clusterd\(is the number of clusters defined per scenario).
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Figure 22. User centric selection of clusters.

The interpolation can be done along a route of based on-dh@rei ned #Agrido (Grid
GGSCM). In the GGSCM approach a discrete -thraensional map of possible Rx locations is
defined.Instead of drawing LSPs and SSPs for the actual user locations, the cluster parameters are
drawn for every grid point. Then the cluster parameters for the actual Rx locations are interpolated
between four nearest grid points. The grid can be intuitivalyetstood as a drop in which the
distance between two adjacent users is constaxtamdy dimensions. The drops are independent
between the GPs, i.e., LSPs and SSPs are randomly drawn from-ttefipeel distributions (similar

to the legacy GSCM).
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Figure 23. Grid model (GGSCM): Calculate new cluster information at each grid point. Interpolate
clusters between the four grid points.

The locations of the clusters have to be definedxjryX or (X, y, 2) coordinates The maximum
distance between Rx (or Tx) and the cluster location is determined from the geometry of Rx and Tx
locations, AoA, AoD, and delay. This geometry is an ellipse with focal points at Rx and Tx locations,
and the major axis equals to the delay multiplied leygpeed of light. In the case of single bounce,

the cluster is located on the locus of an ellipse defined by AoA, AoD, andd@esgrigure24, SBC,

single bounce cluster). In the case of mbtiunce, the same locus defines upper bound of the
distance of the cluster, i.e. the cluster can be anywhere in the segment between Tx (or Rx) and the
locus (sed-igure24, FBC/LBC, first/last bounce cluster). A distribution for that cluster location could

be uniform between the two ends of said segment. Because the AoA, AoD, and delay are randomly
drawn in the GSCM, most likely the geometf these three parameters does not fit to the ellipse.
Thus the 50% of the cluster locations may be based esidexcluster parameters and another 50%
based on Tsside cluster parameters.

SBC

Figure 24. Location of a cluster.
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After fixing the physical locations, drifting of LSPs and SSPs are enabled for a short distance
movement as illustrated iRigure 25. Implementation of the drifting is straightforward and is fully
based on the geometry (for eactpirtse response, phase, delay, and angle of arrival is recalculated).
This supports dynamic channels and simulation of very large arrays.

Figure 25. Drifting of angles and delays.

This approach allows also spatially consistentSL@nd specular reflection). Since the Tx, Rx and
scatterers have physical coordinates, also a simple map for LOS (and specular reflection) can be
created.

The clustersnay becalculated only for the grid points and on the need basis to avoid excessife use
memory. A smooth birtlleath process of clusters can be realized by weighting the cluster powers in
each grid point based on the distance from Rx. All clusters of the four closest grid points are active
and the clusters are selected by cutting the estaélusters away. If the number of a cluster in the
scenario of interest il = 20, the total number of clusters in any position between the grid points is
4*N = 80, but only 20 strongest clusters are selected. The strength of the cluster is scalathby a p
loss from the cluster location to the Rx. This approach keeps the number of clusters constant, and
allows smooth birtideath process.

5.4 Support for large arrays

Due to the high path loder thehigh frequencyandsand the stringent 5G performance regments,
many systems will make use lafge antenna arraybgamforming and/or MassiéIMO) to assure

a suitable link budgeMassive MIMO systems wildlsoemploy a high number of antenna elements,
that will extend ovemanywavelengths in spac&@he ctannel model should supp@ystems using
large antenna arrays

The taditional GSCM model gnd also the 3GPP 3D mode) assumesthe same propagation
conditions (plane wave, angle of arrivddr all the individual antenna elementsn an array
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However thisapproximation becomes inaccurate when the number of antenna elénlenge and
may cover an area of many wavelengths

While the far field criterion is often seen as guaranteeing plane waves, unfortuhisteyhotalways
truefor large antenna arya.  Spherical wavemay need tde taken into accoufibr larger distances
and for the short ranges expected for the millimetre wave communications links

The phase error from the cembf the antenna array to the most distant antenna elerartie eabi

calculatedrom the geometry. With valuesk D < 10p; the error iswithin2 2. 0 Aé 22 . 5A. For

forming and interference cancellation, the médglerror should be leghan say << 5°. Therefore,

the plane wave assumptiads trueonly if the distage is larger than 4d (to be on the safe sideis8d
recommendd). The far field distance d for a massive MIMO antenna for rtfidimetre wave
frequencies of interest would normally be between 5 to 10 meters, implying that the minimum
antenna to cluster dance to safely utilize planar wavefront mdaog) would be in the range 40 to 80
meters, whichis beyond the deployment scenarimany casesAs a consequencapherical wave
modeling may becomémportantfor 5G channel modellingvith very large array nrafolds.

The 3GPP 3D model assumes Laplacian power angular spectrum (PAS) may be adequately
modeled by 20 equal amplitude sinusoids. This approximation may be sufficient for small arrays.
However, large arraysequireaccurate angular resolutiontherwse they will see each sinusoid as a
separate specular wave, which is pirysical. This problem was studied in the contributianitg
Telecom=2014 and in the referencé\. Fan2015.

In the 3GPP 3D channel model, the pairing between azimuth and efegatjles is done randomly,

i.e. each azimuth angle is randomly paired with an elevation angle, and the total numbeags ssib

still 20. Different realizations provide different pairing of elevation and azimuth arfgpse 26

shows an example of random pairing. The projection to azimuth or elevation plane provides the
Laplacian shape, but the projections to other planes do not necessardgpond This causesa
correlation error in the pPAntdTelecomedi4. 0. 11 ¢é 0. 15
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Figure 26 Random pairing of azimuth and elevation angles.
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In addition tothe spherical wave effect and othalignmentproblems, very large arrays may see
different propagation effectsetween thalifferentelementf the arrayWhile the ninimum size of

an extremely large array is naell defined, one may say thah array becomediarged when it is
larger thanthe consistency interval (or stationarity interval or correlation distance). The correlation
distance of large scale parameters vasigsificantly depending on the details of the environment
For examplejn WINNER Il it varies from 0.5 tal20 m. Within these distancesll small scale
parameters such as angle of arrival, delay, Doppler, pdiarizanay be differenacrossthe array.
Also large scale parameters such as shadowingatffiegt only a subset of antenna elements in the
array, as has been observed in [Gao et al. 20IBis is alsdikely the caseawith distributed antennas
and cooperive networks.The existing3GPP 3Dchannelmodel assumes the same propagation
effects across the entire antenna arfidyis may not be the case for many of the future deployment
scenarios.

5.5 Dual mobility support

Dual mobility in the D2D and V2Vscenarioscauses different Doppler models, different spatial
correlation of largescale and sma#icale parameters than in the conventional cellular calee
conventional cellular models presume at least one end of the radio link is fixed (usually the base
station) The corresponding Doppler spectrum and charactesistail scaldading distribution have

been modelled in particular for ef-car communications, see, e.g., [Zajic and Stuber 1998], but
were considered outside the scope of the current.work allov modelling for D2D and V2V 5G
scenarios, in which both ends of the link may be in motion and experience independent fading,
Doppler shift and channel conditions further additions to the channel models are required to
accommodate these parameters

5.6 Dynamic blockagemodelling

The dynamic blockage could be modelled as additional shadow fading on certain channel
directions.Assuming the distance between the blocker and transmitter is much farther away than the
distance between the blocker and receiver, thekbig effect can be applied to channel receiving
directions for simplicity An example of two blockers is illustrated ligure27. Assume the position
of receiver is in the originiye can describe one blocker in Cartesian/polar ¢oatel system using
below parameters:

1) Centre of the blockerz(f I, where 3f FOrepresent the azimuth angle, zenith angle, and
radius of the centre of the blocker

2) Azimuth angular span of the blocker (AoA spdn) 07, where0 is the width of the
assumed rectangular blocking surface

3) Zenith angular span of the block (ZoA span) ", whereQis the height of the assumed
rectangular blocking surface
Assume the AoA/ZoA of one channel cluster«s Iff ). The blockage effect for this cluster is
modelled if the 3S 0 ands— —s @ and the blockage effect of one edge of the blocker
is modelled using a knife edge diffraction model for the four edges of the blocker as (1) in Cartesian
coordinate system or {P) and (22) in polar coorthate system:
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Os s s (1)

where$ p s s ¢ and$¢ s s ¢ arethe distance from transmitter/receiver to the four edges

of the blocker,ip and O care the perpendicular distance from transmitter/receiver to the blocking
surface.

Os s s (2-1)

where E pE & dx ¢ represent the four edges of the blocker;fhis sign is used for shadow zone
and minus sign is used for LOS zoaed:

3P * 3
’r
3¢ — ¢ 3
. (2-2)
l’l’_e - —_ —_
Iy
u=e - = =

Be noted that if the distance from the traittanto the blocker is much larger than the blocker
size, (1) will result in similar blockage effect asl(Rand (22).

Finally, theadditional shadowing loss of one blocker applied to this cluster is:
0 cueé P O O O O (3)
And if one channel cluster is blocked by multiple blockers, the additional shadowing by multiple
blockers are summed up. To summarize we have below proposals for blockage model:

Figure 27, Example of a blockage modelling in the polar coordinated system
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For single link simulation, we can define blocker trajectory, size and distance based on
experiences either in Cartesian coordinate or polar coordinate systems. Avhocles size/distance
is deterministic in the simulations.

For full system level simulation, we can fix the blocker distance and randomly generate the azimuth
centre of the blocker using two uniformly distributed random variablds x "Y rip hand the

centre of the blocker3sH O ¢ & - —R . The random variableé can be generated with

spatial/temporal consistency according to section 5.3.1 with correlation dis#ance and
correlationime O  to model the blocker movement around the receiver in the azimuth dimension.

For example A v miand O - @ 0. For random variablé , it can be generated per drop

with spatial consistency. Thus the blockeeslonot move in the zenith dimension but two #Amar
receivers still observe correlated blockege eff€able2 gives some configuration examples for the
blocker. The moving speed in system level is the mean moving speed of ther.blbbke
instantaneous moving speed around a paticular receiver is statistically distributed.

For multiple blockers, each blocker can be configured with one blocker specific parameter sets.

Table 2 Typical configuration of blocker

Typical set of screen| Screen dimensions

Indoor; Human Cartesian: w=0.3m; h=1.7m; r = 2m; v=3km/h

Outdoor Polar: A=0.15rad; Z = 0.85rad; r = 2

v,=0.42rad/s; &~=3.77s; @.=50m (outdoor);

dcor=5m (indoor)

Outdoor | Vehicle Cartesian: w=4.8m; h=1.4m; £ 10m; v =

30km/h

Polar: A=0.48rad; Z = 0.14rad; r = 101

v,=0.83rad/s;,~1.88s; @=50m

In Figure28, this model is compared to measurement results for blocking by a passing garbage truck.
The truck has been modelled by twectangular screens with sizes according to the sizes of the
drivers compartment and container, and the trajectory to the screens has been matched to the
trajectory of the truck. The only fitted model parameters are the speed of the truck (25 km/h) and the
K-factor in the channel (9 dB). As can be seen, the model reproduces the measured signal strength
drops and transitions exceptionally well.

37|Page



Signal strength

—4|:| T T T T T
Carrier 1

£ [ 1| - : T Carrier 2 i
Blocking Model

7 F -

Signal Strength [dBm]

_ED 1 1

20 21 22 23 24 25 26
Time [s]

Figure 28 Comparison between the proposed blocking model and measuremeifiidkvist 2016]
5.7 Foliage loss

Measurements and modelling of foliage loss at higher frequencies can be fouBdhimefing
1984,[Chavero 199B[Rappaport ICC 2015 ITU-R P.833. The loss increases with frequency and
penetration depth through the foliage. Modelling appinea such adTU-R P.833 can also account

for contributions from diffracted, groun@flected and scattered wavéds important not to account

for such losses twice in the channel model. In a stochastic path loss model the model is parameterized
usingmeasurements in the scenarios of interest. In the UMa and UMi case this will include path loss
measurements in urban areas which often include trees and other vegetation. Thus, in a stochastic path
loss model the effect of the foliage is already includieth therefore unnecessary to add an explicit
foliage loss model.

5.8 Atmospheric losses

In the UMa and UMiscenarios, the link distances could potentially be up to hundreds of meters and
interference may need to be modelled from transmitters that areaufeto kilometres distant. The

path loss model as a function of frequency will be a key component of the channel model. It is known
that atmospheric losses can become significant at higher frequencies and longerFignge29
illustrates the measured atmospheric effects for normal and dry air compiled for the ITU. These are
expressed in terms of dB/km of path length. It can be seen that for the mmwWave bands below about
100 GHz, the attenuation is dominated by the oxygen absormaingt about 60 GHz. This peak is
about 15 dB/km or about 0.015 dB/metre. For the other frequencies below 100 GHz, the absorption is
about ten times less (or 0.001 dB/metre). In dry air the loss is much lower. For distances of tens of
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meters in the InH andJMi these losses are not significant compared to other effects of the
environment (e.g. clutter and buildings). For 100+ metre ranges in the UMa scenario the 1.5 dB loss is
of small consequence compared to other effects.
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Figure 29 Attenuation by atmospheric gases in the-2000 GHz range. Source: Rec ITLR P.6769
(02/201L2) Attenuation by atmospheric gases

Figure30illustrates the measured rain attenuation for variousred@s compiled for the ITU. These

are expressed in terms of dB/km of path length. Rainfall is not a consideration in the InH scenario
(indoors). For the outdoor scenarios, at 100 metre path lengths, the rainfall would cause less than 0.4,
0.8 or 2.0 dB loss for signals close to 100 GHz Reggort 2015]. As the average raate is less than

the peak, the average loss would be somewhat less and also less for lower frequencies. In periods of
heavy rain the path loss may also be accompanied by scattering from the raindrops.
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Figure 30 Rain attenuation for different rain intensities. Source: Rec ITUR P.8382 Specific attenuation
model for rain for use in prediction methods
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Overall, in most InH, UMi and UMa scenarios the effects of atmospheric loss and rainfall will be
insignificant compared to other factors of the environmental. For scenario deployments in the 100
metre range they may be worthwhile taking into account.

