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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
devices and new innovative applications. To meet thesgceedemands 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 lessmisaTd be able to reach these

5G requirements thindustry 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 to 100 GHz there is a need for accurate radioipropaugls 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 haaenlderived 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: Measurements / Step 2: Step 3: Step 4: Initial
simulations and data Study on propagation Establishment of parameterization of the
analysis phenomena baseline model baseline model

Based on extensive measurements rayeracingacross frequency bands from 6 GHz to 100 GHz,
the white paper describes mitial 3D channel model which includes:

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

b. A baseline model incorporating pathépshadow fading, line of sight probability, penetration
and blockage models for the typical scenarios

c. Preliminary fast fading models for the above scenarios

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

These studie 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 propagation models to the Stadeemvironment 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 shadow
fading and angular spregérameters 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 amaitipath richness is somewhsitnilar 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 paticular, Version 2.0 provides concrete proposals for modeling important
features, such as outdoor to indoor ga#s. In addition, modeling proposals are provided for features

that were not modeled ithe first version, such as dynamic blockage, and iapaibnsistency.
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Finally, version 2.0 provides significant updates to large and sualk parameter modeling,
including a newly proposed clustering algorithm and models that capture frequency dependency of

various large and smadkale parameters.

While further work needs to be carried out to develop a complete channel foodleése higher
frequency bands, this white paper presents the first steps for an initial basis for the model

development.
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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 the new 5G systems to operate in bands aboytér&Hz

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 frequemncigsas 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 flexibility for the elevation
dimension, thereby alging modelling 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 validated for operation at higher frequenciesipetg.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 interest. Furthermore, the
new models should be consistenthathe models below 6 GHz. In some cases ni&requirements

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

5G simulation use cases.

There are many existing and ongonegearchefforts worldwide targeting 5G channel measurements

and modelling They include METIS202METIS 2015, COST2100COSTCOST], IC1004 [IC],

ETSI mmWave SIG ETSI 201%, 5G mmWave Channel Model Alliance NIST], MIWEBA
[MIWEBA 2014, mmMagic jnmMagic],and NYU WIRELESS Rappaport 2015, MacCartney 2015,
Rappaport 2013, Samimi 2015 METIS2020, for instance, has focused on 5G technologies and has
contributed extensive studies in terwf channel modelling. Their target requirements include a wide
range of frequency bands (up to &#z), very large bandwidths (hundreds of MHZz), fully three
dimensional and accurate polarization modelling, spherical wave modelling, and high spatial
resolition. The METIS channel models consist of a thaped model, stochastic model, and a hybrid
model which can meet requiremsfur flexibility and scalability. The COST2100 channel modeh
geometrybased stochastic channel model (GSCM) that can repeothgc stochastic properties of
multiple-input/multiple output MIMO) channels over time, frequency, and sp&2egoing the 5G
mmWave Channel Model Alliantds a newly establishedroup thatwill formulateguidelines for
measurement calibration amdethodology, modéhg methodology, as well as parameterization in
various environments and a database for channel measurement campaigns. NYU WIRELESS has
conducted and published extensive urban propagation measurements at 28, 38 and 73 GHz for both
outdoo and indoor channels, and has created laogde and smalcale 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 GCW2015, MaeS8a 2015, Samimi
EUCAP2016§].

In this white paper, we present a brief overview of the channel properties for bands up to 100 GHz
based on extensive measurement &yracingresults across a multitude of bandts additionwe

1 https://sites.google.com/a/corneralliance.comtigwavechannelmodetalliancewiki/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 channel model

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 extensions to cater for additional Bt&dellingrequirements and
scenariosfor example:

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

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

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

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

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

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

a. Some large antenna 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 manifold vector can change significantly when the bandwidth is large
relative to the carrier frequency. As such, Wideband array manifold assumption is
not valid and new modi@hg techniqgues may be required. It may be preferable, for
example, to model arrival/departure angles with delays across the array and follow a
spherical wave assumption instead of the usuakpleave assumption.

5. The new channel model must accommodate mobititparticular:

a. The channel model structure should be suitable for mobility up to 350 km/hr.
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b. The channel model structure should be suitable for ssoale mobility and rotation
of both end of the link in order to support scenarios such as device to device (D2D)
or vehicle to vehicle (V2V).

6. The new channel model must ensure spatial/temporal/frequency consigtguanyicular:

a. The model should provide spatial/temporal/frequency consisendich may be
characterized, for example, via spatial consistence, -siteer correlation, and
correlation among frequency bands.

