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Abstract
This thesis discusses radio channel modelling for evolving radio access and of using the models
in practice in a setup for radiated testing of radio devices. New telecommunication systems are
constantly being developed to address continuously increasing wireless communication needs.
The first pieces of intensively developed fifth generation (5G) networks and devices are planned
to be available, in some form, approximately by 2020. An interesting feature of 5G concerning
propagation and consequently channel modelling, is the expected utilization of frequencies clearly
higher than the legacy cellular systems.
This work aims to define a channel model for the simulated evaluation of the coming 5G
systems. New requirements for the channel model are identified and addressed. Further, over the
air (OTA) testing of 5G devices in fading conditions is examined and a new setup is proposed. The
test environment aims to reconstruct a time variant electromagnetic (EM) field around a device
under test (DUT) considering the spatial, polarimetric, Doppler, and delay dispersion
characteristics specified by the target channel model. Components and key design parameters of
the setup are designated.
It was found that the proposed map-based channel model is capable of fulfilling the identified
requirements. Furthermore, the simulations indicate that the state-of-the-art geometry-based
stochastic channel model (GSCM) may give over-optimistic multi-user MIMO (MU-MIMO)
performance in an urban micro-cellular environment. The sectored OTA concept was shown
appropriate for device testing. Key parameters, such as the physical dimensions of the multi-probe
anechoic chamber (MPAC) OTA configuration and the number of active probes, were determined
by simulations.
The 3GPP is the main forum working towards 5G standards. A channel model for 5G
evaluations has recently (2016) been specified. The base-line model is a GSCM inherited from the
4G models. However, the author expects that the proposed map-based models will gain popularity
in the future, despite the current widespread use of GSCMs. In the 3GPP working group RAN4
(Radio performance and protocol aspects) the test methods for 5G user equipment (UE) are
currently (2017) under investigation. The proposed sectored MPAC method has been contributed
to and is under consideration in 3GPP. Even if it is not approved for UE testing, the author expects
it to be useful for performance testing of base stations (BSs).

Keywords: 5G, MIMO, mm-wave, over the air, radio channel model, testing
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Tiivistelmä
Tämän väitöskirjan sisältönä on radiokanavamallinnus langattomia tiedonsiirtojärjestelmiä varten ja lisäksi mallien käyttöönottoa tulevien radiolaitteiden säteilevässä testauksessa. Uusia tietoliikennejärjestelmiä kehitetään jatkuvasti, yhtä lailla jatkuvasti kasvavien tiedonsiirtotarpeiden
tyydyttämiseksi. Ensimmäisten verkkojen ja päätelaitteiden pitäisi olla saatavilla tulevaan viidennen sukupolven (5G) järjestelmään vuoden 2020 tietämillä.
Työn tarkoituksena on määritellä kanavamalli 5G-järjestelmän simulointeja varten ja sitä
edeltäen tunnistaa kanavamallin vaatimukset. Lisäksi tutkimuksen aiheena on 5G-laitteiden
säteilevä (OTA) testaus häipyvässä radiokanavassa ja uuden testijärjestelmän määrittely tätä tarkoitusta varten. Ehdotetun testijärjestelmän keskeisenä toimintona on halutun sähkömagneettisen (EM) kentän tuottaminen testattavan laitteen ympärille. EM-kentän pitää olla kanavamallin
mukainen ja toteuttaa sen häipymä-, tila-, polarisaatio-, doppler- ja viiveominaisuudet. Testijärjestelmän komponentit ja tärkeimmän suunnitteluparametrit pyritään selvittämään tässä työssä.
Tutkimuksessa havaittiin, että ehdotettu karttapohjainen kanavamalli toteuttaa 5G-mallille
asetetut vaatimukset. Simuloinnit osoittavat myös, että tyypillisessä kaupunkiympäristössä suosittu GSCM-malli yliarvioi kanavan kapasiteetin monen käyttäjän MIMO-tekniikka käytettäessä.
Lisäksi osoitettiin sektoroidun OTA-järjestelmän, jossa hyödynnetään useita antenneja, radiokanavaemulaattoria sekä radiokaiutonta huonetta (MPAC), käyttökelpoisuus 5G-laitteiden testaukseen. Kyseisen testausjärjestelmän parametrit määriteltiin.
3GPP on tärkein foorumi, jolla 5G-standardeja luodaan. Siellä on hiljattain (2016) sovittu
5G-simulointeja varten kanavamalli, joka ei ole tässä työssä ehdotetun kaltainen. Standardoitu
malli on tyypiltään GSCM ja se on johdettu suoraan edellisen sukupolven (4G) kanavamallista.
Kirjoittaja olettaa tästä GSCM:n nykyisestä vahvasta asemasta huolimatta, että ehdotettu karttapohjainen kanavamalli lisää suosiotaan tulevaisuudessa. Parhaillaan (2017) on 3GPP:n RAN4työryhmässä käynnissä 5G-päätelaitteiden (UE) testimenetelmien määrittelyvaihe. Väitöskirjassa tutkittua sektoroitua MPAC-menetelmää on ehdotettu työryhmälle standardoitavaksi. Vaikka
mainittua menetelmää ei siellä standardoitaisikaan UE-testaukseen, niin voidaan olettaa menetelmän olevan hyödyllinen erityisesti tukiasemien säteilevään testaukseen.

Asiasanat: 5G, MIMO, mm-taajuudet, radiokanavamalli, säteilevä testaus
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Abbreviations
a, A

scalar variable

a, A

matrix or vector variable
√
imaginary unit ( −1)

j
e
λ
Ω
γk
k
R
C
|·|
∥·∥
⌈·⌉
(·)T
(·)H

Napier’s constant (base of the natural logarithmic)

2D

two-dimensional

3D

three-dimensional

3GPP

third generation partnership project

5G

fifth generation

AC

anechoic chamber

AoD

azimuth angle of departure

ASD

azimuth spread of departure

BS

base station

CDF

cumulative distribution function

CDL

clustered delay line

CE

fading channel emulator

D2D

device to device

DPS

Doppler power spectrum

DUT

device under test

EM

electromagnetic

wavelength at the carrier centre frequency in vacuum
solid angle
weight of kth probe
wave vector to propagation direction of a wave, with norm 2π /λ
the set of real numbers
the set of complex numbers
absolute value
vector norm
ceiling function (rounding up to next integer)
matrix transpose operation
matrix Hermitean operation (transpose and complex conjugate)
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EVM

error vector magnitude

GSCM

geometry-based stochastic channel model

iid

independent identically distributed

ITU-R

International telecommunication union - Radiocommunication section

LOS

line of sight

LTE

Long Term Evolution

MIMO

multiple-input-multiple-output

mm-wave

millimetre wave

MPAC

multi-probe anechoic chamber

MU-MIMO

multi-user MIMO

NLOS

non-line of sight

O2I

outdoor to indoor

OLOS

obstructed line of sight

OTA

over the air

PAS

power angular spectrum

PCB

printed circuit board

PDP

power delay profile

PFS

pre-faded synthesis

PWS

plane wave synthesis

RC

reverberation chamber

RF

radio frequency

RRM

radio resource management

RTS

radiated two-stage

Rx

receiver

SCM

spatial channel model

SISO

single-input-single-output

SNR

signal to noise power ratio

TDD

time division duplex

TDL

tapped delay line

TIS

total isotropic sensitivity

TRP

total radiated power

Tx

transmitter

UE

user equipment
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UTD

uniform theory of diffraction

V2V

vehicle to vehicle

WLAN

wireless local area network

WSS

wide sense stationary

WSSUS

wide sense stationary uncorrelated scattering

XPR

cross-polarization power ratio
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Introduction

Interaction and communication is natural to people, being one of the basic needs of
humans. In the past, telecommunication inventions extended the range of interaction
beyond the reach of audio waves and visual signalling. Currently wireless communication, with related devices and services, is part of everyday life for the majority of
people. The coverage, data rates, and the number of connected devices in wireless networks is increasing continuously. Old fashioned human to human communications has
been largely substituted by human to machine communications. In the future machine
to machine communication is expected to take on an increasing role and scale.
Any communication requires a channel to convey the message. In normal face
to face conversations the channel is typically composed of the ears, mouth, and air,
where the last component (air) contains some possible obstacles interacting with audio
waves. In radio communication, which is the overall field of this thesis, the channel
is composed of the propagation channel and of transmitting and receiving antennas.
The propagation channel is the medium of electromagnetic (EM) waves and it typically
attenuates and disperses radiated waves. A propagation channel and the antennas at
both link ends constitute the radio channel.
When developing wireless communication systems and devices, the propagation
channel is typically the only component of the system that cannot be engineered. Transmitters, receivers, antennas, algorithms, and protocols can be designed to achieve faster
and more reliable communication. The propagation channel has to be taken as it is,
and the other components have to be designed with the conditions and constraints set
by it. For this reason propagation and radio channel modelling are crucial in research
and system design in the telecommunication field. Since the radio channel is such an
essential component, it is important to make sure that new devices work with a wide
variety of radio channels by testing.
1.1

Background and motivation

In this section the basic concepts present in the title of this thesis are defined. The needs
for research are also sketched providing the motivation for the work done in the thesis.
More detailed identification of research questions is presented in Section 1.2.

19

The topic of this thesis is channel modelling. A model, more precisely a conceptual
simulation model, is by definition according to [23] “a mathematical/logical/graphical
representation (mimic) of the problem entity developed for a particular study.” Further, “a computerized model is the conceptual model implemented on a computer.” It
is important to distinguish between these two. The former is the essential content of
this thesis, while the latter is used in this study for validation and for demonstrating
and analysing model outputs. One can make different versions of the latter on different
platforms and, e.g., with different programming languages. Ideally different implementations would give exactly the same outputs, but in practice the implementations may
contain errors. In the case of radio channel modelling the conceptual model and the
stages of defining it are divided into two components as follows [24]. First, specifying
a generic channel model, i.e. the mathematical framework, and identifying the parameters that have to be determined for its description. Second, acquiring numerical values
for the identified model parameters, e.g., by extracting them from measurement campaigns. To summarize, in this thesis a channel model is a conceptual model containing
a mathematical framework and a set of numerical parameter values for the framework.
The new fifth generation (5G) telecommunication system is currently undergoing
research [25], standardization [26], and development. While the previous generations
are to some extent backward compatible and evolutionary versions of the previous systems, the coming 5G is expected to contain major changes. The development aims
to address future needs and forward compatibility. Compared to the previous generations, the 5G system is required to serve higher data rates in mobile broadband, with
ultra reliable and low latency transmission, e.g., for autonomous car, car-to-car, and
car-to-infrastructure communications, and massive machine type communications with
numerous transceivers [25],[27].
More bandwidth is required to address the need for broadband data transfer in 5G.
The radio frequency spectrum is a limited resource and sufficiently wide bandwidths
are not available at the legacy cellular bands below 6 GHz. Thus, new bands are now
being investigated, e.g., from 24 GHz and higher1 [28]. In 5G the utilized frequency
bands may have a wide range of centre frequencies from below one GHz up to 100
GHz [29]. Key challenges and technical potentials included especially in the communication at millimetre wave (mm-wave) frequencies, are summarized in [30]. Further, the
1 The

term mm-wave frequency is often used in the context of 5G. It is not exactly specified, but commonly
it denotes radio frequencies with the wavelength close to or shorter than 1 cm, i.e., approximately ≥ 30 GHz.
In some references it denotes any frequency above 6 GHz and below 100 GHz.
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cell sizes are expected to decrease; traditional macro- and micro-cells are going to be
complemented by pico- and femto-cells composing ultra-dense networks, moving base
stations and peer-to-peer types of device to device (D2D) connections between user terminals [27]. Many different types of links will co-exist in the network. The number
of communicating devices and thus the density of the radio links will grow significantly [25]. Larger antenna topologies, such as massive MIMO with tens or hundreds
of closely packed elements, and very large arrays with possibly physical dimensions of
tens of metres, may be used [25]. The novel features of the 5G system set new channel
modelling requirements for simulated evaluations of the system that are not addressed
by the prior channel models for previous generations [II],[6].
Radio channel models are not only used in analysis and simulations when performing research and development of new telecommunication systems. They are useful also
for a wide variety of purposes, from the design of specific algorithms for some purpose,
to judging between different protocol proposals in standardization forums. One crucial
use of channel models is in the testing of devices. Once the communication system
is standardized and industry has developed devices to operate in the system, the performance must be measured. For example, it has been a common practice for mobile
operators to evaluate the performance of any mobile terminal models they support, by
running a comprehensive set of measurements. The measurements use fading radio
channel models and specified test setups and procedures, in order to provide accurate,
repeatable, and comparable results. Another solution would be to test the devices in
field conditions, but this option lacks repeatability and comparability between different
measurements. In addition, field measurements are typically costly in terms of time and
effort.
Testing of wireless communication devices can be divided to three categories by
the purpose of the activity, namely production, conformance, and performance testing.
The second and especially the third are the focus of this work. Conformance testing
is often a pass/fail test performed for a few samples of the device type. Performance
testing is practised typically in the development phase of a product. It aims to assess the
quantitative performance of the device, e.g., the number of useful bits communicated
successfully in a time unit under specified conditions, i.e. the throughput. The specified
conditions may also contain fading radio channel characterization defined by a particular channel model. In over the air (OTA) testing the communication or test signals are
radiated to and from the device under test (DUT) via antennas, over the air. This is
in contrast to the conductive testing, where antennas are bypassed, and the signals are
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communicated using coaxial cables connected to antenna ports of DUT and test equipment. With 5G devices conductive testing may not be possible and OTA testing needs
special consideration [31].
1.2

Objectives and scope

There are a few typical questions related to development of a channel model. First:What
is a good channel model for evaluation of the considered system? In this work the scope
is limited to 5G systems. The purpose of any modelling is to reflect physical reality
with an appropriate level of detail, balancing accuracy and complexity. “What makes
a good multiple-input-multiple-output (MIMO) channel model” is analyzed in [32]. It
was concluded that a good model correctly renders the aspects of the radio channel
relevant to the system to be evaluated. Normally a general all-purpose model would be
too complex. Therefore, channel models are commonly developed for certain purposes,
considering the use of the model as a design criterion.
The aforementioned leads us to a subsequent question: What are the requirements
for a channel model? The requirements are derived from the characteristics of the system to be evaluated and from the use of the model for different simulation or emulation2
purposes. For example, if the system is going to operate at a wide variety of frequency
bands, the frequency dependency of the radio channel parameters is important. Further,
if the system is going to contain only sparsely located and isolated base stations (BSs),
accurate modelling for BS inter-site dependency of radio links is not necessary. Thus,
defining the requirements is the first step in the process of developing a channel model
[23].
The next question is: How can the validity of the channel model be evaluated? As
professor E. Bonek has written concerning channel modelling in [33]: “...the discrepancy between efforts to develop new MIMO models and validating them is striking.”
Validation is an important, but sometimes neglected part of channel modelling. In a
wider sense the validation may, usually be a qualitative, assessment of how well the
identified requirements are fulfilled. Often this can be partially done by performing
simulations with certain metrics and obtaining quantitative results. However, weighting
and combining the different results typically leads to a qualitative analysis. In order to
2 By

simulation, it is meant here to be an operation that is performed with a computer and where all system
components are implemented by software programming only. In an emulation, at least part of the system
components involved are implemented in hardware.
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judge the goodness of a channel model, one must first specify “good” in which sense
[32]. This leads to the selection of appropriate validation methods and metrics.
In a narrower sense validation can be understood as a comparison of the model outputs with measured radio channel characteristics. According to the definition by [23]
this can be termed verification. One of the specified model requirements is that the
model should be based on channel measurements. In this case the verification against
measurements is part of the wider validation against all requirements. A drawback of
this is that not all the radio channel characteristics can necessarily be measured, at least
not by a single measurement. Thus, the verification may not cover all relevant aspects.
In a simple example a large number of path loss measurement samples are collected
with one link end static and another moving. Then the path loss function, a shadowing
standard deviation, and auto-correlation function of the shadowing are determined as
specified, e.g., in [2, Part II]. If the developed model is then verified against the measurements the match will probably be excellent. The performed verification, however,
does not indicate whether the model is valid for reconstructing the dynamic path loss or
shadowing with dual motion of the link ends, for example.
In this thesis the aim is to define a channel model for 5G evaluations. A so called
map-based model, following deterministic modelling principles, has already been developed in the European METIS project [4]. The target is to continue this work and to describe the map-based model with some corrections and updates. The above-mentioned
questions will be addressed in the thesis by identifying requirements, describing the
model, and partially validating it.
A different set of questions is related to specifying the testing of wireless communication devices. How should 5G devices be tested? This field of testing is very wide,
containing many different types of evaluations of devices and system components, as
discussed in Chapter 3. This thesis wxamines BS and user equipment (UE) devices
of 5G systems. The scope is further limited to end-to-end performance testing and to
functional testing related to antenna adaptivity, both in fading channel condition. In
3GPP terminology this is demodulation and radio resource management (RRM) testing.
Any pure radio frequency (RF) performance testing is excluded from this thesis. For
the coverage of the testing, it is important to use relevant channel models, developed
for the considered frequency, environment, and use case. Once the general test method
is chosen, a particularized sub-question is:What kind of test setup should be used? This
covers the components, dimensions, functionalities, etc. required in the setup. Between
the previous and coming devices, the major difference regarding antennas and radio
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channels, especially concerning UE, is that the 5G devices are larger in electrical size
and in the number of antennas compared to the existing 4G devices. This will set new
requirements on the test setup, compared to the current state-of-the-art setups.
How should the validity of the test setup be evaluated? This is similar to the channel
modelling case. The suitability of the test method and the specified setup configuration needs to be validated in order to assure that all the relevant aspects can be tested
and with sufficient accuracy. Commonly, in the field of technology, the available tools
are measurements and simulations. As no complete laboratory setup for the proposed
test system is currently available, the validation is limited to simulations in this thesis.
Which methods and metrics should be used in the validation? Adequate and appropriate
metrics for evaluating the goodness of the proposed test method must be specified.
In this thesis, one aim is to define a test setup and methods for OTA testing of 5G devices in fading radio channel conditions. Currently BS types of devices are tested with
radio channel emulators utilizing RF cable connections. However, in the coming devices operating at mm-wave frequencies or close, it is foreseen that RF connectors will
not necessarily be available for testing purposes. Thus, testing will likely be performed
in a radiated manner, i.e. over the air. Radio channel modelling for the OTA testing of
these electrically large devices is a new and unexplored field, especially taking new 5G
channel models into use. The purpose is to identify and to overcome many technical
challenges incurred when going from OTA testing of small devices to large devices.
1.3