Since theattenuation due to water vapour will be insignificant for the typical link distances in the
considered scenarioss doesnoét seem necessary .tWie maodel wa
attenuation could become significant for longer link distances and at higher frequencies, it will be

very rare with rain heavy enough to impact the shorter lintadces that will be applicable in the

agreed scenarios. In typical 3GPP RAN1 simulations the time variability of the link quality is not
modelled, unlike the ITU sharing and coexistence studies where worst case interference conditions
have a higher imptaince. Thereforenodelling ofrain attenuatioomay be optional and only applied

to sharing and coexistence studies

Oxygen absorption may become significant around the 60 GHz peak as sh&igurie29. The

effect on the path loss rgaasily be accounted for using known models such as given by ReR ITU
P.676 [ITUR P.676]. However, there is a secondary effect that may result in noticeable reductions of
delay and angular spread. This reduction is caused by the multipath componamgddrager path

length than the direct path and will suffer a slightly greater oxygen absorption. In order to have a joint
model parameterization over the full frequency range at longer ranges, it is proposed that
measurements of e.g. channel impulse nesg® are compensated for the oxygen absorption loss at
different delays. An example of the path loss and delay spread results before and after such
compensation is shown inR[1-160846. By this procedure it is possible to characterize the
frequencydependace of the channel dispersion without the néikd effect near the oxygen peak
disrupting any smoother trends. This process means that the oxygen loss should be applied in a
separate modelling step. This can be done by attenuating each cluster (gahjenerated channel
impulse response by a losst Gt  [dB] where| [dB/m] is the oxygen loss, ¢ [m/s] is the speed of
light,and T [s] is the cluster (path) delay.
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6 Pathloss, Shadow Fading,.. OS and BlockageModelling

6.1 LOS probability

The ddinition of LOS used in this white paper is discussed in thissadbion together with other

LOS models. The LOS state lieredetermined by a mapased approach, i.e., by considering the
transmitter (AP) and receiver (UE) positions and whether anyibgfidor walls are blocking the

direct path between the AP and the UE. The impact of objects not represented in the map such as trees,
cars, furniture, etc. is modelled separately using shadowing/blocking terms. An attractive feature of
this LOS definitionis that it is frequency independent, as only buildings and walls are considered in

the definition.

The first LOS probability model considered, thédgmodel, is the current 3GPP/ITU model [3GPP
TR36.873] [ITU M.21351]:

Cad; dq . i
p(d) :m.régj,@- e d’d2)+e ez, 1
whered is the 2D distance in meters addandd, can both be optimized to fit a set of data (or

scenario parameters).

The next LOS probability model considered, the NYU (squared) model, is the one developed by NYU
in [Samimi 2015]:

2

' @)

|-O00O

a ad, . . .
p(d) =@"ré£§v1§1- e d"’2)+e d/d,
g -

where agaird; andd, can be optimized to fit a given set of data (or scenario parameters).

An investigation into the LOS probability for the UMa environment was conducted using all of the
UMa measured any-tracingdata listed in the appendix. In addition to comparing the two models
considered above with optimizeti andd, values, the data was also compared to the current 3GPP
UMa LOS probability model (eq(l)) for aUE height of 1.5 m witld;=18 andd,=63. A summary

of the results is given ifable 3 and the three models are compared to the daFgure 31 In

terms of mean squared error (MSE) between the L@Bapility from the data and the models, the
NYU (squared) model had the lowest MSE, but the difference was $hisivorth noting, however,

that the NYU (squared) model is conservative, as it predicts zero likelihood of LOS at closer distances
than theother modelsGiven that the current 3GPP UMa model was a reasonable match to the data
and included support for 3D placement of UEs, it is recommended that the current 3GPP LOS
probability model for UMa be used for frequencies above 6.0.GHhe 3GPP Umamodel
specifically iSf3GPP TR36.873]

p(d) :%qir%f 1&1 e d/ 63)+ g /68 gl+C(d, hyr)), ®)
¢ ¢d - =

wherehyr is the height of the UE in m and:
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C(d,hyr) =1&h - 13
hur {ahUTlo
g
g(d)

Ov

_ (125 %)d? exd- d/150)
iy

hyr <13m

6,1.5
8 9(d), 13¢ hyr ¢23m’

—7,d>18m,
otherwise

Note that for indoor used is replaced by the 2D distance to the outer wall.

Table 3. Comparison of the LOS probability models for the UMa environment

(4)

®)

di d2 MSE
3GPP UMa 18 63 0.020
d1/d2 model 20 66 0.017
NYU (squared) 20 160 0.015
T+ T T
Data
09y | m=——— 3GPP UMa I
d1/d2 model
0.8 —%¥— NYU (squared) model I
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Figure 31. UMa LOS probability for the three models considered.

For the UMi scenario, it was found that the 3GPP LOS probability formula [3GPP TR36.873] is

0 100

200 300 400 500 600
Distance (m)

sufficient for frequencies above 6 GHhe fitted d1/d2 model in (1) providesbetterfitted model,
however, the errors between the data and the 3GP® probability model over all distansere

small. That formula is the same & with d;=18 m andd,=36 m withd being replaced by the 2D

distanceto the outer wall for indoor users. Note that the 3GPP UMi LOS probability model is not a

function of UE height like the UMa LOS probability model.
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Table4. Comparison of the LOS probability models for the UMi environment

dl d2 MSE

3GPP UM 18 36 0.023
d1/d2 model 20 39 0.001
NYU (squared) 22 100 0.026

LoS Probability / UMi
4 F F F F
—— UMi Street-Canyon data (based on ray-tracing)
N | 3GPP UMi model (d1=18, d2=36) RMSE = 0.023 ]
\ Fitted (d1/d2) model (d1=20, d2=39) RMSE = 0.001
NYU squared model (d1=22, d2=100) RMSE = 0.026 [T

i

o
©

o
©

o
~

o
o

P

o o
@ ~
e —
)
- /
-
p

LoS Probability
o
(5]

\\\\
* \<
0.1 s
0 ME—
0 50 100 150 200 250 300

Distance [2D] (m)

Figure 32. UMi LOS probability for the three models considered.

Since the 3GPP 3D model [3GPP TR36.873] doasinclude an indoor scenario, and timeloor
hotspot scenario in e.g. the IMT advanced model [ITU M.21j38iffers from the office scenario
considered in this white paper, an investigation on the LOS probability for indoor office has been
conducted based on racing simulatione.g., [Jarelainen 2016] Different styles of indoor office
environment were investigated, including ogman office with cubical area, closgian office with
corridor and meeting room, and also hykpldn office with both open and closed areas. It has been

verified that the following model fits the propagation in indoor office environment best @duhe
models evaluated.

él, de¢12
Pos =iexpé(d-12)/47), 1.2<d<65 (6)
texp¢(d- 6.5)/326)@.32 d2 65

The verification results are shownTiable5 andFigure33. The LOS probability model used in ITU
IMT -Advanced evaluation [ITU M.2135] and WINNER Il [WINNER Il D1.1.2] are also presented
here for comparison. For the ITU and WINNER Il model, parameterization results based on new data
vary a lot from the original model. The results show that the new model has a good fit to the data in an

average sense and can be used for 5G InH scenarios evaluation. However, note the high variability
between different deployments and degrees of openndss dffice area.
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Table 5. Comparison of the LOS probability models for the InH environment

Models Original Updated/New MSE
&l de¢i1s €l d¢l1l
ITU model | Ros =1exp(- (d- 18)/27), 18<d<37 | Ro.=iexpf(d-D/49), 11<d<98 0.0499
tos, dz 37 fo.17 d298 '
WINNER
él, dc¢10 ..
llmodel | Ros=i _& del 0.0572
! ) p =
®3) jexp€(d-10/495, d>1C Los }expé d-1/94), d>1
WINNER
" del P _é, d¢25 P s d¢26 0.0473
mode los T 09(1- (L24- 0610glad)®)¥?, d>25 | ©°° {1-09(1- (116- 04loglqd)®)?, d>26 '
(A1)
al, de12
New model N/A Ros =1expf (d-12)/47), 12<d<65 0.0449
Fexpt (d- 65)/326) @32, d2 65
1 T T T
» ®  Huawei hybrid office
0.9 4 x  Qualcomm hybrid office [T
So® ®  Ericsson open office
0.8 ,‘3 ’_ *  Ericsson corridor M
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Figure 33. Indoor office LOS probability for three models considered

6.2 Path loss models

To adequeely assess the performance of 5G systems, 4fnatjuency path loss (PL) models, LOS
probability, and blockage models will need to be developed across the wide range of frequency bands

and for operating scenarios. Three PL models are considered in ttéspaper; namely the close

(Cl) free space reference distance PL model [Andersen 1995][Rappaport 2015][SunGCW2015], the

closein free space reference distance model with frequeepgndent path loss expent (CIF)
[MacCartney 2015][Haneda 2016]and the AlphaBetaGamma (ABG) PL mode[Hata 1980]
[Piersanti ICC2Q2][ [MacCartney GC2013] [MacCartney 201pfaneda 2016]These models are

described in the following text and are then applied to various scenarios. Note that the path loss
models currently sed in the 3GPP 3D model is of the ABG model form but with additional
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dependencies on base station or terminal height, and with a LOS breakpoint. It may also be noted that
the intention is to have only one path loss model (per scenario and LOS/NLOS3thlthetbhoice is
still open for discussion.

Table 6 shows the parameters of the CI, CIF, and ABG path loss models for different environments
for omnidirectionalantennaslit may be noted that the models presented here are-finagjtiency
models, and the parameters are invariant to carrier frequency and can be applied acroskOthe 0.5
GHz band.

The CI PL model is given as [Rappaport 2015][MacCartney 2016|GEW2015|Sun TVT2016

PL® (f,d)[dB] = FSPL(f 1 m)+10n Iogm%d?n§+ X<, @
g -

wheref is the frequency in Hz is the PLEd is the distance imeters X' is the shadow fading

(SF) term in dB, and the free space path loss (FSPL) at 1 m, and frefluésgyven as:

FSPL(f1m)= 20Iogloged§g, (8
9 -
wherec is the speed of lighA common form of the Cl model is found iBGPP TR38.90(0and [Sun
TVT2016] and is given as:
PLS (fg,,,d)[dB] = 324 +10nlog,,(d) + 20log,,( fe,, ) + X&', ©)

Where FSPL(1 GHz, 1 m) = 32.4 dB,is the PLE,d is the 3D distance in meterfgy, is the
frequency inGHz, and X§' is the shadow fading (SF) term in dB

The ABG PL model is given as :

PL"EC (f,d)[dB] =10alog,,(d)+ &

+10glogyo(f)+x 28’ (10

wherea captures how the PL increase as the transgoitive in distance (imeters) increase®is a

the floating offset value in dBycaptures the PL variation over the frequehay GHz, and XﬁBG

is the SF term in dB.
The CIF PL model is an extension of the CI model, and uses a freqdepegpdent path les
exponent given by:

a Af-f 60 adao
PL°F (f,d)[dB = FSPLf1m)+10n&+b 0 Q| o~ A+ X CF
(f,d)[dB L(f.1lm) % %fo §§09m§m§ s (11)

wheren denotes the path loss exponent (PLE), lansl an optimization parameter that captures the
slope, or linear frequency dependency of the path loss exponent that balanceseatrthé of the
frequencies being modeled (e.g., path loss increadaa@sases wheh is positive). The terny is a
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fixed reference frequency, the centroid of all frequencies represented by the path loss model, found as

the weighed sum of measurertefrom different frequencies, using the following equation:
K

fy= et a2
a ., Nk

where K is the number of unique frequencies, aNdis the number of path loss data points
corresponding to thk" frequencyf,. The input parameterf, represents the weighted frequencies of
all measurement (or Rayacing) data applied to the model. The CIF model reverts to the Cl model
when b = 0 for multiple frequencies, or when a single frequency f§ s moddled. For InH, a
dualslope path loss model might provide a good fit for different distance zones of the propagation
environment. Frequency dependency is also observed in some of the indoor measurement campaigns
conducted by cauthors. For NLOS, both a dkslope ABG and duatlope CIF model can be
considered for 5G performance evaluation (they each requi@dgllingparameters to be optimized),
and a singleslope CIF model (that uses only 2 optimization parameters) may be considered as a
special case folnH-Office [MacCartney 2015]. The dualope may be best suited for lrgHopping
mall or large indoor distances (greater than 50 m). The dual slope InH large scale path loss models are
as follows:

DualSlope ABG model :

éal*ldogm(d)+b +g*10oglQf) 1<d¢dg
PLC (d) = (13
bual a,*10o0g,(dg) + b, +g*1dogl((f)+az*10Ioglo(—) d>dg

I BP

DualSlope CIF model:

FSPl(f Jm)+10nlg+|ol 8gloglo(—) 1<d ¢ dg
CIF — (14)
PLoa(d) =

——) =) == —> (D:

FSPIf.1m) +10nl%+ b.l. 88'0910(£) +10“2§+ bz 88'0910(7) d>dg

In the CI PL model, only a single parameter, the path loss exponent (PLE), needs to be determined
through optimization to minimize the SF standard deviation oler measured PL data set
[SunGCW2015] [Sun VTCS2016] [Rappaport2015]. In the Cl PL model there is an anchor point that
ties path loss to the FSPL at 1 m, which captures freqeeggndency of the path loss, and
establishes a uniform standdmiwhich all measurements and model parameters may be reféred

the CIF model there are 2 optimization parameters (n and b), and since it is an extension of the ClI
model, it also uses a 1 m frepace closén reference distance path loss anchor. In the ABG PL
modelthere are three optimization parameters which need to be optimized to minimize the standard
deviation (SF) over the data set, just like the Cl and CIF PL models [MacCartney2015][Sun
VTCS2016]. Closed form expressions for optimization of the model paresfetethe ClI, CIF, and

ABG path loss models are given in [MacCartney 2015], where it was shown that indoor channels
experience an increase in the PLE value as the frequency increases, whereas the PLE is not very
frequency dependent in outdoor UMa or UMesarios [Rappaport 2015],[SunGCW2015],[Thomas
VTCS2016],[Sun VTCS2016]. The CI, CIF, and ABG models, as well as-pmagzation forms

and closedorm expressions for optimization are given for indoor channels in [MacCartney 2015].

