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Abstract

This report contains results of the Work Package 5.1 “Channel modeling and characterization” for
mmWave communication links at 60 GHz band. Chapter 2 gives an overview of most current
mmWave experimental measurements and channel models. The scenarios and environment
measurements in order to provide the necessary input data for deriving the model parameters are
described in chapter 3. The mmWave channel experimental measurements results presented in
chapter 4 along with the ray tracing modeling of the experimental scenarios and environments.
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Keywords

mmWave, 3D channel model, ray tracing, stochastic, analytical and quasi-deterministic approach

All rights reserved.

MiWEBA D5.1: Channel Modeling and Characterization Page 1




The document is proprietary of the MiIWEBA consortium members. No copy or distribution, in any
form or by any means, is allowed without the prior written agreement of the owner of the property

rights.

This document reflects only the authors’ view. The European Community is not liable for any use hat
may be made of the information contained herein.

Authors

Intel Corporation

Alexander Maltsev

alexander.maltsev@intel.com

Andrey Pudeyev

andrey.pudeyev@intel.com

Ilya Bolotin

ilya.bolotin@intel.com

Gregory Morozov

gregory.v.morozov@intel.com

Ingolf Karls

ingolf karls@intel.com

Michael Faerber

michael.faerber.intel.com

Orange

Isabelle Siaud

isabelle.siaud@orange.com

Anne-Marie Ulmer-Moll

annemarie.ulmermoll@orange.com

Jean-Marc Conrat

jeanmarc.conrat@orange.com

Fraunhofer HHI

Richard J. Weiler

richard.weiler@hhi.fraunhofer.de

Michael Peter

michael.peter@hhi.fraunhofer.de

Wilhelm Keusgen

Wilhelm.keusgen@hhi.fraunhofer.de

MiWEBA

D5.1: Channel Modeling and Characterization

Page 2




[\/] @\)\/ FB A Deliverable FP7-ICT 368721/D5.1 Date : June 2014
(PP pr s raspasgay Public Deliverable

Table of contents

ADDIEVIATIONS ... e 6
EXECULIVE SUMIMATY ...ttt 8
R 11 4 oo [0 [ox £ o] ST PR RTP 9
1.1 Key technical Challenges .........ccoiiiiiiiii e 9
1.2 Relation to other Work packages .........ccccveveiieiieiesieie e 10
1.3 Structure of the dOCUMENT ..........coviiiiiiece e 10
2  Overview of mmWave experimental measurements and channel models........ 11
2.1 Review of available experimental measurement results ..........c.ccocoevvvrnnnnne 11
2.1.1 Propagation channels for frequencies below 10 GHz ........................ 11
2.1.2  Propagation channels for frequencies above 10 GHz..............cc........ 12
3 MIWEBA scenarios and enVIFONMENTS ..........ccooviiiininienrieniese e 14
3.1 MIWEBA @CCESS SCENAIOS. .....ueiueeiiereeeiiesteeiessiesieesieeseesseesseaeesseesseaneesseesseans 15
3.1.1  Open area (UNIVErsity CAMPUS) ......ccorverrerireneeieieniesiesiesiesesieeeeeens 15
312 SHrEEL CANYON ... 15
3.1.3  HOtEl I0BDY ... 15
3.2  MIWEBA backhaul/ front haul SCENArios...........ccoveieiereieie s 16
3.21  Above ROOF TOP (ART) ..ueciiciiieese e 16
3.2.2  SIEEL CANYON ...eviiiiiie ettt e e nea e 16
3.3 MIWEBA Device to device (D2D) SCENANIOS .........cccvreereereerienieniesieseeeeeens 17
3.3.1  Open area D2D SCENAMO.......ccueieriirierienierie st 17
3.3.2  Street canyon D2D SCENAMO .......coververiiriiniisiesieie e, 17
3.3.3  Hotel 10bby D2D SCENAIO ......ccveviieiieiiiiiisieeiiee e, 17

4  MmWave channel experimental measurements results and ray tracing
7070 [=] 1 T o SRS 18
4.1 Experimental measurements with omnidirectional antennas................c........ 18
4.1.1 Experimental setup desCription .........cccccveviiiiieiieiieeiie e 18
4.1.2 IMAIN TESUILS ..ot 20
4.2 Broadband experimental measurements with directional antennas ............... 26
4.2.1 Experimental setup desCription ...........cccoovvimriienenenineseseeeeeeen, 26
4.2.2  IMAIN TESUILS ..ot ste e nne e 28

MiWEBA D5.1: Channel Modeling and Characterization Page 3



B . Y (- Tox | o TSRS 31

4.3.1 Ray tracing approach description ...........ccccecveveiiieniein i, 32
4.3.2 Implemented scenarios and simulation resultS............ccccccceveveivennenn, 32
MIWEBA 3D Channel model............coooiiiiiiiiee s 35
5.1 MIWEBA channel model requirements ...........ccocevvvineinie s 35
5.2 Channel modeling methodology .........cccooveiiiiiiiieie e 37
5.3 General structure of channel model ... 39
5.3.1 DeterministiC rays (D-rays) ......cccevvereiiieiieriesieseese e see e eee e 40
5.3.2  RanNdom rays (R-TAYS).......cccuerueiieeirerieiiesieesiesseesaesteseesseessesneesseesseens 42
5.3.3  INtra-CIUSEEr STFUCLUIE........ecvveeieieieie et 43
5.3.4 Polarization Characteristics SUPPOIt ..........ccceeverieie i, 45
5.3.5 Blockage modelling........ccccovevieiiiiieie i 50
5.3.6  MoDility effeCts .....ccviieiieii e 54
537 3D ANENNA MOEIS .......ccvvieiiiiiiiee e 56
5.3.8 3D Channel model generation............cccccoveveiiieiieie s, 63
5.3.9 Common channel model parameters ...........cccccvevveveiie v cce e, 64
5.4 University campus access channel model ..o 65
5.4.1 Modeling Scenarios: geometry and UE deployment..............cccco...... 65
5.4.2 Model Development Methodology...........ccoovvieiiienencnenisieeeee, 67
5.4.3 3D channel model desCription ..........cocoviiriiinieienese e, 68
5.5 Street canyon access channel model ..., 70
5.5.1 Modeling Scenarios: geometry and UE deployment.............c............ 70
5.5.2 Model Development Methodology..........cccoveieiieieiiciicce e, 72
5.5.3 3D channel model desCription..........cccccevveviiiicieece e, 75
5.6 Hotel lobby access channel model ..., 80
5.6.1 Modeling Scenarios: geometry and UE deployment...............ccco...... 80
5.6.2 Model Development Methodology...........ccocvviriiienincnininieeee, 81
5.6.3 3D channel model desCription ..........ocoviirininieneiese e, 83
5.7 Backhaul channel models...........ccooooiiiiiiiiiiiee e 85
5.7.1  ART backhaul channel model.............ccccoiiiiiiiiin e, 85
5.7.2  Street canyon front haul channel model ..............cccooiiiicicc, 86
5.8 Device to device channel models.........c.ccovviiiiiiiic i 86
5.8.1 Open area D2D channel model............c.ccooiiiiiiiiiiieee, 86
5.8.2  Street canyon D2D SCENAMO .......ooververieriiriiiinieie e, 86
5.8.3  Hotel 10bby D2D SCENAIO ......ccveiiieiiesiisiisieeiee e, 86

MiWEBA D5.1: Channel Modeling and Characterization Page 4



5.9 MIWEBA path 10SS MOElS........ccoveiiiiiiice e 86

5.9.1 Street canyon access path 1oss model............ccccovveviiiiiieii i, 86

G @0 o (o] [11] o] o HO USRS 89
6.1 mmWave System usage models and perspectives..........ccccceververviieervernene 89

6.2 MIWEBA experimental Measurements...........ccoouvvrieireieneneneneseseeeeeee 90

6.3 Quasi-Deterministic channel modeling approach ..........cccccovevveiviccieeee, 90

A =] (1 =] (002 TSR 92

MiWEBA D5.1: Channel Modeling and Characterization Page 5



Abbreviations

Acronym Description

AB Advisory Board

AFO Administrative Financial Office
APDP Average Power Delay Profile

ART Above Roof Top

AS Azimuth Spread

BBU Base Band Unit

BS Base Station

COMP Coordinated Multi-Point Transmission
C-plane Control Plane

C-RAN Cloud RAN

CSlI Channel State Information

DS Delay Spread

EU European Union

FST Fast Session Transfer

HARQ Hybrid Automatic Repeat Request
HetNet Heterogeneous Network

ICD Inter-Cell Distance

JP Japan

LA Link Adaptation

LOS Line-of-Sight

MIM Multiple Interface Management
MIMO Multiple-Input Multiple-Output
MMR Mobile Multi-hop Relay stations
mmWave Millimeter-Wave band (30 to 300 GHz) will be used for 6 to 100 GHz
MPC Multi Path Component

MS Mobile Station

MTCN Multi-Technology Cellular Networks
MTLA Multi-Technology Link Adaptation
NLOS Non-Line-of-Sight
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RS Relay Station
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UE User Equipment
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Executive Summary

There is mounting attention in using millimeter wave (mmWave) bands including 60
GHz for next generation mobile wireless networks. The absolute challenge for an
mmWave channel model is to have just one channel model with adjustable
parameters for all scenarios and propagation effects for the full frequency range from
6 GHz to 100 GHz. A feasible one is to develop a reasonable collection of 3D
channel models for the most likely outdoor use case environments and scenarios.

Hence plenty of expensive measurement campaigns were already completed and are
being currently done to characterize the mmWave communication channel in
particular for these outdoor environments and scenarios. Then, using the
measurement databases created, several approaches are investigated to predict the
measured data or statistics such as path length, delay and angular spreads in the
outdoor wireless network environments and scenarios. There are some preliminary
3GPP-like 3D mmWave channel models developed using either an analytical, a
statistical or a ray-tracing based statistical approach to model the outdoor mmWave
channel. The majority of these channel models tries to adopt to the 3GPP 3D channel
model structure achieving a good fit with available 3GPP system level simulation
environments.

All the currently available measurement campaigns and analysis have still got open
issues like how to deal with human body shadowing or reflections due to moving
vehicles or attenuation by dense vegetation in cities. More exploration is also needed
to elaborate on whether mmWave systems are noise or interference limited, and the
important aspects of polarization and there is the request for much greater temporal
and spatial channel model resolution.

Consequently a new quasi-deterministic (Q-D) approach has been developed for
modeling the outdoor and indoor channels at 60 GHz. The model is based on the
representation of the mmWave channel impulse response as superposition of a few
quasi-deterministic strong rays (D-rays) and a number of relatively weak random
rays (R-rays). The structure of the proposed channel model allowed natural
description of the scenario-specific geometric properties, the reflection attenuation
and scattering, ray blockage and the mobility effects.

The 3D channel models for all main scenarios defined in the MIWEBA project
proposal are delivered for open area (university campus), street canyon and hotel
lobby in the framework of the Q-D approach. The appropriate model parameters for
access links were selected on the base of experimental measurements and ray-tracing
modeling. The versatility of the Q-D approach allows the developed channel models
to be used for other usage models with same geometries. For all main scenarios the
Q-D channel model was extended to Device to Device (D2D) links with a simple
change of TX antenna parameters. In similar way, the street canyon access model
was extended to the street-level backhaul deployment.

The MiWEBA channel model approach introduced firstly in this report addresses
major challenges to model the outdoor wireless communication channel for mmWave
including the 60 GHz band. This new model is of utmost importance for further
measurement campaigns, channel model characterization, system level simulations
and network access capacity estimations.

MIiWEBA D5.1: Channel Modeling and Characterization Page 8
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1 Introduction

1.1 Key technical challenges

The definitive challenge for an mmWave channel model is to have just one channel
model with adjustable parameters for all scenarios and propagation effects for the full
frequency range from 6 GHz to 100 GHz.

Well known channel models such as 3GPP Spatial Channel Model (SCM) [1],
WINNER [2] and ITU-R IMT-Advanced propagation model guidelines [3] were built
on extensive channel propagation measurement campaigns and are for frequencies of
up to 6 GHz. The IEEE 802.11ad channel model [4] focus on the 60 GHz band
indoor (created deterministically, parameterization is site specific) [5]. QuaDRIGa
[6] models MIMO radio channels via ray-tracing for specific network configurations,
such as indoor, indoor/outdoor or outdoor environments implementing a 3D
geometry-based stochastic channel model. COST 2100 [7] works at the COST
channel model, which counts on measurement campaigns and extractions of
parameters. The most recent METIS 2020 intermediate deliverable D1.2 [8] “Initial
channel models based on measurements” concludes that there might not be “one”
channel modelling approach to fulfil the needs for e.g. mmWave bands. It is
proposed to explore further geometry-based stochastic, visibility-region based, grid-
based GSCM and map-based models including parameterization from measurement
campaign results. Final METIS channel models will be published in D1.4 in
February 2015.

Measurement campaign challenges arise from the sheer variety of propagation
environments according to D1.1 which are indoor isolated rooms and large public
areas and outdoor dense urban ultra-high-rate hot-spots, high-rate areas and larger
areas. Since P2P and PMP scenarios are anticipated for backhaul and front haul
including mobility, self-backhauling and relaying, the following link types need to be
taken into account: backhaul BS-BS, front haul BS-BS, access BS-UE and D2D link
UE-UE. Link topologies to be measured are outdoor to outdoor (020) and outdoor to
indoor (O21). Amongst measurement set-up parameters are for transmitter and
receiver: distance, antenna height, location and velocity.

The propagation channel model in particular for MIWEBA has to address the
following challenges:

LSO and NLOS PL model for frequency range 57 - 66 GHz

Shadowing

Spatial consistency, environment dynamics

\ery large antenna arrays (spherical wave modelling)

Dual mobility Doppler model for D2D

Frequency dependency of propagation channel model parameters due to low
amount of available measurement campaign data

« Ratio between diffuse and specular reflections

e Polarization

Propagation channel model parameterization challenges are the estimation of large
scale parameters (LSP) like delay spread (DS), angular spreads (AS), Ricean K

MIiWEBA D5.1: Channel Modeling and Characterization Page 9
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factor (K) and shadow fading (SF) as well estimation of small scale parameters
(SSP).

Simulation and implementation challenges are complexity, performance and
availability.

1.2 Relation to other work packages

D1.1. (scenarios and use cases), focusing on the definition of a set of requirements for
the traffic and propagation models and on a generic use case description close to the
environment deployment and appropriate applications and services provided by the
telecommunication operators, guides the analysis of the specific technical solutions in
particular the channel modelling and characterization in this work package. For example
front hauling as well as backhauling links, based on mmWave technologies, are proposed
due to their flexibility and scalability in addition to access. Two basic access scenarios
for indoor mmWave communications are suggested with isolated rooms and large indoor
public areas. As outdoor coverage access scenarios are recommended ultra-high-rate hot-
spots, high-rate areas and larger areas. Several P2P and PMP scenarios are anticipated
for backhaul and front haul including mobility, self-backhauling and relaying. Five main
use cases are proposed which are indoors dense hotspot (in shopping mall, enterprise and
home environment), indoor/outdoor hotspot (in a square, urban) and outdoor non-hotspot
(mobility, backhauling and front hauling in both dense urban and metropolitan areas).