Research methods and materials

The following methods were used in different phases of the research:

– A literature based examination of model requirements and determination of model
components;
– A qualitative analysis of channel model requirements vs. the proposed model;
– Radio channel measurement and analysis of the data utilizing signal processing methods to complement a proposed model component: The measurement device was a
Keysight Network Analyzer [34], the antennas were Satimo dual-ridge horns [35],
metallic screens were used as diffracting objects, absorber blocks were used to block
unwanted signal paths;
– Computer simulations to validate the proposed model and to compare it with another
model family (a Matlab [36] implementation of the map-based model);
24

– A literature based examination of test system alternatives for 5G devices;
– Computer simulations to assess design parameters of the proposed OTA test setup
(Simulation models in Matlab, fading channel realizations generated with Keysight
GCM Tool [37]);
– Computer simulations to validate the proposed OTA test setup: Simulation models in
Matlab, fading channel realizations generated with the Keysight GCM Tool.
1.4

Outline of the thesis

This thesis is organized as follows. The introduction is followed by two chapters describing the background to the topics of the thesis. Chapter 2 defines radio channel
modelling terminology, history, and previous work in literature. Similarly, Chapter 3
specifies fading channel emulation concepts, illuminates the history of OTA testing, as
well as the theory behind the synthesis methods. Actual new contributions, results, and
findings are described in Chapter 4. In this chapter, Section 4.1 concerns the map-based
channel model and Section 4.2 focuses on the multi-probe anechoic chamber (MPAC)
OTA test method. The chapter is divided into sub-sections, each discussing a particular
contribution. Detailed descriptions, equations, and result figures are left for the original
publications. The intention is not to repeat all the material of the original publications,
but instead give an overview that can be deepened with the original papers summarized
in Chapter 5. Conclusion are drawn in Chapter 6, together with the main shortcomings
and proposals for future work.
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2

Radio channel modelling

A radio channel is composed of antennas at both link ends and a propagation channel
between the antennas, as illustrated in Fig. 1. Traditionally an antenna is counted as
part of the radio channel up to the antenna connector. Now with analogue or hybrid
beamforming arrays for 5G devices the definition is not necessarily that clear and the
boundary is not as sharp. RF components such as phase shifters and combiners, i.e.,
the beamformer, have to be considered as part of the antenna and thus part of the radio
channel. The radio channel illustrated in Fig. 1 is a MIMO channel, because there are
multiple antennas at both link ends. If there was only one antenna in the transmitter (Tx)
and one in the receiver (Rx) the channel would be single-input-single-output (SISO).
The propagation channel is the environment where the transmitted radio waves propagate to a receiving antenna. This may contain only free space (e.g. satellite-to-satellite)
or free space with air as the medium (oxygen and H2 O absorption) or an environment
with different interacting objects (terrestrial communication), e.g., buildings and trees.
The focus of this thesis is on terrestrial communications, mainly in cellular networks.
The main propagation effects are: free space propagation through the air of a line of
sight (LOS) path with possible absorption attenuation, and transmission (penetration)
through materials such as walls, reflection from the ground and surrounding objects,
diffraction across edges such as building corners, diffuse scattering from rough surfaces,
and shadowing (blockage) by smaller obstacles [38].
Fading is a characteristic of most practical radio channels. This means the fluctuation of the channel gain over time, frequency, and space. In a certain sense it also refers
to fluctuation of the polarization state. Causes of fading are discussed briefly in Section
2.1. The wide sense stationary uncorrelated scattering (WSSUS) condition is a common
assumption in radio channel modelling. In the seminal paper [39] the time-frequency

Fig. 1. System diagram of a radio link.
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Fig. 2. System functions of WSSUS propagation channel.

functions of randomly time-variant channels were introduced. Fig. 2 illustrates the
three-dimensional (3D) (space-time-frequency) system functions of WSSUS channels
and their dependencies via Fourier transforms [40]. In the figure, arrow directions indicate Fourier transforms and opposite directions inverse transforms, τ , f , Ω, x,t, ν are
delay, frequency, direction, location, time, and Doppler frequency, respectively. It is
noted that WSSUS condition is not assumed in the channel model proposed in Chapter
4. However, the introduced system functions provide useful insight into channel characteristics and interdependencies in a confined time/space window and into conditions
of a rich multipath environment. This is also true for the proposed model.
2.1

Progression of channel models

The evolution of channel modelling is illustrated in Fig. 3 by showing the new link
types supported by various wireless communication system generations, together with
the required model features. In the earliest systems the communication link was established between stationary and highly elevated radios. The most interesting aspect from
a design parameter perspective was the received power level obtained by specifying
antenna gains and by determining a path loss model. The path loss, or transmission
loss, describes the overall attenuation of signals in the propagation channel, without
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Fig. 3. Evolution of (mobile) communication systems and channel model features.

considering separate propagation paths. Often path loss models are empirical, i.e. developed by finding a suitable function that fits to a large measurement data set. Model
parameters are typically the link distance and the centre frequency, sometimes also antenna heights and other environment parameters [41]. A random shadow fading term
is commonly modelled with a log-Normal distribution. The shadow fading term is an
additional fluctuation in the path loss.3
In the next phase, support for mobile users was introduced. Research and development of mobile cellular networks created a need to model the temporal variation of
the radio channel caused by motion of the other link end (UE). Integration of multipath components, i.e. superposition of waves from numerous directions, by the moving antenna, causes fast fading of the received signal level. In the early models the
probability distribution of channel gains (amplitudes) was modelled with Rayleigh in
non-line of sight (NLOS) or Ricean distributions in LOS conditions [42]. In addition
to the amplitude distribution, also the Doppler power spectrum (DPS) and the temporal
auto-correlation function were modelled. For NLOS conditions the Clarke’s DPS [43],
resulting from two-dimensional (2D) isotropic scattering, has been popular. Widely
used methods for generating fading coefficients, with the previously mentioned characteristics, have included the sum-of-sinusoids [43] or noise filtering [44]. In the former
a sequence of coefficients is generated by the summation of a number of sinusoids with
3 At

mm-waves frequencies it can be questioned how meaningful the traditional path loss modelling principle
is. Namely, often highly directive antennas are used at mm-waves frequencies and the angular characteristics
of the propagation channel are far from isotropic.
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specific parameters controlling the resulting statistics. In the latter, a sequence of complex Gaussian random numbers is convolved with a particular spectrum shaping filter.
The shadow fading may be elaborated for mobile radio channels with a temporal/spatial
auto-correlation function.
Studies of wideband communication systems led to channel modelling for delay and
frequency domain characteristics. A common approach was so called tapped delay line
(TDL) modelling. In this method a radio channel is specified by a number of delay taps,
each with characteristics such as the average power, excess delay of the propagation
path, amplitude distribution function, and DPS [45]. The resulting radio channel is a
fading channel, both in time and frequency according to the specified statistics. In the
simulation model, antennas are not considered in particular, except by the antenna gain
terms used together with the path loss. In some of the early channel models for 3G
systems, tap delays even had dynamic behaviour, in the form of sliding delays and a
birth-death tap process [46]. The models were already multi-dimensional. On top of
the fast fading over time and frequency, characterized by the power delay profile (PDP)
and the DPS, slow variations in shadow fading and excess delays were accounted also
for.
The introduction of antenna arrays and MIMO expanded the modelling complexity substantially. The spatial and polarimetric structure of the radio channel had to be
considered. There were different approaches for this. The so-called correlation matrix based method utilizes the Kronecker product of both link end antenna correlation
matrices [47]. The principle is to extend the TDL description by specifying Tx and Rx
correlation matrices, either for each tap, or jointly for all taps. Correlation matrices were
composed, either artificially, or by deriving them based on some specified power angular spectrum (PAS) and antenna arrays [48]. Multiple correlated sequences of fading
coefficients are generated by performing linear transformation on originally independent identically distributed (iid) random sequences. This approach gained high popularity, as it is simple to implement, and, maybe more importantly, because it provides
analytical tractability. However, it was noticed that the Kronecker method had certain
limitations in reconstructing arbitrary bi-directional PASs, resulting in over-estimations
of the MIMO channel capacity, especially if applied jointly to all paths [49]. Another
constraint of the approach is that it may not conserve the joint characteristics of spatial and time domains, because the DPS is often specified regardless of the correlation
matrices.
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Another method for characterizing the wideband space-time MIMO channel is the
geometric modelling [24, 50], commonly known as geometry-based stochastic channel
model (GSCM). In GSCM antenna radiation patterns and array geometries are specified independently as well as bi-directional propagation parameters. Then a generic
mathematical framework is used to compose time-variant MIMO channel transfer functions from these. The propagation channel is specified by a limited number of discrete
propagation paths, commonly called sub-paths or rays, each having specific angular,
gain, etc. parameters. The word “stochastic” in the name refers to the random generation of path parameters, after which the procedure is completely deterministic. The
method is flexible, versatile, but still with reasonable implementation complexity. It
gained wide acceptance, now being the de-facto modelling approach for cellular communication system evaluations in numerous studies and standards such as [2, 51–53].
Furthermore, the recent third generation partnership project (3GPP) channel model for
5G evaluations [54] is a member of the same GSCM family.
2.2

5G channel models

The last block of Fig. 3 illustrates the coming 5G era. At the time of writing this thesis,
no commercial 5G networks or devices are implemented and the specification work
in standardization forums is still ongoing. The 5G systems are going to utilize new
frequency spectrum bands, introduce new link types, and new radio interface techniques,
compared to the previous generations [55]. Recent activities and results towards 5G
channel models are summarized in this section.
Radio and network technology components, together with channel models supporting their evaluation, have been investigated in European and international research
projects and actions such as METIS [56], mmMagic [57], MiWEBA [58], COST IC1004
[59], IRACON [60], and the 5G mmWave Channel Model Alliance [61]. Standardization and regulation activities have been carried out mainly by 3GPP [62] and the International telecommunication union - Radiocommunication section (ITU-R) [63]. A fair
portion of the work for the map-based channel model proposed in this thesis, was done
within the METIS project.
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2.2.1

5G channel model requirements

The first step in developing any channel model is to study the purpose - the coming use
of the model. Novel features of 5G systems are investigated and the corresponding new
requirements for the channel model are identified in [II,VI] and in [4, 6, 28, 29, 55].
For example, in the recent work [55] the key drivers for 5G channel models were formulated as: large antenna arrays, new frequency bands, and new deployment scenarios
of tranceivers. The findings in [II,IV] are summarized briefly in the following. Overall,
the requirements identified in all the mentioned references are well aligned and differ
only in the level of granularity.
Maybe the most obvious new requirement is the support for mm-wave frequencies
motivated by the considered spectrum allocations for 5G systems that will be confirmed
in the World Radiocommunication Conference in 2019 [64]. The previous mobile communication generations operate at frequencies below 6 GHz and the corresponding previous channel models are targeted for that part of the spectrum. Before the 5G work
there was research on 60 GHz channel modelling for fixed backhaul links, but otherwise the channel characteristics at mm-wave frequencies were mostly unexplored. The
5G channel model has to support the reconstruction of consistent multi-dimensional radio channel conditions at approximately 0.5 – 100 GHz, including not only path loss,
but also fast fading related characteristics. The consistency means that the channel conditions between any two separate frequency bands, for example, must be interdependent
and correlated smoothly and seamlessly in the model output.
For spatial consistency and mobility all channel characteristics must vary reasonably and continuously because either or both ends of the radio link are moving. The requirement for spatial consistency and support for long term mobility has several causes.
Firstly, compared to sparse and isolated BS sites with confined array sizes of previous
generations, 5G is expected to contain an ultra dense deployment of tranceivers and possibly very large antenna arrays. The propagation paths cannot be assumed to be fully
dependent between locations, as is the case within a channel segment in the “virtual motion” of GSCMs [2] nor can it be assumed to be independent, as is the case with isolated
transceiver locations. Evaluation of techniques, such as multi-user MIMO (MU-MIMO)
require realistic interdependency of propagation channels between UEs, as concluded
in [VI]. Secondly, at mm-wave frequencies the channel may be highly dynamic even
with a motion over small distances. For example the path blockage effect from shadowing obstacles is severe and is considered essential to model [65] compared to sub 6 GHz
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systems. Thirdly, the evaluation of D2D links, e.g., collision avoidance systems relying on car-to-car communication, must be based on spatially consistent and long term
dynamic modelling of propagation channels. Sufficient consistency in the mentioned
cases is very difficult to achieve with traditional GSCMs, such as [2, 53], where neither
cluster locations nor visibility regions [33] are defined.
A tool for increased spectral efficiency in 5G networks is to use very large antenna arrays for extracting and utilizing all the potential offered by the radio channel in
densely populated networks. The massive MIMO concept [66] provides high sum rate
capacities by introducing very large antenna arrays for BSs together with potentially
cheap single antenna UEs at conventional sub 6 GHz frequency bands. At mm-wave
frequencies UE must also use directive antennas for compensating severe transmission
losses. Overall, the antenna arrays will get larger, in the number of elements and either
or both in their electrical and physical size. At high frequencies it is possible to pack
arrays of hundreds of elements into a compact space. On the other hand, as sketched for
a sports stadium scenario in [67] or for a linear array on a roof-top in [68], the arrays
may be physically large, in the order of several or tens of metres. With physically large
arrays it may not be appropriate to assume that all the antennas of a single radio link
experience the same propagation paths [68]. Both with electrically and physically large
arrays, the far field distance increases and the suitability of planar wave modelling may
become questionable [II].
A slightly less general requirement arises from the interaction of EM waves with
built environments at mm-wave frequencies. The diffraction effect is weak and the
channel is sparse in the angular and delay domains. In addition to the LOS path, the
dominant propagation mechanisms include reflection and scattering [6, 69, 70]. At
mm-wave frequencies, the power of specular path components versus the diffuse power
is higher or similar to the sub 6 GHz frequencies [71, 72]. Given that antenna arrays at
mm-wave have a large aperture and the used bandwidths will be large, the transceivers
have a high resolution in both the angular and delay domains. It is also known that scattering caused by rough materials and small objects vs. larger smooth surfaces, results in
substantially different propagation channel characteristics. These aspects indicate that
the modelling of NLOS paths, especially diffuse scattering vs. specular reflections becomes important and requires different considerations compared to the current GSCMs
[6]. In simulations with high angular resolution antenna arrays, the Tx or Rx may have
to track realistically moving specular paths. GSCM can model the diffuse tail of prop-
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agation paths by introducing sub-paths around dominant components, but modelling
dynamic specular paths is not possible if the environment is not geometrically defined.
Finally, the descriptive and computational complexity of the channel model must be
tractable. The former means that a model can be described in such a compact and clear
way that it can be implemented unambiguously. This criterion prevents, e.g., specifying
a channel model containing a large amount of measured or simulated channel transfer
function data, because the description and distribution of such data are not manageable.
The latter indicates, that the model must be implementable so that the required computing resources (processing units and memory) and computing time are feasible. Without
a functional implementation (a computerized model), the model is not useful for any
practical evaluations.
2.2.2