46| Page



Table 6. CI, CIF and ABG model parameters for different environments

Scenario CI/ICIF Model ABG Model Parameters
Parameters

UMa- LOS n=2.0,0sc=4.1 dB NA

UMa- nLOS n=3.0,0s= 6.8 dB a=3.4,b=19.2,0=2.3,lisr = 6.5
dB

UMi-Street n=2.1 0ge= 3.76dB NA

CanyonLOS

UMi-Street n=3.17, Usr= 809dB a=353, b=22.4, =213, Us =

CanyonnLOS 7.8 dB

UMi-Open SquareOS

n=1.85,0sr= 4.2 dB

NA

UMi-Open
SquarenLOS

n=2.89,0is,=7.1dB

a=4.14, b=3.66, g=2.43, Usr
7.0dB

InH-Indoor Office-LOS

n=1.73,0sr= 3.02 dB

NA

InH-Indoor
Office-nLOS
slope (FFS)

single

n=3.19, b=0.06,,F 24.2
GHz,0sr=8.29 dB

a=3.83,b=17.30,0-2.49,lisr= 8.03

dB

InH-Indoor-Office nLOS
dual slope

n=2.51, h=0.12, fo= 24.1
GHz, n=4.25, b=0.04, @p =
7.8 m,ls=7.65 dB

a,=1.7,b,=33.0,02.49, ¢p = 6.90

m a2=4.17,|j|3|:= 7.78 dB

InH-Shopping MallsLOS

n=1.73,0sc= 2.01 dB

NA

InH-Shopping MallsnLOS
single $ope (FFS)

n=2.59, b=0.01,,F 39.5
GHz,lise= 7.40 dB

a=3.21,b=18.09,g=2.24,0s= 6.97

dB

InH-Shopping MallsnLOS
dual slope

n=2.43, h=-0.01, = 39.5
GHz, n=8.36, b=0.39, @p =
110 m,lise= 6.26 dB

a1:2.9,b1=22.17,g:2.24, @pz
147.0 ma,=1147,0s:= 6.36 dB

Note: the parameters of ABG model in th®S conditions are not mentioned for the UMa and UMi

scenarios because thds almost identical to the PLE of the Cl model, and glsovery close to 2,
which indicates free space path losshwitequency, and this isiodelledin both the Cl and CIF
models within the first meter dfee spac@ropagation.

Another important issue related to pathloss is shadowing fading. For indoor hotspot, the distance
dependency and frequency dependency werestigated for botlindoor office and shopping mall.

For LOS propagation condition, the frequency and distance dependency is weak. But for NLOS
propagation condition, frequency and distance dependency can be observed. The results can be found

in Table 7
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Table 7. Distance dependent shadowing for InH

. LOS/ Frequency Distance
Scenarios Models Value (dB)
NLOS Range Range
LOS Cl 3 1~73m
Singles ABG | min(3.20log10(f)+3.38log10(d), 125)
Indoor lope ]
i CIF min(2.59log10( f) +4.10log10(d), 126) | 2.44~73GHz
office NLOS 1~86m
Dual ABG min(2.37log10( f ) +3.88log10(d), 119)
slope | c|E | min(235l0g10(f) +364l0g10(d), 114)
LOS Cl 2 0.5~149m
Singles | ABG min(4.62log10(d), 109)
hoppi .
shopping lope | cF min(4.94log10(d), 117) | 2.9~63GHz
mall NLOS 2~229m
Dual | ABG | min(2.41+2.49log1((d), 9)
slope | cjp | min(2.77+2.15log10(d), 9)

6.3 Building penetration lossmodelling

The building penetration loss model according to e.g. [SGPP TR36.873] consists of the following
parts:

00 00 00 O mh (15)
where PL, is the basic outdoor path loss given by the UMa or UMi path loss modejsjsPthe
building penetration loss through the external wall, BlLthe inside loss dependent on the depth into
the building, and is the standard deviatio the firstrevision of this white papeand in[Haneda
VTC2016] several different frequeneyependent models were proposed. Here the recommended

model is described.

00

The building penetration loss through the external wall is modelled using the composite approach firs
described inlSemaan Globecom 2014 this approach, linear loss as a function of frequency is
assumed for any specific material, Sedble8.

Table 8. Material penetration losses

Material Penetration loss[dB]

Standard multpane glass 0 ¢ ™MiQ
IRR glass 0 ¢co ™t
Concrete 0 v Ti'Q
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The composite penetration loss is obtained through a weighted average of the transmission through
two different magrials, where the weight is given by the relative surface area of each material over
the facade of the building. Two variants of the model are given, a low loss and a high loss model, see
Table 9. An additional loss of 5 dB has beeddad to the external wall loss to account for
nonperpendicular incidence. The indoor loss has been selected at 0.5 dB/m to maintain consistency
with [3GPP TR 36.873]. Finally, the standard deviation has been tentatively selected based on the
experience fsm the reported measurements.

Table 9 Recommended building penetration loss model

Path loss through external wall: Indoor loss: Standard deviation: Q
4« [dB] |F4 . [dB/m] | [dB]
LAY v l
Low loss model | U P UEQ@ipm ™ |05 [3]
tpm ]
High loss model | U P @& U&ipm ' ™ o5 [5]
ftpm I

A comparison between thenodel components and aggregate behaviand the reported
measurements can be foundHigure34. Not included in the figure are additional O2I measurements

at 3.5 GHz contributed by CMCC and BUPT for which the total average excess loss (averaged over
various incidencergles and for a depth of about 10 m into the building) was 25 and 37 dB for two
different buildings. The standard deviation in each building was about 6 dB.

The 12 dB difference between the loss in the two buildings is similar as the difference between the
low and high loss models at 3.5 GHm alternative parabolic model for building penetration loss
(BPL) that fits Fig. 34 (right) is:

GO0A" pi T G 69Q (16)
wheref is frequency in GHzA = 5andB = 0.03 for bw lossbuildings andA = 10 andB = 5 for high
loss buildinggHaneda VTC2016]

60 50
% --a--Regular glass % Low loss model
- 50 Glass model » 40 —— High loss model
2 =@ |RR glass b
= 40 IRR glass model = 30
& = Concrete wall o
g 30 |4 . —E_oncrete model g 20 _;_
© . ﬂ"""'-»n. 2 T
S g T l 1 J
2201, S 10 =
5 |9 2 uapn f [
5 g — '
g 10 g 0
s A 3

0 -10

30 40 10° 10’ 107
Frequency [GHz] Frequency [GHz]

Figure 34 Comparison between the materialoss model and measurements (left) and the composite

penetration loss model for normal incidence and na&surements (right).
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6.4 Blockage models

Dynamic blockage and geometnduced blockage can be modelled by different nioukgl
approaches. The dynamic blockage could be modelled as a component of the small scale fading by
including excess shadowing on a numbgpathsor clusters, as has been proposed in [METIS 2015]

or [IEEE 802.11ad].The geometryinduced blockage could be modelled as a component of the
largescale fading as additional shadow fading with certain occurrence probability.

It is worth noting tilat the environment also causes transient path gains by, for example, motion of
surfaces or objects with strong reflections. The effects of transient pathcgaseslynamic shadow

fading. Figure 35 illustrates the concept of statibalow fading and dynamic shadow fading. When

doing measuremestn an uncontrolled environment, the measured instantaneous channel gain most
likely includes dynamic shadow fading. By taking the expectation over multiple measurements at
each TxRx distancethe dynamic shadow fading can be averaged out. Path loss fitting based on the
path gain expectation values gives the static path loss and static shadow fading as described in Section
5b.

PL 4 ° PL 4
a1
@tle\ Dynamic N
: blocakge ° @tk
loss ®

Dynamic strong ® Static LS PL

®| reflection gain

v
v

Figure 35 Illustration of static shadow fading and dynamic shadow fading

7 Small ScaleFading Modelling

7.1 UMi

In the doubladirectional channel model, the multipath components are described by the delays and
the directions of departure and the direction of arrival. Haahipath component is scaled with a
complex amplitude gain. Then the doubiesctional channel impulse response is composed of the
sum of the generated douldéectional multipath components. The doubieectional channel model
provides a complete omdirectional statistical spatial channel model (SSCM) for bd@§ Land

NLOS scenarios in UMi environment. These results are analyzed base¢ke omeasurement
campaign results and mostthe raytracing results, which is compared with the measurement
campagn done in the same urban area.

For fastfading modeling, rayracing based method is useful to extend the sparse empirical datasets
and to analyze the channel characteristirsdifferent frequency ranges with same environments
Ray-tracing results prode full information in spatiemporal domain, which can be extracted to
parameterize the doubtbrectional channel moderhe largescale parameters in SSCM are analyzed
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from many measurement campaign and-traging simulation, which dataset are summedi in
Appendix. As a set of exampjdargescale parameters for smaltale fading model in UMi are
analyzed usinghe measurement campaign results emetracing results on UMi streganyon area

in Daejeon, Korea shown iRigure 36, which models the same area conducted the measurement
campaign [Hur EuCAP2015]. In the 3D rtracing simulation, the TX was placed 16 m above the
ground on the sixtfloor height and the RX was placed at 1.5 m above the ground. For the ray tracing
simulations, the RX was moved on anlgrid in a 200 m x 206h area. The parameters for fi@gcing
simulation and environment description are similarly set to the value used ia$M8P2016]

T et

5y T itter Sit
.*\r S jﬁ( ransmitter Site

e 4
he \““' @ Receiver Site

Figure 36. Daejeon street canyon evironments conducted measurement campaign andsed for the
ray-tracing study. The BSlocation is at the sites indicated by the star andhe UEs were placed outdoors
in the streetscanyonareas.

The channel parameters in delay and angular domains aretedfram the detected path

information. In the SSCM approach, the channel characteristics are represented by correlated
largescale parameters (LSPs), such as delay spread, angular spfaethrkénd shadow fading

factor, which is well described in WINER-like channel model [WINNER]. All LSPs are modeled by
a lognormal distribution with common values of the me&an and standard variatiofi . In

[3D-SCM], the LSPs characteristics are described by these common valuesofriag

distributions, simply coriant model or distanegependent model. In this work, the new channel
model is based on the 3BCM approach with same assumptions, and updating the LSP parameter

tables by extending frequency up to 100 GHz. Therefore, the frequency dependeneyofA is

checked if the values can be modeled as a function of frequency or constant over frdguisay.
spread, from the different dataset from measurement artda@gg, the linear frequenalependency
over log10(f) is observed as showrFigure37. Furthermore, to avoid infinite DS values with the
frequency goes to zero, the linear regression over log10(1+f) is applied to derive the all LSP
characteristics. Also, the DS values in legacy band are close to the current channel BiD¢&CM
parameters, which also shows the similarity of the t&ftacteristics. Some parameters with weak
frequencydependency are simply modeled as constant values by averaging the parameters over
different datasef-or further modeling purpose, other dable channel parameters for extension of
LSP over frequency are described in Appendix, and those derived LPS models are summarized in
TablelOandTable 11.
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LSP Analysis - RMS Delay Spread
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Figure 37. Delay-spread model up to 100 GHz
Table 10. Large-scale parameters for UMi Streetcanyon
) UMi Street-Canyon
Scenarios
LOS NLOS
De|ay Spreadms) Ms '02*|0910(1+f) T 7.20 -021*|OglO(1+f) 1 6.88
logu«([s])
' &s 0.39 0.16*l0g10(1+f) + 0.29
o Msp -0.05%og10(1+f) + 1.21 -0.23*log10(1+f) + 1.
AoD spread (Iasp) 0.05%0g10(1+1) 0.23*log10(1+f) 53
logwo([ ')
Gsp 0.41 0.11*log10(1+f) + 0.33
o MRsa -0.08* +) + 1. -0.08% +) + 1.
Ao spread fias) 0.08*log10(1+f) + 1.73 0.08*log10(1+f) + 1.81
logso([ 1)
Ehsa 0.014*log10(1+f) + 0.28 0.05*0g10(1+f) +0.3
o Masa -0.1% +) + 0. -0.044 +) + 0.
20A spread {izs) 0.1*log10(1+f) + 0.73 0.04*l0og10(1+f) + 0.92
logio[ 1)
EsA

-0.07*log10(1+f) + 0.41

Delay scaling parameterr;

3

2.1

1.The trend of frequenegependent on LSP is not observed over all measureratnt d
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Table 11. ZoD model parameters for UMi Streetcanyon

s ) UMi Street-Canyon
cenarios
LOS NLOS
Hzsp max[-0.21, -14.8(d2D/1000) + 0.83] max[-0.5, -3.1(d2D/1000)+0.2]
ZoD spread
(Gzsn)loguo([ 1)
€&sp 0.35 0.35
ZoD offset Hoffsa, zoD 0 -10{-1.5log10(max(10, 5{!;))*'3-3}

The channel datasetsave beeranalyzed in the spatiemporal domaimapplying Agglomerative
Algorithm [Walter 2008, for clusteing such as delays, angles at the TX and RX side, and the
received powersvithin clusters Based on the observed clusters in each link, iacgée parameters
such as number of clusters and inthaster delay spreads and angle spreads are analyzegdthisin
framework in [3DSCM], and all parameters are extracted by followithg methodimgies in
[WINNER].

The cluster parameters are preliminaryivied from some measurement and-tacing data, which

can be as a preliminary parameters and summarized in Appendix. Hnadiag data predicts fewer
clusters and weakequency dependentharacteristics. However, the clustering results based on
ray-tracing are limited due to some simulation conditions, sugmeadl number of observed path in
simulation and the deterministic characteristic of propagation simulafiorther measurement
campigns will be needed to verify these observations. Meanwhile, as a startingheomtmber of
cluster and number of rays in SBCM parametersan beused. Furthermore, in some case it is also
required to modify the clustering model to support large BWd &argesized arrays. It is
recommended téurther study thisthrough measurements with large bandwidths and/or large antenna
arrays

Table 12. Cluster parameters for UMi Street-canyon

3D-UMi
Scenarios
LOS NLOS

Number of clustét N 12 19
Number of rays per cluste] M 20 20
Cluster DS MYy stors -12.0*log10(1+f) + 36.6 11
Cluster ASD ML, sterssD 3 10
Cluster ASA ML stersa 17 22
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Cluster ZSA nz;lusterBA 7 7

Cluster SF "O A0 O 5 309*|OglO(l+f) +5.72

1. Raytracing results show smaller number of clusters, and recommend to study the effect of large BW and
arrays. Currently, it is suggested to use the 3GPP 3D number of clusters as a starting point.

7.2 UMa

UMa largescale fading parameters were determined usiegsorements at 28 GHz in Lindholmen

and Molndal Sweden, 6 GHz data taken on the BUPT campus, andraaiag study performed in
Aalborg, Denmark as shown frigure 38. This ray tracing environment was chosen as there were
realworld measurements also made in the same area [Nguyenl16]. Specifically there were two APs
used in the study which both have a height of 25 m. The UE height was 1.5 m and isotropic antennas
were employed at both the AP and UE. Note that no other objedtsasuehicles, trees, light poles,

and signs, were included in this rlagicing study but they were present when measurements were
taken. The maximum number of rays in the simulation was 20, no transmissions through buildings
were allowed, the maximum numbof reflections was four, the maximum number of diffractions
was one for frequencies above 10 GHz and was two for frequencies of 10 GHz and below. Six
frequencies were considered in this study which were 5.6, 10, 18, 28, 39.3, and 73.5 GHz.