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

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

7. The new channel model must be of practical computational complexjpgrticuér:

a. The model should be suitable for implementation in sHiglesimulation tools and
in multi-cell, multirlink radio network simulation tools. Computational complexity
and memory requirements should not be excessive. The 3GPP 3D channel model
[BGPP TR3873] 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 bandwidthsand spatial and temporal resolutions and
spatial/temporal/frequency consistency, required for millirmetere modHing.

b. The introduction of a new modi&lg methodology (e.g. Map based model) may
significantly complicate the channel generation mechanisth thus substantially
increase the implementation complexity of the systevel simulator. Furthermore,
if one applies a completely different moliledy methodology for frequencies above 6
GHz, it would be difficult to have meaningful comparative systeaduations for
bands up to 100 GHz.

3 Typical Deployment Scenarios

The traditional modéhg scenarios (UMa, UMi and indoor hotspot (InH)) have previously been
considered in 3GPP for motielg of the radio propagation in bands below about 6 GHz. The new
chamel model discussed in this paper is for a selective set of 5G scenarios and encompasses the
following cases:
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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 squé&igune 1 andFigure?2,
respectively. The cell radii for UMi is typically less than 100 m and the access poirgs (AP
are mounted below rooftops (e.g-2@ m). The UEs are deployed outdoor at geblavel or
indoor at all floors.

3.2 Indoor (InH) T 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 arelesl offites,

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 of®2m either on the ceilirgor walls. The shopping malls are
generally 25 st ories high and often inclunoa@ an op:
environment, the APs are mounted at a height of approximately 3 m on the walls or ceilings

of the corridors and shops. The densitithe APs may range 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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3.3 Urban Macro (UMa) with 020 and O2I

Figure 5. UMa Deployment

The cell radii for UMa is typically above 200 m and thBs are mounted on or above
rooftops (e.g. 2885 m) an example of which is shown kigure5. The UEs are deployed
both outdoor at ground level and indoor at all floors.

4 Characteristics of the Channel in 6 GHz100 GHz

Measurements over a wide range of frequencies have been performed bysifpeataries of this
white paper. However, due to the more challenging link budgets at higher frequencies there are few
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measurements at larger distances, e.g. beyon@@0@n in UM or in severely 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 artdaayg campaigns can be found

in the Appendix. In the ftdwing sections 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 | oss in the bandspac pathilosstnodekegsite 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 showa much higher shadow 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 aziuth angle spread of departure (from the AP) at arourg@Di@nd

the RMS azimuth angle spread of arrival (at the UE) at arour@DgBGPP TR36.873]. There are
measurements of the delay spread above 6 GHz which indicate somewhat smaller ranges as the
frequency increases, 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 the 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 spectThis could 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 coulthe biased by the lower dynamic range in the measurements at the higher frequencies.
More measurements are needeti@étierunderstand the UMa channel.

From preliminary raytracing studies, the channel spreads in delay and angle appear to be weakly
dependenon the frequency and are generaly 8mes smaller than in [3GPP TR36.873].

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

4.3 InH Channel Characteristics

In LOS canditions, multiple reflections from walls, floor, and ceiling give riseatwaveguia like

propagation effectMeasurements in both office and shopping mall scenarios show that path loss
exponents, based on a 1 m free space reference distance, ardytyailcal 2, indicating amore

favor abl e path | oss than predicted by Friisod6 free
effect is variable and the path loss exponent appears to increase very slightly with increasing
frequency, possibly due the relation between 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 appeags as if th
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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], withafee polarization discrimination 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. These indoor 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 raisgtherefore of high 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 measument campaigns reported in the Annébhe 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 temdsbe relatively transparent with a rather weak increase of loss
with higher frequency due to conductivity losses. "Enefiicient” glass commonly used in modern
buildings or when renovating older buildings is typically metzdted for better thermal salation.

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 freqeigoecg.6
summarizes some recent measurements of material lostgding those outlined in the AnneXhe

loss trends with frequency are linear to a first order of approximation. Variations ar@ulidetr

trend can be understood from multiple reflections within the material or between different layers
which cause constructive or destructive interference depending on the frequency and incidence angle.
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Figure 7. Effective building penetration loss measuremefite bars indicate variability for a given
building. Sources: [Larsson EuCAP 2014] and measurememtsributed by Qualcomm, NTT
DOCOMO, EricssonNokia, Huawei, and KT

Typical building facades are composed of several materials, e.g. glass, concratehninkt wood,

etc. Propagation of radio waves into or out of a building will in most cases be a combination of
transmission paths through different materials, i.e. through windows and through the facade between
the windows. The exception could be whearywnarrow beams are used which only illuminates a
single material or when the indoor node is very close to the external wall. Thus, the effective
penetration loss can behave a bit differently than the single material loss. A number of recent
measurement®f the effective penetration loser close to perpendicular incidence angkr®
summarized irFigure?7. As indicated by therror-bars available for some of the nsegements, there

can be quite some variation even in a single buildliige measurements can loosely be grouped into
two categories: a set of high penetration loss results for buildings constructed with IRR glass, and a
set of lower loss results for difiemt buildings where regular glass has been used,

Increased penetration losses have been observed for more grazing incidence angles, resulting in up to
15-20 dB additional penetration loss in the worst case.