D1.1. recommends to put a strong focus on mmWave outdoor propagation channel
modelling and characterization and to take into account the simulation requirements
of WP4 (supporting T4.1 system level simulation of mm-Wave overlay HetNets and
T4.3 dynamic deployment activation and cell structuring) and WP5 (T5.2 highly-
directional steerable mm-wave antennas development, T5.3 assessing beam steering
and MIMO techniques). Results of D5.1 will be used to evaluate the performance of
the mm-wave backhaul and access PHY used in T2.2 PHY/MAC interfaces to
perform multi-RAT backhauling schemes and T3.2 mmWave link design and
optimum integration of traffic and services.

D1.3 (development of business models) shows in chapter “regulation overview
concerning spectrum around 60 GHz” exemplary that spectrum regulation is not
harmonized globally regarding band allocations, allocation and power values and needs
to be addressed further in regulation and taken into account in the continuation of this
project.

Even if the ultimate goal for an mmWave channel model is to define continuous
functions for all channel model parameters and propagation effects for the full
frequency range, scenarios and use cases it could be that channel models might differ
according to a large number of different scenarios and use cases. Therefore a tight
interaction between WPs is established.

1.3  Structure of the document

This report contains results of the Work Package 5.1 “Channel modeling and
characterization” for mmWave communication links. Chapter 2 gives an overview of
most current mmWave experimental measurements and channel models. The
scenarios and environment measurements in order to provide the necessary input data
for deriving the model parameters are described in chapter 3. A new hybrid

MIiWEBA D5.1: Channel Modeling and Characterization Page 10
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methodology for mmWave channel models development is explained in chapter 4.
Finally chapter 5 provides a 3D channel model for mmWave at 60 GHz and chapter 6
offers conclusions.

2 Overview of mmWave experimental measurements and
channel models

2.1 Review of available experimental measurement results

This chapter presents a literature review (BROADWAY, EASY-C, METIS, COST,
NYU Wireless, etc.) on measurements or propagation channel models in outdoor
urban environment for terrestrial mobile services at frequencies higher than 6 GHz.
The chapter does not address the terrestrial fixed wireless systems or satellite
systems. Rain effects, vegetation attenuation, human body shadowing, ray tracing,
material permittivity or conductibility are also not investigated in this chapter.
Frequencies above 6 GHz may be divided in two groups: the millimeter wave
(mmWave) frequency band above 10 GHz and the sub-mmWave frequency band
below 10 GHz. This threshold is not based on the rigorous wave length but
corresponds with a pragmatic classification of propagation papers.

2.1.1 Propagation channels for frequencies below 10 GHz

For frequencies below 10 GHz, the measurement scenario and especially the antenna
configuration do not change. The TX antenna is omnidirectional or sectorial, the RX
antenna is omnidirectional. The channel metrics such as the path loss or the impulse
response are very little dependent on the antenna configuration and takes into
account the greatest part of the multi-paths. The available results do not show a clear
dependence of the delay spread or azimuth spread with the frequency [9]. The
available results indicate a clear dependence of the path loss with the frequency. In
free space, the theoretical correction factor is 20*log(f), f being the frequency. In
urban environment with multi-paths generated by reflection or diffraction, the
frequency correction factor is somewhere between 20 and 30*log(f) as indicated by
the table below.

Table 2-1: Frequency correction factor in urban environment with multi-paths generated by
reflection or diffraction

Model Function Validity domain
COST 231- WI [10] 30*Ioglo(f) 800 / 2000 MHz
Hata [11] 26*Ioglo(f) 400/ 1500 MHz
COST231-Hata [12] 33*Ioglo(f) 1500 / 2000 MHz
Winner [13] 23*Ioglo(f) 2/6 GHz

ITU UMa [14] 20*Ioglo(f) 2/6 GHz

MIiWEBA D5.1: Channel Modeling and Characterization Page 11
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Reference Function Carrier frequency
Orange meas. 27*Ioglo(f) 840 / 2200/ 3600 / 5100 MHz
Kitao [15] [23.8-1.4l0g10(h )]*log_ () 460 / 810 MHz

2.2/3.35/4.7/5.2/8.45 GHz
Yonezawa [16] 23*Ioglo(f) 820 MHz

5 GHz /8.45 GHz
Sakawa [17] [23 hb =55 m or 26 hb = 10 3.35/8.45/15.75 GHz

mJlog_ ()
Oda 2001 [1] 20*log_ (f) 460 MHz
10 2.2/4.7/8.45/15.75 GHz

Riback [18] [30 f<900 MHz 460 /880 /1900 / 5100 MHz

or 23 £>900 Mhz]J*log_ ()

Figure As a first assumption, channels above 6 GHz and below 10 GHz can be
considered as an extension of current channel models at frequencies below 6 GHz
such as WINNER or ITU channel models. Some measurement campaigns would be
beneficial especially at frequency around 10 GHz to validate this assumption.

2.1.2 Propagation channels for frequencies above 10 GHz

Although mmWave have attracted much attention in the last years [19] [20] as
mmWave are a candidate for the 5G wireless mobile system, the propagation channel
analysis at mmWave frequencies in outdoor environment started before 1990. For
instance, [21] [22] [23] [24] presented results around 60 GHz in urban or suburban
environment. They observed reflected paths attenuated by 10-15 dB compared to the
LOS path and delayed with a few ns. The analysis focused on the narrowband
properties of the propagation channel including rain attenuation and oxygen
absorption. More recently, [25] [26] [27] [28] presented measurement in Helsinki in
E-band. Measurements were carried out in LOS conditions with highly directive
antennas (24 or 45 dB). Although the LOS configuration and the high antenna
directivity, multi-paths reflected on street walls were found but were attenuated by 20
dB compared to the LOS component. All of these papers were not dedicated to the
directional properties at BS and MS, which are key parameters as the 5G system
should use directive antenna at both link ends. Consequently, they are not described
in details in the survey.

The literature review highlights results coming from measurement campaigns
performed in Austin at 38 GHz and 60 GHz and in New-York at 28 GHz and 72
GHz. Reference [29] summarizes the different measurement campaigns. Reference
[30] summarizes measurement campaigns in New-York and proposes a very wide
literature review on mmWave systems including issues on propagation channel,
antenna, RF component, performance estimation, etc. All the measurements used a
similar device and procedure. The impulse response was measured by a sliding
correlation channel sounder. The null-to-null analyzed bandwidth was 800 MHz.
Both at BS (channel sounder TX) and MS (channel sounder RX), directive antennas
transmitted and received the signal. The 3 dB antenna aperture was less than 10

MIiWEBA D5.1: Channel Modeling and Characterization Page 12
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degrees with an approximate gain of 25 dBi depending on the frequency. The
directive antennas were mounted on 3-D rotating heads set on a tripod. The
measurement procedure was specific for each measurement campaign but it
consisted basically in two steps: first the BS and MS antenna orientations giving the
maximum power were searched. Second, the BS antenna orientation and MS
elevation were slightly changed around the maximum power direction (typically +/-
20 ° in azimuth or elevation) in order to find secondary paths. For each new BS
antenna orientation or MS elevation, the channel was scanned over a 360° azimuth
range at MS. This procedure did not guarantee that all paths were detected but most
of them were probably detected. Distance between BS and MS was a few hundred
meters but interesting results are given for distances less than 200 meters as the
equipment was not able to measure attenuation higher than 150 dB/160 dB. Results
related to the LOS configuration are not reported in this document as they agreed
with the theoretical free space loss

Note: The definition of NLOS is sometimes very ambiguous. Usually the acronym
NLOS is used to design situations when the BS has no optical visibility with the MS.
In references [21-34], NLOS characterizes situations when the BS antenna and RX
antenna are not aligned. It means that for each MS locations, several PL can be
defined, one per BS-MS antenna orientation where power were detected. The
definition of path, beam, lobe, cluster, peak is confusing too as there are not clearly
defined except in one of the latest paper [31]. It is not straightforward that the same
definition was used in all papers. From the understanding of the reader, it seems that
the word path is often used to characterize specific direction of the MS and BS
directive antenna where a power peak is detected (equivalent to a beam
combination).

2.1.2.1 P2P measurement in Austin campus at 38 and 60 GHz

At 60 GHz, the NLOS PL ranged from 128 and 138 dB for BS-MS distances
between 20 and 130 meters. The attenuation of secondary paths was between 15 and
40 dB higher than the free space. Around 5 secondary paths were found. At 38 GHz,
the NLOS PL ranged from 113 dB and 145 dB. Paths are located around the line of
sight with a +/-50° maximal azimuth deviation. The mean DS at 60 GHz is 7 ns (max
26 ns), at 38 GHz, the mean DS is 24 ns (max 120 ns) [32] [33].

21.2.2 Cellular measurement in Austin at 38 GHz

At these campaigns [34] [35] [36] [37] the TX antenna was at three antennas heights
(8/23/36 m). The RX antenna directivity was either 8° (25 dBi) or 50° (13 dBi gain).
NLOS path were between 10 and 30 dB weaker the LOS component. Partially
obstructed LOS (vegetation, light diffraction) paths were 5 to 15 dB above the free
space. A comparison with the environment showed than the secondary paths are
created by reflection or low angle diffraction. Paths at BS are concentrated around
the main direction (+/- 30°). The attenuation in cellular scenario is higher than the
attenuation in peer-to-peer scenarios due to the 3-D distance and vegetation (thick
foliage attenuates more than thin trunk). The NLOS PL is very little dependent with
the distance. NLOS PL ranged between 125 and 145 dB with the 8° antenna. NLOS
PL ranged between 115 and 130 dB with the 50° antenna between 40 m and 200 m.

MIiWEBA D5.1: Channel Modeling and Characterization Page 13
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The mean DS was 15 ns for both RX antenna configurations. 80 % of the DS were
lower than 20 ns but maximal values raised up to 200 ns. Reference [38] proposes a
path loss exponent less than 1 that illustrates the very small dependence of the path
loss with the distance.

2123 Measurement in New-York at 28 GHz and 72 GHz

At this measurement campaign [39] the antenna directivity was about 25 dBi and the
BS antenna was set at three heights (7/17/40 m). At 28 GHz, the NLOS path
attenuation is between 120 and 150 dB for a distance less than 50 meters. At distance
above 50 meters, the NLOS path attenuation is between 130 and 165 dB. The path
loss attenuation as a function of the distance is given by the equation 40*log;o(d)+68.
The mean DS value is 40 ns and DS don’t exceed 200 ns.

Compared to the averaged beam power (power with a specific TX and RX antenna
orientation), the maximal beam power (best orientation) is 10 dB higher than the
averaged beam power [40]. Combining coherently different beams (up to 4) can
increase the power by 28 dB compared to the averaged beam power. No explanation
is given on the combining algorithm applied to the measurement that could explain
such a gain.

At 28 and 72 GHz, path can be grouped in about 3 or 4 clusters with an averaged
azimuth spread of 10° [41]. The cluster seems to be defined as a group of paths in the
angular domain. When 2 clusters exist, then the second includes 20 % of the total
power. For an omnidirectional antenna (papers do not explain exactly how the
omnidirectional data are deduced from the original data collected with directional
antennas), the path loss is approximately 20/25 dB higher than the ITU UMi
channels at 2 GHz and the following path loss model are given: at 28 GHz,
72+29.2*log10(d) and at 73 GHz, 86.6+25.5*l0g;0(d). The standard deviation of the
shadowing is between 8 and 9 dB.

Reference [42] focuses on penetration values at 28 GHz. For instance, outdoor tinted
glass attenuates the signal by 40 dB whereas an indoor clear glass adds only 4 dB.
The attenuation due to the brick wall (pillar) is 28 dB. The average penetration value
is about 40 dB.

3 MIWEBA scenarios and environments

Work Package 1 “Scenarios and Use Cases, Architectures and Business Models”
deliverable D1.1 “Definition of Scenarios and Use Cases access and backhauling and
front hauling scenarios” proposes to explore separately access and backhaul/front-haul
scenarios. The access scenarios are indoor, outdoor and multi-RAT HetNet. The
backhaul/front haul scenarios are P2P/PMP and mobile multi-hop relay node.

Suggested exemplary indoor access environments are with isolated rooms (exhibition
hall, office open space) and large indoor public areas (hotel lobbies, malls, shopping
centers, sport facilities, airports, and railway stations, underground). Proposed exemplary
outdoor access environments are ultra-high-rate hot-spots, high-rate areas and larger
areas. Additionally a multi-RAT HetNet access environment has been recommended
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to address the example of licensed and unlicensed spectrum use for indoor access.
Several technical proposals are there for backhaul/front haul P2P/PMP (self-backhauling,
adaptive and active antenna combined with mobility and locations) and mobile multi-hop
relay node (MMR topologies and COMP MIMO processing, multi relay nodes).

D1.1 recommends to focus on outdoor environments and sees the following channel
model parameters as important for the access PL, AoA distribution, DS, blocking
margins (caused e.g. by passing pedestrians) and foliage attenuation.

3.1 MIWEBA access scenarios

3.1.1 Open area (University campus)

The outdoor access larger area environment example is chosen as a university
campus scenario. This scenario describes a mix of use cases including data transfer
between UEs and one or more BSs placed at campus’ lampposts.

\r
[ |
\)o $

Figure 3—1: Open area (university campus)

3.1.2 Street canyon

The outdoor access ultra-high-rate hot-spots environment is represented by a street
canyon street level urban scenario with a mix of use cases including data transfer
between UEs and BSs placed at lampposts along the street.
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Figure 3-2: Street canyon access scenario

3.1.3 Hotel lobby

The Hotel lobby scenario is exemplary for the indoor access large public area
environment assuming a mix of use cases including data transfer between stationary
and nomadic UEs connected to BS placed near the hall ceiling.
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Figure 3-3: Hotel lobby scenario

3.2  MIWEBA backhaul/ front haul scenarios

3.2.1 Above Roof Top (ART)

The above roof top scenario is used as an example for the outdoor backhaul P2P
environment using mmWave backhaul links between APs placed at building roof
tops.

W
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Figure 3—4: ART Backhaul and ART Fronthaul scenarios

3.2.2 Street canyon

The outdoor front haul P2P/P2M environment is represented by a canyon street level
urban scenario. This scenario assumes a mix of use cases including data transfer
between stationary, nomadic and mobile UEs and BSs placed at the roof top of
surrounding buildings.
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Figure 3-5: Street canyon backhaul scenario

3.3 MIWEBA Device to device (D2D) scenarios

3.3.1 Open area D2D scenario

The D2D interoperation may be organized in the outdoor area environment
(university campus, see Figure 3-6). The Open area D2D scenario describes the data
transfer between the UEs in the area.

Figure 3-6: Open area D2D scenario

3.3.2 Street canyon D2D scenario

The Street canyon D2D scenario describes the direct data transfer between the UEs
on the street, without the AP intermediation (Figure 3-7).

==

Figure 3—7: Street canyon D2D scenario

3.3.3 Hotel lobby D2D scenario

The Hotel lobby D2D scenario describes the direct data transfer between the UEs in
the indoor environment, without the AP intermediation (Figure 3-8).
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Figure 3-8: Hotel lobby D2D scenario

4 MmWave channel experimental measurements results
and ray tracing modelling

A number of different scenarios have been defined as reference scenarios in the
deliverable D1.1. As described in section 2 of this document the mmWave indoor
channel has been under intensive research in the last years. Channel parameters and
models for indoor applications can therefore be derived from literature.

The outdoor channel on the other hand is not yet well understood, when leaving
unblocked line-of-sight connections aside. The outdoor access channel as described
in the scenarios “Ultra high-rate hot-spots” and “High-rate areas” are the most
challenging environments with very little reported knowledge. Therefore task 5.1
focus on the outdoor street canyon scenario.