Two philosoplies were used in determining the final set of UMa parameters since there was a very
limited set of data available. The first was to make the model consistent with the 3GPP model below
6 GHz and second was to use ray tracing mostly to determine trengdi¢avglelay spread changes

with frequency) instead of absolute values of the LIP® largescale parameters found for the
NLOS and LOSUMa environment are given the Appendix Table23 throughTable36). The delay

and azimuth angle spreads were found to decrease in frecaeth@re modelled as a linear decrease

with the log of frequencyNo clear frequency trend was found for the correlation of the LSPs so it
was determined to reuse the ones from 3&PP 3D channel model. Also there was no clear
evidence to change the correlation distances of the LSPs, so again the values from the 3GPP 3D
channel model were retained.

Finally, an investigation into the clustering of the rays in thistraging stugt was performed. To
determine clusters, thegglomerative algorithmwas employed. The results showed that the average
number of clusters and the average number of rays per cluster were both fairly consistent across the
different carrier frequencies. Hower, the cluster delay spreads tended to decrease with increasing
frequencyin both LOS and NLOS and hence it was determined to model that frequency dependency
In interpreting these results, especially the average number of rays per cluster, it shmétitibat

the number of modelled rays was limited to 20 in the simulatidesce it was decided to still retain

the 3GPP modelling of the number of clusters and the number of rays per cluster until more study
with addition measurements or more detaitegtracing is available.
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TX height 25m

Figure 38. Aalborg, Denmark environment used for raytracing study. The AP (Tx) location was at
the site indicated and UEs were placed outdoors in the streets and open areas.

7.3 InH

For InH scenariosninvestigation osmall scaldading modelling has been conducted based on both
measurement and rdsacing. Both indoor office and shopping mall environments have been
investigated at frequencies includi@gGHz, 3.5GHz, 6GHz, 14GHA45GHz, 20 GHz, 28 GHz
29GHz,60GHz, and 73 GHz. Some preliminary analysis on kaggde channel characteristics have
been summarizefom Table 37to Table 41. Some smaikcale channel characteristics have been
summarized ifTable 42 and Table43. Although it is still too early to apply these results to the full
frequency range up to 100 GHz, these preliminary investigations have provided insight into the
differences acrosghe extended frequency range.

The preliminaryanalysisresultsshown inTable 13 and Table 14 illustrate thefrequency dependency

of largescale channel characteristemsross the measured frequency raf@e sone LSPs, frequency
dependency can be observed, but for some other LSPs, the frequency dependency observed is not
strong. Since for some cases, the number of data samples for frequencies available for analysis is
limited, it is not easy to come to conclusiget. And also for certain measurement, frequency
dependency is not observedhese observations indicate thator some of the LSPsfrequency
dependencygould be considered for channel modelling for the frequency range up to 100 GHz.

Table 13. Analysis on frequency dependency on LSP for indoor office

LOS NLOS

Model
fitting Avg. | IMT-A? fitting Avg. | IMT-Al

DS | Median [ns]| -0.77*log10(1+f)+30.61| 28.22| N/A -11.64*log10(1+f)+54.53| 38.4 N/A

€ps -0.28*log10(1+f}7.31 | -7.71| -7.70 -0.35*log10(1+f37.06 -7.55 | 1741

(ios 0.04*log10(1+f)+0.18 | 0.24 | 0.18 | 0.10%0gl0(1+f)+0.04 | 0.19 | 0.14
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ASA Median [°] | 11.47*log10(1+f)+9.23| 26.77| N/A -17.89*l0og10(1+)+71.83 | 44.48 N/A
EasA 0.07*0g10(1+f)+1.39 | 1.51 1.62 -0.22*log10(1+f)+1.98 1.6 1.77

Oasa 1.78*0g10(1+f}2.46 | 0.60 | 0.22 1.90*10g10(1+f)-2.66 0.6 0.16

ZSA| Median [] | -5.90%log10(1+)+29.77| 7.13 | N/A -0.56*l0g10(1+)+8.14 | 5.97 | N/A
E75A -0.52*l0g10(1+)+1.60| 0.76 | N/A -0.03*l0g10(1+)+0.89 | 0.77 | N/A

Ozsa 0.07*log10(1+f)+0.005| 0.12 N/A 0.08 0.08 N/A

K £k 0.84*log10(1+f)+212 | 3.38 7 N/A N/A N/A
Gk -0.58*log10(1+f)+6.19| 4.16 4 N/A N/A N/A

ASD €7sD N/A 1.08 1.60 N/A N/A 1.62
Ozsp N/A 0.23 0.18 N/A N/A 0.25

ZSD €7D N/A 0.40 N/A N/A N/A N/A
Czsp N/A 0.23 N/A N/A N/A N/A

1.The IMT-A results for InH are based on 2D channel model
Table 14. Analysis on frequency dependency on LSP for shopping mall
LOS NLOS
Model
fitting Avg. | IMT-A? fitting Avg. | IMT-A?

DS |Median [ns] -13.31*l0g10(1+f)+60.24 41.75| N/A | -23.90*l0g10(1+f)+89.31| 5612 | N/A
€ps -0.13*0g10(1+f)7.27 | -7.47| -7.70 | -0.13*0gl0(1+f}7.01 | -7.21 | 7.41

fps 0.007*log10(1+)+0.30 | 0.31 | 0.18 | 0.007*logl0(1+f)+0.19 | 0.21 | 0.14

ASA| Median [°] | -19.01*l0og10(1+j+67.41| 39.06| N/A 5.43*0g10(1+)+29.02 | 37.13 | N/A
Easa -0.21*0og10(1+f)+1.83 | 1.51 | 1.62 0.10*og10(1+)+1.54 | 1.7 1.77

Olasa -0.08*l0g10(1+)+0.38 | 0.25 | 0.22 -0.13*0g10(1+)+0.35| 0.15 | 0.16
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7SA| Median [°]| 9.64*l0g10(1+f}8.56 | 5.82 | N/A 0.46*0g10(1+f)+335 | 4.05 | N/A
€25 0.38*l0g10(1+f)+0.16 | 0.75 | N/A 0.1540g10(1+0)+0.54 | 0.77 | N/A
izsa -0.33%10g10(1+)+0.73 | 0.23 | N/A -0.08*log10(1+)+0.26 | 0.13 | N/A
K £k -2.53*10g10(1+f)+4.34 | 0.57 7 N/A N/A | NA
(i -0.44*10g10(1+f)+3.85 | 3.19 4 N/A N/A | NA
ASD Median P] | 1.03*og10(1+)+19.96 | 23.5 | N/A | -19.33*l0g10(1+)+86.74| 57.91 | N/A
€250 0.1840g10(1+f)+1.09 | 1.36 | 1.60 | -0.14*ogl0O(1+f)+1.93 | 1.72 | 1.62
fizso -0.11*0g10(1+)+0.55 | 0.17 | 0.18 | 0.04*0gl0(1+f)+0.06 | 0.14 | 0.25
7SD| Median [°]| 1.97*og10(1+f)+1.04 | 3.98 | N/A | -5.95%0gl0(1+f)+16.96| 8.09 | N/A
€250 0.18*0g10(1+f)+0.38 | 0.67 | NI/A -0.25*l0g10(1+)+1.27 | 0.89 | N/A
fizsp -0.25%0g10(1+H)+0.75| 0.37 | N/A 0.01*0g10(1+f)+0.17 | 0.19 | N/A

1.The IMT-A results for InH are based on 2D channel model

For smaliscale fading, aceding to theTable42 and Table 43, so far the results only collected for
limited number of frequencies. They can be used as start point for further investigation ah relate
topics.

7.4 021 channel modelling

The measurements of O2l channel characteristics in terms ofseafge and smaklcale parameters

are summarized iffable 44. For comparison, the O2l model parameters of the 3D channel model
[BGPP TR36.873] are given in the leftmost column. No obvious frequalependence of these
parameters can be spotted. Furthermore, the values seem to be mostly in line with the O2l scenario in
the 3D channel model except for the delay spread which is lower. Hoveseeshould note that the
measurements are exclusively in LOS to the building with fairly short distances while the O2I
scenario should capture both LOS and NLOS conditions. As some of the measurements suggest that
the delay spread is mainly dependentlua outdoor part of the propagation path it seems reasonable
that in NLOS there would be larger delay spreads than what has been measured.

Based on the currently available dHieee different approaches can be considered:

1. Theexisting3D 02l LSP and SSParameter valueBom [3GPP TR 36.873]
could be appliedhlso for the frequency range up to 100 GHz. Note that the
building penetration loswiodel is frequencgependent as already described.
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2. The existing 3D O2I LSP and SSP parameter values from [3GPR6BR33
could be modified to reflect the new measurements. All parameters are
modelled as frequendpdependent except the building penetration loss.

3. Split the 02l scenario into a LOS variant parameterized using the new
measurements iable 44, and a NLOS variant parameterized using possible
future NLOS O2| measurements.

8 Step-by-step procedure for generating channels

The 12-step procedure described in 36.873 should serve as a good starting point for modelling of
channels up to 100 GH Some maodifications of existing steps or additions of new steps may be
required to comply with the modelling proposals presented in this white paper.
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11 Appendix

11.1 Overview of measurement campaigns

The basis for this white paper is the open literaiareombination with recent and ongoing
propagation channel measurements performed by the cosignatories of this white paper, some of
which are as yet unpublishedhese measurements along with the main observations and
conclusionsare described in the aagopanying AnnexThe following tables give an overview of

these recent measurement activities in different frequency bands and scenarios.

11.1.1 UMi street canyon 020

Pathloss & Large Scale Small Scale
Shadowing Parameters Parameters
NYU 1.8 [0} o} 0
CMCC/BUPT 6 Aug.
DCM 8
CMCC/BUPT 10 TBD TBD
Intel 10 July. Sep. Sep.
Nokia/Aalborg 2,10, 18
CMCC 14 Sep. Sep.
Aalto 15 Sep. Sep. Sep.
Huawei 15
E Ericsson 15
O
8 DCM 20, 26 Sep. (20) Sep. (20)
\Y%
Huawei 28 Nov. Nov.
Intel 28 Sep. Nov. Nov.
NYU 28 [Summer [Summer [Summer 202
2012] 2012
NYU 28 Sep. Sep. Sep.
Samsung 28
Ericsson 28
Nokia/Aalborg 28
CMCC/BUPT 28 Sep. Sep.
Aalto 28
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Qualcomm

29

Oct.

TBD

TBD

Pathloss &
Shadowing

Large Scale

Parameters

Small Scale

Parameters

Huawei 3040
DCM 37
NYU 38
N
5 Intel 40, 60 July (60) Sep (60) Sep. (60)
o Sep. (40) Nov. (40) Nov. (40)
©
o Ericsson 60
™
Huawei 60 Nov. Nov. Nov.
Qualcomm 60 Oct. TBD TBD
Aalto 63 Sep. Sep. Sep.
Huawei 73 Nov. Nov.
NYU 73 [Summer [Summer [Summer 2013
T 2013] 2013] ]
O
o
(&}
A
Intel 75, 82 Sep. Nov. Nov.

11.1.2 UMi open square 020

<30 GHz

Pathloss & Large Scale Small Scale
Shadowing EEIEINEIES Parameters
Nokia / AAU 10 o] Madrid-grid
CMCC/BUPT 14 Sep. Sep.
Nokia / AAU 2,10,18
Nokia/AAU 28
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Samsung 28 TBD TBD (Sep) TBD (Sep)
(July or Sep)
Qualcomm 29 TBD TBD
Qualcomm 60 Sept TBD TBD
N Univ. of Bristol 60 TBD (Spring TBD (Spring TBD (Spring 2016)
5 2016) 2016)
o
©
o
™
Aalto 63 o] o] o]
NYU 73 [Spring [Spring 2014]
T 2014]
O]
o
©
A
11.1.3 UMi 02l
Large Small
Pathloss &
Scale Scale
Shadowing
Parameters Parameters
NYU 1.9,5.85 o]
DCM 8, 26 July
Nokia/Aalborg 10
Ericsson 6, 15, 28
E Nokia/Aalborg 20
O]
8 Nokia/Aalborg 28 Sep.
Vv
Samsung 28 TBD (July)
NYU 28 [Summer [Summer
2012] 2012
Ericsson 28
11.1.31.11 CMCC/BUPT | 11.1.3.1.1.2 3.5
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DCM 37 July

Ericsson 60

30 - 60 GHz

> 60 GHz

11.1.4 UMa 020

Pathloss & Large Scale Small Scale
Shadowing Parameters Parameters
CMCC/BUPT 6
Nokia/Aalborg 2,10, 18,
N
T 28
O
8 CMCC/BUPT 14 TBD TBD
Vv
NYU 38 60 [ Sumnf 6 [ Summe
1998 & & Summer 2011]
5 Summer 2011]
I
O
o
©
o
™
N
I
)
o
©
A
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11.1.5 InH open-plan office

Pathloss &
Shadowing

Large Scale

Parameters

Small Scale

Parameters

NYU 13,19, 0 0
25,40,
5.85
CMCC/BUPT 6 Sep. Sep.
CMCC/BUPT 14
Ericsson 15
N Huawei 15 Sept. Nov. Nov.
I
g DCM 8, 20, 26 Sep (20) Sep (20)
™
v Huawei 28 Sept. Nov.
NYU 28 [Summer [Summer
2012 & 2012 & Summer
Summer 2014] 2014]
Samsung 28 TBD TBD TBD
Ericsson 28 TBD
CMCC 28 Sep. Sep.
Huawei 30-40
DCM 37 July
N
I
O Ericsson 60
o
©
ol NYU 60 [2000] [2000]
™
Univ. of Bristol 60 TBD (Spring TBD (Spring TBD (Spring 2016)
2016) 2016)
Huawei 60 Sept. Nov. Nov.
o N Aalto 63, 70 0 0 0
© T
A O Huawei 72 Sept. Nov.
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NYU

73

[Spring &
Summe 2014]

[Spring &
Summer 2014]

11.1.6 InH closedplan office

Pathloss &

Shadowing

Large Scale

Parameters

Small Scale

Parameters

NYU 1.3,1.9, o} o}
25, 4.0,
5.85
Intel 10, 28 Sep Nov Nov
Ericsson 2,4,6,15
N
I
O]
o
o™
Vv
NYU 28 [Summer [Summer
2012 & 2012 & Summer
Summer 2014] 2014]
Samsung 28 TBD TBD TBD
Ericsson 28 TBD
Qualcomm 29 TBD TBD
E Intel 40 Sep Nov Nov
O
2 Ericsson 60
= NYU 60 [2000] [2000]
Qualcomm 60 July TBD TBD
v 8 & Aalto 63, 70 ) o )
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NYU 73 [Spring & [Spring &
Summer 2014] Summer 2014]
Intel 75, 82 Sep. Nov Nov