Overview of the existing channel models

Models before 5G
Before the initiation of research activities for 5G channel models, there were many
multi-dimensional MIMO channel models in the literature. Due to frequency allocation
for 4G and earlier cellular systems, the models were mainly targeted at sub 6 GHz
frequencies. Thus, they are not directly applicable for 5G needs defined in Section 2.2.1.
In the following a few prior channel models are discussed, as they were compared to
5G channel model requirements in the METIS project [4].
In chronological order, the WINNER-family of GSCMs includes, the 3GPP spatial
channel model (SCM) [51], the extension by the WINNER project (SCME) [73], as
well as the WINNER [2], IMT-Advanced [52], and 3GPP D2D [74] models. The listed
models were originally designed for 2D propagation, further development has led to 3D
extensions like WINNER+ [75], QuaDRiGa [76], and 3GPP-3D [53]. These are widely
used models for sub 6 GHz frequencies based on numerous channel measurement campaigns conducted along the history of the model family. The so-called drop concept,
targeted for system level evaluations, contains three phases. Correlated large-scale parameters, like shadowing, and angular and delay spreads, for different UE locations
are first generated from specific probability distributions. Then, small scale parameters
such as cluster powers, angles, and delays, are drawn randomly. Finally, after specifying transceiver antenna characteristics, time variant channel impulse response matrices
are constructed with the sum-of-sinusoids principle.
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The COST 2100 channel model [77] is more suitable for spatially consistent modelling of propagation channels. Different to the WINNER model family, the COST
2100 model defines clusters on a coordinate system for the environment simultaneously
for all UEs. Moreover, each cluster has a visibility region covering a spatial area in the
environment and determines whether a UE has a pathway to the cluster. Thus, closely
located UEs experience similar propagation environments. Also, the coordinate-based
cluster definition supports spherical waves and a smooth time evolution of the channel.
The IEEE 802.11ad channel model [78] is targeted at the evaluation of high data
rate wireless local area networks (WLANs) at frequencies around 60 GHz. The model
is capable of describing spatio-temporal-polarimetric propagation characteristics of dynamic (non-stationary) channels. LOS paths and reflected paths up to the second order
are modelled based on accurate environment (room) layouts. Intra-cluster properties
associated with each reflection are characterized for 60 GHz. The model is limited
to three specific indoor scenarios only. The model has moderate applicability to dualmobility channel simulations since the cluster properties change significantly after any
major motion of WLAN devices.
A comparison of the above-mentioned channel models against a detailed list of
requirements is given in [II]. A compact overview of channel models from early geometric MIMO models up to the most recent mm-wave models is given in [30].
Models targeted for 5G
Many research projects, aiming at radio channel modelling for mm-wave frequencies
and coming 5G system evaluations, have been initiated during the last five years. In
the following sub-section these activities and their outcomes are described briefly. It is
noted, that most of the activities listed here have been completed during the process of
writing the original publications of this thesis. Many of the contributions and project
reports became available only recently and, thus, have not been discussed in the original
publications [I–VII].
The METIS project started late 2012. The project aimed to define a telecommunication system concept for the future information society (5G) [56]. As an enabling
function, one target was to define high quality radio propagation models for the successful development and optimization of technology components [4]. The original plan was
to extend the prior GSCM principle to 5G needs. However, in the course of identifying
specific modelling needs, it was concluded that a different modelling approach should
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be taken. Finally two different models, namely stochastic and map-based models, were
defined by METIS together with some ideas for combining them in a hybrid model [4].
The METIS stochastic model is an extension of [53], upgraded with features such as
measured parameters for a few scenarios at 60 GHz frequency. The main contribution
of the stochastic model is the parametrization. New features or functionalities were
given only in a brief form (ideas). The METIS map-based model is the centre of this
thesis and of the original publications [I,II,VI]. This is based on simplified ray-tracing,
targeted for frequency and spatial consistency. A hybrid of map-based and stochastic
models would determine the main propagation paths from a map and add stochastic
path components on top of them. It is noted that the ambitious goal of METIS was to
define a channel model for all specified environments, all frequencies (0.5–100 GHz),
all deployments and network topologies, and to cover all radio channel dimensions.
The MiWEBA project, started in June 2013, was a publicly supported research
project aiming to bring mm-wave technology into the mobile radio world, considering not only the access links but also the fronthaul and backhaul links [58]. The defined
channel model [79], for the outdoor and indoor channels at 60 GHz, follows a quasideterministic approach. The model is based on the representation of channel impulse
responses as a superposition of a few quasi-deterministic strong rays and a set of weaker
random rays. The structure of the MiWEBA channel model inherently enables a description of scenario specific geometric properties, reflection, scattering, path blockage, and
the mobility effects. The model is parameterized for open areas (university campus),
street canyons, and hotel lobby scenarios. The quasi-deterministic approach allows the
specified channel models to be used for various usage models with the same geometries.
The model supports D2D links with a simple change of Tx antenna parameters, as well
as an extension of the street canyon access model to a street-level backhaul deployment
model.
The European mmMAGIC project started in June 2015. Its goal was to carry out research and development into novel radio access technologies at the mm-wave frequency
bands [57] (defined there as 6–100 GHz). The project defined a GSCM with major enhancements, e.g., regarding ground reflection and blockage effects, spatial consistency,
and outdoor to indoor (O2I) penetration loss modelling [80]. The structure of the model
is in line with the latest 3GPP channel model [54]. An implementation was made available as part of the QuaDRiGa open-source software. The mmMAGIC channel model
is based on numerous measurements and also on ray-tracing simulations. The development work was carried out in parallel with 3GPP, ITU-R, and QuaDRiGa. For example,
36

the found frequency independency of large scale parameters, was taken into account in
3GPP [54]. On the other hand, in some cases the pursued consensus with 3GPP prevented taking all the findings into the baseline mmMAGIC channel model. Intra-cluster
characteristics, with a variable number of rays per cluster, is an example of this.
In 3GPP a study item targeted for specifying a channel model for above 6 GHz frequencies, was initiated early 2016 [81]. Given a very tight time frame, the specification
work in the study item was more of time schedule driven than content driven. Once
started, the purpose was mainly to cover the new frequency area, but also to consider
requirements from the coming New Radio concept. Later, with the final model specification [54], the applicable frequency range was broadened to also include sub 6 GHz.
This model is currently the de-facto channel model in the industry for 5G evaluations.
It is an extension of the GSCM [53] for higher frequencies with revised parameters. It
contains optional features for oxygen absorption, ground reflection, blockage, spatial
consistency, etc. The modelled scenarios include an urban micro street canyon, urban
macro, rural macro, and indoor office. The outdoor scenarios are parameterized for
LOS, NLOS, and O2I cases. In the specification an alternative model is also included,
which is a hybrid of ray tracing and stochastic modelling, which is reminiscent of the
ideas of the hybrid METIS model and the MiWEBA model. The map-based model
discussed in this thesis can be used as the deterministic part of the alternative hybrid
model.
The described list of activities and models is not exhaustive. In addition to the listing, there are many other forums, institutes, and individuals working on the field of 5G
channel modelling. In the following a few are mentioned. Currently ITU-R is specifying the IMT-2020 channel model [82]. New York University (NYU Wireless) has
contributed numerous measurements and publications, mainly on path loss and other
channel characteristics at mm-wave frequencies. They have also provided an implementation of a 5G channel model [83]. The 5G mmWave Channel Model Alliance,
established by NIST in the USA, is an open forum for global efforts to define future
radio channels through which next-generation 5G wireless will operate [61].
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3

Over the air testing

Wireless product testing is a broad concept. In this thesis it is understood as evaluating
the conformity of a radio device against specified criteria or the performance of a device
with specified figures of merit, in realistic radio channel conditions. Testing is directed
to a DUT, i.e. a piece of hardware. Thus, it is an operation that is performed in a later
phase of product development. In OTA testing the test signals are communicated by
EM waves to and from the DUT via its built-in antennas. This differs from conductive
testing, where DUT antennas are bypassed and the signals are communicated using
coaxial cables connected to antenna ports of DUT and test equipment. One category of
OTA testing is for evaluation of the RF performance such as error vector magnitudes
(EVMs), or out of band emissions, but they are not in the scope of this thesis since they
are not performed in fading channel conditions.
OTA test methods with fading radio channels were studied and developed in the
early stage by Japanese researchers. This work, concerning setups with analogue components only and avoiding the use of dedicated fading channel emulators (CEs) with
digital processing, is reviewed in [84] and described in the references therein. The first
setup was similar to current reverberation chambers (RCs) with a room or a shielded
space with numerous scattering surfaces. Temporal fading was achieved by rotating
antennas. Subsequent solutions were based on OTA antenna (probe) innovations. An
electronically steerable passive array radiator (ESPAR) is a circular array with feeding
only to the central element. Other parts are parasitic elements, electronically coupled
with the active element. Temporal fading resulted from the mechanical motion of passive elements. A similar idea is behind the cavity-excited circular array (CECA). It also
has an active central element, radiating into a cavity and exciting a circular array of
passive elements with impedances continuously tunable by varactor diodes. Both methods are capable of generating angularly dispersed, Rayleigh or Rice-Nagakami fading
channels. Though, the angular spread is limited to the physical size of the OTA antenna
array structures. The third step was an analogue spatial fading emulator [85] that was
very close to the ideas of the MPAC solution (defined in Section 3.2). A ring of single
or dual polarized probes was constructed around the DUT. The transmitted signal was
divided between probes by a power divider. Each probe had time variant gain and phase
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control, to enable the precise reconstruction of plane waves in polarimetric and azimuth
angular domains.
In the past, the first standardized OTA tests, namely total radiated power (TRP)
and total isotropic sensitivity (TIS), were specified for assessing DUT performance
in isotropic (uniform 3D power distribution) and non-fading propagation conditions
[86, 87]. In TRP testing, the DUT transmits and the total power radiated in the 3D space
is measured. In TIS testing, the DUT is set to a receiving mode and the purpose is to
measure the lowest power for still reaching a certain throughput target. The mentioned
tests are performed either in an anechoic chamber, with single probe direction active
per time instant, or within an RC with the average isotropic scattering environment.
A need for new fading OTA tests was identified in a later phase, when MIMO capable terminals (in the first place, terminals with two receiving antennas) were introduced.
It was understood that a static and isotropic radio channel would be neither realistic
nor capable of reliably evaluating performance in spatial multiplexing or Rx diversity
schemes [88]. For example, antennas designed for providing good TRP and TIS on
isotropic channels, are not necessarily optimal for the reception of spatially multiplexed
signals in realistic propagation conditions with a clustered angular power distribution.
Partially based on these findings, the research effort to find OTA test systems with realistic propagation effects, was increased. The new target was to develop an OTA test
method for an overall end-to-end performance evaluation, that would reproduce radio
channel conditions based on specified channel models and to contain the true antennas
of the DUT. The target reference channel models were, e.g., 3GPP SCM [51], and
WINNER [2]. In the following Section 3.1, a few candidate solutions considered for
Long Term Evolution (LTE) UE testing in [89] are described briefly.
3.1

OTA test methods for 4G UEs

The two major standardization forums, specifying OTA testing, have been CTIA and
3GPP. CTIA specification [90] for LTE UE is completed, but in 3GPP the work, after
approximately eight years, is still ongoing [89]. Three main categories of methods are
the RC [91], the radiated two-stage (RTS) [92], and the MPAC method [15]. Outside
the referred standard documents has been introduced also a fourth option; reconfigurable OTA chamber [93], an RC whose walls are lined with antennas, supporting for
reconstruction of controllable 3D PAS.
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RC is a metallic cavity with mechanically moving or rotating stirrer blades [91]. The
slowly varying, due to stirrer motion, reverberant environment emulates time averaged
isotropic scattering condition. The setup can be complemented with a CE to achieve
longer excess delays for a target PDP. Typically the test signals are radiated to/from
RC with several probe antennas. Despite its potential on providing fading channel conditions in general, it has some deficiencies when considering reconstruction of specific
channel models. RC does not offer controllable angular or polarimetric channel characteristics, due to its inherently random nature. Further, generation of LOS or specular
reflected paths with controlled Ricean K-factor or angular properties, is difficult. The
reconfigurable RC [93] is an interesting research subject, but its practical capability is
currently not well known.
In RTS the idea is to perform measurements in two stages [92]. The first stage
is for acquiring complex radiation patterns of DUT antenna elements. This can be
done in an anechoic chamber (AC). A proprietary test mode for reporting DUT complex radiation patterns is needed, when DUT antennas are not accessible by a coaxial cable for the measurement. The measured radiation patterns can be embedded to
the target propagation channel model to obtain time variant channel transfer functions
Hmodel (t, f ) ∈ CN×M , where N is the number of DUT antenna ports, M is the number
of antennas in the other link end (e.g. BS), t is time, and f is frequency. In the second
stage each antenna port of DUT is accessed over the air in anechoic chamber using N
probe antennas. This is done by measuring transfer functions Hrts ( f ) ∈ CN×N from
probes to DUT antennas and by inverting the measured transfer matrix. The inversion
can be done with a CE, and it provides, in ideal conditions, isolated and non-distorted
links (aka "wireless cables") to DUT antenna ports. Now the target transfer function,
dictated by the target channel model, can be reached as
(
)
Hrts ( f ) H−1
rts ( f )Hmodel (t, f ) = I( f )Hmodel (t, f ),

(1)

where I is an N × N identity matrix. RTS method is very attractive, but it has two drawbacks. Firstly, it is not well suited for adaptive antenna systems like, e.g., for analogue
beamforming. Time variant Hrts would require time variant inverse of it, known in advance by the CE. Secondly, the required probe and CE resources for the second stage
are directly proportional to the number of DUT antennas. For 5G devices, with a high
number of DUT antennas the test setup may become non-feasible.
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Fig. 4. Fading emulator and anechoic chamber based MIMO OTA test set-up. [15]

The third method, MPAC, for LTE UE is the most versatile among the candidate
solutions and offers the highest potential. It is described in more detail in Section 3.2.
3.2

MPAC method

The MPAC test setup, initially described in [94] and thoroughly in [15], is based on fading emulator, anechoic chamber and a number of probes (OTA antennas). The purpose
of the setup is to reproduce time variant, polarized, frequency and space selective EM
field around the DUT imitating the target MIMO radio channel model. Components of
the setup are illustrated in Fig. 4. DUT is in the centre of the anechoic chamber, in
an area called test zone, and probes are arranged, e.g., uniformly around the DUT in
two or three dimensions. Each probe is connected to an output port of the CE. Power
amplifiers may be required between CE outputs and probes to compensate the path loss
between probes and the DUT. A communication tester (BS emulator in the Fig. 4)
creates the test signal that is fed to the CE. The CE performs convolution of the channel
model transfer functions and Tx signals. Thus, it creates the multipath environment
including path delays, Doppler spread and fast fading. The channel model, containing polarization characteristics and directions of departures and arrivals, is mapped to
the CE such that the model allocation corresponds to the physical probe installation
in the chamber. DUT is assumed to be in the far field region of each probe, and vice
versa. In the actual measurement, an appropriate performance metric, e.g. throughput,
is collected as a figure of merit.
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Normally both downlink and uplink transmissions are required in the emulation.
In the simplest case no fading or multipath effects are emulated in the uplink. In this
case an uplink communication antenna is located inside the AC such that it does not
interfere the downlink. The antenna is connected to the communication tester with
a coaxial cable. However, in time division duplex (TDD) systems the uplink radio
channel should be reciprocal with the downlink and thus fading. This can be achieved
by receiving the uplink signals by probes and performing fading also for them within the
CE. Probes must be dual polarized when the polarization dimension of radio channel is
considered. Both elements of a single probe, radiating orthogonally polarized signals,
have to be connected to different CE outputs. This will guarantee independent fading on
different polarizations as specified, e.g., in [2]. With orthogonally polarized, co-located,
and phase calibrated probe elements, it is possible to generate any polarization states
like, e.g., circular, linear, or elliptical.
3.2.1

System model of MIMO emulation

In the following system models both for the conductive MIMO radio channel emulation
and the OTA emulation [VII] are defined. This is done to give an exact mathematical
definition for the purpose of MPAC setup.
Traditional MIMO emulation
The system model for MIMO communication channel [95], neglecting noise, is
Y(t, f ) = H′ (t, f )X(t, f ),

(2)

where Y ∈ CN×1 is the received signal vector, X ∈ CM×1 is the transmitted signal vector,
and N, M denote the number of receiver (Rx) and transmitter (Tx) antenna ports (or subarrays), respectively. With a geometric channel model with L discrete paths the MIMO
channel transfer function H′ ∈ CN×M is defined as

′

H (t, f ) =

L

∑

l=1

[
Grx (t, −krx
l (t))

θϕ

αlθ θ (t, f ) αl (t, f )
ϕθ
ϕϕ
αl (t, f ) αl (t, f )

]

(
)T
Gtx t, ktx
,
l (t)

(3)

where Grx ∈ CN×2 and Gtx ∈ CM×2 are the polarimetric antenna (or sub-array) pattern
vectors of θ and ϕ polarizations for Rx and Tx antenna arrays, respectively, defined
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for a common phase centre. Antenna patterns are introduced with the argument t to
tx
support time variant analogue beamforming. Further, wave vectors krx
l and kl define

both the frequency and the direction of arrival/departure to sample the radiation patterns
of Rx/Tx antennas, while the coefficients αlab are complex channel gains of path l for
received polarization a and transmitted polarization b. It is assumed that all Tx and Rx
antenna elements experience the same propagation coefficients α in the formulation of
(3). This assumption is violated if the far field condition does not hold in the target
channel model. To model these cases properly, the propagation coefficients in (3) have
to be defined separately for each Tx/Rx element pair, as described, e.g., in [4].
In traditional conducted MIMO emulations, the communication tester (e.g. Tx)
and DUT (e.g. Rx) antenna ports are connected to fading emulator input/output ports
with coaxial cables. Within the CE the input signal X is multiplied (convolved in time
domain) with the channel matrix H′ and the resulting signal vector Y is fed to N ports
of the DUT. It is possible to calibrate the test system (including the CE and cabling to
Tx/Rx) so that the operation of (2) is precisely emulated with the target radio channels
specified by (3).
OTA emulation
The OTA case is different compared to the conducted emulation. There the transfer
function H′ is constructed, not only by the CE and cables, but also by probes, DUT
antennas, and the environment within the AC. In an OTA setup the matrix H′ of (2) is
substituted by
H(t, f ) = F(t, f )W(t, f ).