Large scale measurement campaigns on a large number of sites that were done for
the legacy cellular mobile frequency bands were outside of the scope of MiIWEBA.
To proof the feasibility of millimeter-wave outdoor access and to derive key
performance numbers a hybrid approach has been selected. Based on the knowledge
of the indoor propagation conditions the millimeter-wave frequencies exhibit much
more “optical” behavior than the lower legacy frequency bands. Therefore ray
tracing simulations can accurately predict the propagation paths. Simulations can
easily be run on a large scale basis without the high effort of measurement
campaigns. In this task we therefore chose a hybrid approach of combining ray
tracing simulations with real world measurements. The ray tracing simulations are
parameterized and verified with measurements on the same scenarios. In the
following sections the measurements and the ray tracing simulations are detailed.

4.1  Experimental measurements with omnidirectional antennas

This section describes the experimental measurements and results that have been
performed by the project partner HHI as a basis for the outdoor access channel
model.

4.1.1 Experimental setup description

The urban access small cell scenario was selected for the measurements. The
Potsdamer Stral3e in Berlin, Germany, was chosen as measurement environment. It is
a street canyon of 51.5 meters width as can be seen in Figure 4-1. The buildings on
both sides are of modern type with mixed glass and stone facades. There are three car
lanes per direction that are separated by a pedestrian walkway. Medium sized trees
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(around 4 to 5 meters) and street furniture such as bus stops, bicycle stands and seats
are placed on the sidewalks.

................ A A -
51.5m A
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Figure 4-1: Outdoor access measurement scenario

The transmitter was placed on several locations at the edge of the sidewalk, aligned
to existing lamp posts as indicated in the Figure 4-1. The transmit antenna was
mounted on a tripod at a height of 3.5 meter to represent a typical position of small
cells being added to existing street furniture. The receiver was mounted on a mobile
cart with an antenna height of 1.5 meter to represent a mobile handheld user device.
Multiple measurements were performed at static receiver positions 25 meters
separated to the transmitter as indicated. Mobile measurements were conducted as
well, where the receiver was moved at a constant speed on a straight line on the
sidewalk, passing the transmitter up to 50 meter to each side.

The measurement system itself is based on a self-developed FPGA platform [43].
The key parameters are listed in Table 4-1. One measurement run contains 62,500
snapshots and took 50 seconds. During the measurement campaign a total of 3.75
million snapshots have been recorded with the mobile receiver, and 2 million
snapshots have been recorded at static positions. The usage of omnidirectional
antennas at both the transmitter and receiver side is very important to gather

comprehensive results in the chosen time variant environment.
Table 4-1: Channel sounder parameter

Type Value
Frequency 60 GHz
Bandwidth 250 MHz
Output power 15 dBm
Snapshot measurement duration 64 ps

Temporal separation of snapshots 800 ps

Antenna gain 2 dBi

Antenna pattern Omnidirectional
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Maximum instantaneous dynamic range 45 dB

The measurement environment is also available as a detailed three-dimensional
computer model. This model can be used to repeat the measurements with a ray
tracing tool. Spatial information on the propagation environment can then be found
by matching the simulated paths to the measurement results on the propagation delay
axis. The limited measurement bandwidth can then also be neglected as the ray
tracing results are generally frequency-independent. This procedure permits a
complete view of the time variant 3D mmWave propagation environment that can
serve as a basis for the generation of valid channel models.

41.2 Main results

The primary output of the channel sounder is a channel impulse response (CIR) for
each measurement snapshot taken every 800 ps. This CIR shows the delay and
magnitude of each multi-path component (MPC) reaching the receive antenna. As the
transmit and receive antenna have almost omnidirectional radiation patterns, no
spatial filtering of the MPCs occurs. An exemplary plot of 100 snapshots of the CIR
with static transmitter and receiver is shown in Figure 4-2: Example of channel
impulse response for static setup. The delay of the first MPC is approximately 83 ns,
being caused by the 25 meter line-of-sight distance between transmitter and receiver.
The following MPCs then form a limited but distinctive number of peaks. The
channel length observed in all measurements is in the order of multiple hundreds of
nanoseconds.

CIR magnitude (dB)

Delay (ns)

Figure 4-2: Example of channel impulse response for static setup

The following interpretation of the measurement results concentrates on these
multipath components. It is important to note that the observed MPC at a certain
delay can be caused by one or more waves arriving at the receiver from different
angles of arrival, e.g. coming from different reflecting surfaces with the same total
path length between transmitter and receiver. Due to the limited bandwidth of the
measurement the CIR is susceptible to large and small scale channel effects.
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4121 Mobile Measurements

For the mobile measurements, the transmitter was placed at fixed locations and the
receiver was moved along the sidewalk along a distance of 50 meter to each side of
the transmitter. A number of 40 measurements with 62.500 CIR snapshots each,
giving a total of 2,500,000 snapshots was used for the following analysis. An
exemplary average power delay profile of a mobile measurement is shown in Figure
4-3.

APDP magnitude (dB)

800 0

Time (s)
Delay (ns)

Figure 4-3: APDP of mobile measurement

The limited bandwidth of the measurement can cause fading effects on multipath
components due to interference of multiple propagation paths with the same length.
These fading effects can indeed be observed within the measured data. To circumvent
problems arising from this effect the average power delay profile (APDP) was used
instead of the CIR. The i-th APDP can be calculated from the CIR by

APDP; =1/ SN _ [CIR (D] (4-1)
The APDPs shown here were generated with an averaging factor N set to 250.

Figure 4-4 shows the individual path loss for the five strongest multipath
components of each APDP snapshot and linear regressions plotted against the line-
of-sight (LOS) distance between transmitter and receiver. The different MPCs exhibit
different path loss exponents, with the exponent of the strongest MPC being the
largest. From the measurement setup it can be assumed that the strongest MPC in
most cases was the LOS path. The increased variance towards larger distances can be
attributed to higher chances of objects blocking this LOS path during the
measurement.
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Figure 4—4: Individual path loss of multipath components

These path loss results were generated with omnidirectional antennas, as stated
before. When directive antennas are taken into account, some of these MPC will
amplified and others will be attenuated, depending on the antenna pointing and its
radiation pattern. Assuming medium gain antennas at the transmitter and receiver (in
the order of 20-25 dBi) the observed individual path loss, even for the MPCs besides
the first one, would give a link budget allowing fast communication with standard
OFDM schemes for example.

The statistical distribution of the individual path loss (PL) is shown in Figure 4-5.
For every measurement snapshot the free space path loss is calculated from the
known distance and subtracted from the individual PL. The cumulative distribution
function then allows deriving the typical behaviour of the path loss in the
propagation environment. The magnitude of the second strongest MPC for example
is less than 13 dB weaker than the free space path loss in 50 % of the measured
snapshots.
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Figure 4-5: Empirical cumulative distribution function of MPC individual path loss

4122 Static Measurements

The static measurements have been performed with stationary transmitter and
receiver at a distance of 25 meter. Figure 4-6 shows 100 snapshots of the channel
impulse response of such a measurement. As noted before, the first peak occurs at 83
ns delay, representing the delay caused by the 25 meter separation distance. The
following peaks on the delay axis exhibit a strong time varying behaviour even in the
small observation window shown.

A further analysis of the behaviour of the multipath components over the time axis
becomes necessary. In each of the 62,500 snapshots of a measurement the two
strongest peaks have been identified. Based on a histogram analysis of the position of
these peaks, the four most frequent delays have been selected. The first of these
delays belongs to the LOS path that was unblocked, at least most of the time, in all
measurements.

The time evolution for one measurement of these four selected MPCs is shown in
Figure 4-6: Time evolution of static measurement. To suppress small scale effects
and focus on large scale behaviour, the average power delay profile was used as
evaluation basis. The delays selected were:

1 ={83, 92, 105, 161} ns. (4-2)

As can be seen, the magnitude of the first MPC is very stable while the magnitudes
of the other three MPCs vary significantly over time.
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Figure 4-6: Time evolution of static measurement

Figure 4-7 shows the cumulative distribution function (CDF) of the four selected
multipath components. The first MPC can be attributed to the line-of-sight path that
was constantly present throughout the measurement, causing the steep transition of
the CDF around its mean value. The same observation can be made for multipath
component 2, indicating that it is caused by one or multiple static reflectors. The
other two MPCs exhibit a more smooth transition indicating a stronger variation of
their magnitude throughout the measurement.
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Figure 4-7: Empirical cumulative distribution function of MPC strength in static measurement

4.1.2.3 Human Body Shadowing

In the investigated mmWave street canyon outdoor access scenario the effects of
pedestrians are very relevant [44]. They can temporarily block the line-of-sight
connection between the terminal and the base station, thus severely affecting the
received signal. Measurements have been performed where the transmitter and
receiver were 50 meters apart. The transmit antenna was mounted at 3.5 meter height
and the receive antenna was mounted at 1.25 meter height. A single or multiple
persons then moved adjacent to the LOS path in the vicinity of the receiver, thus
temporarily fully blocking the line-of-sight path. The line-of-sight multipath
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component based on the channel impulse response for such a measurement is shown
in Figure 4-8. The plot exhibits the typical behaviour of the LOS path that was
previously described and modelled with the double knife edge model. The observed
line-of-sight MPC attenuation during shadowing events is in the order of 10 to 15 dB
on average but can increase up to 40 dB or more.

CIR rmagnitude (dB)

i i i ; i i
10 12 14 18 18 20 22 24 26
Tirne (s)

Figure 4-8: LOS multipath component under temporary human body shadowing

A more detailed plot of a single shadowing event is shown in Figure 4-9

Figure 4-9: Human body shadowing event. Additionally to the line-of-sight MPC
(delay of 164 ns), two other multipath components with delays of 244 ns and 172 ns
are shown. It can be seen that these MPCs are not affected when the shadowing event
occurs. This indicates that the propagation paths associated to these MPCs arrive
from different directions than the LOS MPC.
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Figure 4-9: Human body shadowing event

4.1.2.4 Path loss parameters

Based on the measurement campaign a path loss model was derived. The derivation
and the parameters of this model are described in section 5.9.1.
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4.2  Broadband experimental measurements with directional
antennas

This section describes measurement results carried out by the IMC project partner to
investigate more in detail the effect of fast fading in broadband mmWave channel.

4.2.1 Experimental setup description

The open-space area (university campus) experimental scenario was used for that
study. The general experimental measurement setup is shown in Figure 4-10. The
transmitter (TX) antenna was mounted on the vestibule of the university campus
building at the height of 6.2 m. The receiver (RX) antenna was mounted on a moving
platform with an antenna height of 1.5 m.

Figure 4-10: Snapshot of the university campus experimental scenario

A schematic illustration of this scenario is shown in Figure 4-11, where the
following main parameters are used: DO is the direct LOS distance between the TX
and RX antennas; LO is the horizontal distance between the transmitter and receiver,
H1 and H2 is the height of transmitter and receiver, respectively.
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Figure 4-11: Experimental set up for studying the fast fading in broadband mmWave channel

For the experimental data acquisition and processing, a specially designed
measurement platform was used with the key technical parameters listed in Table
4-2.

Table 4-2: Key technical parameters of the measurement platform developed to study the fast
channel fading

Type Value
Frequency 60 GHz
Bandwidth 800 MHz
Output power 2.4 dBm
Platform sensitivity -75 dBm

It should be stressed that the sounding signal bandwidth used in these experiments
was equal to 800 MHz which provided the highest time resolution of 1.25 ns. This is
more than three times better than in the experiments with omnidirectional antennas
described in previous section 4.1.

Depending on the distance LO, the transmitter was equipped with antennas of
different gain (see Table 4-3). For distances less than 35 m the rectangular horn
antenna 14x18 mm? with 19.8 dBi gain was exploited, for greater distances the
highly directive lens antenna with large aperture (100 mm) and 34.5 dBi gain was
used. The receiver were equipped with the round horn antenna with the diameter d =
14 mm and 12.3 dBi gain (see Figure 4-10).

Table 4-3: Key parameters of antennas used for the measurements

Type Antenna gain HPBW

Lens, d = 100 mm 34.5 dBi 3°
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Rectangular horn 19.8 dBi 18° (H-plane),
14x18 mm? (261E-20/387) ' 14° (V-plane)

Round horn, d = 14 mm

(QSH-14125D0) 12.3 dBi 30°

422 Main results

The use of directional antennas at both TX and RX assisted to discover that the
considered experimental scenario was characterized by only two strongest
propagation paths (or rays). The first path corresponded to the LOS component and
the second path corresponded to the reflection from the ground (asphalt) surface. All
other propagation paths caused by reflections from surrounding objects were more
than 15-20 dB lower than these two strongest components.

For detailed investigation of the fast fading effects in broadband (800 MHZz)
mmWave channel caused by the motion of mobile user we should had minimized the
impact of antenna patterns. To achieve that, the TX and RX antenna patterns had an
initial orientation in 3D space to provide equal gains for the direct and reflected rays
as illustrated in Figure 4-12. This configuration allowed keeping almost constant the
amplitudes of the direct and ground-reflected rays during the motion of the receiver.

Equal gains of TX
X antenna pattern

Equal gains of RX
antenna pattern

-

T e

Figure 4-12: The orientation of TX and RX antenna patterns in the experimental scenario

An example of the measured channel impulse response with two clearly
distinguishable peaks is presented in Figure 4-13. The peaks corresponded to the
LOS and ground-reflected components are found 2.5 ns apart from each other. The
power difference between those two peaks is approximately equal to the ground
reflection coefficient (-6 dB). This is in line with the given scenario geometry where
the horizontal distance between the transmitter and receiver is 30.6 m.
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Figure 4-13: Channel impulse response, LO =30.6 m

Initially, the dependency of channel transfer function (CTF) on the RX vertical
motion was investigated for distance LO = 30.6 m. In Figure 4-14 the CTF of 800
MHz bandwidth is presented when the RX height changes from 1.34 m to 1.5 m. A
few separate CTF samples are given in Figure 4-15. In these experiments the
Horizontal-to-Horizontal (H-H) antenna polarization configuration was used at both
TX and RX antennas. The measurements for other polarization configurations were
also carried out, but the use of H-H configuration allowed us to exclude additional
effects associated with the Brewster angle impact. As can be observed from the
figures, the channel has high frequency selectivity in 800 MHz bandwidth. But the
most important outcome from these results is the very fast variations of the mmWave
channel when the RX height is changing. Just RX moving in the vertical direction by
2-3 cm produces significant variations of the channel.
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Figure 4-14: Scenario H-H, L0 = 30.6 m, H1 = 6.2 m. CTF dependency on the RX height H2
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Figure 4-15: Scenario H-H, L0 = 30.6 m, H1 = 6.2 m. Sample CTFs for different RX heights

The dependency of CTF variations on the RX motion in the horizontal plane was
also studied. In Figure 4-16 the CTF is presented when the horizontal distance
between the TX and RX changes from LO = 30.6 m to LO = 31.6 m.
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Figure 4-16: Scenario H-H, H1 = 6.2 m, H2 = 1.5 m. CTF dependency on the horizontal distance
LO between the TX and RX

Comparing these results with Figure 4-14, it can be seen that the horizontal motion
of the mobile user has less impact on the CTF. The significant variations of the
channel are observed only for distance changing about one meter for the considered
system configuration.

The cross-polarization ratio (XPR) was also measured for the ground-reflected ray in
the considered experimental scenario. For that purpose, orthogonal antenna
polarization configurations were used at the transmitter and receiver. According to
the obtained experimental results, the value of XPR was less than -25 dB.