11.1.7 InH shopping mall

Pathloss &

Shadowing

Large Scale

Parameters

Small Scale

Parameters

CMCC/BUPT 6 TBD TBD
Nokia/Aalborg 2,10, 18
Intel 10, 28 Sep. Nov Nov
N CMCC/BUPT 14 Jul. Jul.
S
o Aalto 15
™
v Aalto 28
Samsung 28
Nokia/Aalborg 28 Sep.
Qualcomm 29 June TBD
Intel 40 Sep. Nov Nov
N Qualcomm 60 June TBD
I
g Univ. of Bristol 60 TBD (Spring TBD (Spring TBD (Spring 2016)
© 2016) 2016)
o
™
Aalto 63, 70 0 0 0
N
5 Intel 75, 82 Sep. Nov Nov
o
©
A

67|Page




11.2 Overview of ray-tracing campaigns

11.2.1 UMi street canyon 020

Pathloss &
Shadowing

Large Scale

Parameters

Small Scale

Parameters

Location Details

Aalto 15 Nov. Nov. Nov. Greater Helsinki area|
Aalto 28 Nov. Nov. Nov. Greater Helsinki areal
Samsung 28 Daejeon Korea
/ Same location for
measurement
campaign
N
I
[0) Samsung 28 Ottawa
R
v Samsung 28 NYU Campus
/ Same location for
NYU measurement
campaign
usC 28
Nokia 5.6,10.25, Madrid-grid
28.5
Nokia 39.3 0 o] o] Madrid-grid
N
I
O
o
©
o
™
Aalto 63 Nov. Nov. Nov. Greater Helsinki areal
Nokia 73 NYU Campus plus
T Madrid-grid
O
o
©
A
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11.2.2 UMi open square 020

Pathloss & Large Scale Small Scale Location
Shadowing Parameters Parameters Details
Nokia 5.6,10.25, o] o] 0 Madrid-grid
28.5
E Univ. of Bristol 28 TBD (Spring TBD (Spring TBD (Spring 2016) | Bristol / London
) 2016) 2016)
o
™
\Y
Nokia 39.3 o] o] 0 Madrid-grid
N Univ. of Bristol 40/ 60 TBD (Spring TBD (Spring TBD (Spring 2016) | Bristol / London
5 2016) 2016)
o
©
o
™
Aalto 63 o] o] 0 Helsinki city
center
T Nokia 73.5 Madrid-grid
)
o
©
A

11.2.3 UMa 020

Pathloss & Large Scale Small Scale Location
Shadowing Parameters Parameters Details
Nokia 5.6,10.25, o] 0 0 Madrid-grid
28.5
N
I
O Nokia/Aalborg 10, 18, 28 Sep. Sep. Oct. Aalborg (same
o
™ location as
Vv
measurement
campaigns)
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Ottawa

N
=
o
o
©
o
™

Samsung 28
Samsung 28 NYU Campus
Univ. of Bristol 28 TBD (Spring TBD (Spring TBD (Spring 2016) | Bristol / London
2016) 2016)
Univ. of Bristol 40/ 60 TBD (Spring TBD (Spring TBD (Spring 2016) | Bristol / London
2016) 2016)
Nokia/Aalborg 39.3 Sep. Sep. Oct. Aalborg (same
location as
measurement
campaigns)
Nokia 39.3 Madrid-grid
Nokia/Aalborg 73.5 Sep. Sep. Oct. Aalborg (same
location as
measurement
campaigns)
Nokia 73.5 Madrid-grid

> 60 GHz

11.2.4 InH open-plan office

Samsung

28

Pathloss &

Shadowing

TBD

Large Sc ale

Parameters

TBD

Small Scale

Parameters

TBD (Sep)

Location Details

OpenrOffice

< 30 GHz

z

30 - 60
GH
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Nokia 73 (o]

Openoffice at

NYU campus

> 60 GHz

11.2.5 InH closedplan office

Pathloss & Large Scale Small Scale
Location Details
Shadowing Parameters Parameters
N
I
O
o
o™
V
N
T
)
o
©
o
™
Aalto 63, 70 o] o] 0 Large office,
meeting room,
cafeteria
N
T
O
o
©
A
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11.2.6 InH shopping mall

Pathloss & Large Scale Small Scale
Location Details
Shadowing Parameters Parameters
Samsung 28 TBD TBD TBD (Sep) Shoppingmall like
environment
/ Same location for
measurement
N .
I campaign
O]
o
o™
Vv
N
I
O]
o
©
o
™
Aalto 63, 70 o] o] 0 A shopping mall in
Helsinki area
N
I
)
o
©
A
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11.3 Small ScaleFading Model parameters from measurements and rajtracing

11.3.1 UMi

Table 15. Delay spread datasets of UMi street canyon
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Ray rmcing By tcing Ray trachg
T Sanraung - Oitown Semung - Docieon Samoung - NYU Compurs
Fraquncy K 2 | s | ol [sf20]2%[2]e|24]s |20]mw ]2 [a]n]|]2]s]w]|a]onl]a
Log-Normal Log-Mormal Log-MNormal
g | MMne | 5007 ds62 43se 4838 4904 793 4754 4750 461 2460 2245 239 217 2159 2161 2069 10414 933 W02 97 963 1)
<124 -730 -731 731 131 732 732 7132 7134 76l -765 -765 -766 -767 -767 -16 698 -703 -703 -704 -7T05 704
! 0.51 052 0.53 0.53 0.53 0.54 054 0.54 0.5 025 0.30 0.30 0.29 0.30 0.31 0.3. 040 044 0.44 044 044 044
Diabritaaion Log-Nomal Log-Mormal Log-Normal
os Ibirchann o] 12399 7640 6269 6784 6129 5818 5706 5774 4668 6744 5100 4976 5465 4894 4585 3520 17245 14732 13775 12992 12332 11934
fhos s Dog1oid 691 712 720 717 1.21 724 724 724 73 717 7.29 7.30 7.26 731 734 T4 6.76 6.83 6.86 6.89 6.91 6.9
i) 0.39 056 0.58 0.60 0.66 070 073 0.74 0.804 037 044 051 053 0.60 063 0.7. 037 047 0.50 052 0.54 0.53
POP-Cucoff vialua Bl 5 -] %
o 170 170 170
wedian] =5 I Avg. 3.01 3.19 326 3.26 3.27 3.27 37 328 3.28 321 276 280 280 281 282 281 281 271 275 2711 267 262 257]
RES | o J\vg, 2.1 153 210 211 202 190 187 190 195 197 188 205 2.16 202 206 196 22 197 216 219 222 210 212
m Mt | Moommement | Moenuroment | Momamomes? Bonsmmosnaad il o e
T Il Sencung- Du| ¥ N ~ ETHL - Duajaces Ericzsan Ao Univ.
ey 6 | 5] = [#ms F ) 20] > ] 2 | 7= | 28] s | 2ee]sae] 35 [ses|s3]as]a8] e
Chtribution Log-Mermal] _Log-Nermal
s IliﬁnH 5200 5200 5100 51 17.50 17.50 10.80 840 44.27 1687 43 2114 229 121 129 119
_"'Eﬂ'l_ 7.28 7.28 729 1.29 7.76 1. 7.97 8.08 7.36 7.78 137 7.67] 7.64 192 789 7.54
0.34 0.34 0.42 0.39 0.22 0.11 029 0.14] 0.34
= Clatrbution Log-Normal| _Log-Normal
o adian el 0000 9100 8100 7O 5859 6041 8900 53000 2990 4.8 4460 40000 11974 13213 9425 81.28
m -700 -704 -709 -71 -7.23 -724 -705 -7.2 -1.52 -7.3! -7.35 7.40 -6.92 -6.88 -703 -7.09
m 0.2 0.19 0.34 0.50 0.51 0.39 0.32) 0.11 0.19 0.20) 0.23
POPculol Vi ki) Lnknown . ] -] Uninown Mnknown = 20 Urknown
Unknown as | e Unknown_| _ tcknown Unknown Urkmown
Table 16. Angle spread ASD datasets dfMi street canyon
Rivy-tracing Rawy-traciog
UM Strect-Canyon yTT— [ e—
PR R T 2 1 2 1 3 | coe | 241 5 | 0] 18 73]
Distribution Log-Normal Log-Normal
- Madian 1384 1167 1107 1092 1056 1038 1015 1010 9.5 2187 1375 1353 1454 1398 1370  12.86}
mu 114 1.07 1.04 104 1.02 1.02 1.01 1.00 0.98 134 114 113 116 1.15 114 1.11
032 0.34 035 035 036 036 037 0.37 038 039 046 048 045 046 046 047
Diciribartion Log-Marmal Lag-Normal
A0 Madian 30.55 18.34 16.56 17.24 15.74 15.17 1471 14.76 13.108 2093 17.30 13.09 14.84 13.27 11.58 10.19)
el 148 126 122 124 1.20 118 117 117 112 132 1.24 112 117 112 1.06 1.01]
046 0.57 050 050 0.52 0.53 055 0.55 0.55 0.29 0.34 036 038 042 043 0.4
POE-cutolT Vilua [dB) No cutolf No cutoff él
PuihPower.cuntt Vaue 8] | =170 =1 ]
e Swiindig Ey ming
M1 Srmat-Canycn Sarnsung - NYU Campus Irbed
2|5 |[wlir|[as[s|m e | 5] | ns
Elcrustion Log-Normal
Median 3061 2098 1742 1818 1730 1664 1493 1600 1500 1500 15.00 1850 18.504 16 250 13.49
Les il 122 119 119 118 118 117 11Y 1.20 118 118 1.1 1.27 127 12 1.4 113
045 045 046 047 047 048 04 050 0.5 043 025 019
ASD Eatribation Log-Nomal
alian 1530 1049 871 909 865 832 744 2600 2400 2000 1600 853 6.75] 1849 25.9 26 28.5 60.264
Mos [ ] 149 132 124 126 124 122 117 141 138 1.30 1.20 093 0.83] 127 141 141 144 179
053 059 062 065 066 066 067 0.17] 042 0.38 0.17 0.27) 0
POP-cutoff Vihu [d) No cutolf Unknown Unknown | Uniniown Unknown Unknown
PrsthPrower-cuot Value 8] 170 Unknown Unimown | Unknown: Unknown Unidmown




Table 17. Angle spread ASA datasets of UMi streetanyon

Fay-trwsitg Powy-Srncing Ray-trwcing
I.ll&nﬁ-l::qun Samsung - Otawa - Samaung - Desjec Samsung - NYL Campus
zlslslmszwulslmsnzlslmﬂn
Dibsiribution Log-Normal Log-Normal Log-normal
10§ Med 4423 4325 4299 42.87 43.05 4325 4315 43.37 4291 4327 41.80 4154 4133 4121 4122 4082 84.04 7968 79.32 7856 77.45 7687 7291
o 165 164 163 163 163 164 163 164 163 164 162 162 162 161 162 161] 192 190 190 190 189 189 18§
030 031 032 032 032 033 033 033 034 028 031 032 033 034 034 03§ 026 026 026 027 027 028 U.Egj
ASA Distriburtion TBD TBD TBD
T 8252 53.78 5370 57.72 59.86 6151 64.20 65.88 74.18) 54.68 46.94 40.31 45.03 44.41 4550 5126 7130 55.85 52.30 5597 59.86 59.59 59.4
mu 192 173 173 176 178 179 181 182 187 174 167 161 165 165 166 171 185 175 172 175 178 178 177
029 040 041 040 039 040 039 040 041 028 036 046 039 042 044 037 038 043 045 045 043 044 045
_POP-cuolt Viue (F) No gaoff Mo b
| PutPower-curol Valus 5] 170 S ¥i'] S ¥it]
Mmg Measourmnant | hasosement Limamromnt Masosamert Imamramnt el ey
RS Street-Carwon . .
Intal Samcung - 0] SMAMGAT Jviy warerse-nvee] ema - Acitz Univ. CMcC
fn o) 6 | 15 | 28 | 735 28 28 28 73 28 | a8 | 53 [ 15 | 28 | e0 35 6
h -
o8 ped [ra] 5100 5100 5100 514 5090 5090 168 182 1738 105 198 145 56 5129
pupoglodegd | 171 171 171 171 169 164 123 126 124 102 130 116 175 17
- | 0.27 027 025 024 o053 019 0.12
ASA =
T 6160 5280 5060  39.60) 33.48 4311] 2520 3700 422 387 2754 69  60.2¢
buPogloden® | 179 172 170 160f 152 1.63 140 1571 163 159 14 1.84 174
bares fogligiea 0.21) 0.34 03] o021 o01¢ 034 0.15 0.19
PEP-ouinlE valus 9] Unlaaowm Unknewn | Unkncwn Unlanown 25 Unlanown Unlaawown
PathPower-cutol! Unlkoown Unk Unknown Unk Unknown Unk Unk
Table 18. Angle spread ZSA datasets of UMi streetanyon
MME
UM Stmet-Canyon
Samsung - Ottavwe
Feoquency [GHz) 21 s5]a |1 n|xs]2]0
Digtribartion TBD
Med |&] 267 289 290 291 292 318 319 319 35y 702 560 500 465 407 411 374 372 372 384 387 3.88 s 3
| owfoglocdeg] | 043 046 046 046 046 050 050 050 05§ 085 075 070 067 061 061 057] 057 057 058 059 059 059 0
togtional mu modsh Distance-dependent model Distance-dependent model Distance-dependent model
LoS top = mu = max{a*d_2D/1000+b, ¢) mu = max{a*d_2D/1000+b, c) mu = max{a*d_2D/1000+b, )
a Avg. -33] -3240 -3629 -3630 -3643 -3644 4252 -4257 -4258 -49.83 -2658 -2087 -3092 -3155 -3210 -3211 -3464 -2975 -3198 -3323 -3373 -3638 -1255 -8.00)
b Avg. 1.9] 186 1389 189 189 189 195 195 195 1.97 205 211 212 212 211 208 209 133 1.36 186 186 1.39 127 125
TEA [ JAvg. 0.37| 034 037 037 037 037 040 040 040 043 019 025 028 031 035 040 0500 041 041 042 042 042 041 0.37]
043 046 0456 046 046 050 050 050 055 085 075 070 067 0,61 0.61 057 057 057 058 059 059 0.59 0.6
Diciribriion TBD TBD TBD
s Mad |HI 7.23 755 744 7.58 750 7.52 7.50 71.50 7562 831 846 876 938 998 1059 1244 7.27 631 5.90 385 586 583 5.81
—IIIW_ 086 0.88 0.7 08 087 0.8 0.87 0ge 085 092 0.93 0.54 097 100 102 109 0.86 0.80 077 077 077 077 0.764
025 042 041 034 029 027 023 023 020 030 035 047 044 040 034 023 036 040 040 036 035 035 034
|_FOP-onoff alun [d6] No artoff No aurtoff No qurioff
PathPower-culoff! - - -
sthPower-cuoif Value [d6] 70 70 1]
Ul Street-Cacryon -
YL WIRELSS-NYIC ja’ nm Anlto Unie
Frogimey [GHz) 28 | 73 35 | 6 5.3
| 4 4 7.24 24 4.17
Los
Im[log‘lqdeg)]l 06 0.6} 0.86 138 0.62]
e 0.09 0.09 0.02 0.13
Plstdhution
ZSA
Bed [ns] 6.1 35 7.76 229 3.74
o log10¢dag))| 0.79 0.54 0.89 1.36 0.57]
higma 0.3 0.15) 042 0.21
POP-cutolt'Valus BIE] Unimown Unknown Unknown
PrhPower-curfvsbers|  Unknown Unknown Unknown