(4)

The first term is a transfer matrix of the physical environment (within AC) from K
probes to N DUT antennas defined as
{
}
F(t, f ) = ψn,k (t, f ) ∈ CN×K ,

(5)

(
)
(
)T √
ψn,k (t, f ) = Grx,n t, −kn,k Go,k kn,k
L(dn,k , f ) e j∥kn,k ∥dn,k ,

(6)

with entries

where Grx,n and Go,k ∈ C1×2 are the polarimetric antenna pattern vectors of nth DUT
antenna and kth OTA probe, respectively. Further, kn,k , dn,k and L(dn,k ) are the wave
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vector, the distance and the path loss term between the kth probe and the nth DUT
antenna, respectively. It is noted that the time dependency of F arises only from time
variant analogue weighting of DUT antennas. Otherwise the transfer matrix is static.
The second term in (4) is the transfer matrix W ∈ CK×M to be executed by the
CE, predominantly containing the temporal and frequency fading components of the
channel model, but also probe specific weights. The kth row, k = 1, . . . , K, of matrix
W(t, f ) is defined as
[

L

Wk (t, f ) =

∑

ϕ

θ (t) γ (t)
γl,k
l,k

l=1

]

[

θϕ

θ θ (t, f ) α (t, f )
αl,k
l,k
ϕθ
ϕϕ
αl,k (t, f ) αl,k (t, f )

]

( tx )
T
Gtx
t, kl (t) ,

(7)

ϕ

θ (t) and γ (t) are the weights of the kth probe and lth path θ and ϕ polarized
where γl,k
l,k

components, respectively.4
Ideally the target in a faded OTA emulation would be to reach condition H′ = H,
i.e., to perfectly reconstruct the target MIMO radio channel conditions. Mathematically
this could be achieved simply by determining F and specifying
W(t, f ) = F(t, f )−1 H′ (t, f ).

(8)

If successful, the circumstance for the RTS method (described in Section 3.1) is met.
However, to get H′ = H is often not reachable in practise by using (8). The OTA transfer matrix F(t, f ) is not typically measurable (or otherwise determinable), neither for
antennas or frequency because the DUT may not support measuring the S21 parameter.
Nor does this work over time because adaptive (dynamic) antenna characteristics of a
DUT are not known a priori. Therefore, the ultimate goal of using MPAC is different.
Instead of the aforementioned, i.e., using (8), with MPAC the aim is to select active
probes and to control weights γl,k (t) to reconstruct EM fields on the boundary of the
test zone to reach statistically similar transfer functions H′ and H of the reference and
the OTA case, respectively. Here two concepts are mentioned, namely the boundary
principle and statistical similarity. Firstly, as described in [15], the DUT is taken as a
“black box” and the following principle is applied; a closed boundary surface (curve in
2D case) determines the field within the boundary, when no sources are present inside
[96]. In other words, the right target field may result inside the test zone, if such a field
4 It

is noted that in practical MPAC setups the probe antenna elements are typically designed to be close to
θ or γ ϕ is set to zero depending
perfectly either θ or ϕ polarized. In this case, for each probe k, either the γl,k
l,k
on the main polarization of the probe.
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is generated, so that the components of both the electric and magnetic fields tangential
to the surface of the test zone field are equal to those of the target field [12]. Secondly,
statistical similarity means the same power delay profile, Doppler spectrum, Ricean
K-factor, amplitude distribution, cross polarization power ratio, and power angular distribution, as with the target channel model. With the popular GSCMs [2, 51, 54] the
instantaneous channel coefficients are not specified. Thus, it is not feasible to pursue
any particular instantaneous fading channel conditions5 .
3.2.2

Field synthesis options

Two synthesis methods, namely plane wave synthesis (PWS) and pre-faded synthesis (PFS), have been discussed in the literature and used in practical measurement facilities. Both methods use components of the MPAC setup for reproducing fading radio
channel conditions within a test zone. The former is also known as the wave synthesis
method and the latter in some references is referred to as pre-faded signal synthesis.
These methods, briefly described in the following, set different requirements for the
setup and provide different capabilities, while in many cases they lead to statistically
similar channel conditions. The capabilities of the methods, with respect to channel
characteristics such as PAS, DPS/temporal auto-correlation function, cross-polarization
power ratio (XPR), and PDP, are discussed in [15]. Verification measurement procedures are described in [89].
Plane wave synthesis
In PWS the idea is to use probes to synthesize any particular EM field within the limited volume of a test zone by setting complex excitation coefficients γk for them. For
example the following approach can be taken: any time variant field structure can be
decomposed into contributions of independent plane waves with different directions,
amplitudes, (Doppler) frequencies, and phases. PWS provides an efficient method to
construct an unlimited number of these component waves. Taking this approach, the
coefficients α in (7) are non-fading, the path count L of component plane waves is high,
and weights γk are complex. The actual fading results as the superposition of compo5 Reconstruction

of instantaneous target channel conditions may be pursued in the case of the so-called playback of measured or ray tracing radio channel data. This is achievable if the available MPAC setup supports
using the plane wave synthesis, defined in Sub-section 3.2.2
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Fig. 5. Construction of a plane wave with PWS. ([97] © 2012 IEEE)

nent waves within the test zone. PWS requires, at minimum, Nyquist sampling of the
boundary surface by probes [15]. In other words, probes are needed in a set of directions, so that the intersection points of the surface and line segments from the centre
of the test zone to the probes sample the surface with at maximum half a wavelength
spacing between points. Another requirement is that the MPAC setup must be phase
calibrated in order to enable complex excitation. Fig. 5 illustrates how a plane wave
(red curves) is constructed within a circular test zone from spherical composite waves
(grey curves) of bottom half circle of probes (black circles) [97].
The reconstruction of multipath channels in a 3D MPAC setup using the sphericalwave theory is discussed in [98]. A simple PWS description for 2D (azimuthal) vertically polarized setup is given in [15], motivated by [14]. The principle of PWS is
discussed in [96] and brightly depicted in [97] (see Fig. 5). A method for 3D setups,
but without considering the polarization, is given in [99]. A thorough description for
3D configuration and full polarization control is introduced in [18].
The benefits of PWS are; good support for arbitrary instantaneous channel conditions, especially for LOS and specular paths, and the possibility to compensate for nonidealities of the MPAC setup. These non-idealities can be, e.g., short range length (i.e.
distance between probes and the test zone) or reflections within the AC. A major drawback is the required phase calibration, which may be practically difficult to achieve at
mm-wave frequencies. For example the switch implementation and the long term phase
drift effects related to the ambient temperature are concrete challenges. Another disad47

vantage is the high number of probes required for electrically large DUTs, i.e. devices
that fill up a volume with a large surface area in wavelengths.
Pre-faded synthesis
In PFS, e.g., Rayleigh faded signals are generated with a CE and radiated separately
through multiple probes. Conceptually, the path is substituted by a cluster in (7) (see
the definition of a cluster in [2]), the number L equals the number of clusters, and the
coefficients α are fading over time. Fading sequences are created independently for
each cluster. The clusters are mapped onto probes based on their PAS and on the probe
directions. The mapping is done by setting proper power weights, i.e., real amplitudes
γk , in (7). Each probe contributing to the cluster has independent fading coefficient
sequences with similar statistics. The PFS method was first sketched in [94] and indirectly touched upon in [11, 13]. A detailed description is given in [15] and with further
elaborated computing method in [100].
Power weights for probes are set independently for each cluster. The purpose is to
imitate the continuous target PAS with a limited number of discrete sources, i.e., probes.
The principle relies on the common assumption of uncorrelated scattering. The larger
the antenna aperture of the DUT, the higher beam resolution of the DUT is expected.
Therefore, to ensure that the DUT can not distinguish the target and emulated spatial
channel, more active probes are needed to sample the PAS for DUTs with larger antenna
aperture. Weights could be determined by directly sampling the target PAS according
to the probe directions. However, larger test zones can be achieved with a sampling optimized for the channel model [15]. The optimization can be performed by minimizing
the deviation between target and achieved spatial correlation functions within the test
zone. For perfect reconstruction of the target PAS, approximately the same number of
probes would be required, as they would for the PWS method [101].
A clear benefit of PFS is that no phase calibration is needed for PAS reconstruction.
Moreover, spatial fading channel conditions can be generated with only a few probes, if
the PAS accuracy criteria are relieved. A weakness with the method is that it is less general compared to the PWS. It is not capable of flexibly emulating LOS or other specular
paths, as the method relies on the cluster concept and the uncorrelated scattering principle. The mentioned specular paths can be emulated towards/from the directions of the
probes only. Further, instantaneous channel conditions cannot be controlled without a
phase calibrated setup, as discussed earlier.
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3.3

OTA test methods for 5G devices

What are the key requirements for OTA testing of 5G devices and what are the differences as compared to 4G UE testing? In this section these subjects are discussed,
limiting the considered 5G devices to BSs and UEs operating at, or close to, mm-wave
frequency bands.
Firstly, 5G devices are expected to utilize large antenna arrays. Massive MIMO technology enables high rate transmissions to a large number of users in a dense network,
and to compensate for the high transmission losses, inherent to mm-wave frequencies,
by array gains [66]. The expected mode of operation of large antenna arrays is hybrid
beamforming. For practical reasons, mainly related to the power consumption of the
components (digital to analogue conversion), each of the numerous antenna elements
may not be supported by separate RF chains. Instead the arrays may be connected to a
baseband unit by only a small number of RF chains. The antenna elements are divided
into sub-arrays, in which elements are combined into a single RF port by an analogue
beamformer. The beamformer enables composing a predefined set of fixed antenna
beams [102]. Thus, each sub-array may compose a number of predefined beam shapes.
It is expected that the main directions of the beams will cover an angular sector of interest. The beam allocation and beam alignment procedures are crucial operations to be
tested in the link establishment.
Secondly, the testing of these devices will move almost exclusively to radiated methods, as predicted in [31]. It should be noted that the mm-wave devices are small in physical size and will be highly integrated units with printed circuit board (PCB) antennas.
Thus, they may not contain RF connectors necessary for coaxial cables for conducted
testing. And even if they did, the number and the overall complexity of coaxial cable
connections to the test devices would be impractically high. Attaching and detaching a
high number of coaxial cables is a time consuming and an error prone operation.
3.3.1

5G requirements and differences to 4G

In the following the major changes from 4G to 5G devices with respect to OTA testing
are briefly listed:
1. RF connectors are not available for cabled connection.
2. Devices are electrically large (in terms of wavelengths).
3. Antennas (sub-arrays) have time variant characteristics.
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4. 3D propagation is essential, as beamforming is performed both in azimuth and elevation directions.
5. The propagation channel at mm-wave frequencies is more sparse and specular [69].
6. The spatio-polarimetric domain is more critical as the system relies heavily on beamforming operations.
Requirements for 5G OTA
Selection criteria for the OTA method for testing 5G equipment are specified in [103].
They include; capability 1) for real-time performance assessment, 2) for emulating realistic radio channels, and 3) for bi-directional (up- and downlink) emulation. The second
criterion can be elaborated to include the requirement for 3D PAS reconstruction. One
additional but obvious criterion must be added. Namely, setups for the test method must
be 4) implementable and feasible in terms of complexity (and cost).
The RC method fails in the second criterion, as controlled spatio-polarimetric power
distributions cannot be reproduced (see Section 3.1). The method of using a reconfigurable OTA chamber has theoretical potential, but at the moment no accurate control of
PAS, or other channel dimensions, have been reported. Thus, it currently fails the fourth
criterion. The RTS method requires the measurement of radiation patterns, thus it does
not immediately provide a real-time performance assessment. However, the first stage
of the method has a tolerable measurement procedure and the first criterion is fulfilled
in this sense, as well as the second and third. Criterion number four is problematic with
RTS. If the transfer function is inverted for all elements of the DUT array, it might
require tens or hundreds of simultaneously excited probes. This complexity is not feasible in practise. On the other hand, the transfer function inversion could be directed
for beams of sub-arrays (i.e. RF ports), which are currently limited to a maximum of
eight in [102]. The problem in this approach is that the transfer function is time-variant.
Currently no mechanism for the test setup to be synchronized to time variant DUT antennas, i.e., to the state of the analogue beamformer, is reported in the literature. In
3GPP a test mode of DUT is discussed in which the adaptivity is switched off and the
beam state can be locked. However, this option would violate the first requirement and
fail to measure the performance of the beam allocation procedure.
The MPAC method can measure the performance of DUTs in their normal operational mode, with controlled radio channel characteristics, and also in a bi-directional
mode. In order to keep the implementation and the setup complexity tolerable, some
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simplifications must be made to the target PAS, as described in [VII]. More specifically,
the number of simultaneously active probes must be limited, which prevents the use of
PWS. However, it is emphasized that the signal model defined by (4)–(8) is not changed
when comparing previous and the proposed setups.
In the literature MPAC OTA techniques for massive MIMO or mm-wave device
evaluations have been discussed in [19, 20, 103, 104] and in the original publications
[III,V,VII]. The content of original publications is discussed in Section 4.2. The feasibility of PWS and PFS methods, in terms of required number of probes, is analyzed
in [19] for 2D circular probe geometries. Preliminary investigations on probe configurations and range lengths are reported in [104], with the main focus on the precision of
reconstructing an individual multi-path cluster. Various aspects, such as physical setup
dimensions, probe configurations, and suitable channel models are discussed in [20].
The simulations were performed for 2D probe configurations only with two channel
model scenarios used for 4G evaluations (SCME urban micro and macro [73, 89]).
On the number of probes for signal synthesis
As mentioned in Section 3.2, the state-of-the-art MPAC OTA for electrically small devices aims at an angular sampling of the test zone by probes so that a perfect reconstruction of the target PAS is achievable. Different approaches have been taken to estimating
the number of probes or the minimum angular sampling to reach the goal. The following rule of thumb, based on the cut-off property of a spherical wave series, is given in
[12] for the required probe number K for a uniform 2D setup

K = 2⌈2π r⌉ + 1,

(9)

where r is the radius of the cylindrical test zone in wavelengths, and ⌈·⌉ is the integer
ceiling operator. Another reasoning was used considering the PFS in [19]. In this a
half power beamwidth is derived assuming a circular aperture dictated by the test zone
size. Furthermore, it is assumed that probes must sample the test zone at a spacing with
the maximum set by the half power beamwidth supported by the test zone radius. The
resulting approximation formula is
⌈

⌉
2π
K=
,
2 sin−1 (u/r)

(10)
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where the denominator represents half power beamwidth in radians and u ≈ 0.2355 is
derived from a circular aperture formula (see derivation in [19]). It is worth noticing
that larger test volumes can be achieved with a sampling optimized for the channel
model.
The previous approximations are for 2D PAS considering a full ring of probes. Now
with 5G devices, as discussed previously, a 3D PAS must be generated. Having electrically large DUTs can lead to prohibitive high probe number requirements. For example,
a DUT of a 10 × 10 planar array, with λ /2 inter element spacing, has a test zone radius
r = 3.2λ and could require hundreds of dual polarized probes, depending on the angular sector to be covered. This can be calculated by approximating the required angular
probe spacing by (9) or (10) and using it for a 3D sectored probe installation.
Therefore, the existing MPAC configuration, i.e., with a uniform probe configuration and each probe simultaneously connected to a CE, is hugely challenging for massive MIMO testing for mm-wave frequency bands due to complexity and cost consideration. There is a strong need to develop new MPAC configurations that are adequate
and cost-effective for mm-wave massive MIMO BS testing. The results and the carried
work described in Section 4.2, are intended to address this need.
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4

Results (from original publications)

In this chapter the results of original publications are discussed in two parts; first for the
map-based channel model and second for the OTA test method. The aim is to introduce
the key findings and to answer the questions set in Section 1.2. Most details are left for
the cited original publications.
4.1

Map-based model

A high-level description of the map-based channel model is given in this section. Essential results from simulations and from the measurement, and validation activities are
summarized. The original version of the computerized model (a Matlab implementation) used for simulations was developed by the author.
4.1.1

Model description

The proposed model is based on ray tracing using a simplified 3D geometric description
of the propagation environment and deterministic modelling of propagation in terms of
rays, as described in the original publications [II,VI]. Building walls are modelled
as rectangular surfaces with specific electromagnetic material properties. The significant propagation mechanisms, i.e. diffraction, specular reflection, diffuse scattering,
blocking etc., are accounted for. For each specific link between Tx and Rx there are
a number of pathways, i.e., propagation routes for radio waves within the propagation
environment, which contribute significantly to the received power. The overall path loss
and shadowing are not explicitly modelled by any empirical formulas or distributions,
as is the case in the majority of channel models. Instead they are determined implicitly
by the contribution of propagation paths.
A block diagram of the channel model is illustrated in Fig. 6 with numbered steps
of the procedure to generate radio channel realizations. On a higher level the procedure
is divided into four main operations: the creation of the environment, determination
of propagation pathways, determination of propagation channel matrices for path segments, and composition of the radio channel transfer function. In the following the main
operations are described, leaving most details and equations to the original publications
and the references contained in them.
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Fig. 6. Block diagram of map-based model. ([VI] © 2017 IEEE)

