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Abstract

This thesis presents measurements, characterizations and modeling approaches
of the outdoor millimeter-wave access channel. More specifically, in this thesis I
address an overlay concept for millimeter-wave 5G networks and corresponding
channel measurement campaigns. These campaigns were planned and executed
with an approach that focuses on fine spatial and temporal sampling of the
channel. This differs from other reported measurements, which mostly rely on
mechanically steerable high gain antennas.
The approach chosen in this work greatly reduces the measurement time

needed to obtain a channel snapshot from minutes to the order of microseconds,
thereby enabling the acquisition of a large number of spatial samples. These
samples are an important basis to derive statistically valid information, e.g. on
the path loss and dynamic shadow fading caused by the environment. This
comes at the price of no inherently available angular information.
In this work, a general concept for millimeter-wave based 5G mobile radio

access networks is introduced. The channel measurements and modeling ap-
proaches presented here focus on urban outdoor access scenarios, which are
seen as the most challenging outdoor environments due to the dense nature of
the surroundings and high number of users. Two measurements in urban street
canyons and open square scenarios are reported, one at 60 GHz and the other
at 10 and 60 GHz carrier frequency simultaneously. Another measurement
campaigns focused on ground reflection properties for distances up to 1 km at
60 GHz. A fourth campaign was performed using an electronically steerable
64-element antenna array, focusing on human body shadowing mitigation. The
last measurement campaign in this work investigates the impact of dynamic
shadow fading, caused by cars, buses and pedestrians in a 28 GHz access
scenario.
Two types of channel models are derived based on the measurements. A

path loss model and parameters are introduced that generate instantaneous
path loss values. A more sophisticated model, the quasi-deterministic model, is
also introduced. This model uses a description of the environment to generate
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Abstract

spatially consistent impulse responses with angular resolution. The most
dominant components of the impulse response are explicitly expressed, while
others, such as random reflections and shadow fading from moving objects are
modeled as stochastic processes. The properties of these processes, e.g. the
strength of human body blockage or the duration of shadowing events, are
derived from the measurement results.
In this work I also present a hardware concept for the implementation of

electronic beam switching. This concept allows the parallelization of multiple
transmit amplifiers to mitigate the low achievable output power of today’s
devices. The direction of the switchable beams can be configured arbitrarily to
cover an area of interest, as might be needed on the base station side of small
cell deployments.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Messung, Charakterisierung und
Modellierung des Millimeterwellen-Funkkanals zwischen mobilen Kommunika-
tionsendgeräten und der Mobilfunkinfrastruktur. Dabei wird ein Konzept für
Mobilfunknetze der fünften Generation (5G) zugrunde gelegt, bei dem das
Millimeterwellen-Spektrum als zusätzliche Schicht über bestehenden Netzen der
vierten Generation genutzt wird, um die Datenübertragungskapazität dort zu
erhöhen, wo der Bedarf tatsächlich besteht. Die in dieser Arbeit beschriebenen
Messkampagnen wurden dahingehend entwickelt, diese Funkkanäle mit einer
feinen räumlichen und zeitlichen Auflösung abzutasten und unterscheiden sich
darin von anderen veröffentlichten Arbeiten, in denen vorwiegend mechanisch
rotierte Richtantennen mit hohem Antennengewinn und entsprechend kleinen
Öffnungswinkeln zum Einsatz kamen.
Der Ansatz in der vorliegenden Arbeit führt zu einer Reduzierung des

Zeitaufwandes für die Messung einer Kanalimpulsantwort in den Bereich von
Mikrosekunden. Damit wird die Messung einer großen Zahl von räumlich
verteilten Impulsantworten möglich. Dies ist eine wichtige Voraussetzung für
die Ableitung verlässlicher statistischer Werte, wie zum Beispiel des Pfadver-
lusts. Erkauft wird dieser Vorteil mit dem Fehlen von inhärent verfügbaren
Richtungsinformationen.