Propagation deeper into the building will alse associated with an additional loss due to internal
walls, furniture etc. This additional loss appears to be rather weakly freqdependent but rather
strongly dependent on the interior composition of the building. Observed losses ovesQiteHz
range of 0.22 dB/m.
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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 2DG2JL3] [ 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 stgurés. 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 (24L dB/cm at 2.5 GHz and 31.9 dB/cm at 60 GHz), and a similar 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 attenuationrpesf 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 [Rappport 201
[And2002][ Zhao 2013|Nie 2013]

4.5 Blockage in all 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 blockage. Dynamic 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 28 GHz
measurement done bintel/Fraunhofer HHI in Berlin. In these experiments, time continuous
measurements were made with the transmitter arelvexcon each side of the road that haebtin

traffic controlled by traffic light. Note that the time periods when the traffic light is red is clearly seen

in the figure as periods with little variation as the vehicles are static at that time. Whexifihéght
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is green, the blocking vehicles move through the transmission path at a rapid pace as is seen in the
figure. The variations seen when the light is red are explained by vehicles turning the corner to pass
between the transmitter and receiveigure 10 shows a blockage measurement at 28 GHz due to
passing by bus and lorry. The signal attenuation at LOS path is observed to 1ie3® diB. Signal
fluctuation B 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 high attenuation

on the LOS path, some of the NLOS paths can still go throbgjure 11 shows a blockage
measurement at 15 GHz by garbage tifi@kvist 2016} The signal was transmitted from two carriers,

each with 100 MHz bandwidth. The signal attenuation is observed td B &IB. 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 by human movement. The
measurement setup is shownHigure 13, where the transmitter and receiver are placed at 5 m apart
and 11 blocker bins are measured each separated by 0.5 m. The average LOS blockage shadowing
values across the blockage bins range from 22 dB to more than 40 diBwEse 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, the blockage shadowing increases, This implicates that
more NLOS paths are ddtked 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, multipath from other directions probably not affected. The effect of blodeagde
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/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 NYU
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Figure 13measurement setup of human being blockage measurement in NYU

Geometryinduced blockage, on the other hand, is a static property of the 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 diffractiord sometimes by diffuse
scattering The effect is an exceptional additional loss beyond the normal path loss and shadow
fading.Figurel4illustrates examples of difictionrdominated and reflectiedominated regions in an
idealized scenario. As compared to shadow fading caused by reflections, diffctiorated
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)

5 ChannelModelling Considerations

Table1l summarizes a review of the 3GPP 3D channel model [3GPP TR36.873] capabilpies. A
s i g ameéns that the current 3GPP 3D channel model supports the requirement, or the necessary
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changes are very simple.rAi n u s -osmieana 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 the table, LSP stands for lesgale paameter.

Table 1. Channel Modeling Considerations

Attribute Requirement Below Above | Improvement Comments
6 GHz 6 GHz | addressed in
this white
paper

#1 Scenarios

#2 Frequency
Range

#3 Bandwidth ~100 MHz BW for
below 6 GHz,
2 GHz BW for
above 6 GHz

#4 Spatial
Consistency

Spatial consistency | - - U Complexity issue
of LSPs with (4D or 6D map)

arbitrary Tx / Rx
locations (D2D /

V2V)

Spatial consistency | - - \Y% Autocorrelation of
of SSPs SSPs

Distributed - - Vv

antennas and

extremely large
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arrays

#5 Large

Spherical wave U Also far field
Array Support spherical

#6 Dual Doppler 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
#8 Specular ? - U Important in mmwW
Reflection
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#9 Path Loss

#10
Shadowing

#11 Blockage

#12 Cluster
definition

#13 Drop
concept (block
stationarity)

#14 Accurate
LSP
Correlation

#15 Number
of Paths
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Power scaling
(directive antennas
VS.
omnidirectional)

Log-normal
shadowing

Blockage modelling

APs and UEs are | + - \Y%
dropped in some
manner (e.g.,
hexagonal grid for
3GPP)

The number of

paths needs to be
accurate across
frequency.

Shadow fading
(SH parameters
needed for high
frequency

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

for instance.

The current model
is based on low
frequency
measurements.