Creation of the environment
The first four steps in Fig. 6 are for creating the environment. As a starting point a 3D
geometric description is required. The map contains coordinate points for wall corners
where the walls are modelled as rectangular surfaces as mentioned earlier. Secondly, a
set of random scattering/shadowing objects are drawn on the map with a given scenario
dependent density. Thirdly, the surfaces, such as the walls, are divided into tiles with
certain tile centre coordinate points for diffuse scattering modelling. After these three
steps the environment has been defined. In step number four, transceiver locations or
trajectories are defined. It is also possible to draw the transceiver locations randomly
which is analogous to the drop simulations of GSCMs.
Random objects have two functions in the framework. Firstly, they model smaller
structures such as, lamp posts and vehicles, found in the environment in a coincidental
manner and thus facilitate a simplified specification of the map itself. Secondly, they
enable an infinite number of different propagation environments to be generated with
a single map. Random objects also have a twofold impact on the propagation. An
object may act as a blocking obstacle, shadowing a propagation path. It can also act as
a scattering node for an impinging wave. Objects can be drawn, for example, with a
uniform distribution on the streets of an urban map, with some other distributions when
modelling vehicles on a highway, or with a systematic pattern, e.g., when imitating
spectators in a stadium scenario.
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The map-based model is site specific by its nature and the statistics of the resulting
radio channels depend on the specified map. Though, an infinite number of instantaneous realizations can be achieved by varying the locations of the Tx, Rx, and the
objects. In order to obtain comparable results from system or performance simulations,
for example, two approaches are available concerning the map selection. One option is
to use a high number of different maps in simulations to gather sufficient statistics. The
other option is to agree on the same map for all parties conducting simulations. Concerning the time consumed for simulations, the second option is often preferred. In this
thesis the purpose is not to propose any specific maps or layouts for different environments. Instead, specifying them is left for standardization or similar forums, and only
the procedures for utilizing specified maps are described. However, so called reference
scenarios were specified by the METIS project in [67]. The document contains detailed
maps, including materials, traffic models, etc., for urban, indoor office, shopping mall,
and stadium environments. These reference scenarios were used in METIS evaluations
and they could be well used, as standard environment models in future evaluations too.
Determination of pathways
The next operation is to determine propagation pathways from the transmitter to the
receiver in the environment specified in the previous steps. The search is started from
the Tx or Rx location and all possible second nodes visible to the Tx / Rx node either
with a LOS path or via a single specular reflection are identified. Possible second
nodes are the diffraction points like corners, scattering objects or diffuse scattering
point sources. Further, specular images are also considered as second nodes in this
step. Then the coordinates and interaction types of interaction points (diffraction nodes
and specular reflection points) are determined. Possible pathways are identified by
checking whether any wall is blocking the direct or single order reflected paths. This
procedure may be repeated to achieve any number of diffraction and specular reflection
interactions. When repeated, the nodes of the previous steps act as the Tx / Rx of the
first step. Only single order diffuse scattering is considered in the path discovery, due
to strong attenuation in the propagation mechanism [105].
In step five the pathways are defined for given transmitter and receiver antenna elements u and s, respectively, by a set of parameter vectors Ψ k = {Ψki } = {xki , yki , zki , Tki }, k =
1, . . . , K, i = 0, . . . , Ik , where K is the number of pathways, Ik is the number of path segments, xki , yki , zki are the x, y and z coordinates of ith interaction point of kth pathway,
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and Tki is the interaction type {direct, reflection, diffraction, object scattering, diffuse
scattering}. The coordinates of the interaction points for parameter vectors are determined utilizing mathematical tools from analytical geometry. After the pathways are
determined the corresponding path lengths and arrival and departure directions are calculated. The mentioned directions are used in the very last step as arguments for the
radiation patterns of the Tx and Rx antennas.
Determination of propagation matrices
Propagation matrices are determined for path segments and their corresponding interactions. A propagation matrix is a complex 2 × 2 matrix, describing the gains of polarization components in the interaction. Phases and amplitudes based on path length,
wavelength and the free space loss, including spreading, are accounted for separately in
(16). For example, for the line-of-sight path the matrix is a diagonal matrix with unity
gains. With specular reflection, the matrix is determined based on well-known Fresnel
reflection coefficients, and in the case of diffraction the matrix is calculated using the
uniform theory of diffraction (UTD). Alternatively, diffraction may be determined with
an approximation method originally defined by Berg in [106]. Scattering may occur
either from a random object or as a diffuse scattering from a tile (wall element) or other
environment surfaces. For diffuse scattering, the gains are calculated similarly to [107].
In the case of object scattering, the gains are based on the scattering cross section of the
object.
Determination of propagation matrices and divergence factors for the mentioned
interaction types are briefly introduced in this sub-section. The polarization matrix for
a particular interaction is
[
h=

αθ θ
αϕ θ

αθ ϕ
αϕ ϕ

]
∈ C2×2

(11)

defining co- and cross-polarized transmission coefficients for the incident θ and ϕ polarizations. The divergence factor describes the spreading of a wave as a function of
distance [107].
Direct line-of-sight: With LOS path segments the polarization does not change and
the power attenuation is proportional to the distance squared. Thus, the propagation
transfer matrix for the ith segment of the kth path from Tx element s to Rx element u is
given by
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[
hlos
k,i,u,s

=

1

0

0

−1

]
(12)

and the divergence factor is
los
Fk,i,u,s
= 1/sin ,

(13)

where sin is the length of the LOS path segment from Tx to the next node in metres.
It is assumed that signals propagate in all directions from the transmitter and that the
propagation direction does not change in LOS path segments. Of course, finally the
effect of antenna radiation patterns is taken into account in (16).
Reflection: Specular reflections are possible from wall surfaces and the ground, and
in indoor cases also from the floor and ceiling. These surfaces are assumed to be large
with respect to the first Fresnel zones of the propagation paths. Reflections are determined utilizing the principles of geometrical optics. An incident ray reflects only in a
certain direction according to Snell’s law [108]. The propagation transfer matrix contains Fresnel reflection coefficients as specified in [4, 38]. Geometrical depolarization
is accounted for by means of the Jones calculus with rotations according to the dot
products of unit vectors [109]. Alternatively to this, reflection coefficients can be determined with a recursive method for multi-layered surfaces as described in [110]. This
would be beneficial if it would be desired to model, e.g., windows or other layered surfaces carefully. The divergence factor for reflections is constructed from the cumulative
distance from Tx to the reflection point and the distance from the reflection point to the
next node.
Diffraction: Edges of building corners and roof tops can be approximated as wedges.
A ray, diffracted from a wedge, propagates along the surface of a Keller’s cone [111].
The proposed model provides two options for modelling diffraction. The first option is
based on the UTD and provides more accurate modelling. Despite its complexity UTD
was chosen for diffraction modelling instead of knife edge diffraction, for example,
because it contains frequency dependent material parameters and because of polarization considerations. Matrix entries are determined using the UTD [111] as detailed in
[4, 112]. Divergence with diffraction is stronger compared to reflection.
A drawback with the UTD approach, however, is that it results in high complexity. An alternative method to determine diffraction, together with the other propagation
mechanisms, is to use Berg’s recursive model as described in [4, 106]. The Berg recur57

sive model is semi-empirical and designed for signal strength prediction along streets
in an urban environment. It is semi-empirical in the sense that it reflects physical propagation mechanisms without being strictly based on electro-magnetics theory. It is based
on the assumption that a street corner appears as a source of its own when a propagating
radio wave turns around it.
Diffuse scattering: Similarly to specular reflection, surfaces such as walls etc. may
be sources of diffuse scattering. In the model, waves are scattered in all directions in
the half space defined by the surface, regardless of the incidence angle. Surfaces can be
divided into rectangular tiles whose centres may act as scattering points. Furthermore,
a random distribution of scattering points on the surface can be used.
The propagation matrix for scattering contains a gain term, that is proportional to
the tile area [4, 107], and uniformly distributed random phase terms. Random phases
implicate the surface roughness, leading to random elliptical polarization. The divergence from diffuse scattering is equal to the divergence from the original source.
Scattering by objects: Both the propagation matrix and the divergence factor are
the same as for diffuse scattering, but the scattering gain is defined differently for the
objects. A scattered signal from an object propagates in all directions (full space), but
the shadowing is heavily dependent on the incidence and scattering angles.
Shadowing by objects: Shadowing due to objects is calculated in step seven of Fig.
6 for path segments with objects in their close vicinity. The effect of blocking may be
significant, particularly for higher frequencies in the millimetre range. Shadowing is
based on knife edge diffraction across a screen representing the object.
Each path may be obstructed by objects representing, e.g., people or vehicles. This
effect is accounted for using a simplified blocking model [113]. A blocking object is
approximated by a rectangular screen. The screen is always perpendicularly oriented to
any path it interacts with, i.e. with respect to the line connecting the two nodes of the
link. If either or both nodes are moving the screen turns around its centre accordingly.
The shadowing loss Lo , where o = 1, 2, . . . , Ok,i,u,s denotes the oth object on the path
segment k, i between antennas u, s, is calculated assuming knife edge diffraction across
the four edges of the screen.
If there are several sparsely distributed objects shadowing the path segment k, i
the total shadowing loss is the product of corresponding losses. However, if the objects (screens) are densely located the total loss may be over-estimated by the product.
To avoid this, the total shadowing loss is modified by a loss term determined by the
Walfisch-Bertoni model [114]
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( √
)b
Q = a θ dav /λ

(14)

where dav is the average inter-object distance on the path segment as projected to the
line between the previous and the next node, θ is the incidence angle in radians, whgile
a and b are model constants. The original constants from [114] are updated to values
a = 1.4 and b = 0.976 by a measurement [IV] conducted at 10–18 GHz frequency
band with a varying number of metallic screens acting as obstacles. The measurement
and corresponding findings are described in Section 4.1.3. For the cases where both
link ends are at or below the level of the top-most edges of the shadowing objects the
incidence angle is lower bounded.
Finally the shadowing loss for the path segment is
 Ok,i,u,s
√

if θ dav /λ ≥ 0.4
 ∏o=1 Lo
√
Lk,i,u,s =
Q max (L1 , LO ) if θ dav /λ < 0.4, above

√

QL1 LO
if θ dav /λ < 0.4, below

(15)

where L1 and LO are the losses of the first and the last object counted from Tx, respectively. The sparsity of objects is proportional to the average inter-element distance in
wavelength and the incidence angle, “above” denotes the case where at least one node is
above the objects and “below” where both nodes are below the level of top-most edges
of the objects.
For path segments with no blockage by objects L = 1. To reduce complexity only
objects within the three first Fresnel zones [38] are considered. The introduced blockage
model enables synthesizing arbitrary shaped objects by composing them with a number
of rectangles.
Calculation of radio channel transfer functions
The last operation is to compose the radio channel transfer functions by embedding
antenna radiation patterns in shadowing losses and composite propagation matrices. For
a single path the complex gain is calculated as a product of the polarimetric antenna
radiation pattern vectors, the product of the propagation matrices and divergence factors
of each path segment of the path, and the total shadowing loss.
The resulting transfer function contains all the modelled antenna and propagation
effects in the given environment for the specified Rx and Tx antenna locations
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(
)
Hu,s (t, f ) = ∑ gu −kRX
k,u,s (t)
K

k=1

Ik

∏
i=1

(

)
hk,i,u,s (t) Tki
F
(t)
Lk,i,u,s (t) k,i,u,s

( X
)T λ j2π f τ (t)
k,u,s
gs kTk,u,s
(t)
e
4π

(16)

]
[
ϕ
where t is the time instant, hk,i,u,s are propagation matrices, gu = gθu gu and gs =
]
[
ϕ
gθs gs are the complex polarimetric antenna gain vectors of θ and ϕ polarizations
for the Rx antenna element u and Tx antenna element s, respectively. Further, wave
TX
vectors kRX
k,u,s and kk,u,s define both the frequency and the direction of arrival/departure

for sampling the radiation patterns of Rx/Tx antennas, dk,u,s is the total length of the
path k from element s to element u, τk,u,s = dk,u,s /c is the total path delay, λ = c/ f is
the wavelength, and c is the speed of light.
The transfer function of (16) has time variability due to the true motion of Tx, Rx,
or the environment. Wave vectors indicating arrival and departure angles, as well as
propagation matrices and shadowing losses are time variant in the case of motion. Alternatively small scale fading can be modelled with the so called virtual motion. This is
the method used by GSCMs to generate the small scale-fading [2, Section 3.4]. In this
method the propagation parameters are kept constant and only the phases of individual
path coefficients are rotated based on Doppler shifts ωkD . The sum contribution of paths
results in temporal fading and a Doppler power spectrum. Equation (16) can be modified to support virtual motion by introducing a new phasor term e jt ωk to the summation
D

over K and by removing the time argument t from the other terms.
All modelling in general has to achieve a balance between accuracy and complexity.
One of the main concerns for map-based modelling, e.g. in 3GPP, has been the computational complexity related to the generation of model outputs. An implementation for
the so-called map-based hybrid model was done by a 3GPP partner company (ZTE) during the process of specifying [81] in 3GPP. The deterministic part of the implemented
model is similar to the proposed map-based model on a conceptual level. In [115] it is
shown that 1) the computing time of the deterministic model is linearly dependent on
the number of Tx and Rx, 2) the more transceivers modelled the closer to the GSCM
computing times are achieved, and 3) the overall time consumption is acceptable for the
system level evaluations. Relying on these observations one can conclude that with a sophisticated implementation the computational complexity should not prevent utilization
of deterministic modelling even for system simulations.
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4.1.2

Spatial consistency: comparison to GSCM

In this sub-section the map-based model and a GSCM are compared with respect to the
spatial consistency, following the analysis of [VI]. The intention of the simulations in
[VI] was to compare, among other evaluations, the MU-MIMO sum rate capacity. The
sum rate capacity was chosen as an evaluation metric, because it is expected to provide
some insight to the spatial structure of a multi-link radio channel and to reveal possible
differences between the modelling principles.
Simulation settings
The modelled environment is an urban micro-cellular “Madrid grid” and the centre
frequency is 2 GHz. A Matlab implementation was used to generate radio channel
realizations for the map-based model. The “Madrid grid” is an irregular 3D city layout,
illustrated in Figures 7 and 8, and specified in more detail in [4]. The environment
layout is depicted in Fig. 8 with a single BS location, denoted by a red triangle and
three groups of randomly located UEs on different street segments, with 100 UEs in
each group, denoted by circles (hollow for LOS and solid for NLOS). The UEs are
categorized by their location into groups named 1) LOS on the same street with the BS,
2) NLOS on a perpendicular street South from the BS, and 3) NLOS on a parallel street
East from the BS. The heights of the BS and the UEs are 7 and 1.5 metres, respectively.
GSCM channel samples were generated for a modified IMT-Advanced UMi (urban
micro) model [52] with Keysight’s Geometric Channel Modelling Tool [37]. The original IMT-Advanced model is two dimensional only, but for this case it is extended to 3D
by taking elevation parameters from [5]. The same BS and UE coordinates as in Fig.
8 are specified for the IMT-Advanced UMi model in order to align the LOS directions
and link distances between the two models. The path loss model of the Manhattan layout is used for the perpendicular UE group, while hexagonal layout and LOS path loss
models are used for the parallel and LOS groups, respectively [52]. Fig. 8 has colour
coding on UE locations indicating the receiver signal to noise power ratio (SNR). It is
worth noticing, that the BS has different Tx power for different UE groups, namely 23
dBm for LOS UEs and 40 dBm for NLOS UEs.
The BS antenna is a planar array with eight vertical columns, four horizontal rows
and inter-element spacing in vertical and horizontal dimensions of half wavelengths.
Each array element is a dual polarized theoretical patch element with ±45◦ slanted
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Fig. 7. 3D view of the Madrid grid with an example path (red line) diffracted over the roof top.
([VI] © 2017 IEEE)