Broadband experimental measurements with directional antennas have revealed the
fine structure of the mmWave channel in outdoor open-area environment. It was
identified that typical (not very high-directional) mobile user antenna will receive
two rays (the direct LOS ray and the ground-reflected ray) with rather small time
delay (2.5 ns for 30 m). It should be noted, that as the distance between the TX and
RX sites increases, the time delay and angle of arrival between these rays decreases.
The interference of the direct and the ground-reflected rays explains the fast fading
effects observed in the experiments with omnidirectional antennas in Section 4.1 and
should be addressed in the channel modelling methodology.

4.3 Ray tracing

To support the omnidirectional measurements and to generate a complete
understanding of the spatial channel properties ray tracing simulations have been set

up.
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The measurement environment is also available as a detailed three-dimensional
computer model. This model can be used to repeat the measurements with a ray
tracing tool. Spatial information on the propagation environment can then be found
by matching the simulated paths to the measurement results on the propagation delay
axis. The limited measurement bandwidth can then also be neglected as the ray
tracing results are generally frequency-independent. This procedure permits a
complete view of the time variant 3D mmWave propagation environment that can
serve as a basis for the generation of valid channel models.

4.3.1 Ray tracing approach description

The ray tracing tool was developed by Fraunhofer HHI. It relies on hardware
accelerated operation on the graphics boards (GPU) [45]. This tool utilizes ray
forward tracing and may use back tracing via the imaging method to efficiently and
accurately compute the radio channel for a given scenario. The transmitter (TX) is
modelled as a point source while the receiver (Rx) is modelled as a sphere with a
radius according to the path length and the dimensions of the surroundings. Both are
placed into the scene of the regarded 3D model.

The homogeneously distributed launching angles of the rays on the TX side are
determined by minimizing the energy on the surface of a sphere according to the
method of generalized spiral points. The launched rays are traced forward along
occurring intersections until a receiver sphere is hit. All of those rays gather the
indices of the intersected primitives to identify their path through the scene. The
indices are then used to identify and delete duplicate paths to ensure the uniqueness
of a single path. Those paths are then traced back via the imaging method. This is
done by mirroring the TX at all surfaces on which the intersections of a single path
occurred and tracing back the correct path starting from the RX side. This gets us the
correct phase of the propagation path and also eliminates paths which are found to be
irregular after the mirroring.

Although the ray approach leads inevitably to aliasing-effects (due to finite small
solid angles for the ray launching), the parallelization advantage of the GPU allows
us to launch a very large number of rays, resulting in a very high spatial resolution,
yet costing few computation time. Launching for example 10,000,000 rays results in
a solid angle of 1.1-10 —3 rad. As we concentrate our analysis on frequencies around
60 GHz resulting in 5 mm wavelength we have to assume that errors due to the
aforementioned aliasing-effects may occur when modelling the propagation
environment properly according to the wavelength. Nevertheless, this will only
happen for very long path lengths. As those paths get highly attenuated first and
foremost due to free space path loss and the reflection losses due to realistic material
parameters we may still assume that simulations using the approach with OptiX will
lead to accurate results. Previous measurements and simulations for indoor
environments at 60 GHz have shown a good agreement between the ray tracing
results and the measured channel [46].

4.3.2 Implemented scenarios and simulation results

As mentioned before the location that was used for the channel measurement is also
available as a 3D model. This model was equipped with more objects, such as trees,
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benches and street lights according to the environment at the time of the
measurement campaign.

The dynamic nature of the busy outdoor environment however is challenging when
setting up simulations. Cars and busses of different sizes and models drive by and
pedestrians and cyclists pass along the sidewalks. Modelling these objects accurately
is a very challenging task and goes far beyond the scope of this deliverable.

Figure 4-17: Exemplary set of receiver positions and rays and Figure 4-18:
Exemplary set of receiver positions and rays (details) show an overview and a
detailed view of a simulated track. The transmitter is placed to the right in Figure 4—
18 and a series of receivers was placed on a linear track to the left in order to
simulate a measurement run of 25 meters in parallel. As can be seen the line of sight
path, the ground reflection and reflecting paths from objects to both sides are
identified.

9 -__J

Figure 4-17: Exemplary set of receiver positions and rays
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Figure 4-18: Exemplary set of receiver positions and rays (details)

The average power delay profile (APDP) from measurement and simulation are
shown in Figure 4-19 and Figure 4-20. The APDP is calculated from the individual
channel impulse responses (CIR) in order to eliminate small scale effects (fading):

1 2
APDP; = — r=1[CIRn+1) (D] (4-3)

The averaging factor N was chosen so that the spatial averaging is larger than the
fading effects that can occur.
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Figure 4-19: Measured APDP
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Figure 4-20: Simulated APDP

Comparing the simulated APDP with the APDP from measurement shows similar
behavior on the strong line-of-sight multipath components. Most of the strong
reflecting multipath components can also be identified. As mentioned before the
dynamic nature of the environment has a visible impact on the measured APDP that
IS not present in the simulated one.

A verification of the simulated results was performed with a set of control
measurements with a directional antenna at the receiver side that was rotated to
identify reflection objects. Large static reflectors such as buildings were identified by
the ray tracer without problems. Smaller, irregular objects, such as trees can be
problematic as they produce measureable reflections. In the simulation they were not
always identified due to their small size and discretization into discrete surfaces.

Within work package 5.3 the ray tracing model will be further refined and
parameterized. It will then be used to gather information on the spatial distribution
and the strength of the multipath components.

5 MIWEBA 3D Channel model

5.1 MIWEBA channel model requirements

Signal propagation in the bands traditionally used for wireless networking such as
2.4, 3.5 and 5 GHz is relatively well studied; a number of accurate and realistic
modeling approaches exist, making possible both link level and system level
investigation of communication systems working in that bands.
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The millimeter-wave (mmWave) frequency band is less studied in this respect
because it is less commonly used for multi-vendor networking, typically seeing less
standardization efforts, and on the other hand due to certain difficulty in gathering
representative signal propagation statistics, which is caused by several aspects. The
10x increase of the carrier frequency of mmWave systems in comparison with 2.4
GHz and 5 GHz legacy systems leads to qualitative changes of the signal propagation
properties.

Firstly, small wavelength of the mmWave band results in significantly higher
propagation loss (PL) according the Friis transmission equation. As a consequence,
high directional transmit and receive antennas have to be used to compensate for the
larger propagation loss to sustain operation over typical outdoor distances of up to
several hundreds of meters. Support for mobile users requires the antennas to be
electronically steerable. Hence, the channel model should take into account spatial
(angular) coordinates of the channel rays at transmit and receive sides and also
support application of any type of the antenna technology (i.e. non-steerable
antennas, sector-switching antennas, antenna arrays).

Secondly, as confirmed by a number of works [4], [29], [33], [35], the 60 GHz
propagation channel has a quasi-optical nature. The propagation due to diffraction is
not significant and not practically viable. Most of the transmission power is
propagated between the transmitter and the receiver through the LOS and low-order
reflected paths. To establish a communication link, the steerable directional antennas
have to be used pointed along the LOS path (if available) or one of the reflected
paths. An additional consequence of the quasi-optical propagation nature is that
image based ray tracing can be an effective means for prediction of spatial and
temporal analysis of the channel paths and may be used to assist the channel
modeling.

Thirdly, it should be noted that with ideal reflections, each propagation path would
include only a single ray. However, as demonstrated by experimental investigations
[43], [47], [48] each reflected path actually consists of a number of rays closely
spaced to each other in the time and angular domains due to fine structure of the
reflecting surfaces. Hence, the clustering approach is directly applicable to channel
models for 60 GHz indoor WLAN systems with each cluster of the model
corresponding to the LOS or NLOS reflected path.

Fourthly, another important aspect of the 60 GHz propagation that should be
adequately taken into account in the channel modeling is polarization characteristics.
As demonstrated by experimental studies with 60 GHz WLAN prototypes, the power
degradation due to polarization characteristics mismatch between the antennas and
the channel can be as high as 10-20 db. The physical reason for high polarization
impact is that with application of high directional steerable antennas typically only
one strong LOS or reflected component will be essentially used for signal
transmission and even reflected signals remain strongly polarized at the receiver.

Summarizing the all above, the 3D channel model for mmWave band shall in
particular:

e Provide accurate space-time characteristics of the propagation channel (basic
requirement) for main usage models of interest;
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e Support beam forming with steerable directional antennas on both TX and
RX sides with no limitation on the antenna technology;

e Account for polarization characteristics of antennas and signals;

e Support non-stationary characteristics of the propagation channel.

5.2  Channel modeling methodology

State of the art mobile communications channel characterizations include separate
description of the path loss models and spatial channel models, typically comprised
of the clustered channel impulse responses and angular spread statistics [49]. Latest
works for mmWave channel models also follow such approach [35] [50] [51] and
apply different cluster analysis techniques to the experimental data. However, such
approaches work well for NLOS conditions only, which is not the main usage case
for the mmWave communication system. At the same time, the propagation loss
specifics of millimeter-wave signals lead to the weakness of the distant reflections
and dominance of the rays that are close to the direct path. This requires new
approaches to characterize channel mobility and Doppler effects.

To provide adequate modeling of the channel propagation aspects mentioned above,
the methodology of Quasi-Deterministic (Q-D) channel modeling is proposed and
developed. Under this approach for each of the channel propagation scenario first,
several strongest propagation paths (rays which produce the substantial part of the
received useful signal power) are determined, and signal propagation over them is
calculated based on the geometry of the deployment, locations of Base Stations (BS)
and User Equipment (UE) in a deterministic manner. Signal power delivered over
each of the rays is calculated in accordance to theoretical formulas taking into
account free space losses reflections, polarization properties and UE mobility effects:
Doppler shift and user displacement.

Some of the parameters in these calculations may be considered as random values
(e.g., reflection coefficients) or even as random processes (e.g., UES motion). It
should be noted, that the number of such quasi-deterministic rays (D-rays), which
should be taken into account, depends on the considered scenario. Depending on the
considered scenario the number of the strongest rays may be different. In this respect,
for outdoor open space scenarios it has been shown, that signal propagation
properties are mostly determined by two D-rays — the LOS ray and the one reflected
from the ground. For outdoor street canyon scenario the propagation is determined
mostly by 4 D-rays — the LOS, the one reflected from the nearest wall and the one
reflected from the ground and the nearest wall. For the hotel lobby (indoor access
large public area) scenario more D-rays need to be modeled. For this scenario it is
proposed to consider all rays with up to second order reflections as D-rays (in similar
way as was adopted in the IEEE 802.11ad evaluation methodology for indoor
scenarios.

In real environment, in addition to the strong D-rays a lot of other reflected waves
are coming to the receiver from different directions. For example, there are cars,
trees, lampposts, benches, far big reflectors as houses, etc. All these rays are
considered in the Q-D channel models as secondary random rays (R-rays) and are
described as random clusters with specified statistical parameters extracted from
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available experimental data or more detail ray tracing modeling. The accuracy of the
proposed approach is illustrated by its fit of analysis data to real experimental data.

The experimental measurements data for different open area (squares and broad
street) environments shows that the channel may be well-described with the two-ray
channel model, considering only the direct ray and first (ground) reflected ray. For
example, Figure 5-1 depicts the experimental measurement results (provided by
HHI, see chapter 4) versus two-ray model approximation. It can be seen that this
simple model is in great coincidence with experimental data.

: : signal power
96 T T S S : two-ray channel model prediction ||

=
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Figure 5-1: Fraunhofer HHI Street canyon experimental measurement results (blue) versus two-
ray model results for same parameters

Another example, which presents the strong prediction capability of the proposed Q-
D approach, is given in Figure 5-2. The figure shows one CTF realization from
Figure 4-15, and the corresponding channel transfer function based on the two-ray
model approximation.
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Figure 5-2: IMC open area experimental measurements results (blue) versus two-ray model
prediction (red)
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So, the combination of such deterministic approach with the statistical description of
the random signal components is the key to meeting MIiWEBA channel model
requirements.

5.3 General structure of channel model

In the 802.11ad channel modeling document [4] the generalized description of
channel impulse response is given by:

h(t ¢tx'0tx’¢rx' rx _ZA(i)C(i)(t_T(i)’wtx '5;)’6 ®(I)!§0rx ?x)'grx_ (I))
(6-1)
COt, P O P Or) Za“ 05(t =)o, — o (6, ~ 05 o (pr — 052 o161, - 05)

where:

* his agenerated channel impulse response.

* 1, o Gx, O, O are time and azimuth and elevation angles at the transmitter and
receiver, respectively.

« A9 and C® are the gain and the channel impulse response for i-th cluster
respectively.

* & )- is the Dirac delta function.
o T9 0,0 6,0 &, 6" are time-angular coordinates of i-th cluster.
« " is the amplitude of the k-th ray of i-th cluster

o A9 00 g, 0,09 6,09 are relative time-angular coordinates of k-th ray of
i-th cluster.

The generalized channel impulse response description may be rewritten in a more
specific form, following the proposed semi-deterministic, semi-stochastic
methodology. The channel impulse response can be represented as set of D-rays
(direct ray, ground reflection, etc.) for which the power and angular characteristics
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are directly calculated, and set of random rays, for which power and angular
characteristics are generated in accordance with some specific to modelling scenario
statistics. Note, that direct and first order reflection rays may also have some random
components, to take into account reflection from the rough surfaces (for reflected
rays) and partial blockage of one or several Fresnel zones for the LOS ray.

531 Deterministic rays (D-rays)

The quasi-deterministic rays are explicitly calculated in accordance with scenario
parameters, geometry and propagation conditions.

53.1.1 Rough surface reflection

Important part of the proposed Q-D approach to the channel modelling is the
calculation of the reflected ray parameters. The calculations are based on the method
of images for determining the angular characteristics of the first and higher order
reflections (see Figure 5-3) and on the Fresnel equations for calculation reflected
rays power for different polarization components:

destination |mqge .Of
destination
°- -0
direction of
incident point incidence
®
source
n
-0

panel
Figure 5-3: Method of images

(5-2)

_ sing—/B
R= 20Ioglo(—sin¢+\/§}

Where ¢ is the grazing angle and:

B = £, —cos® ¢ for horizontal polarization
B = (&, —cos? #)/ & for vertical polarization

However, the Fresnel equation describes only specular reflection from the ideal
surface, while in reality most surfaces can be treated as “rough” comparing to the
signal wavelength in accordance with Rayleigh roughness criterion [ITU Report
1008-1]:
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g=4ro,sing/ A, (5-3)
where:

on Is standard deviation of the surface height about the local mean value within first
Fresnel zone,

A is the free-space wavelength,
¢ is the grazing angle measured with respect to tangent to the surface.

The surface can be considered smooth for g<0.3. When the surface is rough, the
reflected signal has two components: specular component which is coherent to the
incident signal, the other is a diffuse component which fluctuates in amplitude and
phase with a Rayleigh distribution.

For example, asphalt with surface deviations about 0.5 mm can be considered as
smooth surface for grazing angle 10° (g = 0.2).

The specular component reflection coefficient is different from the one given by the
Fresnel equations by constant multiplier: Rs = psR, where

ps = exp(-1/2 ¢°) (5-4)

The feasibility of the proposed approach to the prediction of the signal power in
outdoor microcell environments [52] and for intervehicle communication modelling
[53]
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Figure 5-4: Channel impulse response structure

5.3.2 Random rays (R-rays)

In the proposed methodology some rays with lower power (reflected from far walls,
random objects (cars, lampposts etc.) and second-order reflected rays are considered
as secondary, and are described as random clusters.