In dieser Arbeit liegt der Fokus auf dem Zugangsnetz außerhalb geschlossener
Räume in innerstädtischen Ballungsgebieten, da diese Umgebung zum einen
als schwierig aus funktechnischer Sicht gilt, zum anderen jedoch durchaus als
eine der ersten Umgebungen mit der neuen Technologie versorgt werden könnte.
Zwei Messkampagnen wurden in einer typischen urbanen Häuserschlucht, sowie
auf einem innerstädtischen Platz durchgeführt, eine bei 60 GHz Trägerfrequenz
und die andere gleichzeitig bei 10 GHz und 60 GHz. Eine weitere Messkampagne
hatte die Untersuchung von Bodenreflexionseigenschaften bei Entfernungen bis
zu 1000 Metern bei 60 GHz zum Ziel. In einer vierten Messkampagne wurde
ein elektronisch steuerbares 60-GHz-Antennenarray mit 64 Antennenelementen
genutzt, um Ausweichmöglichkeiten bei Abschattung der Funkverbindung
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durch Menschen zu untersuchen. Die letzte Messkampagne in dieser Arbeit
untersucht den Einfluss einer urbanen Umgebung, darunter die Abschattung
durch Fahrzeuge und Fußgänger bei 28 GHz.
Zwei Kanalmodelle werden basierend auf den Messergebnissen abgeleitet.

Ein Pfadverlustmodell wird vorgestellt, das die augenblickliche Dämpfung des
Kanals berechnet. Das quasi-deterministische Kanalmodell wird als komplexeres
Modell eingeführt, mit dem räumlich konsistente Kanalimpulsantworten mit
Richtungsauflösung berechnet werden können. Dabei werden die dominanten
Anteile der Wellenausbreitung explizit formuliert und die weiteren Kompo-
nenten, wie zum Beispiel Reflexionen an bewegten Objekten als stochastische
Prozesse hinterlegt. Die Eigenschaften dieser Prozesse, wie zum Beispiel die
Stärke der Dämpfung durch den menschlichen Körper können aus den Messkam-
pagnen abgeleitet werden.
Den Abschluss der Arbeit bildet ein Konzept für eine elektronisch steuer-

bare Strahlumschaltung. Dieses Konzept erlaubt die Parallelisierung mehrerer
Sendeleistungsverstärker, um die begrenzte Ausgangsleistung heutiger integri-
erter Leistungsverstärker zu umgehen. Die einzelnen Richtungen der Ausgänge
der Strahlumschaltung kann dabei frei gestaltet werden, um beispielsweise dem
Installationsort einer kleinen Basisstation (sog. Small Cell) optimiert angepasst
zu werden.
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1 Introduction

1.1 Why millimeter-wave access links?
The invention of the smartphone has undoubtedly changed the usage of mobile
wireless data connections. It has become a permanent companion for billions
of users worldwide and drives the ongoing increase in mobile data usage. A
thousand fold increase of mobile data throughput and the rise of new services
is expected to take place in this decade[OBB+14].

Looking further ahead, completely new ways of interacting with information
are expected to take their place in our lives. Being it large information screens
everywhere around us or displays embedded in contact lenses, connectivity to
the internet will be part of this new technology and there will be many more
connected devices than today [Kak11].

Mobile radio networks today have a history of rapid development of over 50
years. With the evolution from systems for limited subscriber groups to 2G,
3G and today 4G the number of users and transported amount of data have
steadily increased. At the moment the mobile radio industry and scientific
community is working on 5G to lay the groundwork for the coming decade and
to prepare for the use cases and applications to come.

Utilizing the frequency spectrum above 6 GHz is one of the key technological
elements predicted for 5G [BHL+14]. Available bandwidth in the order of
multiple gigahertz and reduced interference due to more directional transmission
will drive this trend as well as the shortage of available spectrum in the legacy
bands.
To my knowledge, these bands above 6 GHz were so far not used for wide

deployments of outdoor & indoor mobile radio access links. The knowledge
and experience on wireless propagation and channel models is therefore still
limited.
In this dissertation I present my work on the investigation of outdoor

millimeter-wave access links. Different channel measurement campaigns have
been performed to study the wireless propagation of these links. Typical small
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cell deployment scenarios in dense urban environments are the key focus of my
work, as they are one candidate for first deployments of such a 5G system. The
channel investigations and derived models are being submitted to the scientific
community and standardization processes. I believe that they are a substantial
contribution to the development of 5G standards and system implementations.