Fig. 8. Dense urban layout with BS location and 300 UE locations. The SNR in UE locations
for the map-based model is on left and with IMT-Advanced model on right. ([VI] © 2017 IEEE))

linear polarizations. The total number of BS antenna ports is 64 and the broad side
of the BS array is pointing east. UE antennas have two co-located, linearly polarized,
±45◦ slanted isotropic elements.
The output of the channel generation procedures for both the map-based and GSCM
models is two-fold. Firstly, propagation parameter sets for each 300 links (BS-UE location pairs), containing path numbers, path/cluster directions, path delays, etc. Secondly,
the output includes 64 × 2 MIMO channel transfer matrices H(t, f ) for each link and
for 111 discrete values of t.
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Simulation results
Propagation parameter statistics: As a first comparison a set of statistical parameters
are calculated from the propagation parameters of the two models. The parameters, e.g.
angular and delay spreads, and their numerical values are listed in [VI Table I]. In the
following, some qualitative observations are discussed.
Rather different statistics are realized in different NLOS configurations with the
map-based model. Comparing delay and azimuth spreads in perpendicular and parallel cases the latter has significantly higher values. In the former case there is only one
major propagation pathway, while in the latter there are two, as can be interpreted from
Fig. 8. Typically, in GSCMs power distributions are modelled by single distributions,
with fixed distribution shapes (functions). However, this kind of urban canyon environment cannot be modelled well by any symmetric angular power distribution function.
The angular power distribution on the BS side is illustrated in Fig. 9, where the propagation paths of all the UEs are plotted for different UE categories and with the both
models. The per links channel gains are normalized in the figure, i.e., the overall path
loss differences between links are ignored.
The multi-path richness of the GSCM is higher, as shown in Fig. 9, and the mean
spread values are clearly higher than the corresponding parameters of the map-based
model, except in the parallel case. One can deduce this also from the modelling principle. For example, the mean azimuth spread of departure (ASD) in the parallel case
is higher compared to the GSCM NLOS case, even though the distribution of the azimuth angle of departure (AoD) is condensed for the street openings. This observation
is aligned with [116] in which it is discussed that rms spread as a single number metric
is not capable of capturing the detailed structures of power dispersions.
The model types have significant difference also on the elevation spreads. With the
map-based model in NLOS cases the propagation paths are practically not separable in
the elevation domain by the BS. The difference between the two model types is obvious
in Fig. 9, especially in the NLOS cases.
Similarly to these remarks, differences between characteristics of different street categories are observed in [117], with ray tracing simulations verified by measurements in
an urban layout. The investigated parameter was the path loss, which is often modelled
as a distance dependent parameter. The path loss values found were quite consistent
for UE locations on the same streets and the fitted standard deviations for the shadow
fading were low. On the other hand, for UE locations on different streets the path loss
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Fig. 9. Angular power distributions on the BS side. From top left to bottom right the figures
are: GSCM LOS, GSCM paral, GSCM perp, map-based LOS, map-based paral, map-based
perp. Colour and size of markers indicate the path gain. ([VI] © 2017 IEEE)

exponents had a high degree of variability. If all the simulated path losses are taken
together and a regression line is fitted, the remaining standard deviation (modelling
shadow fading) would have been very high. The findings of [VI] lead to the conclusion
that in addition to the path loss, as was shown in [117], also the power angular distribution has a strong dependency on the street categorization and orientation with respect
to the Tx/Rx locations.
Sum rate capacity: The second evaluation is for the sum rate capacity of MU-MIMO
communications, where a BS may serve a number of UEs utilizing the same time/frequency
resources of the channel [118]. In general, multiple access is enabled by the spatiopolarimetric separation of the UEs. In the simulated MU-MIMO transmission, linear
zero-forcing precoding was used. No scheduling was performed to select the UEs to be
served, instead sub-sets of ξ UEs were drawn randomly. The SNR was either set to 20
dB (fixed SNR case) or a fixed Tx power and path loss determined the SNR (fixed Tx
power case) at 100 MHz bandwidth.
In the simulation, ξ UEs from 100 UEs for each location category were picked
randomly. The considered capacity is the mean of instantaneous capacities C(t, f ) over
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time and frequency. The random selection of sub-sets was done 1000 times, resulting
in 1000 mean sum rate capacity values per UE location category. The impact of ξ on
the sum rate capacity is evaluated in Fig. 10, showing the medians of the mean capacity
values with ξ = 2, . . . , 32. The results indicate, among other things, how many UEs on
average can be spatially separated with the given radio channel conditions. The mapbased model predicts far more conservative sum rate capacities with most ξ values and
the overall difference between the compared channel models is substantial, especially
in NLOS conditions. With the map-based model, the LOS channel supports larger subset sizes and offers higher capacity than the NLOS conditions. With the IMT-A model,
the highest sum rate capacities are achieved in NLOS conditions, but larger ξ values
are supported for the LOS conditions.
In addition to Fig. 10, the original publication [VI] contains empirical cumulative
distribution functions (CDFs) of the sum rate capacity with both fixed SNR and fixed Tx
power. General remarks can be made from the simulation results. In all the evaluated
cases the GSCM results in a higher sum rate capacity compared to the map-based model,
however, for LOS conditions with ξ = 10 the capacities are rather equal. Overall, the
GSCM gives a more optimistic impression of the MU-MIMO potential in urban environments. With the map-based model, LOS conditions almost always outperforms the
NLOS conditions, also in the fixed SNR case, where path loss is not considered. With
the GSCM, NLOS conditions becomes more favourable than LOS when increasing the
UE sub-set size ξ . The observations are explained by the city layout in Fig. 8 and the
angular power distribution in Fig. 9, where the signal propagates to NLOS UEs only
via one or two street canyon pathways. The layout affects the map-based model, while
the IMT-A UMi model is mostly insensitive to the similarity of the UE propagation environments. Obviously, the GSCM model offers substantially more spatially separable
channels compared to the map-based model. Namely the sum rate capacity increases
when increasing the ξ with the former but decreases with the latter.
One explaining factor for the differences is the higher spread of elevation angles
in GSCM NLOS cases, as illustrated in Fig. 9. In these cases, the BS is still able to
separate UEs in the elevation domain, while with the map-based model NLOS cases
the elevation domain is practically useless. This means that the vertical dimension of
the BS array was mostly redundant for the NLOS users. Overall, based on the simulation results it is concluded that the GSCM seriously over-estimates the capacity of
MU-MIMO and the spatial separability of UEs for massive MIMO BS arrays in urban
street canyon environments, especially in NLOS conditions. This is a consequence of
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Fig. 10. Median sum rate capacities in a fixed SNR case, as a function of UE sub-set size ξ .
([VI] © 2017 IEEE)

the lack of spatial consistency between channel conditions for different UE locations in
the GSCM.
4.1.3

Complement to multiple object shadowing

The blockage effect by multiple obstacles is characterized partially by the WalfischBertoni model [114, 119] in the proposed map-based model, as described in Sub-section
4.1.1. The motivation for [IV] was to evaluate, in measurements, whether the original Walfisch-Bertoni model is suitable for complementing the blockage effect of the
map-based model. Further, the purpose was to extract an updated parametrization, i.e.
parameters a and b for (14), if found necessary. Only a few diffraction measurements
have been available at the 10–18 GHz frequency band [120]. To the knowledge of the
author, no measurements results for the excess diffraction path-loss in a multiple screen
shadowing environment exist in the literature.
In the measurement, (14) can be interpreted as the ratio of the settled field and the
incident field amplitudes, i.e. the excess diffraction loss due to multiple objects. The
overall measurement configuration is illustrated in Fig. 11. The intention was to perform a number of static network analyser measurements varying both the incidence
angle θ and the inter-screen spacing of metallic plates with dimensions of 130 × 100
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Fig. 11. Block diagram of the radio channel measurement setup for the excess diffraction
loss assessment. ([IV] © 2017 IEEE)

× 0.05 cm. The total 2D distance from the transmitter (TX) to the receiver (RX) was
18 m. Additional absorbers were placed on both sides of the first and the last screen to
suppress propagation across the vertical screen edges. A Keysight N5227A 4-port PNA
network analyser was utilized to record the scattering parameters (S21 parameters) in
the frequency domain. The antennas were dual-ridged Satimo horns. In the measurements both antennas were oriented to have a vertical main polarization. Details of the
measurement settings can be found in [IV].
The diffracted path and its path gain G(d, θ , f , Θ), was observed from each impulse
response transformed from the measured channel frequency responses. Parameter d is
the Tx–Rx distance, θ is the incidence angle, and Θ denotes the screen configuration.
The antenna gains grx and gtx , the free space path loss Lfsl , as well as the knife-edge
diffraction loss Lked for the screen closest to RX are compensated for. The remaining
effect is assumed to be the diffraction excess loss due to multiple screens, calculated as
√
Ameas (d, θ , f , Θ) =

G(d, θ , f , Θ)Lfsl (d, f )Lked (θ , f )
,
gtx ( f )grx ( f )

(17)

where all gains and losses are in linear power units.
The function of (14) was fitted to the analyzed diffraction excess loss data for all
measurement parameter combinations. It was found that there was no significant frequency dependency of fitting parameters a and b. Finally, the parameters of (14) were
updated to values a = 1.4 and b = 0.976, for the purposes of the map-based model. The
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use of this update is limited to condition 0.03 ≤ θ

√
dav /λ ≤ 0.997, in which case the

excess loss is positive. In addition, the frequency dependency of the overall and the
excess diffraction losses were analyzed from the measurements. These results can be
found from [IV].
4.1.4

Frequency dependency of large scale parameters

The original publication [I] evaluates the frequency dependency of different propagation
parameters with a simulation study and with few measurements found in the literature.
It is beneficial to understand the frequency dependency of channel parameters at the
considered 5G bands for the future systems. This knowledge would, e.g., help operators decide which frequency bands are preferable and how to best utilize channels at
different frequency bands. The map-based model, used in the simulations, targets consistency across both frequency and space by utilizing ray tracing principles and a trivial
map or building layout. The propagation effects are modelled with well-established
formulas such as the Fresnel coefficient and knife edge diffraction, as discussed in Subsection 4.1.1. Wavelength is an argument of the formulas, and thus they are inherently
frequency dependent.
The study was performed at six different frequencies between 2 GHz and 60 GHz,
i.e. 2, 5, 10, 26, 37 and 60 GHz, as research work in the literature has been mainly
carried out on these frequencies. A representative LOS scenario in the “Madrid grid”
urban environment was simulated. Two Tx (BS) locations were placed at a height of
7 m, well below the average roof-top level, while the 200 Rx (UE) locations were at a
height of 1.5 m in form of two parallel linear routes. An example illustration of a path
trajectory from the Tx to an Rx across blocking objects is shown in Fig. 12, where a
red triangle denotes the BS, a green circle denotes the UE, and the blue dots are object
centres. The street layout is similar to Fig. 7. The object centres are at height of 1 m and
the top of all the objects is 0.25 m higher than any Rx location. Details and illustration
can be found in [I]. Note also that the objects in the model are rectangular screens (i.e.
lines instead of cubes shown in Fig. 12).
Simulated path loss values in the considered LOS scenario of [I] indicate that the
objects have a significant impact in many cases. For example at 37 GHz a path loss exponent of 2.4 and a standard deviation of shadow fading of 6.4 dB were obtained. The
path loss exponents and standard deviation of the shadowing across different frequencies are listed in [I]. They reveal that the path loss exponent is practically frequency
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Fig. 12. Fig. 3. An illustration of a path trajectory (green line) through multiple objects (grey
boxes). The top figure is the top view, and bottom figure is the side view. ([I] © 2016 IEEE)

independent, while the shadow fading standard deviation increases slightly with increasing frequency. The range is up to 0.1 for the path loss exponent and 0.7 dB for
the shadowing standard deviation, across the simulated frequencies. A comparison was
performed on measurements conducted in similar Urban LOS scenario in Berlin [121]
and Tokyo [122]. Similarities and possible causes of deviations are discussed in the
original publication.
CDFs of the delay spread and angular spreads at different frequencies are illustrated
and analyzed in [I]. The delay spread generally decreases slightly as the frequency increases, with a difference in the mean delay spread of up to 3.6 ns between delay spreads
at 2 GHz and 60 GHz. The same trend was observed in the measurements at 10 GHz
and 60 GHz in [121]. In their measurements the median values of the delay spread
were 21 ns and 17 ns at 10 GHz and 60 GHz, respectively. In the simulation the corresponding values were 28 ns and 27 ns. The azimuth spreads varied significantly across
different Rx locations in the simulations. However, the trend of angular spreads (both
elevation and azimuth) only slightly decreased as the frequency increased, similarly to
the delay spread. It is noted, that in general the elevation spread of arrival and departure
were much smaller compared with the azimuth spreads. This result has been reported
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by many measurements conducted in urban micro-cell scenarios, e.g., in [4, Section
5.2] five to ten times larger azimuth spreads compared to elevation spreads were found.
Overall, the frequency dependency of simulated large-scale parameters is small and
is almost negligible. In addition to the aforementioned, path numbers and path lifetimes
were extracted for 2 GHz case in [I]. In this scenario the average number of paths in
the 30 dB dynamic range was 175 and the average path lifetime was 49 m on the linear
route.
4.1.5

Validation

Validation of any developed channel model is important, as discussed in Sub-section
1.2. Often the validation is understood as a successful comparison of model outputs, i.e.
channel parameters or statistics generated by the model, with the real-world radio channels. A thorough comparison across all different environments, frequencies, transceiver
deployment scenarios/network topologies, transceiver mobility scenarios, and antenna
array alternatives would require a huge effort. This cannot necessarily be done, partially because of the effort required, but mainly because such an inclusive measurement
data set is not available. However, a fair confidence in the model may be achieved
by validating its building blocks through site-specific measurements and relying on the
knowledge that if the basic mechanisms are modelled properly the overall model will
be adequate in a wide range of conditions [123]. In the original publication [VI] two
measurements validating the model components in specific sites are introduced briefly
and in [I,VI] a third measurement comparing statistics of extracted and predicted path
losses is presented. The discussion on these three cases is summarized in the following.
An indoor measurement at 28–30 GHz frequency, with the purpose to validate the
map-based model, is described in [8]. The environment was a large room opening into
a corridor. Dominant path trajectories and powers were compared in three scenarios:
LOS, NLOS, and obstructed line of sight (OLOS). The OLOS conditions were obtained by placing a white board to shadow the LOS path. A layout identical to the
measurement site was defined for the map-based model. In the LOS case the direct
path and four reflected paths were dominant. Path trajectories were predicted correctly
by the model as well as the powers. For the NLOS conditions the model was able to
predict the dominant paths, diffracted or reflected. However, the tails of dominant paths,
probably resulting from higher order reflections, were not identified well, because the
model implementation used supported only the first order reflections. In the OLOS case
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the main propagation mechanisms were reflection and scattering. In the overall conclusion of [VI], the agreement between the map-based model outputs and the measurement
results was found to be acceptable.
An outdoor measurement at 10.1 GHz frequency with a bandwidth of 500 MHz is
reported in [9]. The environment was an urban micro-cellular type, with building walls
of concrete and partially covered by corrugated metallic siding. Eight LOS Rx location
and eight NLOS locations were measured. In the latter case, the Rx was behind the
corner of a building. Again, the map of the measurement environment was defined
for the model. In the Rx locations with LOS the modelled direct and ground reflected
paths matched well with those measured. The reflected and scattered paths were also
predicted with some decibels of deviation compared to the measurements. The model
indicates diffraction as the dominant propagation effect in NLOS conditions. However,
according to the measurement this was the case only for a part of the Rx locations. As
a summary in [VI], the model was able to predict the most significant paths in the LOS
case, but succeeded only partially for the NLOS locations.
The third case, described in [I,VI], is a comparison with vehicle to vehicle (V2V)
path loss measurements at 5.25 GHz in the city centre of Oulu. The measurement
campaign is described in detail in [124]. Using a map-based model, radio channel data
was generated for all 16032 links between 32 Tx locations and 501 Rx locations, were
randomly dropped on the streets of the city layout depicted in Fig. 8 (left). Then all LOS
links were identified, and the path losses were predicted. The measured and predicted
path loss exponents were 2.0 and 2.2, and the shadowing standard deviations were 3.4
dB and 4.9 dB, respectively. The predicted path loss samples agreed well with the
measured ones and the resulting path loss exponents are both close to the free space loss,
which is expectable in LOS condition. The shadowing had a 1.5 dB higher variation in
the predicted case. This more statistical and less site-specific analysis validates that the
model is capable of reconstructing channel conditions with realistic path losses in the
specified V2V case.
4.2

OTA test method

In this section an OTA test setup for 5G devices is described, together with algorithms
for its main operations. The key design parameters, found by simulations using the
proposed metrics, are specified.
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4.2.1