53.2.1 R-rays power-delay profile

The clusters arrive according to Poisson process and have inter-arrival times that are
exponentially distributed. The cluster amplitudes are independent Rayleigh random
variables and the corresponding phase angles are independent uniform random
variables over [0,27]

The random rays’ component of the channel impulse response (see Figure 5-4) is
given by

NcIu ster

hcluster (t) = Z::Bkejgk 5(t — T ) J (575)

where 7, is the arrival time of the k-th cluster measured from the arrival time of the

LOS ray, B, and 6, are the gain and phase of the k-th cluster. The mean square
values of the gain are given by

5-6
2(0) = IBLZOS -K i

R
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where f7 is the power gain of the LOS ray, K is the maximal ratio of LOS to
NLOS component and y is power-decay constant for the clusters.

7, Is described by the independent interarrival exponential probability density
function

Pz, | 7y) = A5 (5-7)

where A is the random ray arrival rate.

The specific values of PDP parameters are defined in the channel models description
sections per given scenario.

5.3.2.2 R-rays Angular characteristics

The angular characteristics of the random rays depend on the scenario and defined in
corresponding sections. Typically, the azimuth and elevation components of the AoA
and AoD have uniform distribution within pre-defined limits.

5.3.3 Intra-cluster structure

In additional to micro surface roughness, there may be larger irregular objects on the
considered reflecting surfaces: road borders, manholes, stairs on the street, windows,
advertisement boards on the walls, irregularities inside the reflecting surfaces, etc.
Such additional reflections lead to the appearance of the additional rays with close
delays and angles: a cluster. The mechanism of the cluster formation on the surface
with large-scale irregularities is illustrated in Figure 5-5. It can be seen that the
reflection from the rough surfaces additionally leading to spreading the signal by
angle.

Cluster AoD spread

Figure 5-5: Reflection scattering mechanism

The intra cluster parameters of the channel model were estimated from the
measurement data [48]. The individual rays were identified in the time domain, and
statistical characteristics including average number of rays, ray arrival rate, and ray
power decay time were measured.
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Based on the obtained results, the statistical model for the cluster time domain
parameters is given. The structure of the model is schematically shown in Figure 5—
6.

A
( Central ray Number of
_ (D-ray or R-ray) post-cursor rays N
LS
Cluster Post-cursor rays
¢ o ,/7,post-cu rsor rays arrival rate 4
v - 2l
N7 Post-cursor
7 [ rays average
T : power
T ~exp(-|tl/y)
T T . %

time
Figure 5-6: Time domain model of the intra-cluster structure

53.3.1 Cluster Power-delay profile

The cluster consists of a central ray of"” with fixed amplitude and post-cursor rays

™ ...a"" . The number of cluster post-cursor rays varies for different scenarios
and specified in corresponding sections. Post-cursor rays appearance is modelled as
Poisson process with arrival rate 1. The average amplitude A of the post-cursor rays
decay exponentially with power decay time y.

A(z) = A(0)e ' (5-8)

The individual post-cursor rays o{" have random uniformly distributed phases and
Rayleigh distributed amplitudes with average A.

The amplitudes of the pre-cursor rays are coupled with the amplitude of the central
ray of the cluster a™® by K-factor that is defined as:

a0

K =20log, |——
O10 A(0)

(5-9)

The cluster amplitudes are independent Rayleigh random variables and the
corresponding phase angles are independent uniform random variables over [0,27]
5.3.3.2 Cluster Angular characteristics

The identification of rays inside of the cluster in the angular domain requires an
increase of the angular resolution by using directional antennas with very high gain.
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Another approach, the application of the “virtual antenna array” technique where low
directional antenna element is used to perform measurements in multiple positions
along the virtual antenna array to form an effective antenna aperture were used in
MEDIAN project [54]. These results were processed in [55], deriving the
recommendation to model the intra-cluster angle spread for azimuth and elevation
angles for both transmitter and receiver as independent normally distributed random
variables with zero mean and RMS equal to 5% N(0, 5°).

Note that it is reasonable to assume that different types of clusters may have
distinctive intra cluster structure. For example, properties of the clusters reflected
from the road surface be different from the properties of the clusters reflected from
brock walls because of the different materials surface structure. Also one may
assume the properties of the first and second order reflected clusters to be different,
with the second order reflected clusters having larger spreads in temporal and angular
domains. All these effects are understood to be reasonable. However since the
number of available experimental results was limited, a common intra cluster model
for all types of clusters was developed. Modifications with different intra cluster
models for different types of clusters may be a subject of the future channel model
enhancements.

5.3.4 Polarization Characteristics Support

534.1 General polarization description

Polarization is a property of EM waves describing the orientation of electric field E
and magnetic intensity H orientation in space and time. The vector H due to
properties of EM waves can always be unambiguously found if E orientation and the
direction of propagation are known. So the polarization properties are usually
described for E vector only. In the present channel modelling methodology we will
follow approach to the polarization effects simulation which was successfully applied
in the 802.11ad channel modelling methodology [4].

The emitted radio signal polarization is determined by the polarization properties of
the antenna. In the far field zone of the EM field radiated by the antenna, the electric
vector E is a function of the radiation direction (defined by the azimuth angle ¢ and
elevation angle @ in the reference coordinate system). An illustration of the
transmitted E vector in the far field zone is shown in Figure 5-7.
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Figure 5-7: Transmitted E vector in the far field zone

Vector E is perpendicular to the propagation direction k and can be decomposed into
two orthogonal components: Ey and E, that belong to the planes of constant ¢ and
constant & angles respectively. Knowledge of Ey and E, of the radiated signal (which
may be functions of ¢ and 6) fully describes polarization characteristics of the
antenna in the far field zone. The polarization direction may be described by
normalised vector e, so called Jones vector.

5.34.2 Polarization Properties Description Using Jones Vector

Wave polarization can be described using Jones calculus introduced in optics for
description of the polarized light. In the general case, a Jones vector is composed
from two components of the electric field of the EM wave. The Jones vector e is
defined as the normalized two-dimensional electrical field vector E. The first element
of the Jones vector may be reduced to a real number. The second element of this
vector is complex and, in the general case, defines phase difference between
orthogonal components of the E field.

With the selected E field bases (Eyand E, components) for the TX and RX antennas,
the polarization characteristics of each ray of the propagation channel may be
described by channel polarization matrix H.

In this case, the transmission equation for a single ray channel may be written as:
y =ef, He,, x (5-10)

where x and y are the transmitted and received signals, erx and egrx are the
polarization (Jones) vectors for the TX and RX antennas respectively. Components of
polarization matrix H define gain coefficients between the E, and E, components at
the TX and RX antennas.

For the LOS signal path, matrix Hios is close to the identity matrix (non-diagonal
components may be non-zero but significantly smaller than diagonal elements)
multiplied by the corresponding gain coefficient due to path loss. LOS propagation
does not change polarization characteristics of the signals. However, polarization
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characteristics of the signals are changed upon reflections. The change of the
polarization characteristics upon reflection is defined by the type of the surface and
the incident angle. Thus, polarization characteristics may be different for different
clusters but are similar for the rays comprising one cluster. For this reason, the
polarization impact was modelled at the cluster level with all rays inside one cluster
having the same polarization properties. Modelling polarization impact at the level of
individual rays would unnecessary complicate the model and would not provide any
essential increase of the model accuracy

5.34.3 Polarization channel matrix for first and higher order reflections

It is known that reflection coefficients are different for E field components parallel
and perpendicular to the plane of incidence and depend on the incident angle.
Theoretical coupling between parallel and perpendicular components of the reflected
signal is zero for plane media interfaces (boundaries). But due to non-idealities
(roughness) of the surfaces some coupling always exists in the real channels.

An example of a first order reflected signal path is shown in Figure 5-8.

Reflection surface _ Incident plane

r — direction of wave propagation
n —normal to the incident plane

Figure 5-8: First order reflected signal path

The polarization matrix for the first order reflected signal path may be found as a
product of the matrix that rotates E vector components from the coordinate system
associated with the TX antenna to the coordinate system associated with the incident
plane. Next, reflection matrix R with reflection coefficients and cross-polarization
coupling coefficients is applied, followed by a rotation to the coordinate system
associated with the RX antenna. Thus, the channel propagation matrix for the case of
the first order reflected signals may be defined as:
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_{COS(V/W) Sin(t//rx)}{&(am) & }X[COS(%) Sin(th):|

R (cte) | | =siny,) cosly,)
Sln( rx) COS(’//rx) | é:2 RH Qinc ‘ SIN(Y, cosly, | (5—11)
recalculafon reflection recalculafon
of polarization matrix of TX polarization
vector from the R vectorto the plane
planeof incidencebasis of incideme basis

to RX coordinates

The reflection matrix R includes the reflection coefficients R, and R for the
perpendicular and parallel components of the electric field E ;| and E | respectively.
Elements & and & in the matrix R are cross-polarization coupling coefficients.

Note that the structure of matrix H given in (5-12) does not include the propagation
loss along the corresponding reflected path, which should be taken into account in
the final model, but does not impact polarization properties.

Similar to (5-12), the structure of polarization matrix H for a second order reflection
is given in (5-13) and includes additional rotation and reflection matrices.

[ cosly,) Sin(wrx)}{&(“m) Z )}x

e |:_ sin (l//rx ) COS(V/rX ) 52 R|| (aZinc
2nd reflection (5_12)

X{cos(wp) sin(t//p)}{&(am) & }{COS(%) Sin(wtx)}

- Sin(l//p) Cos(l//p ) & R (alinc) - Sin( tx) COS(‘//tx)

1st reflection

Note that in general case the first incident plane dose not coincide with the second
incident plane. Therefore the additional recalculation from coordinate system
associated with the first incident plane to the coordinate system associated with the
second incident plane is required.

To obtain statistical models for different types of reflected clusters, the following
methodology was proposed. First, (statistical) models for the elements of the
reflection matrix R are defined. This may be accomplished by using available
experimental data (e.g. [56]) or theoretical Fresnel formulas. Then ray-tracing of
interesting environments (conference room, cubicle environment, and living room) is
performed with taking into account geometry and polarization characteristics of the
propagation channel. After that multiple realizations of the channel polarization
matrices H for different types of clusters are found and their statistical models are
derived by approximation of the calculated empirical distributions.

Note that there are generally two mechanisms for depolarization (coupling between
orthogonal components of the E vector at the TX and RX sides). These are reflection
coupling (coupling between parallel and perpendicular E vector components at the
reflection) and geometrical coupling (coupling because of the different relative
orientations of the TX and RX antennas). It may be seen that the proposed approach
allows accounting for both mechanisms to create an accurate polarization impact
model.
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5344 Polarization for D-rays

Following the proposed channel modelling methodology, all properties of quasi-
deterministic rays are explicitly calculated. The channel matrix H contains all
polarization characteristics of the ray and calculated on the base of the reflection
from the defined in the scenario surfaces.

For the cluster rays with the main D ray, the polarization matrix is the same as the D
ray.

5.3.4.5 Polarization for R-rays

Random rays defined by the power-delay profile and angular characteristics and
generated by producing those parameters with the pre-defined distributions. Random
rays models far-away reflections and reflection from various random objects in the
area. The most of random rays may be considered as second (or higher) order
reflections, with corresponding polarization statistics. The channel polarization
matrix distribution for second-order rays is investigated in [4] and the distribution
approximations are proposed. Figure 5-9 shows the distributions of the polarization
matrix H components for the second order reflections and corresponding
approximations.

02 ; ; ; 0.2 ; ; ;
(o] SRS S S A 0.15
0.1 0.1

0.05 0.05

02 02

015 015

01 0.1

0.05 0.05

Figure 5-9: Distributions of the polarization matrix H components for the second order
reflections. Solid curves show distributions obtained by ray-tracing, dashed curves show
proposed approximations. For the components Hy;, Ho,, the proposed approximations provide
very close matching to the simulated distributions and dashed curves are not plotted.

The distributions for |Hii| and |Hx| are truncated log-normal distributions (i.e.
truncated normal distributions in dB scale) with the mean value equal to -16 dB, the
standard deviation equal to 5 dB, and truncation level -2 dB. Hy; and Hy, have the
same sign and are both negative.

Statistical distributions of the cross-coupling components Hi, and Hy; are
approximated by random variables, uniformly distributed in the [-0.1, 0.1] interval.
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For the cluster rays with the main random ray, the polarization matrix is the same as
the random ray.

535 Blockage modelling

In all environment scenarios, considered in MiWEBA project, the signal propagation
paths are subject to the blockage — by humans or vehicles interrupting the rays with
static positions of the AP and UE, or by UE movement in the areas where some rays
are shadowed. The necessity of introduction of the blockage into the 3D channel
model is proven by experimental measurements (see Section 4.1.2.3)

Another similar effect that should be considered is appearance of the new rays for a
short time — for example reflections from passing vehicles and other moving
reflecting objects.

Both effects can be observed in the experimental measurement results with omni-
directional antennas (Section 4.1)

To illustrate that, we have considered several static measurements in the street
environment, with TX-RX distance about 25m. The total measurement duration was
50s, with 625000 snapshots each 0.8ms (4.1.2).

The measured channel impulse responses were processed by simple peak detection
algorithm:

The point at PDP graph P(ty) is identified as peak if:
P(tk-1)<P(t)> P(tx+1) and
P(tx) > estimated noise level + 10 dB

The work of peak detection algorithm is illustrated in Figure 5-10:

-95

Signal power, dB

0 100 200 300 400 500 600 700 800 900
Delay, ns

Figure 5-10: Peak detection algorithm results

After processing the whole set of channel snapshots, we can plot the ray delay vs.
time diagram showing the blockage of existing rays and appearance of the new rays
in a graphical representation. Figure 5-11 shows the rays diagram for measurement
position close to the building walls (see Figure 4-1). The nearest wall reflected rays
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Figure 5-11: Rays diagram for measurement position close to the walls
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Figure 5-12: Rays diagram for middle-street measurement position

It can be seen that some steady rays

in Figure 5-12 are interrupted. The same can be

seen in the signal power graph — Figure 5-13
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Figure 5-13: Ray blockage moments in the experimental measurements

The percentage of the “ray activity” may be estimated from the ray diagrams.
Assuming ergodic properties of the blockage random process, the percentage of
activity in time may be used as estimation of the blockage probability in statistical
ensemble. Figure 5-14 shows the bar chart of ray activity for the Street canyon
measurements scenario (near-wall position).
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Figure 5-14: Ray appearance probability for Street canyon measurements (near-wall position)

The Figure 5-14 allows classifying the rays and identifying its place within the Q-D
channel modeling approach:

e The rays with activity percentage above 80-90% are the D-rays: strong and
always present, until blocked. The blockage percentage for D-rays may be
estimated around 2-4%

e The rays with activity percentage about 40-70% are the R-rays: the
reflections from far-away static objects, weaker and more susceptible to
blockage due to longer travel distance.
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e The rays with activity percentage below 30% are the R-rays of another type:
the flashing reflection from random moving objects. Such rays are not
“blocked”, they actually “appearing”.

Figure 5-15 illustrates the mechanism of the ray blockage and ray appearance.
Following the picture, the average duration of blockage and duration of flashing
reflections:

Thiockage ~ 0.5 m (human diameter) / 1 m/s (average speed) ~ 0.5-1s
Trash ~ 4.5 m (car length) / 15 m/s (average speed) ~ 0.2-0.3s

The analysis of the experimental data in ray diagrams Figure 5-11 and Figure 5-12
gives approximately the same values.