Table 19. Angle spread ZSD datasets of UMi streetanyon
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Ui Strese-Canyon mm Sams cum :
Feequency §GHE] zlslslmii__lzﬂzslmlw 2]sTwllmlwlsn
Distribuilion TED TED TED
wad |m] 053 054 054 0.54 055 059 059 059 0.63] 314 153 150 232 202 181 144} 073 0.68 069 0.70 07l 07l 072
_-lm_ <028 -027 -U.ET. 027 -026 -023 -023 -023 -0.20 050 019 018 037 0.3'_I 026 0.1 -0.14 -3.1?..-0.16 <016 -015 -015 -014
e | 205CMmu mace o & i SRS o & e 20 o B Pt
a o=, -17.64 -1964 -1970 -2099 -21.05 -2057 -2067 -2060 -11.65] -11.29 -1595 -1610 -1205 -1216 -1222 -1200] -1164 -1163 -12.04 -1183 -1155 -1039 -8.00
b . 0.8 085 08 0826 080 088 084 085 084 058 093 09 0% 086 084 083 079 082 079 080 079 0T 074 067
c . -0.2. 027 -025 -025 -025 -024 -022 -021 -021 -0.200 -0.23 -030 -030 -029 -029 -028 -0.27] -012 -014 -012 -011 -010 -010 -0.11
034 036 036 036 037 036 036 036 037 030 042 042 040 039 039 037] 030 030 030 031 031 031 031
Distribution TBD TED TED
=0 Madl@] 0.50 049 048 048 048 048 0.49 048 0.49 070 0.64 062 061 062 065 0.64) 0.69 0.56 051 049 048 047 046
—"'EM_ -0.30 -031 -0.32. -0.32 -032 -032 -031 -031 -031] -016 -0.20 -020 -0.22 -O.ZUI-O.la =019 -0.16 -3.25. <030 -031 -032 -033 -0.33
Has | 20-SCM mamocel M S P i i e
a . =308 235 227 212 192 242 261 251 265 2,308 5.50 463 5.56 4,74 5.20 5.00 4,764 0.61 0.74 127 2.28 274 3.01 3.20
b Pvg. 0.1 012 005 001 -004 003 006 003 006  0.04 053 041 043 036 038 036 033 o008 0.01 005 016 020 022 024
[ [Avg. -0.5| 027 -049 -063 -064 -071 -074 -075 -077 -063] -033 -053 -036 -038 -032 -029 -029 -021 -040 -042 -050 -051 -051 -054
0.30 042 043 041 0.40 0.39 0.38 0.37 0.28] 0.28 0.35 028 0.30 0.26 024 0.23} 042 042 0.38 0.35 0.33 0.33 0.33
POP-cutoff Vahue No cutoff No cutoff Mo cutolf
PathPower-cuboff Value [d8] ~170 =170 =170
Mencurament aacy rament [ el e v
UM Strees-Canyon NYUWRELSS-NY]  cmce Asfto Univ
F y [GHz] 28 | 73 35 | 8 53
Disaieanion
LS Med [ns) 741 19.05 9.01
- 0.87 1.28 0.95
@% 0.39 0.29
= |
NS [ns] 288 1096 1698 3.69
mu 0.44 1.04 1.23 0.57]
ploma [log10degA 01d 065 0.44
POP-cutoff ke 6] Unknown Unknown Unknown
Powwer-cuoff vah.s Unknown Unknown Unknown
Table 20. Cluster Parameters of UMi streetcanyon
Ray-tracing
UMi Street-Canyon 3GPP
Samsung - Ottawa 3D-SCM
Frequency [GHZz] 2.0 5.0 8.0 10.0 15.0 20.0 25.0 28.0 60.0 UMi
Number | LoS |median 6 6 6 6 6 6 5 5 5 12
of Cluster, )
N NLoS|median 5 6 6 5 5 5 5 5 5 19
median 4 4 4 4 4 4 4 4 4
Number of LoS 20
Mean | 4.22 3.90 4.03 413 4,22 4.16 4.32 4.40 4.33
rays per
Median 2 2 2 2 3 3 3 3 3
cluster M |NLoS 20
Mean | 4.48 4,53 4.48 459 4.62 4.64 4,72 4,71 4.82
Cluster | LoS |median| 31.17 25.43 2496 2459 2329 21.44 2159 17.83 13.87
DS NLoS|median| 10 13.58 13.76 13.93 11.48 10.56 10.64 11 8.04
Cluster | LoS |median| 3.70 3.88 3.28 3.34 3.50 3.01 2.92 2.89 2.70 3
ASD |NLoS|median| 1.87 2.13 1.58 1.79 1.62 1.54 1.76 1.54 1.87 10
Cluster | LoS |median| 2.64 2.58 2.47 2.47 2.62 2.59 251 2.51 2.89 7
ZSA |NLoS|median| 1.55 1.54 1.46 1.54 1.52 1.53 1.48 1.54 1.54 7
Cluster | LoS | std 5.25 5.74 6.03 6.30 6.58 5.66 3.96 5.69 3.76 3
SF NLoS| std 6.72 8.36 8.53 8.83 10.03 9.97 10.30 10.47 10.52 3
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LSP Analysis - RMS Delay Spread
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LSP Analysis - RMS Delay Spread

Figure 39. Delay Spread modeling for parameters of loghormal distributions over frequency

LSP Analysis - Angle Spread-Departure (ASD/Az)

2 F ¥ FF — -
*  Mygp (LoS)
g + Mg (NLOS)
% LinearFitted m g = -0.053 Iogm(1+f) +1.21
2 LinearFitted m o = -0.226 log, ((1+f) + 1.53
Y] —— ¥ N
2 ~—] *\ = L +
o ¥ T
2 I e §
<] + + T + F + *
=3 S * F o 3
a = e = : *E;<
% ¥ . +
2 - Tk
o +
7] *|
Qo
=4 *
<
ks)
€
0.5
1 2 3 5 10 15 20 30 40 60 73 100
Freq [GHz]

15 F F FF F_F FF
+  Spg(LoS)
+  Spg(NLoS)
S| g = 0.39
i ; . -
2 LinearFitted SnLos = 0.16 Iogm(1+f) +0.29
s 1
—
j=2)
k=)
E i
o +H e
Q *
(7] +
> ¥* |
© i *
@ £ £ w e b
Q05 I — 5 £ S
5 £ , I
» e o
L — ¥ 1 L. % « =
k2 +
Rk + 4
+ 4 A
0
2 3 5 10 15 20 30 40 60 73 100
Freq [GHz]
LSP Analysis - Angle Spread-Departure (ASD/Az)
F F F F F F F F
* S LoS
= 1 ¢ asp (L0S) H
_g,’ * S,gp (NLOS)
% Sios ™ 0.41
2 08 i i - M
E LinearFitted SNLos = 0.11 Iogw(1+f) +0.33
7]
< . i +
g 0.6 L *
£ 3 L
£ | L o+ Lo -
=3 1 + 4 % ¥ """'_1;
Q *= = E —"? = =
B 04 = - 4
o o L %
4 —_’_FF'_ L e E Lol gk
(7] .
S =
< 02 =
5 * +
(2]
0
1 2 3 5 10 15 20 30 40 6073 100
Freq [GHz]

Figure 40. Angle Spread/ASD modeling for parameters of loghormal distributions over frequency

LSP Analysis - Angle Spread-Arrival (ASA/Az)
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Figure 41. Angle Spread/ASA modeling for parameters of lognormal distributions over frequency
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LSP Analysis - Angle Spread-Arrival (ZSA/Az)
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Figure 42. Angle Spread/ZSA modeling for parameters of loghnormal distributions over frequency

Table21. Preliminary UMi cluster parameters

28 GHZ 73GHZ
LoS
LoS NLoS NLoS
(28-73 Combined)
Clustering Algorithm K-Means algorithm K-Means algorithm

Ave. number of clusters 6 6 5.0 4.6
Ave. number of rays per cluster 10 10 124 13.2
Cluster DS (nsec) TBD TBD TBD TBD
Cluster ASA (degrees) 3.3 6.7 6.7 5.2
Cluster ASD (degrees) 2.7 5.7 15 21
Cluster ZSA (degrees) 3.9 4.9 1.8 15
Cluster ZSD (degrees) 1.2 1.6 N/A 0.8
Percluster shadow fading (dB) 5 5 13.6 17.4
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Table 22. Preliminary UMi correlations for large-scale parameters

28 GHZ 73GHZ

LoS NLoS LoS(2873 Combined) NLoS

ASD vs. DS -0.25 0.37 0.32 0.054
ASA vs. DS 0.35 0.43 0.49 0.282
ASA vs.SF -0.01 0.03 0.54 0.042
ASD vs. SF -0.24 0.16 -0.04 0.009
DS vs. SF 0.22 0.30 0.35 -0.177
ASD vs. ASA -0.67 0.09 0.72 -0.256
ZSD vs. SF 0.23 0.13 N/A -0.430
ZSAvs. SF 0.16 0.10 0.16 -0.389
ZSD vs. DS 0.27 0.50 N/A 0.950
ZSAvs. DS 0.14 0.19 0.44 0.108

ZSD vs. ASD -0.32 0.36 N/A 0.49
ZSA vs. ASD -0.39 0.10 0.95 -0.263
ZSD vs. ASA 0.33 0.20 N/A 0.950
ZSA vs. ASA 0.37 0.02 0.72 0.232
ZSD vs. ZSA 0.92 0.52 N/A -0.960

1. From Samsundased omay-tracing

2. FromNYU based on measuremg8amimi EUCAP2016]
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11.3.2 UMa

Table 23.  UMa NLOS channel model parameters (part 1)

3GPP
<=6 GHz et
DS median [ns] (linear scale) median 360.67 -
Delay Spread H 2.56 2.72-0.204log10(f'1 GHz)
logDS = log10(DS / 1ns)
o 039 0.39
ASD median [deg](linear scale) median 2598 -
Mﬁg;"gp‘?ﬁm b 141 1.5-0.1144log10(f'1 GHz)
logASD = log10(ASD / 1deg)
o 0.28 0.28
ASA median [deg](linear scale) median 74.2 -
Azimuth / Arrival
Angile: Spread i 1.87 2.08-0.27*logl0(f/1 GHz)
logASA = log10(ASA [ 1deg)
o )4 0.11

Table 24. UMa NLOS channel model parameters (part 2)

3GPP =6 GHz
_ a -0.0021 -0.0021
Zenith / [based on 3D-5CM] Mean of IgZ5D
Departure  p = max{ad + b, c) b 075 075
Angle (d = 2D-distance in m)
i = 205 205
a 062 0.208loglfE/1 GHz)-0.782
ZoD_Offset = b 10 23
e-10%(a log10{ max (b, d) ) + c) [deg]
ZoD offsets  (d = 2D-distance in m) e 1.93 0.13logl(f'1 GHz)+2.03
g 0 7.66logl0(f'l GHz)-3.96
Std. dev. of log10(ZoD_Offset) a = 0.19
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Table 25. UMa NLOS channel model parameters (part 3)

3GPP =6 GHz
ZSA median [deq] (linear scale) median 182 =
Zenith /
Arrival p 126 03236log10(f'1 GHz)+1.512
Angle Spread  IgZSA = log10(ZSA / 1deg)
T 0.16 0.16
ZoA offsets = 0 0

Table 26. UMa NLOS channel modelparameters (part 4)

3GPP >6 GHz

Shadow fading [dB] SE 6 68

i} T T
XPR [dB]

a 3 3
Delay distribution Exponential
AcD and AoA distribution Wrapped Gaussian
ZoD and ZoA distribution Laplacian
Delay scaling parameter 23 23
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Table 27. UMa NLOS channel model parameters (part 5)

3GPP »6 GHz
Number of Cluster N 20 20
Number of subpath M 20 20
Cluster DS [ns] = -53logl0(f'1 GHz)+151.4
Cluster ASD [deg] 3z Z
Cluster ASA [deq] 15 15
Clustering
Cluster ZSD [deg] (3/8)10"(u_ZSD) (3/8)10%(u_ZSD)
Std. dev. of log10(clust ZSD) - 0.75
Cluster ZSA [deg] i 7
Std. dev. of log10(clust ZSA) = 0.69
Per-cluster shadowing std [dB] 3 £
Table 28. UMa NLOS channel model parameters (part 6)
NLOS UMa
3GPPand >6 GHz
DS [s] 40

E ASD [deg] 50

3

= ASA [deg] 50

°

'g ZSD [deg] 50

2

=

® ZSA [deg] 50

3 SF [dB] 50

K [dB] )
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Table 29. UMa NLOS channel model parameters (grt 7)

_- 3GPPand >6 GHz

ASD [deg] vs DS [s] 0.4
ASA [deg] vs DS [s] 0.6
ASA [deg] vs SF [dB] 0
ASD [deg] vs SF [dB] 06
DS[s]vs SF[dB] 04
ASD [deg] vs ASA [deg] 0.4

ASD [deg] vs K [dB] -
ASA [deg] vs K [dB] -

w
15 DS [s] vs K [dB] -
% SF [dB] vs K [dB] -
§ ZSD [deg] vs SF [dB] 0
> ZSA [deg] vs SF [dB] -04
S ZSD [deg] vs K [dB] -
= 7SA [deg] vs K [dB] -
ZSD [deg] vs DS [s] 0.5
ZSA [deg] vs DS [s] 0
ZSD [deg] vs ASD [deg] 0.5
ZSA [deg] vs ASD [deg] -0.1
ZSD [deg] vs ASA [deg] 0
ZSA [deg] vs ASA [deg] 0
ZSD [deg] vs ZSA [deg] 0
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Table 30. UMa LOS channel model parameters (part 1)