Sectored MPAC method

The sectored MPAC setup proposed in [VII] is illustrated in Fig. 13. The setup is
composed of an anechoic chamber (AC), probes, a switching unit, a fading channel
emulator (CE), and a UE/BS emulator. The AC serves mainly for shielding the test
environment from external signal sources, but also for preventing unwanted reflections.
In Fig. 13 the test zone is located in one end of the chamber and DUT placed in the
centre of the test zone, which is also the origin of the coordinate system. A large
number of probes are located on a sector of angles in approximately equal distance R
from the origin and with certain angular spacing.
Probes for mm-wave frequencies can be fabricated on printed circuit boards. They
are cheap to manufacture and the major constraint on the number of them comes from
the space. A number of probes can be placed on a single board called a probe panel.
While probes may be cheap the CE resources and possibly required analogue components, such as power amplifiers and up/down converters, are not. Thus, only a sub-set
of probes are switched to the fading emulator using a real-time controllable switch. The
switching and the selection of the probe sub-set, is based on the target channel model
for optimizing the use of CE resources6 . The CE has a conducted connection to the
probes and UE/BS emulator through the RF ports. It performs the channel modulation
operation specified in (2) with the definable transfer matrix W from (4). A UE/BS emulator imitates the other link end and typically also collects the performance results to
be measured.
In the case of sectored probe configuration the probe panels cover only a limited
sector of angles. In order to effectively utilize the angular sector covered by the probes,
the DUT is rotated mechanically in respect to the probe panels based on a priori information of the channel model and the broad side of the DUT array (if known). For
example, the probe panels may be located at an elevation sector of +30◦ · · · − 30◦ and
the strongest propagation paths in the channel model to be emulated may be specified
below −30◦ . In this case it is beneficial to rotate the DUT so that the directions of
main paths fit the probe panels. Thus, the first step in establishing an OTA emulation
is to calculate, e.g., the centre of gravity of the model PAS and to rotate the DUT so
that the maximal amount of the PAS coincides with the probe sector. In the multi-user
6 It

is noted that the setup can also be built without the switch and numerous probes. A small number of
mechanically movable or even fixed probes can be used when targeting non-dynamic, i.e. wide sense stationary (WSS), channel models.
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Fig. 13. Components of the sectored MPAC OTA setup. [VII]

case, the rotation is defined concerning the composite multi-user PAS to maintain the
relationship between the component PASs.
Probe selection
The next step is to choose a sub-set of probes from the full set available in the setup.
Typically, the sub-set size is determined by the available fading emulator resources. Allocation of probes is performed by connecting the selected ones to fading emulator ports
with the switch illustrated in Fig. 13. In a practical setup the switch implementation may
also restrict the degrees of freedom for the probe allocation. For example, it may not be
feasible to implement a switching matrix from all probes to all fading emulator ports.
Here an algorithm is described for selecting at maximum K probes from the full set
for emulating a channel model with known cluster nominal angles Ωl , i.e., the angles
of the cluster centroids specified by wave vectors −krx
l , and cluster powers Pl . Assume
that the DUT is rotated as defined previously. Now K probes are allocated as follows.
Sort cluster powers Pl into a descending order so that P1 ≥, . . . , ≥ PL . Allocate the
closest probe to each angle Ωl , l = 1, . . . , L, until K probes are allocated. However,
do not allocate a probe to a cluster if the angular distance between Ωl and the probe
direction is above a threshold, e.g. 10◦ . This is mainly to prevent allocating probes
to clusters outside the probe panels. If fewer than K probes are allocated at this point,
a second round is started. Now again take the power sorted clusters and allocate as
many probes as possible around the strongest cluster within the limit of the mentioned
threshold. Repeat the procedure with weaker clusters until K probes are selected.
Other, more complex and sophisticated, allocation algorithms can be developed. For
this purpose different criteria and cost functions can be defined. The optimization can
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be based, e.g., on minimizing the reconstructed PAS error. In [125] it is proposed to use
a particle swarm optimization for probe selection.
Probe weighting
In order to reconstruct the target PAS within the test zone, each cluster of the target
channel model is mapped to the set of active probes. The mapping is performed by
routing the fading signals of a cluster to each active probe and by setting power weights
for the probes. In [VII] it was proposed to determine the weights with numerical optimization based on a spatial correlation function. In the following a computationally
effective method is described, from [22], aiming to minimize the deviation of the target
PAS and the PAS reconstructed by the OTA setup, as observable by a fictitious DUT
array.
The test zone is specified by a fictitious planar DUT array with a certain assumed
geometry. The spatial covariance matrix for the lth cluster of the target channel model
is obtained by the following integral over the solid angle Ω
I

Rl =

a(Ω)Pl (Ω)aH (Ω)dΩ ∈ CN×N ,

(18)

where a(Ω) ∈ CN×1 is the array steering vector of the DUT array in the direction Ω (see
definition in [108]), N is the number of the DUT elements, and Pl (Ω) is the PAS of lth
cluster specified by the target model. Now the amplitude weight for the kth probe, to be
used in (7) for reconstructing the lth cluster, is obtained from the PAS estimate based
on Rl in the direction Ωk of the kth probe as

γl,k =

√
aH (Ωk )Rl a(Ωk ).

(19)

The defined weight calculation method is computationally effective, as it does not contain any numerical optimization. The weight vectors can be determined separately for
polarizations θ and ϕ . This is necessary if the PASs specified by the channel model
ϕ

are different for θ and ϕ polarizations, i.e., Plθ (Ω) ̸= Pl (Ω), which is typically not the
case, or if the orthogonally polarized probe elements are not co-located.
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4.2.2

Metrics

As discussed in Section 1.2, quantitative measures are needed for evaluating the performance of a test system. A perfect system could be constructed in theory, but as common
in the field of engineering, practical limitations exist. When designing the MPAC setup,
one must evaluate how many compromises and simplifications can be made and still,
achieving sufficient performance and accuracy. In the original publications [III,V,VII]
some novel metrics are specified and used for this purpose. These metrics have also
been contributed to 3GPP for consideration. In the following five of these are described
in detail, after which their usability is discussed briefly. The first four are from [VII]
and the fifth from [V].
Total variation distance of PAS
The purpose of this and the next metric is to evaluate how well the OTA setup is capable of reconstructing a reference composite PAS Pr (Ω) = ∑l Pl (Ω) with limited probe
resources and range length. The metrics should reflect both the PAS itself and also the
DUT (array) size and resolution. The total variation distance of power angular spectra is
defined as follows. First the PAS is estimated utilizing the classical Bartlett beamformer
[126] with an assumed fictitious DUT array geometry approximating the required test
zone size for a real DUT. This corresponds to filtering the actual power angular distribution of the propagation channel with the limited aperture of the DUT array. The PAS
estimate is calculated for the ideal reference model as
P̂r (Ω) = aH (Ω)Rr a(Ω)

(20)

and for the implementation of the reference model by a discrete OTA setup as
P̂o (Ω) = aH (Ω)Ro a(Ω).

(21)

In (20) Rr is the covariance matrix of the DUT array with the reference channel model
as defined in (18), but now with the composite PAS Pr instead of Pl . Further in (21),
Ro = {ρ̂q } ∈ CN×N is the correlation matrix and the entries are the spatial correlation
coefficients between DUT element locations achievable with an MPAC setup considering the number, directions, and distances of the probes. The spatial correlation function
between locations p1 and p2 (DUT antenna elements) is defined in [20] as
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(
)
∑Kk=1 γk2 L(d p1,k )L(d p2,k ) exp j∥k∥(d p1,k − d p2,k )
√
,
ρ̂q =
∑Kk=1 L2 (d p1,k )γk2 ∑Kk=1 L2 (d p2,k )γk2

(22)

where K is the number of probes, γk is the amplitude weight of the kth probe, ∥k∥ is
norm of the wave number, d p1,k and L(d p1,k ) are the distance and the path loss terms
between the kth probe and the location p1 , respectively.
Next, both estimated spectra are normalized to the sum power of unity so that they
can be interpreted as 2D probability distribution functions. Finally, the total variation
distance between the normalized PASs is calculated as
Dp =

1
2

∫
∫

P̂o (Ω)
P̂r (Ω)
−∫
dΩ.
′
′
P̂r (Ω )dΩ
P̂o (Ω′ )dΩ′

(23)

The range of D p is [0, 1], where zero denotes full similarity and one maximal dissimilarity.
Spatial correlation error
The intention of the test system is to reconstruct the PAS of the original channel model
as accurately as possible. We need a metric to evaluate how well the reconstruction succeeds. Comparing a continuous target PAS to the inevitably discrete PAS achievable by
a limited number of probes is problematic [15]. With this metric the aim is to evaluate
the spectra indirectly via the spatial correlation function.
The idea is to evaluate spatial correlations between arbitrary q = 1, . . . , Q pairs of
points within the test zone in the reference and OTA cases. The spatial correlation error
indicates the deviation of the ideal target PAS and the PAS achievable with an MPAC
setup. The weighted root mean squared correlation error between ρ̂q of (22) and the
reference ρq of [VII,Eq.(10)] is defined as
v
u Q
u1
2
eρ = t ∑ ρq − ρ̂q max (|ρq |, |ρ̂q |).
Q q=1

(24)

Weighting by the corresponding correlation level is performed to emphasize the significance of the deviation. Even a small deviation on the magnitude of the correlation
coefficient when it should be close to unity has an impact on, e.g. the spatial multiplexing performance, while possibly larger deviations at low correlation levels are less
significant.
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Total variation distance of beam allocation distributions
The motivation for using beam selection metrics is the assumption that the DUT utilises
fixed beams with a discrete code book of antenna weights to compose beams for a predefined set of directions. This mode of operation is expected with devices in the so
called pre-5G systems [102]. It is further assumed the DUT array is well calibrated and
the fixed main beams are targeted in a certain grid of directions. The beam with highest
power is selected from the full set of beams. The strongest beam is found by sequential
scanning of all beam powers. Scanning is performed periodically, e.g., once within a
few tens of microsecond. In NLOS models the temporal variation of the propagation
paths, i.e., fading, spreads the probability distribution. In LOS models, especially with
a high Ricean K-factor, typically the beam in the LOS direction constantly carries the
highest power and the distribution is a single peak.
The total variation distance is calculated for 2D beam allocation distributions as

Ds =

1 B
∑ |pr (Ωb ) − po (Ωb )|
2 b=1

(25)

where B is the number of fixed beams i.e., the pre-allocation code book size of the
DUT, Ωb = (ϕb , θb ) is the azimuth and elevation angle of the bth beam, pr and po are
probabilities of the beam allocation on the reference and the OTA case, respectively.
Similarly to (23), Ds has values in the range [0, 1], with the same interpretation.
Beam peak distance
Another metric, complementing the previous one, is the beam peak distance. This is the
angular distance between the probability weighted average directions of the allocated
beams with the unit of degrees
B

Db =

∑ Ωb pr (Ωb ) − Ωb po (Ωb )

,

(26)

b=1

where ∥. ∥ denotes the vector norm operation. Being based on the centre of gravity
of 2D probability histograms, the beam peak distance is quite sensitive even to small
changes of the reconstructed discrete PAS when the model has many close to equally
strong clusters. Unwanted inconsistency may occur in the metric, if a strong cluster is
located on the boundary between two adjacent fixed beams.
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Fixed beam power loss
This metric evaluates the impact of shortening the measurement distance R below the
Fraunhofer distance. Again, a communication system with fixed beams is assumed. All
probes are placed at a distance R from the centre of the test zone, which is also the
origin of the considered coordinate system. Now, with a limited R the probes are near
and the DUT array experiences spherical instead of planar wave-fronts as illustrated in
Fig. 14.
The metric is derived as follows. Probe locations are defined by the position vectors
āk and the DUT element locations by b̄n . The phase offset αkn is calculated for a
spherical wave from probe k to the DUT element n with respect to the phase in the
origin
(
)
αkn = ∥āk − b̄n ∥ − R ∥k∥,

(27)

Similarly the phase offset for a planar wavefront in direction of kth probe is

βkn =

−āk
· b̄n ∥k∥,
∥āk ∥

(28)

where · denotes the dot product operation.
It is assumed that with a fixed beams system the planar waves from the main direction of a beam results in the coherent summation of signals received by DUT antennas.
In the case of spherical waves, the summation is partly incoherent and results in a loss
of received power and consequently in a reduction of signal to noise power ratio. The
loss in direction of the kth probe can be calculated by summing complex phasors7 as
follows
1 N j(βkn −αkn )
Qk =
∑e
N n=1

−2

.

(29)

If all the phase offsets αn and βn are equal, the sum in (29) is unity and the loss is 0 dB.
Further, the average fixed beam power loss is taken over all K probe locations
Qav =
7 In

1 K
∑ Qk .
K k=1

(30)

[V] the loss is specified as a sum of cosine terms. The difference to using complex phasors is small, when
the phase deviations between αn and βn are small, e.g., below 20◦ .
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Fig. 14. Definition of phase deviation between a planar and a spherical wave across the DUT.
([V] © 2017 IEEE)
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Fig. 15. Phasors at DUT antennas without (left) and with (right) applying antenna weights for
a fixed beam. ([V] © 2017 IEEE)

The idea of (29) is illustrated in the complex plane of Fig. 15. On the left hand
figure the blue circles denote phasors of a curved wave at each DUT antenna element
location and the red stars are the corresponding phasors of a planar wave, both from the
same (probe) direction. In the right hand figure the phasors are multiplied with weights
that assume a planar wave. The red phasors sum coherently resulting in a 100% gain,
while the blue phasors have some phase variation, summing up only to a 95% gain. The
fixed beam power loss is the ratio of these gain values.
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In addition to the aforementioned metrics, several others were specified in [III] and
[V]. In [III] a few figures of merit were used in the range length evaluations from the
direction of arrival with an estimation accuracy up to the MU-MIMO sum rate capacity
error. In a field performance evaluation, the magnitude, angle and phase deviation from
the ideal far field condition, were determined. The sum rate capacity error was also
used in [V]. It was found that it is not a very insightful metric, because it assumes
full digital beamforming capability from the DUT, which is not a valid assumption
with all 5G devices. If the number of metrics should be minimized, the recommended
choice would be the fixed beam power loss for range length evaluations and the total
variation distance of the PAS for both range length and probe configurations. The latter
metric contains the same PAS information in principle as the spatial correlation error,
but with more detailed assumptions about the DUT arrays. The former metric captures
the amount of power lost due to curved wave fronts, assuming DUT beamformers tuned
to planar waves.
4.2.3

Range length

The range length, i.e., the range between the probe antenna and the DUT, is investigated
in [III,V]. There are many concerns over the cost of the OTA testing of devices equipped
with massive antenna arrays. The key cost factors include the physical dimension of the
setup, number of required probe antennas (also respective number of required CEs), and
the probe configuration. The physical dimension of the setup is a key parameter in the
practical design of MPAC setups. While probe antennas, instrumentation and the anechoic chamber may be expensive, still in many cases the floor space of the laboratory
and the building around it may bring in the highest cost. Small and movable MPAC
setups are preferable, since they are more cost-effective and space-saving. However,
unlike OTA testing for LTE UEs where the diameter of a probe configuration is typically from two and half to three metres, the electrical size of the mm-wave and massive
MIMO devices is much larger. Therefore, a large test facility would be required, as discussed in Section 3.3.1. On the other hand, a large test facility is more expensive, where
extensive amplification units might be needed to meet the link budget requirement in
large setups, which may not be practical in reality.
The key question is whether the Fraunhofer distance must be respected. This traditional far field distance is defined as
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Fig. 16. Fraunhofer distance far field criterion as a function of frequency with various DUT
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2D2
,
(31)
λ
where D is the largest dimension of the antenna in metres and λ is the wavelength [127].
RF =

Its values are illustrated in Fig. 16 with some uniform rectangular array geometries with
half wavelength element spacing. One can observe, e.g., that at 28 GHz an array with
32 × 32 configuration (D ≈ 0.24 m) RF ≈ 11 m.
To address the question at the frequency band around 28 GHz, simulations were
conducted in [V]. Resulting average fixed beam power losses as a function of the measurement distance R and DUT maximum dimensions at 28 GHz frequency are shown
in a contour plot in Fig 17. If, e.g., a 2 dB loss is taken as an acceptance criterion, one
can approximate the relation between D and R with the linear function
R ≥ 14.46D − 1.1.