Gu E= 15 m/s—>

Figure 5-15: Ray blockage and random ray appearance illustration

The average service period (SP) of the mmWave communication systems is equal to
1-3ms (802.11ad).This means that for the blockage or flashing period thousands
service periods and tens of thousands frames will pass. The system level simulations
rarely include more than thousand frames, so the blockage may be modeled as static
event, instead of dynamic process. The derived from the analysis parameters are
summarized in Table 5-1. The blockage determined once per channel snapshot and
stays the same in time evolution.

For WoIP and video streaming simulations, which require analysis of the longer
periods of time, the blockage moments may be introduced as Poisson process with
corresponding parameters, shown in Table 5-2.

Table 5-1: Blockage parameters for system level simulation

Parameter Value

D-ray blockage probability, Pp 0.03
R-ray blockage probability, Pr 0.3
*Flashing R-ray appearance probability, P¢ 0.2

Table 5-2: Blockage parameters for VoIP and video streaming simulations

Parameter Value

D-ray blockage rate , Ap 0.05s*
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R-ray blockage rate , Ag 0.3st

D-ray and R-ray blockage duration, T 1s
*Flashing R-ray appearance rate, Ar 0.2st
*Flashing R-ray appearance duration, T 0.255s

*1t should be noted that for the considered outdoor scenarios (open area and street
canyon) we have developed channel models on the base of static reflcetions only (D-
rays and R-rays). The models with flashing R-rays require additional investigations
and may be used for special studies, with the more specific vehicle/human traffic
models.

5.3.6 Mobility effects

X

Figure 5-16: Model for mobility effects in 3D channel model

The mobility effects in our 3D channel model will be described by introducing the
velocity vector for each UE). Then, for each ray (both Q-D and random) the phase
rotation may be simply calculated in accordance with the next expressions:

the phase rotation for i-th ray caused by Doppler shifts is defined as

Ag (t) = 24 t, (5-13)
where f.° is the Doppler shift of i-th ray. Its values can be calculated as

f° =(5,F)F /c, (5-14)

where v is the vector of RX motion and T is the direction of i-th ray arrival. The
vector 0 can be decomposed as
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D=ud +v,] +v,k (5-15)
It is assumed that the horizontal components of v are normally distributed random
values with appropriate mean and standard deviation values

(mx —Ux )2 (my_u‘/ )2

1 N 20‘3 l - 202

P = e ,P(v,) = e Y 5-16
(Ux) Gxﬂ ( y) ym ( )
Vertical component of v is defined as
dz
v, =—, 5-17
o (5-17)

where z(t) is a stationary Gaussian random process with correlation function equal
o

K,(r)=c%" (5-18)

For this vertical motion correlation function the one-side power spectral density
function of v, can be calculated as

G, (f)=8r"2c?r, f 2 =V (5-19)

U,

Figure 5-17: demonstrates the power spectral density of vertical speed for
o, =0.05m and 7, =0.5s
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Figure 5-17: Power spectral density of vertical speed (o, =0.05m, 7, =0.5s)
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5.3.7 3D Antenna models

53.7.1 Isotropic Radiator

An isotropic radiator is a simplistic antenna model which is used as a convenient
theoretical model to describe channel behaviour. It has spherical radiation pattern and
equal antenna gain for all spatial directions. Since it does not have any spatial
selectivity, it does not require any beam forming algorithm and captures all existing
channel rays between transmitter and receiver.

The isotropic radiator is supported in the current channel model for analytical
purposes.

5.3.7.2 Steerable Antenna Model with Gaussian Main Lobe Profile

The real world antenna design may have quite sophisticated radiation pattern which
complicates simulations of the channel. Especially this is true for the phased antenna
arrays with very high number of radiation elements such as Modular Antenna Arrays
(MAA). In order to simplify channel modelling and at the same time take into
account the essential characteristics of the real world antennas the following antenna
model is introduced. This antenna has a main lobe with Gaussian profile in linear
scale (or parabolic profile in decibel scale) and constant level of side lobes.

The main lobe gain function is defined using two-dimensional Gaussian function as
follows:

G(p,0)=G, e (- a9 Joxp (- 567 (5-20)

where ¢ is azimuth angle in the range {-m, n}, 0 is elevation angle in the range {-m/2,
n/2}, Go is @ maximum gain corresponding to direction (¢ =0, 6 = 0) and o and P are
constants which are determined by the half power beam widths ¢.358 and 0.348
accordingly. Figure 5-18 (a) illustrates the system of coordinates and angles
definitions.

Half power beam width for azimuth angle ¢.3qg is defined for 6 = 0 and 0.345 for ¢ =
0 as follows:

Glp, 0 1
—(g ) = eXp(_ a(("—sda / 2)2): B
o ° ) . (5-21)
g’ = exp(— IB(H—SdB /2)2): E
0
Hence, a and B constants may be expressed as follows:
41n(2 4In(2
o= 4n2) (5-22)
D348 O a8

Figure 5-18b shows half power beam width definition for elevation angle. A similar
picture may be plotted for azimuth angle in X-Y axes.
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(a) Coordinates (b) Half power beam width definition

Figure 5-18: lllustration of coordinates and half power beam width definition.

Substituting from the equations above one can obtain:

2 2

G(go,a):c;oexp(—Mn(z)f ]exp(—4ln(2)£ j (5-23)

P_348 ~3dB

In decibel scale it may be rewritten as follows:

2 2
10 0
Gilp,0)=G, 5 —12- -12.| —
dB(gp ) 0,dB (¢3d8 J [93d8 ] (5_24)
101g(e)-4In(2) =12

The main lobe beam widths @m. and 6y are defined for the gain -20 dB relatively to
the maximum gain value Go. Using (5-24) one can obtain the relation between om_
and @_sgg for 6 = 0 and Oy and 6_3¢g for @ = 0 as follows:

O #2.6-0:5, =0
P *2.6-0 355, 0=0

(5-25)

The maximum gain Gy may be calculated using its relation with the aperture size as

4 -
follows: G, = 7/[1—28 (5-26)
where S is an aperture size measured in square meters and A is a wavelength.

Note that the beam width of the main lobe may be simply related with the rectangular
antenna aperture physical dimensions using the following equations:

(5-27)
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where Dy and Dy are dimensions of antenna aperture along x and y axes accordingly.
Assuming that

S=D,-D (5-28)

X y
and deriving Dy and Dy one can obtain:
477
S=——
PuL - O

Substituting (5-29) into (5-26) the equation for the maximum gain Go may be
rewritten as follows:

(5-29)

_16x
P~ O

Using relation in eq. (5-22) the maximum gain may be represented as a function of
half power beam widths as follows:

G, (5-30)

G, - 167
6.76- ¢ 345 - 0 345

(5-31)

The final formula for the main lobe gain function is written as follows:

GdB(q),e):lmg( 167 ]—12( 4 J —12( 4 J (5-32)

6.76 ¢ 345 - 0 348 P _348 —3dB

The gain for the angles outside of the main lobe is defined so that integration over
total solid angle 4z gives unity (normalization condition). In that case the total
radiated power of directive antenna pattern is equal to the total radiated power in
isotropic case.

Therefore, the pair of parameters (¢-3gs,0-3¢8) fully define the radiation pattern of the
considered antenna model.

Figure 5-19 shows an example of the antenna pattern plotted with parameters (.
a08=15",0.355=15°). Note that this radiation pattern has an axial symmetry (see X-Y
plane in Figure 5-19).

The maximum gain Go in that case in is equal to:
Gy g5 = 20.4dBi (5-33)
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Figure 5-19: Example of antenna pattern with parameters (.sg5=15°,0.345=15°).

Figure 5-20 shows antenna pattern without axial symmetry with parameters (.
308=15",0.355=60°). The maximum gain Gy in that case is equal to:

G, g5 =14.3dBi (5-34)
25 25
2 2
15 15
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Figure 5-20: Example of antenna pattern with parameters (6.335=15°,¢.34=60°).
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5.3.7.3 Phased Antenna Array Model

Phased antenna array is used as a primary solution in antenna design in WPAN /
WLAN 60 GHz communication systems, such as IEEE 802.15.3c or IEEE 802.11ad.
Exploiting of phased antenna array allows efficient implementation of beamforming
algorithms and protocols requiring several micro seconds to find LOS path or best
reflection in NLOS environment and set up directional link. Therefore this type of
antenna model is highly important and should be supported in the current channel
model.

In this document planar phased antenna arrays are considered only. The antenna
array may be composed of an arbitrary number of elements, but the rectangular
geometry is assumed. Figure 5-21 shows an example of the target phased antenna
array geometry.

Elementary radiator

0,0 (Ny-1,0)

(Nx-1,0) 8 o @ a e @ (NX-1,Ny-1)
dy

X
Figure 5-21: lllustration of planar rectangular phased antenna array geometry.

The elementary radiators are placed along X and Y directions (normal to each other)
with equidistant paces dx and dy accordingly. Note, that the dy may be chosen not
equal to dy in general case. The number of radiators along X and Y axes Ny and Ny
may be selected not equal to each other as well. It is assumed that all elementary
radiators have the same radiation pattern and the considered array is homogeneous in
that sense.

The gain function for the phased antenna array may be written as follows:

2
N, —INy -1

G(@,0)=|3 Y t(0,0)-W,,, &0 (jAg,, (5-35)

ny=0n, =

where f(,0) is a radiation pattern of a single elementary radiator, Wy ny are complex
weights defining elementary radiators excitation, and Aenxny IS @ phase shift due to
geometry placement with coordinates (ny,ny) relative to the phase of the radiator with
coordinates (0,0).

Due to the fact that all elementary radiators have the same radiation pattern, the gain
function may be simplified and represented as a product of the gain of elementary
radiator and array factor as follows:
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N, -IN -1

G((p’ 0) = | f (¢’ 912 : Z Zan,ny . exp (jA(pnx,ny (5_36)

n,=0n,=0

Array factor

The elementary radiator may have isotropic or any other radiation pattern. Figure 5—
22 below shows antenna pattern of elementary radiator used for planar arrays in our

evaluation.

2

X

Figure 5-22: Antenna pattern of elementary radiator.

The practical example implemented in the channel model is a phased antenna array
with (N,=2, Ny =8) geometry. Its 3D antenna pattern and projections into the
azimuthal and elevation (¢ = 0 and 6 = 0) planes are shown in Figure 5-23.
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(a) 3D planar phased antenna array radiation pattern with (N,=2, N,=8) geometry

0 T T T I .
- L : h v — Azimuthal plane [|
-{ — Elevation plane

Antenna pattern

ol i i i i i i
-150 -100 -50 0 50 100 150
Angle, degrees

(b) Projections of antenna pattern into azimuthal and elevation planes

Figure 5-23: Planar phased antenna array radiation pattern with (N,=2, N,=8) geometry.

53.7.4 Modular Antenna Array Model

The main idea behind partially adaptive Modular Antenna Array (MAA) is
constructing a large-aperture array from a several low-cost sub-array modules. Each
sub-array module consists of small phased antenna array with built-in RF-1C, so each
module has capability of independent beamsteering with help of phase shifters
control. All antenna modules are connected to the central beamforming unit typically
implemented in the base band. RF phase control in sub-array modules provides
relatively coarse beamforming, which is then refined in the baseband [57]. Figure 5-
24 shows a schematic diagram for Modular Antenna Array architecture.
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Figure 5-24: Modular Antenna Array architecture

Sub-array module design may substantially decrease the feeding lines power losses
(due to their short lengths in each sub-array) and reduce the cost of large aperture
antenna because of unified cheap modules usage. 8x2=16 elements (vertical x
horizontal) phased antenna array described in Section 5.9.3 can be used as sub-array
module.

For the evaluation purposes MAA can be replaced with Full Adaptive Arrays (FAA).
In the FAA concept, signal from each antenna element can be processed (weighted)
independently via its own RF chain. Therefore, the number of the degrees of freedom
in the FAA is equal to the number of antenna elements and the two-dimensional FAA
has no limitations in beam forming in both vertical and horizontal planes.

From the link budget point of view, the FAA and MAA antennas with equal number
of antenna elements will provide the same TX power output and antenna gain in the
broad side direction. Hence, their performance in single-user mode should be nearly
the same, since the MAA can create single beam almost as effective as more flexible
precise weighting (beam forming) in the FAA. However, in the case of
simultaneously served group of users in MU-MIMO mode the situation changes.
Partially adaptive structure of MAA due to specific constraints in degrees of freedom
will not be able to form beams with maximal gains towards arbitrary located group
of users.

5.3.8 3D Channel model generation

The generation of the 3D channel model in accordance with present methodology
consists of the following steps:

e Scenario and model parameters definition

e Calculation of the deterministic components data in accordance with selected
scenario recommendations

e Calculation of random components data in accordance with selected scenario
recommendations

o Apply path blockage in accordance with scenario requirements to the selected
clusters

e Apply antenna TX and RX antenna patterns and beamforming algorithms

e Conversion of the raw channel impulse response data into the discrete time
required by the simulations
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The channel modelling generation flow is illustrated in Figure 5-25

3D channel model

Model parameters:
Scenario geometry, materials, channel statistics

Inter-cluster parameters

D-rays R-rays
Direct calculation of Power and angular
power and angular characteristics are
characteristics random with given
distribution

Intra cluster parameters
Ray clustering: add random post-cursor
components to the defined D-rays and R-Rays,

Mobility effects
Calculation of the channel variations based on
UE motion model for D-Rays and R-Rays

Blockage
Block part of the clusters in accordance with
blockage model and probability

Antennas and beamforming
Apply beamforming coefficient and resulting
antenna/antenna arrays patterns

Figure 5-25: 3D channel model generation

539 Common channel model parameters

The parameters required for calculation of the channel model are summarized in the
Table 5-3. This notation will be used further for the specific scenarios description.

Table 5-3: General parameters of the 3D channel model

Parameter Description

Fe Carrier frequency, Hz

c Lightspeed, c=299792458 m/s

Ao Oxygen absorption, dB/km, (0.015 dB/m for 60 GHz)
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Htx Transmitter height above ground, m (see Figure 5-26)
Hrx Receiver height above ground, m

L Horizontal distance between TX and RX, m

Ax(9,0,00,00) | TX antenna pattern (as function or interpolation table)

Arx(¢,0,p0,00) | RX antenna pattern (as function or interpolation table)

& Relative permittivity of the ground surface at F,

o Surface roughness: heights standard deviation

Random reflected rays, d;

irect ray, dp

Hux

Figure 5-26: Channel model geometry

5.4  University campus access channel model

The university campus channel model represents the scenario with large open areas
with low and rare buildings like university campus, park areas, city squares.

54.1 Modeling Scenarios: geometry and UE deployment

The geometry for Open area scenario is based on 3GPP Heterogeneous network
scenario [58]. That scenario represents the deployment with hexagonal layout for
LTE Macro nodes and a number of uniformly dropped within each macro
geographical area hot zones served by LTE low power nodes. The scenario is
extended by adding mmWave BSs into the hot zones. Considering the use of
directional antennas (see Section 5.3.7) several differently oriented mmWave BSs
should be placed into the hot zone.
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Figure 5-27: 3GPP HetNet scenario with small cells

Table 5-4: Open-area model parameters

Parameter Value
Inter-site distance 500m
Number of Macro cells per site 3
Number of hotzones per macro cell, Ny 4
AMCN-HN_min 75m
AHN-HN_min 40 m
Hotzone node height, Hyn 6m
UE dropping Clustered*
Number of users per macro cell, Nysers >100
Fraction of hotspot users, PP 9/10
I'Hotzone 40m
dHN-UE_min 5m
dMCN-UE_min 35m
UE height, Hye 1.5m
Number of mmWave BS per hotzone 3
Surface material asphalt

MIiWEBA D5.1: Channel Modeling and Characterization

Page 66




M @\)\/ F B/ Deliverable FP7-ICT 368721/D5.1 Ejlg?iéjune 2014
(e s prasgpas e sy

Surface & 4+0.2

Surface roughness (standard deviation) 3 mm

*Clustered UE dropping:

5.4.2

Fix the total number of users, Nysers, dropped within each macro geographical
area.