1.2 The millimeter-wave wireless outdoor channel
A radio transmitting a wireless signal to a receiver sends energy in the form of
electro-magnetic waves into the space around it. The direction in which the
energy is transmitted depends on the properties of the antenna, its radiation
pattern. The electro-magnetic waves interact with the environment and even-
tually a fraction of the transmitted energy excites the receiving antenna. The
interaction with the environment and the relationship between the transmitted
signal and the received signal in time and frequency domain is called the wire-
less channel. While the fundamental effects of interaction are well known and
understood, real-world environments are too complex to express the wireless
channel in closed analytical form. Channel measurements in real scenarios are
therefore used to investigate the channel and to develop channel models, as
has been done extensively for existing wireless communication standards in
the sub 6 GHz bands. These models need to be a good representation of the
wireless channel as it affects the signal transmission between transmitter and
receiver. Different types of models or different levels of detail may be needed
for link level and system level development and assessment, while keeping the
complexity at a manageable level.
The following gives an overview over the fundamental effects of outdoor

propagation with a special focus on the millimeter-wave frequency band.
The free-space path loss, which is a part of Friis transmission equation,

scales with the link distance and the carrier frequency [Fri46]. Hence a signal
in the millimeter-wave bands undergoes a much higher attenuation on the
same distance compared to a signal below 6 GHz under the assumption of
constant antenna gain. Atmospheric effects and their impact on free-space
propagation were extensively investigated and integrated into an atmospheric
millimeter-wave propagation model ranging up to 1000 GHz by Liebe in 1989
[Lie89]. The logarithmic attenuation caused by water vapor, suspended water
droplets and rain grows linear with the distance and the amount of fog and rain
rate respectively. The well-known absorption effects due to oxygen absorption
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(at 60 GHz) and water vapor absorption (at 183 GHz) are also modeled. While
this attenuation might be negligible for small link distances (around 100 m),
it becomes a crucial limit for longer link distances at these frequencies. The
impact of rain has similar influence for the higher frequency bands. While it
might impact long distance links, shorter links, such as found in small cell base
stations, will only see a minimal effect [QL06].

Penetration losses and shadowing through human bodies drastically increase
with the carrier frequency. It was reported, that human body shadowing can
cause attenuations of more than 20 or even 30 dB on indoor 60 GHz links
[CZZ04, PWRM+12]. Common building materials like concrete walls were
reported to cause severe penetration loss, see e.g. [ASC08] for losses at 40 GHz.
A coverage of indoor users by outdoor millimeter-wave base stations, as is the
case in today’s mobile radio networks might therefore be unlikely.

Specular reflections of electro-magnetic waves are independent of the carrier
frequency under the condition that the reflecting surface is smooth and large
compared to the wavelength. Roughness of the surface however can lead to more
diffuse reflections, spreading the energy in all directions and attenuating the
specular component. The Rayleigh criterion can be used to determine whether
a reflection is specular or diffuse [Par00]. Diffraction effects at millimeter-wave
frequencies are negligible compared to the lower bands, imposing a significant
difference when comparing links with unobstructed line-of-sight (LOS) to
obstructed LOS (OLOS) or non-line-of-sight (NLOS) ones [PK11]. In outdoor
measurements, only a limited number of reflecting clusters have been found in
an urban environment [ALS+14].

Outdoor measurements showed that the path loss exponent in unobstructed
line-of-sight environments was close to 2 and therefore close to free space
propagation [RSM+13a, RGBD+13, RASM12]. The path loss under NLOS
conditions however tends to show a stronger dependency on the scattering
environment. Reported path loss values for different urban environments vary
between 3.9 and 5.8. These values were obtained fitting a log distance model
with additional shadowing margin to measured values [RGBD+13, RSM+13b].

Due to the limited number of reflecting clusters and the reflection properties,
time dispersion under LOS conditions is typically small (RMS delay spreads1

below 20 ns were reported) but highly dependent on the environment as well as
on the antennas [SC97, CR96]. Under NLOS conditions the spread increases
due to the absence of the strong LOS component. The values obtained under

1For the definition of the RMS delay spread see [Gol05], p. 86.
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these conditions vary greatly with average values in the order of 7-24 ns, while
maximum values exceeding 100 ns were observed [SC97]. Using antennas with
a high gain of 25 dBi, very low delay spreads of up to 1.4 ns only were reported
in peer-to-peer and cellular scenarios [RBDMQ12].
While some fundamental properties of millimeter-wave propagation are un-

derstood and reported, other aspects still need further investigation, as laid
out in the next section.