(32)

With an example array of 20 × 20 elements and 2 dB criterion the minimum R is 0.85
m and with the linear approximation slightly below 1 m. This result is also supported
by the sum rate capacity simulations. The corresponding Fraunhofer distance would be
RF = 4.28 m.
Another evaluation was done in [III] for a 2.6 GHz frequency, 8 × 8 array, and R = 5
m distance. The considered range length was motivated by link budget calculations,
with 5 m being the maximum distance reachable without excess power amplification.
In this case the values of magnitude, angle, and phase mean deviations were below 0.3
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dB, 2o , and 18o , respectively. From these and other results it was concluded that R = 5
m is sufficient (not the minimum). The Fraunhofer distance with these settings would
be RF = 7.38 m.
In addition to the aforementioned, the minimum range length was also investigated
n [VII]. These findings are left for the original publication, except the Fig. 20 showing
the impact of R = 1 m with array sizes up to 16 × 16 (described in the following subsection) at 28 GHz. Based on all these evaluations, one can infer that the Fraunhofer
distance is not a precondition for the minimum R. With fading testing of mm-wave and
massive MIMO devices the range length requirement can be relieved. More simulations
at various frequencies and DUT sizes can be conducted using the described metrics and
methods.
4.2.4

Probe configuration

Design parameters for probe configurations of a sectored MPAC setup using the metrics
described in Section 4.2.2 were researched in [VII]. The considered frequency was 28
GHz. The parameters varied in the simulations are summarized in Table 1 and detailed,
together with other simulation settings, in [VII]. Seven simulated channel models were
3GPP clustered delay line (CDL) models specified in [54], without any scaling in the
angular domain. The mentioned channel models were used instead of the map-based
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Table 1. Varied simulation parameters for determining MPAC setup design.
Parameter

Values and unit

Range length R

1, 2, 4, 10 m

Max number of active probes

4, 8, 12, 16

Elev. range of probe panels

30◦ , 60◦

Angular spacing of probes

7.5◦ , 3.75◦

Channel model

M1, M2, M3, M4, M5, M6, M7
(NLOS A, B, C, LOS D3, D9, E3, E9)

DUT arrays

D1, D2, D3, D4

model, because the research was partly motivated by the ongoing 3GPP work and CDL
models were chosen as reference in 3GPP. Four DUT array configurations were considered, as specified in Table 2. In all cases the DUT has a uniform rectangular array
with a half wavelength spacing between vertically polarized elements. The displacement offset (of D2 and D4) is chosen to imitate cases where the DUT may have several
sub-arrays off from the DUT centre.
In the simulations, an isotropic radiation pattern Gtx was assumed for the Tx (UE)
antenna. Thus, the UE illuminated all clusters present in the channel model. The resulting PAS for the Rx (DUT/BS) would have been more confined if the UE side also performed beamforming. When writing the original papers and the thesis, the operational
mode of the other link end, e.g., the UE emulator, in the coming OTA performance
evaluations was not defined in 3GPP. In other words, it is not specified whether the
other link end should operate close to an isotropic mode, or in a beamforming mode
with a single static beam, or in a realistic adaptive beamforming mode. These alternatives are expected to set different requirements for the probe configurations. The first
option would require many probes spread in the directions of all clusters. In the second
option only one or a few clusters are illuminated and less active probes are needed for a
confined sector of angles. In the third option only one or a few clusters are illuminated
simultaneously, but the illuminated clusters may change over time according to active
beam states.
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Table 2. Simulated DUT arrays.
DUT name

Geometry

Dimensions [cm]

Offset [cm]

width × height × diag.
D1

8×8

4.3 × 4.3 × 6.1

y = 0, z = 0

D2

8×8

4.3 × 4.3 × 6.1

y = 2.1, z = 2.1

D3

16 × 16

8.6 × 8.6 × 12.1

y = 0, z = 0

D4

16 × 16

8.6 × 8.6 × 12.1

y = 4.3, z = 4.3

Number of active probes
Figs. 18 and 19 illustrate how the number of probes that can be simultaneously switched
to the fading emulator affect the metrics with the NLOS model M3 and the LOS model
M5, respectively. In the LOS case there is practically no performance difference with
different probe numbers. This follows mainly from the dominant role of the LOS path.
The other paths have such an insignificant contribution that adding more probes does
not make the performance considerably better. With NLOS models, however, increased
probe numbers have a positive impact. The PAS based metrics indicate remarkable
improvements with eight probes instead of four. However, beam selection metrics do
not show a clear trend. In some cases more probes results in worse accuracy. The beam
peak distance, being based on the centre of gravity of 2D probability histograms, is
quite sensitive even to small changes of a reconstructed discrete PAS, when the model
has many close to equally strong clusters. This may explain the unstable behaviour of
that metric in the simulated case.
Four simultaneously active probes are a sufficient number for LOS channel models.
With NLOS models the adequate number for all DUT types is eight. Though, some
gains in accuracy are achievable utilizing even 12 or 16 simultaneous probes. It is
important to remember that this configuration parameter is heavily dependent on the
channel model to be emulated. If the target PAS is highly spread, i.e., it has high
azimuth and elevation angular spreads, and possibly numerous equally strong directions,
then many active probes are required.
Angular sector
Similar simulations and analyses were made for investigating alternative 30◦ and 60◦ of
the elevation coverage by probe panels. It was found that LOS models are insensitive
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Fig. 18. Impact of the active probe number on performance metrics, NLOS M3. [VII]

Fig. 19. Impact of the active probe number on performance metrics, LOS M5. [VII]
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to the elevation coverage, because of the strong centralization of the PAS to the LOS
path. In the NLOS model there was only a slight performance enhancement with 60◦
elevation sector. Thus, 30◦ was sufficient for the evaluated cases.
This setup configuration parameter is strongly dependent on the channel model, in
particular the target PAS. In the 3GPP model [54] the composite elevation spreads are
rather narrow and the power may be confined to a 30◦ elevation sector. Thus, the 30◦
elevation sector can be considered sufficient for the single UE emulations. However,
when emulating multiple users, e.g., for MU-MIMO systems, the required elevation
coverage of the probe panels may easily increase to 60◦ .
Angular spacing of probes
The impact of the spacing of selectable probes was also studied. With NLOS models
the total variation distances show some gains with increased angular resolution of the
probe panels. The spatial correlation error shows no difference for smaller DUTs D1
and D2, but displays clear improvements with the two larger DUTs. With LOS models
there is no remarkable difference between 7.5◦ and 3.75◦ resolutions. At least with
8 × 8 DUT arrays the 7.5◦ spacing of selectable probes is adequate. The larger DUTs
with NLOS models benefit from denser spacing, but the gain is not significant.
General remarks
As a general observation from the simulation results of [VII] one can note that the LOS
channel models are more sensitive to the range length while NLOS models are more
sensitive to the other probe setup configuration parameters. This is a consequence of
the dispersion of power in the angular domain. In principle the more dispersed the PAS
is the more probes are needed, which is a very intuitive conclusion.
Based on the findings the recommended configuration parameters for DUTs sized
up to 16 × 16 without displacement, i.e., D1–D3, are as follows: range length R = 1 m,
eight simultaneously active probes, 30◦ elevation sector covered by the probe panels,
and a 7.5◦ angular spacing of the probes. The overall recommended configuration aims
to make savings in the cost and size of the test setup, while still keeping the accuracy at
an appropriate level.
The performance of all DUT and channel model combinations with the recommended parameter set is shown in Fig. 20. We can observe that LOS models can be
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Fig. 20. Performance metrics for all models and all DUTs. [VII]

reconstructed with higher precision in all cases than the NLOS models. The only exception to this is the total variation distance of the PAS with DUT D4. As discussed
earlier, D4 suffers from short range lengths in LOS cases. Furthermore, model M1
shows the worst performance when measured by PAS based metrics. This follows from
the PAS shape of M1 whose elevation spread is more than ten-fold compared to the
other models. It has one strong cluster and the other clusters are very widely spread
outside the probe panels both in azimuth and elevation. The other clusters are so weak,
on the other hand, that beams are never allocated to them and thus the beam selection
metrics perform decently. Moreover, model M2 has the highest inaccuracies with the
beam selection metrics. In M2 the PAS is composed of several close to equally strong
clusters and in the reference case over 20 different beams are allocated. Reconstruction of this condition with limited probe resources in the anechoic chamber is evidently
difficult.
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5

Summary of original publications

The main results of the original publications were described in Chapter 4. The interdependency of the original papers is described in the following. After that, a short
summary of each paper is presented.
The channel model: Requirements for the 5G channel model and an overview of
the map-based model are described in [II]. Publication [VI] provides a more detailed
description of the map-based model, together with a validation based on three measurements campaigns. An evaluation against requirements defined both in [II] and [VI] is
also given. A complementary component to the blockage model is refined in [IV] by
measuring and analysing a multiple screen diffraction configuration. Publication [I] introduces a simulation study with the map-based model concerning large scale parameter
frequency dependency, also discussing comparisons with some measurements reported
in the literature.
The OTA method: A high level description of the sectored MPAC method and an
assessment of physical dimensions of the setup, including new evaluation metrics, is introduced in [III]. Publication [V] continues the assessment of the physical dimensions
of the MPAC setups, with elaborated evaluation metrics. Finally [VII] provides a detailed description of the method and simulated determination of key design parameters
of a sectored MPAC setup. Four novel evaluation metrics are introduced and used in
the simulation part of [VII].
5.1

Frequency dependency of channel parameters in urban LOS
scenario for mmWave communications

Paper [I] describes the map-based model on a conceptual level and presents statistical distributions of the simulated radio channel model outputs at various frequencies
between 2 GHz and 60 GHz. The modelled scenario was an urban micro-cellular environment, with LOS or OLOS conditions between the Tx and the Rx trajectory. The
resulting CDFs of delay and angular spreads, as well as path loss exponents and shadowing standard deviations, are compared with outcomes of two measurement campaigns
found in the literature. The model outputs indicate that there is no strong frequency
dependency on the evaluated parameters. The resulting path loss exponent and the
shadowing standard deviation were approximately 2.4 and 6 dB, respectively. More89

over, the number of paths and the path lifetimes were evaluated along the linear Rx
trajectory. The average number of propagation paths, using 30 dB dynamic range, was
175.
5.2

Radio propagation modeling for 5G mobile and wireless
communications

Paper [II] identifies requirements of 5G radio propagation models and introduces two
model variants developed within the European METIS 2020 project. Additionally, a literature survey on the earlier models is presented, with the conclusion that none of them
can fully satisfy the model requirements without significant extensions. Consequently,
the need for a new framework for channel models was recognized. The literature survey is summarized in a table comparing numerical and qualitative characteristics of nine
channel models. Validation of the map-based model is discussed briefly. The paper also
defines a few extensions to the METIS stochastic model, which belong to the GSCM
family.
5.3

On dimensions of OTA setups for massive MIMO base stations
radiated testing

Paper [III] discusses OTA testing of massive MIMO base stations. The paper focuses
on investigating the physical dimensions, i.e. mainly the range length, of the MPAC
method. The purpose was to study whether the conventional far field criterion must be
followed when determining the range length of the test setup. Several metrics were proposed and used in simulated evaluations of the MPAC setup. The metrics are related to
the field performance within the test area, the system link budget analysis, the direction
of arrival algorithm performance, and the MU-MIMO sum rate capacity. Simulations
were conducted at the 2.6, 3.5, and 28 GHz frequencies. It was found that the link
budget does not support the range lengths claimed by the Fraunhofer distance. Further,
simulations with most of the used metrics indicated that smaller setup sizes can still
yield reasonable measurement accuracy.
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5.4

Multiple screen diffraction measurement at 10–18 GHz

Paper [IV] provides a specific radio channel measurement investigation of multiple successive diffractions at the 10–18 GHz frequencies. The study was intended to complement the blockage modelling within the map-based model. Directive horn antennas,
a network analyser, absorber blocks, and ten metallic screens were used in the measurements. The incidence angle and screen configurations, including the number and
spacing of screens, were altered in the measurements. The measured data was fitted
to the original Walfisch-Bertoni model and the function parameters were updated. The
main sources of differences to the original parameterizations are probably the higher
frequency range, the substantially shorter propagation distance, and smaller regularly
shaped obstacles, compared to the original settings. In addition to the mentioned model
parameters, the overall excess loss due to multiple diffractions and its frequency dependency were analyzed.
5.5

Assessing measurement distances for OTA testing of massive
MIMO base station at 28 GHz

Paper [V] continues the assessment of OTA measurement distances, now focusing on
BS devices with large planar antenna arrays and operating at the 28 GHz frequency. A
novel metric, called fixed beam power loss, was defined. The metric is based on the
assumption that the DUT performs analogue beamforming with a code book of fixed
beams targeted for the reception of planar waves. The new metric was used together
with the sum rate capacity metric. Simulations were performed with different DUT
array sizes. The final output is a simple linear function describing the minimum range
length with the DUT size as an argument. The result is applicable at 28 GHz, which is
the primary frequency for the so called pre-5G system.
5.6

Map-based channel model for evaluation of 5G wireless
communication systems

Paper [VI] provides a comprehensive description of the map-based channel model for
5G evaluations, together with requirements, partial validation, and simulations indicating fundamental differences to the prior GSCM in the MU-MIMO case. The model
proposal was analyzed against 5G channel model requirements and it was concluded
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the model met the requirements. The validation part contains a comparison of model
outputs with the results of three measurement campaigns at 28–30 GHz, 10.1 GHz, and
5.25 GHz. An acceptable agreement with the measurements was found. Simulations
were performed to compare the map-based model and a GSCM with respect to propagation parameter statistics, and more importantly, the sum rate capacity. It was found that
the modelling principles have fundamental differences and the GSCM over-estimated
the sum-rate capacity in urban street canyon cases.
5.7

On radiated performance evaluation of massive MIMO devices
in multi-probe anechoic chamber OTA setups

Paper [VII] describes in detail the OTA setup components and the methods for performance evaluation of massive MIMO devices or user devices operating at mm-wave
frequencies. It also introduces four metrics to assess probe configurations and measurement distances together with simulation results using the metrics. The prior MIMO
OTA techniques were described and their applicability for 5G use was discussed. It
was found that the previous techniques cannot be directly extended for testing of electrically large 5G devices. Finally, key design parameters for the proposed test setup were
determined by simulations, assuming certain DUT sizes and target channel models.

92

6

Conclusions and future work

New features of coming 5G wireless telecommunication systems set new challenges
for radio channel models and test methods and make the previous solutions at least
partially obsolete. The new requirements for a radio channel model are defined in this
thesis. A map-based channel model is described, as well as some complements to it.
Its capabilities are studied in simulations and comparisons with channel measurements.
Frequency and spatial consistency have especially been the focus of this study. A mapbased model is compared to the popular GSCM with respect to the latter characteristics.
It was found that the GSCM is not capable of providing spatial consistency of channels
between a massive MIMO BS and numerous UEs in an urban canyon environment. This
is a consequence of the fundamental modelling principles of GSCMs. The proposed
map-based channel model meets all the identified requirements as summarized in Table
3.
With the coming mm-wave and massive MIMO devices the testing in fading radio
channel conditions is heading towards a radiated mode, i.e. over the air (OTA). Direct
extension of previous OTA methods is not feasible due to the prohibitive setup comTable 3. Channel model requirements vs. the map-based model.
Requirement:

Solution in the map-based model:

mm-wave frequencies

Ray tracing based on frequency dependent
propagation mechanisms such as reflection,
diffraction, and scattering

Spatial consistency and mobility

Ray tracing where the environment and the
displacement of Tx/Rx are accounted for when
determining propagation characteristics

Very large antenna arrays

Ray tracing implicitly supporting spherical
waves and location specific modelling for each
antenna element

Diffuse scattering vs. specular reflection

Ray tracing by dividing larger surfaces into tiles
or by introducing a multitude of small scattering
objects, and modelling specular components
based on ray optics principles

Descriptive and computational complexity

Concise mathematical and algorithmic
description, and sophisticated software
implementation
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plexity and high costs resulting from the substantially increased electrical size of the
DUTs. Modifications are needed to avoid the problem. One solution is to adopt a probe
selection framework utilizing the sparsity of mm-wave channels, which is strengthened
by beamforming operations of the other link-end. In this thesis a mathematical system
model for MIMO channel emulation in an OTA setup is presented. A sectored multiprobe anechoic chamber (MPAC) setup and method are proposed to address the testing
needs. Moreover, novel tools and metrics are introduced to determine the design parameters of the setup and to evaluate the accuracy and performance of the setup. Using
these metrics it is shown in simulations, that the Fraunhofer distance does not dictate
the range length of the MPAC setup for fading channel emulation. Design parameters
such as the range length, the number of active probes, and the probe sector size, are
determined for a few example frequencies and DUT sizes. The defined procedures can
be used for other cases too.
The map-based model is capable of predicting dominant propagation paths, such as
reflected and diffracted paths. When modelled, they are typically non-fading. Scattering
from surface areas divided into tiles models diffuse scattering. Though potentially high
in number, the power of scattered paths is weak and the contribution often remains
insignificant in the model. A simple function determining the power ratio of diffuse vs.
specular reflections as a function of the operating frequency, is still missing. A fixed
0.5 ratio was used in simulations of the original publications. Future work is needed
to complement this defect, to enable a more realistic and possibly significant diffuse
component for the channel description. Channel measurements at different frequencies
and with different surface material classes should be carried out to find a simple fitting
function, preferably with frequency as the only argument.
One interesting direction for future investigations into mm-wave channel modelling
would be the user impact on the propagation channel. Users are normally in proximity
to their UEs. They may either shadow some of the propagation paths (blockage) or give
rise to new propagation paths due to scattering from their bodies. The random objects of
the map-based model contain both of these functions. The user proximity impact, with
different orientations with respect to directions of dominant propagation paths, could
be studied by taking measurements or conducting EM simulations. The suitability of
user modelling with a nearby random object could be assessed using the mentioned
measurement/simulation results. Currently the user impact, especially shadowing, can
be embedded in the UE radiation pattern. However, the scattering from a user cannot
be modelled by manipulating radiation patterns alone.
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The isotropic Tx radiation pattern at the other (non-DUT) link-end was assumed
in OTA simulations of the original publications. Thus, the Tx illuminated all clusters
present in the propagation channel model. The resulting PAS for the DUT would have
been more confined if the Tx side also performed beamforming. The operational mode
of the other link-end, e.g., the UE emulator in the simulated case, in practical OTA
performance evaluations was not defined. In other words, it was not specified whether
the other link-end should operate in a close to isotropic mode, or in beamforming mode
with a single static beam, or in its normal adaptive beamforming mode. These alternatives are expected to set different requirements for the probe configurations. The
first option would require many probes spread in the directions of all clusters. In the
second option, probably only one or few clusters would be illuminated and less active
probes would be needed in a confined sector of angles. In the third option only one or
a few clusters are illuminated simultaneously, but the illuminated clusters may change
over time according to active beam states. In this case the switching capability used to
change the active probes dynamically, might be very useful to save fading emulator resources. At the time of concluding this thesis, discussions in 3GPP are turning towards
the second option, i.e. a single static beam. Thus, future work for dimensioning probe
configurations is needed, with beamforming operations applied at both link-ends.
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