Randomly and uniformly drop the configured number of hotzone nodes, Ny,
within each macro geographical area (the same number Nyy for every macro
geographical area).

Randomly and uniformly drop Nusers iy USErs Within ruyoone radius of each
hotzone node, where N —|_P“°‘Sp°t- N cers/N HNJ

users_HN —
Randomly and uniformly drop the remaining users, N, — N ‘N, to

the entire macro geographical area of the given macro cell (including the
hotzone area).

users

users_ HN

Model Development Methodology

In the university campus (outdoor access larger area) scenario deployment the UEs
have only two dominant rays: the direct ray and the ground reflected ray (Figure 5-
28). These rays are counted as deterministic and explicitly calculated during the
channel modeling. In addition to deterministic components the direct and reflected
rays, there are random components that represent reflection scattering. The reflection
from the distant walls and second-order reflection are taken into account as random
components.
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Figure 5-28: University campus (outdoor access larger area) mmWave small cell environment
54.3 3D channel model description

5431 Direct ray

Direct ray consists of deterministic component DO and additional intra-cluster
component, D1 which describes random obstacles of the direct ray with blockage
several Fresnel zones. The intra-cluster components are described in the
corresponding section.

Table 5-5: University campus (outdoor access larger area) direct ray parameters

Compon Parameter Value
ent
Direct ray delay is calculated from the model geometry:
Delay Tpo=0dp/cC
dD = \/L2 +(Htx - er)2
DO Direct ray power calculated as free-space pathloss with
oxygen absorption
Power
P, = 20I0910(%ﬂd0j— A, indB
AoD 0° azimuth and elevation
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AoA 0° azimuth and elevation
5.4.3.2 Ground-reflected ray

Ground-reflected ray consists of deterministic component GO and random cluster
component G1 which describes signal scattering from the rough surface

Table 5-6: University campus (outdoor access larger area) model ground-reflected ray parameters

Compon Parameter Value
ent
Ground-reflected ray delay is calculated from the model
geometry:
Delay =dg/c
\/ L2+(Hy, +H,
Ground-reflected power calculated as free-space pathloss
with oxygen absorption, with additional reflection loss
calculated on the base of Fresnel equations
P, = 20loglo(%ﬂd )— Adg +R+F
R = 20log sin sing-~B VB
sing + \/_
Power B = &, —cos? ¢ for horizontal polarization
GO . .
B = (g, —cos? ¢)/ &2 for vertical polarization
and ¢ is a grazing angle, see Figure 5-26
tan(¢) = (H, +H,,)/ L
. 2
sin
- 7N ) in e
log10 A
Azimuth: 0°
AoD Elevation:
0, =arctan[L/(H, —H,_ )]-arctan[L/(H, + H,,)]
Azimuth: 0°
A0A Elevation:
0, =arctan[(H, +H, )/ L]+arctan[(H, +H )/ L]
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5.4.3.3 Random rays*

Table 5-7: University campus (outdoor access larger area) model inter-cluster parameters

Parameter Value
Number of clusters, Neiyster 3
Cluster arrival rate, A 0.05ns™
Cluster power-decay constant, y 15ns

K-factor 6dB

Elevation: U[JAOAGo:AOAD]

AOA _ o
Azimuth: U[-60:60 "]

Elevation: UJAODg:AODpo]

AOD _ o
Azimuth: U[-60:60 "]

*Some values can be corrected due to further measurements

5.4.3.3 Intra-cluster parameters
Table 5-8: University campus (outdoor access larger area) model intra-cluster parameters
Parameter Value
Post-cursor rays K-factor, K 6 dB for LOS ray, 4 dB for NLOS*
Post-cursor rays power decay time, y 4.5ns
Post-cursor arrival rate, 1 0.31 ns™
Post-cursor rays amplitude distribution Rayleigh
Number of post-cursor rays, N 4

*The cluster post-cursor ray K-factor is derived from the experimental measurement
described in Section 4.1.2.2 — static measurements on the broad street. The dominant
rays were identified and time domain signal variations served as a base for K-factor
evaluation.

5.5  Street canyon access channel model

The street canyon (outdoor access ultra-high-rate hot-spots) channel model
represents typical urban scenario: city Street with pedestrians’ sidewalks along the
tall long buildings. The access link between the APs on the lampposts and the UEs at
human hands is modeled in this scenario.

55.1 Modeling Scenarios: geometry and UE deployment

The geometry of the Street canyon access scenario that is used for channel model
parameters evaluation via ray-tracing simulations is shown in Figure 5-29. The
corresponding numerical parameters are summarized in Table 5-9.
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Figure 5-29: Street canyon (outdoor access ultra-high-rate hot-spots) scenario

Table 5-9: Street canyon (outdoor access ultra-high-rate hot-spots) scenario parameters

Parameter Value
AP height, Hi 6m
UE height, Hy, 1.5m
AP distance from nearest wall, D 45m
Sidewalk width 6m
Road width 16 m
Street length 100 m
AP-AP distance, same side 100 m
AP-AP distance, different sides 50m
Road and sidewalk material asphalt
Road and sidewalk &, 4+0.2j
Road and sidewalk roughness o4 0.2mm
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(standard deviation)

Building walls material concrete

Building walls & 6.25+0.3]

Building walls roughness oy,
0.5 mm

(standard deviation)

55.2 Model Development Methodology

In the street canyon (outdoor access ultra-high-rate hot-spots) scenario deployment
the UEs grouped on a relatively narrow path, and with two dominant reflected rays in
addition to the direct: the ground reflected ray and the wall-reflected ray. All those
rays are counted as deterministic and explicitly calculated during the channel
modeling. In addition to deterministic components the direct and reflected rays, there
are random components that represent reflection scattering. The reflection from the
distant walls and second-order reflection are taken into account as random
components.

To evaluate the distributions of the power, delays and angular characteristics of
clusters counted as stochastic in our model, the street canyon scenario was
implemented within the ray-tracing platform in accordance with the description in
previous section.

Figure 5-30 shows the example of UE in the area and the result of the ray tracing
from the AP position to one UE location.

Figure 5-30: Street canyon (outdoor access ultra-high-rate hot-spots) scenario in the ray-tracing
platform

To evaluate stochastic rays’ parameters distributions, 100000 channel realizations for
uniformly distributed UEs were calculated and analyzed.
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The distributions of reflected rays’ power (ratio of the direct ray power to the chosen
reflected ray power in dB) for vertical, horizontal, and circular polarizations are
shown in

Figure 5-31, Figure 5-32 and Figure 5-33:

Horizontal polarization

S S b == Ground ray ]
| | = = NearWall ray

=== Near\Wall->Ground ray

— FarWall ray

: : — FarWall->Ground ray

R booeeeeee FarWall->NearWall ray |----
’ ’ — NearWall->FarWall ray

____________________________________

PDF

60
LOS to reflected ray power ratio, dB

Figure 5-31: Reflected rays power distribution for street canyon (outdoor access
ultra-high-rate hot-spots) scenario (Horizontal polarization)

Vertical polarization

0.12 . . : .
: : | | m— Ground ray
; ; = = Near\Wall ray
LI S . pr | = == Near\Wall->Ground ray ||
l.l : : FarWall->Ground ray
A T o T FarWallray i
' : : FarWall->NearWall ray
{ | —— NearWall->FarWall ray

0.02 - B N B O A .

0 10 20 30 40 50 60
LOS to reflected ray power ratio, dB

Figure 5-32: Reflected rays power distribution for street canyon (outdoor access ultra-high-rate
hot-spots) scenario (\Vertical polarization)
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Left-hand circular polarization

0.35 . . . .
: : | | m— Ground ray
03 = = Near\Wall ray i
; ; i | = ==NearWall->Ground ray
; ; { | —— FarWall ray
L Y | A i1 —— FarWall->Ground ray
A || FarWall->NearWall ray
A Y . I b .| —— NearWall->FarWall ray ||
g ‘m ' ' |
0 157777777777777457 l 77777777777777777777777777777777777777777777777777777777777777777777 —|
T{E T - —_— —_— —

0 10 20 30 40 50 60
LOS to reflected ray power ratio, dB

Figure 5-33: Reflected rays power distribution for street canyon (outdoor access ultra-high-rate
hot-spots) scenario (Circular polarization)

It can be seen that for all three cases the three reflected rays are dominant: the ground
ray, the ray reflected from the nearest wall and combined reflection from the nearest
wall and ground. The other components are more than 20 dB below the LOS ray.

Figure 5-34 shows the PDF of the ratio of all but three selected rays power to the
total power in the all NLOS rays. It can be seen that more than 90% of the NLOS
components power is accumulated within ground ray, wall-reflected ray and
combined ground-wall reflection.

or : : : :
e A —— Vertical polarization =
' === Circular Vertical polarization
I S === Horizontal polarization —
w ;
[=] H
o :
L ----------1-----------------r----------------1: --------------------------------- =
1 : :
"'*'.';';."'"""""""L""""""""J: """"""""""""""""""" =
L :
AN :
~ | ~, !
| i: | —— |
0.05 0.1 0.15 0.2 0.25

Residual MLOS rays to the total NLOS components power ratio
Figure 5-34: PDF of residual reflected rays’ power to the total NLOS power.

So, for street canyon (outdoor access ultra-high-rate hot-spots) 3D channel model we
propose to take into account three dominant rays as deterministic, and the other rays
as random. The random component should not only include the reflections from
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simple two-wall model, but also reflections from bus stops, cars, trucks and other
street objects.

Next Figure 5-35 shows the distribution of the delays for the street canyon (outdoor
access ultra-high-rate hot-spots) scenario. It can be seen that the selected
deterministic rays grouped together with delays less than 20 ns, while the other have
almost uniform distribution from 60 to 180 ns. Since we plan to take into account
reflections from the all random street objects, the possible delays may be in range
[0,200ns]. Assuming the exponential PDP and Poisson rays arrival model, the cluster
arrival rate may be estimated equal to 0.03 ns™.

L e N
Y S S - | == Ground ray S—
=== Near\Wall->Ground ray
05H----- bommnendeeee bl e FarWall->Ground ray  fi-----~
.1 i|===NearWall ray
0.4 - FarWall->NearWall ray {}------
EL — FarWall ray
U | R A r| —— NearWall->FarWall ray |:-----~

100 160 180 200

Delay, ns
Figure 5-35: Delay PDF for Street canyon scenarios

120 140

553 3D channel model description

The main parameters relevant to the street canyon (outdoor access ultra-high-rate
hot-spots) 3D channel model are shown in Figure 5-36.
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o Wall-reflected réy,”dw,___

TX

jrect ray, dp

Hex

Figure 5-36: Street canyon (outdoor access ultra-high-rate hot-spots) scenario reflected rays
illustration

5531 Direct ray

Direct ray consists of deterministic component DO and additional intra-cluster
component, D1 which describes random obstacles of the direct ray with blockage
several Fresnel zones. The intra-cluster components are described in the
corresponding section.

Table 5-10: Street canyon (outdoor access ultra-high-rate hot-spots) model direct ray parameters

Compon Parameter Value
ent
Direct ray delay is calculated from the model geometry:
Delay Ty =dp/C
dD = \/L2 +(Htx - er)2
Direct ray power calculated as free-space pathloss with
DO oxygen absorption
Power
P, = 20|og10(%ﬂd0)—/\)d0 ,indB
AoD 0° azimuth and elevation
AoA 0° azimuth and elevation
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5.5.3.2

component G1 which describes signal scattering from the rough surface

Ground-reflected ray
Ground-reflected ray consists of deterministic component GO and random cluster

Compon Parameter Value
ent
Ground-reflected ray delay is calculated from the model
geometry:
Delay =dg/c
\/ L2+(Hy, +H,
Ground-reflected power calculated as free-space pathloss
with oxygen absorption, with additional reflection loss
calculated on the base of Fresnel equations
P, = 20Ioglo(%ﬂdG)— Adg +R+F
R = 20l0g10 W—_‘/E
sing + VB
Power B = &, —cos? ¢ for horizontal polarization
GO B = (&, —cos? #)/ & for vertical polarization
and ¢ is a grazing angle, see Figure 5-26
tan(g) = (Hy +H, )/ L
. 2
sin
- 799 ) in e
log10 A
Azimuth: 0°
AoD Elevation:
0, =arctan[L/(H, —H_ )]-arctan[L/(H, + H,,)]
Azimuth: 0°
Elevation:
Ao0A

0,4 =arctan[(H, +H_ )/ L]+arctan[(H, +H, )/ L]

Table 5-11: Street canyon (outdoor access ultra-high-rate hot-spots) model ground-reflected ray

5.5.3.3

parameters

Wall-reflected ray

Wall-reflected ray consists of deterministic component WO and random cluster
component W1 which describes signal scattering from the rough surface.

MIiWEBA

D5.1: Channel Modeling and Characterization Page 77



[\/] @\)\/ E B A Deliverable FP7-ICT 368721/D5.1 Date :June 2014
(SN A A A Al

Public

Table 5-12: Street canyon (outdoor access ultra-high-rate hot-spots) model wall-reflected ray

parameters
Compon Parameter Value
ent
Wall-reflected ray delay is calculated from the model
geometry:
Delay Ty =0y, /C
dW = \/dD2 + (Dtx + Drx )2
Ground-reflected power calculated as free-space pathloss
with oxygen absorption, with additional reflection loss
calculated on the base of Fresnel equations
P, = 20IoglO(%ﬂde— Ad, +R+F
R = 2010g10 W—_‘/E
sing + VB
Power B =&, —cos’ ¢ for vertical polarization
W0
B= (gr —cos® ¢)/ &’ for horizontal polarization
and ¢ is a grazing angle, see Figure 5-26
tan(¢) = (D, +D,, )/ d,
. 2
F__ 80 ( msingo,, indB
log10 A
Azimuth:
AoD ngD = al’Ctar][dD /(Dtx - Drx )]_ arctan [dD /(Dtx + Drx )]
Elevation: 0°
Azimuth:
AOA 0, =arctan[(D, + D, )/d, |+arctan|(D, + D, )/d, ]
Elevation: 0°
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55.3.4 Combined Wall-ground-reflected ray

The second-order reflection ray from the nearest wall and ground (WG) can be
calculated nearly in the same way as ground and wall reflections, employing the
“method of images” illustrated in Figure 5-37.

Wall-reflected
RX image

......

: Ground and wall
reflected RX
[ image
=

Ground re%lejcted
RX image

Figure 5-37: Method of images in application to combined wall-ground ray calculation

55.35 Random rays

The random components of channel impulse response statistics derived from the
street canyon (outdoor access ultra-high-rate hot-spots ray-tracing modeling in
previous section and from the measurement data.