1.3 State of the art and research gaps
The interest in channel measurements at millimeter-wave frequencies has seen
a steady growth in the last years. However, fundamental investigations of
radio propagation and atmospheric effects, such as the oxygen absorption peak
at 60 GHz and the effect on rainfall have already been performed decades
ago, e.g. by H.J. Liebe [Lie89]. Advances in semiconductor technology and
favorable regulatory decisions, such as the allocation of the license free spectrum
at 60 GHz have led to a rising interest in indoor millimeter-wave channel
measurements. Three different standards have been defined for very high
throughput indoor wireless communication, ECMA-387, IEEE 802.15.3c and
IEEE 802.11ad, while only the latter has to date been used in prototypes and
products [ECM10, IEE09, IEE12]. Measurements have been performed by a
large variety of researchers worldwide. The focus varies greatly from path loss
and delay spread (e.g. [SC97]) to fully directionally resolved measurements
(e.g. [MMS+09, MMS+10]), virtual array measurements (e.g. [RKH+09])
and polarimetric MIMO measurements (e.g. [THR+01, AMS+12, MHD+14,
MDS+14]).
Measurement of wireless outdoor access channels has been and is a key

element of the development and deployment of mobile radio networks, such
as GSM, UMTS, LTE and others [Par00]. Based on these measurements and
trials, a large number of channel models have been proposed and used for sub 6
GHz wireless communication and different kinds of applications and use cases.
A well-known model for mobile radio networks is e.g. the WINNER II channel
model [KMH+07]. It relies on a geometry-based stochastic approach and was
designed for frequencies from 2 to 6 GHz with up to 100 MHz bandwidth. Its
parameters are determined stochastically, based on statistical distributions
extracted from channel measurement data. The model was developed for a
wide range of propagation scenarios ranging from indoor office, urban micro-
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cell to urban and rural macro-cell. Different scenarios are modeled by the
same approach but with different parameters. When going to higher carrier
frequencies in the millimeter-wave band and wider bandwidths, the WINNER
II model and similar geometry-based stochastic models might not be valid any
more.

The group of professor Rappaport at the University of Texas at Austin and
NYU Wireless has performed a number of outdoor measurements, ranging
from 38 GHz to 72 GHz. They used a sliding correlator based channel sounder
with a bandwidth of 400 MHz and mechanically steered directional antennas
[RBDMQ12, RQT+12, RSM+13b, MZNR13, RGBD+13, RMSS15]. Recent
results were reported on channel modeling approaches and system evaluation
[MSR15, SR15], as well as effects of human body interaction [WRC15]. Due
to the mechanical steering, the measurement duration for one transmitter-
receiver position is quite high, therefore limiting the number of total positions
available for the derivation of path loss information. Additionally, the directional
measurements have to be combined to generate an artificial omnidirectional
antenna pattern. Non-stationary effects of the channel can not be resolved, as
the measurement duration is much longer than the channel coherence time.

A group from Samsung Electronics has provided results for indoor and outdoor
measurements at 28 GHz [HCL+14a, HCL+14b]. They used mechanically
steered high gain antennas on both ends to obtain spatially resolved channel
impulse responses. To obtain more statistical data for channel modeling,
they also performed ray tracing simulations on outdoor deployment scenarios
[CBH+14, HBK+15]. Other reported outdoor measurements used a spectrum
analyzer to measure the received power versus the angle of arrival [RASM12].
The above mentioned works on millimeter-wave outdoor channel measure-

ments relied on directional antennas. This inherently limits the number of
spatial measurement locations due to the time consumption of a measurement
run with mechanically steered antennas. Other measurement campaigns used
a frequency domain approach (VNA based) which also requires a rather long
time to acquire a single snapshot and which can usually not be acquired and
stored in a continuous way. Both these approaches are not fit to measure urban
access channels with moving objects, such as pedestrians, cars and busses that
lead to channel coherence times in the order of milliseconds or even below. The
limited number of different spatial positions is problematic when this data is
used to parameterize statistical models. A larger number of samples would
greatly improve the stability of the regression.
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The spatial selectivity of the used high gain antennas in azimuth direction has
to be well known and needs to be considered when calculating omnidirectional
channel impulse responses from this kind of measurements. It is also necessary
to rotate the antenna exactly around its phase center to coherently combine
the CIRs.

Some of the cited references compared the millimeter-wave channel at several
frequencies, but the underlaying channel data was not acquired at the same
time or the exact same location.
The measurements provided in this thesis were designed to improve these

aspects. This approach and its benefits and shortcomings to the existing
work are explained in the following introductory chapter. I also present a
measurement campaign using an electronically steered 60 GHz antenna array.