#16 Moving Cars, people, - - \Y
Environment vegetation etc.
#17 Diffuse Specular vs. diffuse| + - U Most mmWw
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 outcome of WRC-15is that there will be studies d&iands in the frequency range between

24.25 and 86 GHz for possible future INZD20 designation [ITU 238]. For the 3GPP studies, the

broader range of 6 GHz to 100 GHz should be studied for miglgdurposes. Furthermore, as
mentioned in [3GPP RP51606], pssible 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 |Iimited to LTE [/ LTd&neAdvance
model is at leastfor-3. 5 GHz o6 [ 3GPP TR36.873]. Therefore a
terms of frequency ranger modelling tools

In addition to the frequency range, the channel model should be frequency consistent, i.e. the
correlation of LSPs and SSPs between frequency bands should be realisticallyedjcded the LOS
state and indoor state shouldt change randomly over frequency

5.2 Support for high bandwidths

Many scenarios for 5G high frequency services postulate very high dats 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 REGolution [ITU

238] cover frequency bands up td0XBHz (including66 GHzi 76 GHz). The implication ithatone
operatormay be allocated multiplgigahertz wide channels for operation. Therefore, the channel
modeling should includesupport forscenariosith bandwidths up to several gigaherthis 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 distribut® in delay and the stgmth 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 rdeoptased modek, as there are multiplespects of the channebnditions,
including largescale parameters and srsdhle parameterthat would need to vary in a continuous

and realistic manner as a function of positione§éconditionsvill include the LOS/NLOS state, the
indoor/outdoor st®, and of course thearameters 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 complexity,the channel statistics should

be maintained.
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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 specific 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 fallog method. The fourth variable is discrete #denerated
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 siolation area.For examplein Figure 15, one spatially consistent uniform
distributed random variable can be generateddimpping four complex normal distributed i.i.d.
random variables offour vertex of one grid withd., (e.9. d.=50) decorrelation distance and
interpolatel using thesei.i.d. random variablesThe decorrelation distance could be a scenario
specific parametein order to save simulation complexitygrid may begenerated only if there are
actualusers droppedithin the gridarea

deor=50
Yo1~CNO, 0,1) Y1,~CNO, 0,1)

©0)

Yoo~ CNO, 0,1) Y10~ CNO, 0,1)

Figure 15 Example of generating one spatially consistent random variable

Assuming Yo, Yo, Y10 Y11 are theii.d. complex normal random numissgeneratedn the four
vertex of one grid, the complex normal numbeg at position (X, y) can be interpolated expuation
(x.1):

W j p WlQ p W &y W ®f wrQ p o o
[0V (OB AT (x.2)
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One uniform random 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 ensurethere is no abrupt change of the interpolated random nudber
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 clustarld
change between infinity to zero along a trajectory.

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

The cluster specific random variables should be applied 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 consistemaam numbers.

2) Spatially consistent LOS/NLOS state

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 poSitiin.
LOS/NLOS state aabe generated by filtering the binary LOS/NLOS state over spagere 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 nimarpiLOS/NLOS stateat nine positions on

the squareentredby 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 -@errelation distance and 1 metensitiondistance.

4y =25m

LoS =1 Lo§y.=1 LoSya=l

LoS1)~1 Log,=1 LoSi1,=1 £
Soft LoSy=7/9 2

Crransiior d2=1

-15 A 5 5 1 15( - -1 5 5
L0Siy=1 L0S,:0 L0S1144=0 ) . 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 combined with a threshold value F determined via

"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 knddge diffraction:

frey PP iaiARE oA o
607 = FfAOAOAI-"0 O
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An examples of the soft LOS/NLOS state using this method is giveéfigire 17. Note that the

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

LOS coefficient [dB]

y-position [m]

4 \
-200 -100 0 100 200
x-position [m]

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

3) Spatially consistent indoor/outdoor state

Spatially consistent indoor/outdoor state can be generated by comparing a spatially consistent uniform
distributed random numbaevith the indoor/outdoor probability at a given positi&imilarly as soft
LOS/NLOS state, soft indoor/outdoor state can be introduced by filtering binary indoor/outdoor state
over spaceAlternatively, transitions between the outdoor and indoor statebeavoided through
modifications of the mobility model if this would be more desirable.

4) Spatially consistent patbss

Based on the soft LOS/NLOS and soft indoor/outdoor states, spatially consistent path loss can be
defined using the soft LOSLOS and imoor/outdoor states as equatiorB|x

000 6"YROG OO G'Y 00 zO00°Y 00 zp 007 ‘00 00 0 v
0QE QI GOQEEDET | (x.3)
Since netration loss is a function of indoor distanee, can make penetration loss to be spatially

consistent to have spatially consistent path loss for indoor state.

5) Spatially consistent fast fading channels

Based on the soft LOS/NLOS and indoor/outdoor statee spatially consistent fast fading channel
matrix can be generated using equati)(

00§ YFOs066Y p OSOGGYO  z THY O oz

p 0OY 0000 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 mostlthispd models such BBGPP TR36.873].

Smooth variations of angles and delays will be induced, although these 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 highs Tethod will maintain the channel
statistics which is a very desirable characteristic.
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