Table 5-13: Street canyon (outdoor access ultra-high-rate hot-spots) model random rays

parameters
Parameter Value
Number of clusters, N¢juster 5
Cluster arrival rate, A 0.03ns
Cluster power-decay constant, y 20ns
Ray K-factor 10 dB
Elevation: U[-20:20°]
AOA o
Azimuth: U[-180:180 "]
Elevation: U[-20:20°]
AoD

Azimuth: U[-180:180°]
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*Some values can be corrected due to further measurements

55.3.6 Intra-cluster parameters

Table 5-14: Street canyon (outdoor access ultra-high-rate hot-spots) model intra-cluster

parameters
Parameter Value
Post-cursor rays K-factor, K 6 dB for LOS ray, 4 dB for NLOS*
Post-cursor rays power decay time, y 4.5ns
Post-cursor arrival rate, 1 0.31ns™
Post-cursor rays amplitude distribution Rayleigh
Number of post-cursor rays, N 4

*The cluster post-cursor ray K-factor is derived from the experimental measurement
described in Section 4.1.2.2 — static measurements on the broad street. The dominant
rays were identified and time domain signal variations served as a base for K-factor
evaluation.

5.6 Hotel lobby access channel model

The hotel lobby (indoor access large public area) channel model represents typical
indoor scenario: large hall with multiple users within. Similar indoor channel models
were considered in the [4], with statistical approach to the channel modeling, suitable
for link layer simulations. The proposed here quasi-deterministic approach based on
the specified UE location and may be used also for the system level simulations.

5.6.1 Modeling Scenarios: geometry and UE deployment

The basic parameters and geometry are summarized in Table 5-15 and illustrated in
Figure 5-38:
Table 5-15: Hotel lobby (indoor access large public area) scenario parameters

Parameter Value

AP height, Hi 35m
o Middle of the nearest wall
AP position .
(see Figure 5-38)

UE height, H« 1.5m
Room height 4m

Room width 10 m
Room length 15m
Floor material Concrete

Floor & 4+0.2

MIiWEBA D5.1: Channel Modeling and Characterization Page 80




M @\)\/ F B/ Deliverable FP7-ICT 368721/D5.1 Ejlg?iéjune 2014
(e s prasgpas e sy

Floor roughness o 0.1 mm
(standard deviation) '
Walls material Concrete
Walls gy 4+0.2
Walls roughness 6y
(standard deviation) 0.2 mm
Ceiling material Plasterboard
Ceiling g 6.25+0.3]
Ceiling roughness o
o 0.2 mm
(standard deviation)

Access point

\_

E ? - ) () UEdrop
3 1,0% area
£ (DI

o 15,0m

Figure 5-38: Hotel lobby (indoor access large public area) scenario

5.6.2 Model Development Methodology

To analyze the properties of the hotel lobby (indoor access large public area)
scenario, the scenario environment were implemented on the base of the ray-tracing
platform. The deployment and ray-tracing results are show in Figure 5-39.
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e 4o
coiefete rightwall

Figure 5-39: Hotel lobby (indoor access large public area) scenario in the ray-tracing platform
(only 1% order reflections shown)

To evaluate ray power distribution, 10000 random UE position were generated
within the area and rays up to the second reflection order were calculated and then
rays power PDFs were plotted for selected ray. As it can be seen from Figure 5-40
and Figure 5-41 (vertical and circular antennas polarizations), there are no dominant
rays for the Hotel lobby scenarios and even second-order rays may have significant
power and cannot be neglected. Thus, for Hotel lobby scenario, we propose to take
into account all rays up to second reflections order (on and two reflections) as
deterministic rays.
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Figure 5-40. Reflected rays power distribution for hotel lobby (indoor access large public area)
scenario (Vertical polarization)
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Figure 5-41. Reflected rays power distribution for hotel lobby (indoor access large public area)
scenario (circular polarization)

5.6.3 3D channel model description
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The 3D channel model for hotel lobby (indoor access large public area) scenario
include up to second order reflection rays, calculated by some ray-tracing algorithm
on the base of method of images. Rays powers are calculated using the Fresnel
equation. Additional losses due to oxygen absorption and reflection from the rough

surfaces are also counted.

Table 5-16: Hotel lobby (indoor access large public area) model parameters

Parameter Value

Delay
r=d/c

Delay for each individual ray is calculated from the model
geometry on the base of path lengths:

R =20log 10(

Power for each ray is calculated from the Fresnel equations

P=20log10(%, )~ Ad+R+F
sin¢—J§
sin¢+\/E

Power B =&, —cos’ ¢ for horizontal polarization
B = (&, —cos? #)/ & for vertical polarization

and ¢ is a grazing angle

- log10 A

. 2
F=_ 20 [”SM%] indB

AoD Calculated from model geometry for each UE position

A0A Calculated from model geometry for each UE position

5.6.3.1 Intra-cluster parameters

The intra cluster parameters for indoor access scenario are taken directly from the
corresponding indoor scenario, developed in [4] and are based on the experimental

measurements [48].

Table 5-17: Hotel lobby (indoor access large public area) model intra-cluster parameters

Parameter Value
Post-cursor rays K-factor, K 10 dB
Post-cursor rays power decay time, y 4.5ns
Post-cursor arrival rate, A 0.31 ns™
Post-cursor rays amplitude distribution Rayleigh
Number of post-cursor rays, N 6
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5.7 Backhaul channel models

5.7.1 ART backhaul channel model

Above rooftop backhauling scenario (see Figure 3-4) models the backhaul link
between two ART access points, typically with very high gain and high directionality
antennas. This leads to the absolute dominance of the direct LOS ray, and the other
rays (which may present in this environment) are much weaker.

So, the ART backhaul channel model consists only from the single LOS ray:

Table 5-18: ART backhaul channel model

Compon Parameter Value
ent
Direct ray delay is calculated from the model geometry:
Too =0dp/C
Delay dy=vL2+AH?
where L — horizontal distance between antennas, AH —
antenna heights difference.
DO Direct ray power calculated as free-space pathloss with
oxygen absorption
Power
P, = 20Iog10(%ﬂdoj—A0do, in dB
AoD 0° azimuth and elevation
AoA 0° azimuth and elevation

Intra Cluster Parameters

Although the LOS ray between to ART AP doesn’t encounter reflection and
scattering, the ray may have some random components due to partial blockage of the
first Fresnel zone or environmental changes (temperature, air density, etc.). This is
modeled by adding a cluster to the direct ray. Cluster parameters are shown in

Table 5-19: Cluster parameters for ART backhaul scenario

Parameter Value
Post-cursor rays K-factor, K 10 dB
Post-cursor rays power decay time, y 4.5ns
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Post-cursor arrival rate, A 0.31ns*
Post-cursor rays amplitude distribution Rayleigh
Number of post-cursor rays, N 4
5.7.2 Street canyon front haul channel model

The only difference between the Street canyon front haul channel model and Street
canyon access model (See Section 5.5) it is the height of the RX side (UE or another
AP), with the both AP heights equal to 6 m. The other parameters and calculations
are the same.

5.8 Device to device channel models

The Q-D approach to the channel modeling with explicit calculation of the major
rays and statistical description of the rays with minor impact once defined for one
scenario can be easily extended to the scenarios with similar geometries, but slightly
different parameters. For example the model for access scenarios (with the TX height
about 6 m and RX height about 1.5) can be successfully applied for backhauling
scenarios (see 5.7.2) and for D2D scenarios (both TX and RX have 1.5m height)

5.8.1 Open area D2D channel model

The Open area D2D scenario is described by the same model as Open area access
environment (see Section 5.4). The height of both TX and RX are set to 1.5m, the
other parameters are not changed.

58.2 Street canyon D2D scenario

The Street canyon D2D scenario is described by the same model as Street canyon
access (see Section 5.5). The height of both TX and RX are set to 1.5m, the other
parameters are not changed.

5.8.3 Hotel lobby D2D scenario

The Hotel lobby D2D scenario is described by the same model as Hotel lobby access
environment (see Section 5.6). The height of both TX and RX are set to 1.5m, the
other parameters are not changed.

59 MIWEBA path loss models

Development of path-loss models for usage in system level simulation and link
budget evaluations integrating rain fall effects, oxygen absorption and bandwidth
impact shall be done in future work.

59.1 Street canyon access path loss model

The street canyon access path loss model is based on the measurement campaign
described in chapter 4. The measurement snapshots were taken using omnidirectional
antennas. When calculating the path loss on this basis all possible propagation paths
between transmitter and receiver are taken into account. This is somewhat unrealistic
as real millimeter-wave communication systems will most probably employ
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directional antennas to improve their link budget. Directional antennas imply that a
spatial filtering of signals propagating towards the antenna is performed, depending
on its orientation and antenna pattern. In order to replicate this behavior, a filter was
applied to each channel impulse response from the measurement, before it was used
to calculate the instantaneous path loss.

The filter attenuates all components in the channel impulse response that are a certain
number of samples away from the line-of-sight distance on the delay axis. This way
only the line-of-sight component, the ground reflection and reflections from other
objects very close to the line-of-sight path are taken into account. It is assumed that
this filter on the delay axis is a good approximation of a spatial filtering around the
line-of-sight between transmitter and receiver.
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Figure 5-42: Measured path loss

In Figure 542 the path loss for all distances from 5 to 50 meter distance is shown as
a scatter plot (blue). The yellow line is a linear fit to the data in the form of:

PL = a +nl10log (di) (5-37)
0

The parameters identified for this path loss model can be found in

Table 5-20: Path loss parameters

Type Value
PL, 82.02 dB
n 2.36

dy 5m
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The path loss exponent n is close to that of free space propagation. The spread of the
path loss, as can be seen in Figure 5-43 however is not negligible. This spread can
have several causes but small scale fading due to a strong ground reflection is
assumed to be a major contributor. Other causes can be short obstructions of the line-
of-sight path by small objects or pedestrians.

To derive a model for the instantaneous path loss in the measured environment the
data in Figure 5-42 were normalized with the identified path loss exponent. Then the
relative amplitude of each snapshot was calculated and probability distributions for
bins of 5 meter distance were generated. For each of these distributions a Rician
distribution was fit onto the data. Figure 5-43 exemplary shows the distribution and
the Rician fit for the bins from 5 to 10 meter (left) and from 45 to 50 meter (right).

Probability
Probability

0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25 3 3.5 4
Amplitude Amplitude

Figure 5-43: Probability distribution of relative path loss amplitude

The fitted parameters K and Omega of the Rice distribution are shown in Figure 5—
44. To simplify the model a linear fit has been performed for both parameters. The
parameters are:

K =-0.62d + 25 dB (5-38)
and
Omega = 0.013d + 1 (5-39)

where d is the distance between transmitter and receiver.

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
d(m) d(m)

Figure 5-44: Distance dependent model parameter

Using the derived model Figure 5-45 shows a simulated scatter plot if the path loss.
Compared to the measured path loss in Figure 5-42 the model yields a good
accordance to the measurement.
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It has to be emphasized that the derived model delivers instantaneous values of the
path loss. This means that two consecutively drawn path loss values for the same or a
similar distance do not behave according to effects caused for example by fading
caused by a strong ground reflection. This has to be taken into account when using
this model for simulations. If more realistic behaviour were necessary a more
advanced path loss model has to be used, based for example on a two ray
propagation model and additional statistical properties.
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Figure 5-45: Simulated instantaneous small scale path loss

6 Conclusion

6.1 mmWave System usage models and perspectives

The research of state of the art measurement campaigns shows the feasibility of
mmWave wireless communication system for access, backhaul and front haul
supporting small cells assuming that the additional path loss at frequency bands
above 6 GHz can be compensated by use of antenna arrays providing adequate beam
forming gain. Using directive antennas reduces also the multi-paths effect such as
fast-fading or delay spreading and may increase the throughput.

It can be concluded from indoor and outdoor channel measurements for 28 GHz- 100
GHz bands until now [59] that:

e Rain/Oxygen seems to be no problem for ISD < 200 meters

e Path loss exponent might be similar as for lower frequency bands at LOS ~
2.0, NLOS ~ 3.4-3.5 compared to free space model

e There is similar reflection loss as for lower frequency bands but much higher
diffraction loss

e Blockage model is important and needs to be investigated in more details

The successful adoption of mmWave technology as an overlay to the modern mobile
networks may provide very high speed access using the mmWave Small cells on the
one hand and the license free mmWave links for backhaul/fronthaul. Current open
issues in this concept are building shadowing, human body blockage, attenuation by
dense vegetation, strong mobility effects and the handover problems.
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Besides, more exploration is needed to elaborate many important aspects that affect
mmWave communication systems performance: whether they are noise or
interference limited, polarization effects, beamforming algorithms and antenna
techniques. The system level simulations that may answer these questions require
accurate and consistent model of the mmWave channel, which is the subject of the
present document.

6.2 MIWEBA experimental measurements

In current state, the highly dynamic space-time characterization of the propagation
channel at mmWave frequencies under real conditions still is being a research area.
Therefore five measurement campaign scenarios were derived from real outdoor
environments investigated in MiIWEBA work package one. These are university
campus (outdoor large access area), street canyon (outdoor access ultra-high rate hot
spots), hotel lobby (indoor large access area), above roof top (outdoor backhaul P2P)
and street canyon (outdoor front haul P2P/P2M). Taking into account that the
development and verification of appropriate channel models for 60 GHz frequency
band needs plenty of data from expensive measurement campaigns this report focus
firstly on street canyon and university campus measurements.

For the street canyon scenario a measurement campaign with omnidirectional
antennas and supporting ray tracing simulations have been performed. Analysis of
this data proves the feasibility of millimeter-wave small cells but at the same time the
high time variance of the propagation channel was shown. This high time variance is
caused by movement of the UE itself as well as pedestrians and cars moving by. In
the context of work package 5.3 these effects and strategies to establish stable
connections using electronically steerable antennas or beam forming antennas will be
investigated.

To complement the measurements with omnidirectional antennas, the measurements
with directional and highly directional antennas were made in the university campus
environment. The effects of ground reflection and scattering were investigated, the
cross-polarization ratio (XPR) estimated. An additional study was accurately
performed to analyze the UE motion impact on the mmWave channel characteristics.

6.3 Quasi-Deterministic channel modeling approach

A new quasi-deterministic approach has been developed for modeling the outdoor
channels at 60 GHz. This methodology based on the representation of the mmWave
channel model impulse response as a few quasi-deterministic strong rays (D-rays)
and number of relatively weak random rays (R-rays). The experimental data obtained
independently by HHI and IMC partners with help of different measurement setups
were used for proposed Q-D channel model validation.

The 3D channel models for main scenarios (Open area (university campus) access,
Street canyon access and Hotel Lobby access) were developed in the framework of
the Q-D approach, the model parameters were selected on the base of experimental
measurements and ray-tracing modeling.

The versatility of the Q-D approach allows the developed channel models for access
links to be used for scenarios with same geometries. For all main scenarios the Q-D
channel model may be extended to Device to Device (D2D) links with a simple

MIiWEBA D5.1: Channel Modeling and Characterization Page 90



M @\)\/ F B/ Deliverable FP7-ICT 368721/D5.1 Ejlg?iéjune 2014
(e s prasgpas e sy

change of TX antenna parameters. The Street canyon access model may be extended
to the Street-level backhaul with a change of the RX antenna parameters.

The explicit description of the deterministic (D-rays) and random (R-rays) within a
model have allowed to introduce the novel approach to the mobility effects
simulation. The experimental and simulation results have revealed the high
sensitivity of mmWave channel characteristics to the vertical displacement of the UE.
To account this effect the proposed 3D channel model provides accurate description
of the UE motion in horizontal and vertical directions.
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