3GPP
<=6 GHz >6 GHz
DS median [ns] (linear scale) median 93.79 -
Delay Spread 1 1.97 2.045-0.09631ogl0(f/1 GHz)
logDS = log10(DS/ 1ns)
g 0.66 0.66
ASD median [deg](linear scale) median 14.17 -
Azimuth [/ Departure
Angle Spread u 1.15 1.06+0.1114log10(f/1 GHz)
logASD = log10(ASD/ 1deg)
a 0.28 0.28
ASA median [deg](linear scale) median 64.51 64.51
Azimuth / Arrival
Angle Spread - L8l 181
logASA = log10(ASA /1deg)
g 0.20 0.20

Table 31. UMa LOS channel model parameters (part 2)

3GPP =6 GHz

-0.0021 -0.0021

Zenith/  [basedon 3D-SCM] Mean of IgZSD

Departure p=max(ad +b, c) b 075 075
Angle (d = 2D-distance in m)
Spread . 05 05
ZoD
offsets ZoD_0Offset (degrees) 0 0
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Table32.  UMa LOS channel model parameters (part 3)

3GPP >6 GHz
. ZSA median [deg] (linear scale) median 892 892
Zenith /
Arrival ' 0.95 0.95
Angle : :
Spread IgZSA =log10(ZSA/ 1deg)
a 0.16 0.16
ZoA offsets ZoA_Offset(degrees) 0 0

Table 33. UMa LOS channel model parameters (part 4)

3GPP >6 GHz

Shadow fading [dB] SF 40 41

M 9 9
K-factor [dB]

c 35 35

M 8 8
XPR[dB]

(o] 4 4
Delay distribution Exponential
AoD and AoA distribution Wrapped Gaussian
ZoD and ZoA distribution Laplacian in 3GPP

Delay scaling parameter
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Table 34. UMa LOS channel model parameters (part 5)

3GPP >6 GHz
Number of Cluster N 12 12
Number of subpath M 20 20
Cluster DS [ns] - -70log10(f/1 GHz)+164.5
Cluster ASD [deg] 5 5
Cluster ASA[deg] 11 11
Clustering
Cluster ZSD[deg] (3/8)10"(u_ZSD) (3/8)10"(u_ZSD)
Std. dev. of log10(clustZSD) = 0.64
Log10 Cluster ZSA 7 7
Std. dev. of log10(clust ZSA) - 0.70
Per-cluster shadowing std [dB] 3 3
Table 35. UMa LOS channel model parameters (part 6)
LOS UMa
3GPPand >6 GHz
DS[s] 30

E ASD [deg] 18

3

< ASA [deg] 15

°

'g ZSD [deg] 15

2

% ZSA[deg] 15

3 SF[dB] 37

K [dB] 12
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Table 36. UMa LOS channel model parameters (part 7)

LOS UMa
3GPPand >6 GHz

ASD [deg] vs DS [s] 0.4
ASA [deg] vs DS [s] 0.8
ASA [deg] vs SF [dB] 0.5
ASD [deg] vs SF [dB] 0.5
DS[s]vs SF[dB] 0.4
ASD [deg] vs ASA [deg] 0
ASD [deg] vs K [dB] 0
“, ASA [deg] vs K [dB] 0.2
5 DS [s] vs K [dB] 04
E SF [dB] vs K [dB] 0
§ ZSD [deg] vs SF [dB] 0
> ZSA [deg] vs SF [dB] -0.8
S ZSD [deg] vs K [dB] 0
= ZSA [deg] vs K [dB] 0
ZSD [deg] vs DS [s] 0.2
ZSA [deg] vs DS [s] 0
ZSD [deg] vs ASD [deg] 0.5
ZSA [deg] vs ASD [deg] 0
ZSD [deg] vs ASA [deg] 0.3
ZSA [deg] vs ASA [deg] 0.4
ZSD [deg] vs ZSA [deg] 0
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11.3.3 InH
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Table 37. Preliminary In door office large-scale channel characteristicg¢part 1)

3.5GHZ 6GHZ 20 GHZ 28GHZ 73GH7Z 73GHZ 28GHZ
Scenarios LOS | NLOS LOS | NLOS LOS LOS Hybrid LOS |NLOS| LOS | NLOS
Median(ns 14.53 | 23.06 | 10.58| 23.28
Delay spreadsg) (ns)
Ioglo(seconds) My -7.33 -7.75 -8.1 -785 | -7.67 | -7.97| -7.7
€5 0.1 0.13 0.4 0.18 0.2 025 | 0.2
Delaydistribution Exponential| Exponential Exponential
Median(de: 30.48 | 37.46| 28.24| 47.51
AoA spread §,.,) (deg)
Iogm(degrees) Misa 3GPP| 3GPP 1.72 1.49 1.57 1.6 1.46 154 | 143 | 1.66
€usa 3GPP| 3GPP 0.4 0.23 0.22 0.37 0.13 0.19 | 0.14 | 012
Median(de
AoD spreadg, ) lan(deg)
Ioglo(degrees) Mso 3GPP| 3GPP 1.34 1.49 1.8 1.08 1.5
€0 3GPP| 3GPP 0.15 0.08 0.09 0.23 0.26
Median(de: 4.37 5.71 9.9 6.24
ZoA spread §,.,) lan(deg)
log, (degrees) M, 1.02 1.08 1.33 0.95 0.67 -0.025d+1.14 0.62 0.76 1 0.79
€ 0.41 0.36 0.07 0.28 0.17 0.30 0.14 | 0.08 | 0.05 | 0.08
Median(de:
ZoD spread,) (deg)
Ioglo(degree}s Mep 1.22 1.26 1.25 1.48 0 0.40 -0.040d+1.45
S 0.23 0.67 0.25 0.09 0.48 0.23 0.33
AoD and AoA distribution Laplacian Uniform Wrapped Gassian
ZoD and ZoA distribution Gaussian Laplacian Laplacian Laplacian
Delay scaling parameter 1.95 2.4 2.03 135 | 223 | 1.78
M er 15 10 6
XPR (dB)
Sxer 2 7.5 10




LOS Ricean K factor m 8
(dB) * & 3
1. From BUPT based on measurement
2. From DOCOMO based on measurement
3. From KT based on measurement
4.  From Nokia/NYU based on rayacing
5. From Huawei based on measurement
Table 38. Preliminary Indoor office large-scale channel characteristics (part 2)
14GHZ 28GHZ 15GHZ 2.9GHZ 29GHZ 28GHZ 73GHZ
Scenarios LOS NLOS | LOS | NLOS | LOS [NLOS| LOS NLOS | LOS | NLOS| LOS NLOS LOS [ NLOS
Delay spreads) Median(ns) 27.78 | 36.92 | 2935 | 43.16 | 229 | 424 24 45 25 36
Ioglo(seconds) My -7.60 -7.47 -7.55 -7.41 -7.65 | -7.43 -7.7 -7.4 -7.6 -7.5
€s 0.27 0.22 0.15 0.17 0.2 0.17 0.29 0.14 0.37 | 0.18
Delay dstribution Exponential
Meor 14 10.4 228 | 154
XPR (dB)
Syon 15 9.7 2.4 8
1. From CMCC&BUPT based on measurement
2. From Ericsson basesh measurement
3. From Qualcomm based on measurement
4. From NYU based on measurement
Table 39. Preliminary Indoor office large-scale channel characteristics (part 3)
3.5GHZ 20GHZ 28GHZ 73GHZ 28GH? 73GH?
Parameters
LOS NLOS LOS LOS Hybrid LOS NLOS LOS NLOS
Correlation DS [ns] 2.26 2.47 1.85 1.69
distance (m) ASD [deg] 2.01 1.83 1.96 0.67
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ASA [deg] 2.07 2.61 2.06 1.62
ZSD [deg] 4 4 3.01 2/23 3.03 2.02
ZSA [deg] 4 4 2.65 254 2.09 0.83
SF [dB] 1.64 1.14 0.28 2.45
K [dB] 1.62 1.13 0.28 241
ASD [deg] vs DS [s] 3GPP 3GPP 0.26 0.481 0.47
ASA[deg] vs DS [s] 3GPP 3GPP 0.5433 0.28 0.83 -0.03 0.69 -0.1
ASA[ded vs SF [dB] 0.0454 0.07 -0.55 -0.41 -0.13
ASD [deg] vs SF [dB] -0.68 0.3111
DS[s] vs SF[dB] -0.33 0.3318 0.44 0.35 -0.24 0.6
ASD [deg] vs ASA[deg]| 3GPP 3GPP 0.6236
ASD [deg] vs K [dB]
ASA [deg] vs K [dB]
DS [s] vs K [dB]
SF [dB] vs K [dB]
Cross Correlation| ZSD [deg] vs SF [dB] 0.18 0 0.02 0.3749
ZSA [deg] vs SF [dB] 0.34 0 0.3313 -0.52 -0.01 -0.68 -0.27
ZSD [deg] vs K [dB] 0 N/A
ZSA[deg] vs K [dB] 0.1 N/A
ZSD [deg] vs DS [s] 0 -0.27 0.24 0.1752 0.07
ZSA [deg] \s DS [s] 0 -0.06 0.4963 -0.01 -0.2 012 0.41 -0.24
ZSD [deg] vs ASD [deg]| 0.65 0.35 0.1 -0.3449 0.21
ZSA[deg] vs ASD [deg] 0 0.23 0.5116 0.1
ZSD [deg] vs ASA [deg] 0 -0.08 -0.0418 0.22
ZSA[deg] vs ASA[deg] | 0.62 0.43 0.6429 0.06 -0.03 -0.28 0.61 -0.37
ZSD [deg] vs ZSA[deg]| 0.05 0.42 0.0975 0.44
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From BUPT based on measurement

2. From DOCOMO based on measurement
3. From KT based on measurement
4. From Nokia/NYU basd on raytracing
5.  From Huawei based on measurement
Table 40. Preliminary Indoor shopping mall large-scale channel characteristicgpart 1)
15GHZ 28GHZ 63 GHZ' 2.9GH? 29GHZ 61GHZ 28GHZ 38GHZ 28GH7Z 38GHZ
Scenario LOS NLOS LOS NLOS LOS NLOS LOS NLOS LOS NLOS | LOS | NLOS | LOS | NLOS| LOS | NLOS| LOS | NLOS| LOS | NLOS
Median(ns) 45.88 | 49.69 3391 | 39.65 | 25.68 38.4 49 80 57 71 39 58
Delay spreadsg)
Ioglo(seconds) My -7.45 -7.31 -7.49 -7.45 -7.62 -7.46 -7.4 -7.1 -7.3 -7.2 -7.5 -7.3 -7.48 | -7.28 | -7.53 | -7.24 | -7.38 | -6.88 | -7.59 | -6.9
€s 0.31 0.24 0.16 0.25 0.2 0.22 0.3 0.2 0.3 0.23 0.34 0.26 037 ]| 018 | 0.34 | 0.13 | 0.3 0.2 | 049 | 0.19
Delay distribution Exponential Exponential
Median(deg) 47.42 34.94 3452 | 38.08 | 35.25 38.37
AoA spread §,.,)
Iogm(degrees) Msa 1.62 1.54 1.52 1.56 15 1.56 159 | 1.79 | 153 | 1.78 | 142 | 184 | 146 | 184
€xon 0.26 0.23 0.15 0.2 0.16 0.17 031 | 0.08 | 027 | 0.11 | 0.26 | 0.18 | 0.37 | 0.09
Median(de 24.06 65.3 21.31 | 55.24 | 25.19 53.2
AoD spread ) lan(deg)
log, (degrees) Mo 1.32 1.77 1.35 1.71 1.43 1.68
€ 0.26 0.12 0.15 0.15 0.1 0.15
Median(de 3.69 3.92 4.43 4.04 9.34 4.2
ZoA spread,,) lan(deg)
log, (degrees) My 0.63 0.62 0.64 0.62 0.86 0.63 0771 085 | 080 | 091 | 0.8 | 0.82 | 0.79 | 0.94
€n 0.52 0.25 0.44 0.29 0.4 0.24 0.09 | 005| 003 | 0.05] 0.09 | 0.02 | 0.03 ]| 0.03
|Page




Median(d 3.36 10.26 4.02 7.45 4.56 6.56
ZoD spreadg.) edian(deg)
log,(degrees) Mg, 0.63 0.98 0.64 0.87 0.74 0.82
€ 0.46 0.19 0.35 0.2 0.3 0.2
AoD and AoA distribution Wrapped Gaussian
ZoD and ZoA distribution Laplacian
Delay scaling parameter 6.79 7.17 10.23 8.62 8.7 8.31
Meon 1712 | 1771 | 1612 | 1448 | 16.85 | 16.06
XPR (dB)
Sypr 5.85 6.74 6.22 6.25 6.62 5.34
LOS Ricean K m 1.36 0.54 -0.18
factor (dB) * & 3.49 291 3.18

P w0 D PE

From Aalto University based on measurement

From Qualcomm based on measurement

From ETRI based on measurement &il®ay station

From ETRI based on measurement in Airport
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Table 41. Preliminary Indoor shopping mall large-scale channel characteristics (part 2)

15GHZ 28GHZ 63GHZ
Parameters
LOS NLOS LOS NLOS LOS NLOS
DS [ns] 8 2.5 8.5 2 8 0.5
ASD [deg] 7 6.5 5.5 1 2 1
ASA [deg] 175 7.5 6.5 6 8.5 4.5
Correlation
ZSD [deg] 8.5 4.5 7.5 15 7.5 0.5
distance (h
ZSA [deg] 125 3 10 15 14.5 2
SF [dB] 3 7.5 6.5 7.5 15 2
K [dB] 2 125 16




Cross Correlation

ASD [deg] vs DS [s] 0.44 0.16 -0.16 0.32 0.1 0.54
ASA [deg] vs DS [s] 0.31 0.51 0.46 0.36 0.62 0.21
ASA [deg] vs SF [dB] -0.09 0.08 0.13 0.44 0.31 0.27
ASD [deg] vs SF [dB] 0.29 0.16 0.38 0.33 0.3 0.33
DSJs] vs SF[dB] 0.13 0.11 -0.03 0.42 0.21 0.48
ASD [deg] vs ASA [deg] -0.37 0.46 -0.3 0.35 -0.07 0.24
ASD [deg] vs K [dB] -0.18 0.34 0.41
ASA [deg] vs K [dB] -0.13 -0.28 -0.07
DS [s] vs K [dB] -0.49 -0.46 -0.38
SF [dB] vs K [dB] 0.4 0.49 0.49
ZSD [deg] vs SF [dB] -0.08 0.01 -0.14 0.29 -0.17 0.45
ZSA [deg] vs SF [dB] -0.15 0.09 -0.17 0.29 -0.19 0.23
ZSD [deg] vs K [dB] 0.01 0.37 0.56
ZSA [deg] vs K [dB] -0.07 0.38 0.45
ZSD [deg] vs DS [s] -0.43 -0.22 -0.6 0.04 -0.58 0.37
ZSA [deg] vs DS [s] -0.35 0.3 -0.5 0.36 -0.16 0.2
ZSD [deg] vs ASD [deg] 0.28 -0.08 0.21 0.4 0.46 0.33
ZSA [deg] vs ASD [deqg] 0.3 -0.2 0.27 0.03 0.34 -0.1
ZSD [deg] vs ASA [deg] -0.54 -0.5 -0.45 -0.01 -0.26 -0.2
ZSA [ded vs ASA [deg] -0.58 0.19 -0.42 0.47 0.08 0.26
ZSD [deg] vs ZSA [deg] 0.92 0.09 0.9 0.22 0.77 0.29

1. From Aalto University based on measurement
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Table 42. Preliminary Indoor office smallscale channel characteristics

73GHZ 28GHZ 28GHZ 73GHZ
Parameters
Hybrid LOS LOS NLOS LOS NLOS
Number of clusters 6 7 3.271 35 3.9 4.3
Number of rays per cluste 10 4 52.9 41.82 38.47 35.75
ClusterASD[deg] 3.2 9.75 TBD TBD TBD TBD
ClusterASAdeq] 3.7 13.22 15.27 15.35 14.05 10.44
ClusterzSOdeg] 107(-0.043d+0.09) 3.61 TBD TBD TBD TBD
ClusterZSAdeg] 107(-0.036d0.18) 5.16 8.06 5.42 3.95 451
Per cluster shadowing std
12 TBD TBD TBD TBD TBD
[dB]

1. From Nokia/NYU based on rayacing

2. From KT based on measurement

3. From Huawei bagkon measurement

Table 43. Preliminary Indoor shopping mall small-scale channel characteristics

15GHZ 28GHZ 63GHZ
Parameters
LOS NLOS LOS NLOS LOS NLOS
Number of clusters 6.33 6.98 6.18 6.21 6.23 5.68
Number of rays per cluster 2.7 7.9 3.67 10 7.8 14
ClusterASDI[deg] 5.2 9.87 6.59 1112 9.98 12.82
ClusterASAdeqg] 5.22 9.34 6.73 10.05 1227 114
ClusterzsOdeg] 2.52 4.35 2.96 4.75 5.06 4.7
ClusterZSAdeq] 2.43 2.3 3.17 2.44 6.08 3.03
Per clster shadowing std [dB] 14 10 16 11 11 11

1. From Aalto based on measurement
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11.3.4 O2I

Table 44 Summary of measured small scale channel parameters for the O2I scenario

36.873

DOCOMO

Ericsson KT CMCC/BUPT
Frequency 20 244 58 148 5868 28 35
[GHz]
Delay spread Mpe 662 -7.29 742 7.36 724 709 807
(DS) 0.32 034 0.49 0.46 053 045 054
log{fs]) Eos -
AoD spl;aad Macp 125
(1]
kfﬁ[.,]} €asD 0.42
AoA spread Mpca 176 162 1.51
ZoA spread Myca 1.01 05 043 0.86
(ozs[:])}z] Eran 0.43 0.46 025 026
Shadow fading 7 259
(SF) [dB] SsF
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36.873 DOCOMO Ericsson KT CMCC/BUPT
Frequency 20 244 58 148 5368 28 35
[GHZ]
ASDvs DS 04
ASAvs DS 04 0.25
ASAvs SF 0 053
ASDvs SF 02
Cross- DS vs SF 0.5 0.7
Comelations | ASDvs ASA 0
ASDvs K N/A
ASAvs K N/A
DSvs K N/A
SFvs K N/A
ZSD vs SF 0 0.15
ZSAvs SF 0 0.68 0.13
ZSDvs K N/A
ZSAvs K N/A
Cross- ZSD vs DS 0.6 012 (.64 073
Comrelations | ZSAvs DS 0.2 -0.53
1 ZSD vs ASD 02 021
ZSAvs ASD 0 0.42
ZSD vs ASA 0 021
ZSAvs ASA 0.5 0.15 0.41 0.13
ZSD vs ZSA 05 0.38
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36.873 DOCOMO Ericsson KT CMCCI/BUPT
Frequency 20 244 58 148 58 68 28 35
[GHZ]
Cross-
Correlations ASDvs DS 04
Delay distribution Exp Exp
AoD and AcA distribution WrG Lapl
ZoD and ZoA distribution Lapl Lapl Lapl
Delay scaling parameter r, 2.2 2.96
6) m 9
XPRI[dAB] s 5
Number of clusters 12 (] 2
Number of rays per cluster 20 50 15
Cluster ASD 2
Cluster ASA 8 36 25
Cluser ZSA?2 3 ) 37 7
Per cluster shadowing sid z 4
[dB]
DS 10
Correlation ASD 11
. . ASA 17
distance in the
; SF 7
horizontal plane
K NIA
[m} 7SA 25 %5
Z3D 25 25
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11.4 Processing Methodologies
11.4.1 Physical effects on propagation

As a comequence of shorter wavelengths as the carrier frequency increases, the radio propagation
must be modelled with an understanding and consideration of a humber of physical effects that occur
in the real environment. A deployment scenario, perhaps involymgo a hundred meters of
propagation transmission distance with short wavelengths, will encounter multiple different physical
transmission effects. It is helpful if these physical effects are included in the overall transmission
model to accurately rigfct the behavior of the radio propagation environmental conditions.

An illustration of some of the physical effects of propagation is shoviigure43. This illustration
may be helpful in understanding the multiple regions lysjcal processes that may be in the
environment and affect the radio propagation.

9 Zonel(close range free space)

Propagation is dominated by the direct path with few reflections.
1 Zone 2 (LOS/scattered/waveguide)

Propagation is dominated by theeadit path and significant close reflections.
1 Zone 3 (NLOS occultation scattered)

Propagation is mainly by the reflections with some direct path energy but these are attenuated
by distance.

1 Zone 4 (distant NLOS)

Propagation is dominated by a smalhtber of paths that are either not occulted or are a result
of a good reflection

9 Zone 5 (too distant)

The illustration also shows a fifth zone in which the signals have become too weak to be useful
either through numerous multiple reflections, distanceners or occultation. In this zone
communications is generally impractical.

Environment (walls— Penatration zone

buildings ete.} ({building froom}

.................. persssssssseansnnsinn,

i Occultation
ones

/|

c=ly

N
1

Zonel ’ Zone 2 ! Zone 3 Zone 4
LOS Close © LOS/scattered/ NLOS occultation  NLOS attenuated
{little interaction) waveguide scatterad direct/scattered
probability

Figure43. lllustration of multiple physical transmission effects
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In each region there is always the possibility of physical blockage or occulB¢ioause of the small
wavelengths, many typical objects in the environment (e.g. people, furniture, machinery, office
equipment, etc.) are of a size that they completely block the direct signal, leaving the receiver with

little except whatever reflectiortkat may be available. This is shown in the illustration as typically

in Zone 3 or 4 but it may occur anywhere. Also in some instances, there may be penetration loss for
signals into interior rooms or through walls. The zone size depends on the wtyekbeg
dimensions and details of the environment, and the antenna beam widths. Not all zones may exist in
every deployment environment or signal path. Typically, the signal propagation may experience
mul tiple physical e f fzeocntess 60 nmai yt so vjeorulranpe yi na nsdp ascoe

11.4.2 The effects of the antenna pattern

In understanding the measurements of the new 5G channels and the associated channel model
parameters, it is helpful to know the characteristics of the antennas used to make the measurements.
Some measurement antennas are directive (e.g. horn or array antennas) and consequently may not
illuminate reflecting surfaces of the environment during measurements and thus may appear to
simplify the environment when compared with measurements made widr aondirectional
antennas (e.g. omudirectional antennas). In some cases, the test antennas may have significant
sidelobes in their radiation pattern and these may make the environment seem more reflective than is
physically the case.

Traditionally, measurements in the frequency bands below 6 GHz have useddioeational

antennas. I n these bands the transmit antenna
(i.e. sector coverage) and the receive antenna accepts power from all diratiisni®cation. In
environments in which there are many reflection:

additional power received from the many reflections. Typically in low frequency bands, the same
antenna format (i.e. sector at batsien and omndirectional at user equipment) is also used for the
operational equipment and so the tgtalver/omnidirectional path loss measurement is appropriate

for the operating environment. Propagation studies and operation for these bandss Haeethu
successful because the measurements, modelling and operation are all based on similar antenna
characteristics.

I n t he bands above 6 GHz however, directional
measurementt help improve the range dfié measurements Directional antenna configurations

are also expected to be used for operational equipment including mobile devices and access points as
the antenna fAgai neresdaly imthe gperational siystenachaeye the aeeded link

budget. However, if the antenna configuration used for the path loss measurements is not the same
as used for the operating equipment, then the associated model may not be accurate for modelling link
budgets for equipment having different antenna cordigoms. Equipment with a narrow beam

antenna will typically see less received power than would be expected based on a path loss model
derived from measurements using ofdimectional antennas.

a. Decoupling the antenna pattern

Many of the future systems lWbe operated using highly directional antennas for at least a portion of

their usage. To accurately model these conditions it is necessary to decouple the channel model
from the measur ement antenna patternsi.ngoThi sThie:
measurements are in reality the convolution of the measurement antenna patterns and the channel
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environment and recovering the channel environment from the measurements involves a

fideconvolutiono of the measteméants. g Tha geheeahpnoeessdoat t er r

decoupling of the antenna pattern to reconstruct the true signal angular distribatiobe
summarized in the following steps

1. Estimate the path of propagati(engular domain/delay domaluth).
2. Remove the antenna pattgdifferent algorithms).

3. Reconstruct the estimated measured data with antenna pattern.
4. Evaluate the effect afeconstruction and antenna decoupling.

For a typical measurement antenna with a main beam and smalblsede the measured angular
spectrumwill appear as the actual channel Abl urredo
To recover the true angular distribution of the actual channel it is necessary to undo the convolution
between the measuring antenna and the channel. This is natyato el as practical signals and

beam patterns include zeros or low amplitude regions that may prevent a simple analytical inversion
from recovering the real channel. However, with sufficiently well behaved signals (i.e. with
well-defined angular clusterand a good ratio between beam strength and itdadids) often a good
approximations can be made.

Similar measurement decoupling problems are experienced in a number of other sciences and there
are several algorithms for deriving the hypotheticad tangular distribution from the data. Some of

these processes are iterative, in which an initial estimate is gradually corrected based on its
comparison to the measured data. A popular practical technique in the RADAR community is the
AMUSI Co a ISchmidtl wHhilemthe [ Synthetic Aperture Imaging and radio astronomy
communities use the ACLEANO algorithm [CIl arke]
this conext [Fessler].

11.4.3 Clustering

Different clustering algorithms were considered in suppothefchannel modelling activities herein
described. These algorithms include the Agglomerative algorithm;itieaks algorithnandthe time
cluster and spatial lobe clustering algorithm

The agglomerative algorithm is a bottamp hierarchical clusteringlgorithm where multipath
components (MPCs) are iteratively merged together. It starts with each MPC belonging to a different
cluster and, at each step, the most similar clusters are combined. The process repeats until either a
stop criterion is met or oplone single cluster remains.

The K-means algorithm [Czink VTCF06] groups the multipath components (MPCs) into clusters
such that the MPCs within each cluster have similar delay, elevation and azimuth angles. The
algorithm identifies each cluster by @entroid position in the parameter space. Each MPC is assigned
to the cluster centroid with smallest distance. The algorithm iteratively optimizes the positions of the
centroids in order to minimize the total distance from each MPC to its centroid.

In the time cluster and spatial lobe clustering algorithm appr¢@amimi GCW2015][Samimi
ICC2015] [Samimi EUCAP2016]Samimi VTC2013][Samimi MTT2016] the time and space
dimensions are considered independently, by separately performing data clusteringeimpiueal

and spatial domains, yielding statistics for tiroisters and spatial lobes in omnidirectional
millimeter wave channels. Time clusters are composed of multipath components traveling close in
Y|Page



time delay, and that arrive from potentially differemgular directions in a short propagation time

window as seen from field measurements. Spatial lobes represent main directions of arrival (or
departure) where energy arrives over the entire time span of the multipath time delay profile. In this
modellingf r a mewor k, a channel i mpul se response fAinit
is generated by separately generating time cluster parameters and spatial lobe parameters
independently, and then randomly assigning the different multipath cemgsoto different spatial

lobes as has been found to occur in millimeter wave channels.
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ASAééééeeéeééeé angle spread of arrival in azi muth
ASDééééeéééeé angle spread of departure in azi mu
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BwWéééeééeéeééeéébandwi dth

Clééeéeéeéééeeé. . cl os e-distance(pathddssenmodelh) c e

Cl Féééééééeé édmodelwith frequencgiependent path loss exponent
D2Dééeéeééeéeée. . device to device
DSééééééeéééée.del ay spread

ESAééééééeéeéé el evat i bawmivah(atthée UE) spread o
ESDééééééeéeéé el evation angle spread of departur
GHzéééééééeéé. . Giga (billion) Hertz

I nHéééééeéééééindoor hotspot

LOSééeéeéeééeéé...line of sight

LSPéééééecééééél arge scale parameter

MI MOééééééeéé mul tipleuinput/ multiple outp
MSEééééééééé. . mean squared error
NLOSééééeééééénon | ine of sight

O21 ééeééeééééeéeoutdoor to indoor

020¢ééeéeeéeé .outdoor to outdoor

PLééééééeé. ééé.path | oss

PLEéééééeéeééé. path | oss exponent
Rxéééeééeéeééée.receiver
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Txééeéeééeéeé. . transmitter

UEéééééééééé.user equi pment

UMaééééeééeéeéé. . urban macro

UMi ééééeééeeée. ur ban micro

V2Veéeéeeéeéeé. ehicle to vehicle

ZBAéééeeéeéee enith (el envalfaitegg) bi as angl e of &
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