1.4 Contributions and structure of this thesis
This work is a thesis by publication and is based on a number of peer-reviewed
publications that I have authored [WK15, WPK+14a, WPK+14b, WKNP14,
WPKW14, WKFC14, WPK+15a, WPK+15b, WKM+16, WPK+16b]. These
publications are reprinted within this document, along with a detailed introduc-
tion and summary. I also co-authored additional relevant publications that will
also be referenced in the course of the document [PKW15, KKK+11, KKPW13,
KWP+14, MPK+14, GPWK15, PWK+16].
An overview over the structure and contents of this thesis is given below.

Chapter 2: Channel sounder design and implementation

In this chapter I introduce general aspects of channel sounding and the system
model. I then introduce the channel sounder hardware as an overview to my
publications. The details of the technical setup and measurement procedures
are explained in greater detail than in the individual publications.

Chapter 3: Millimeter-waves for mobile data communication

This chapter comprises three publications covering fundamental aspects of
millimeter-wave communication for mobile data communication. The first
introduces the overlay concept. In this concept, existing 4G networks, such as
LTE, are enriched with an overlay of millimeter-wave capable small cells to
increase the capacity of the wireless network. This concept provides benefits,
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such as seamless coverage, and forms an implicit basis for the remainder of the
publications.

The second publication is a more general investigation of the channel capacity
with respect to the carrier frequency, link distance and energy consumption.
A small cell model is introduced to show that utilizing the mm-wave band is
beneficial in view of today’s spectrum shortage and beyond.

The third publication investigates the localization of fundamental functional-
ity in the overlay concept. This is an important aspect, as the design space
increases, when the overlay network is introduced and with respect to the
specific properties of the millimeter-wave channel.

Chapter 4: Measurement campaigns and modeling
approaches

In this chapter, my contributions on channel measurement and modeling
are presented. It comprises seven publications. Five different measurement
campaigns are presented. Two of them focus on the path loss, delay spread
and multipath components of urban street canyon small cell access channels,
measured at 10 GHz and 60 GHz. Two different modeling approaches are
derived based on the measurements. One model provides instantaneous path
loss values, matching the measurement. The other is a more sophisticated
model, based on a geometrical description of the environment in combination
with a quasi-deterministic approach.

Another measurement campaign focuses on the ground reflection properties of
asphalt at 60 GHz with link distances up to 1000 meter. A two-ray propagation
model is introduced that accurately matches the distance dependent fading
effects observed in the measurements. This work also supports the derivation
of the quasi-deterministic model and has some implications on the use of
millimeter-wave frequencies for street-level backhaul deployments that are also
introduced with the overlay concept in Section 3.1.
The last two measurements introduced in this chapter focus on system

level evaluation of millimeter-wave links. The work presented in Section 4.6
investigates the impact of a busy environment, such as cars and pedestrians
on a millimeter-wave link. This measurement was set up at 28 GHz with the
transmitter (small cell) and the receiver on opposing sides of a busy street.
Long term observation of the link reveals typical events through shadowing, as
well as multipath propagation from the surrounding open square.

The last work of this chapter, introduced in Section 4.7, uses a 60 GHz 128
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1 Introduction

element beamforming array at the transmitter to evaluate possibilities of human
body shadowing mitigation. The receiver was placed on 58 different positions
and the transmitter performed a sweep over 133 predefined transmitter beam
settings, while recording the channel impulse response for each setting. Each
measurement was repeated with a human obstructing the line-of-sight right
next to the receiver.

Chapter 5: Hardware aspects

In this chapter I introduce a hardware concept for electronic beam steering and
parallelization of transmit power amplifiers. The results from the measurement
campaigns prove that fast beam switching is necessary to adapt the link to
changes in the user position and the environment. The parallelization of power
amplifiers and the ability to connect high gain directional antennas to the
switchable outputs will help to achieve sufficient coverage in typical small cell
distances. This hardware concept is well suited for the base station side of
small cells as the directional antennas can be arbitrarily positioned to provide
site specific coverage.

1.5 Notation
Square brackets [ ] are used to signify the index of the discrete-variable for
a dependent quantity. A discrete quantity y (xi), sampled at xi ∈ R, i ∈
[1, . . . , Ny] ⊂ N of a continuous quantity dependent on x ∈ R is described as
y (xi) |xi∈[x1,...,xNy ] := y [i] |i∈[1,...,Ny ].
In the included publications the terms path loss and path gain are used to

describe the same quantity. The path loss is the attenuation of the electro-
magnetic wave, propagating from one point in space to another. It is therefore
larger than one. Expressed in decibel, the path loss in channel measurements is
usually positive and the path gain has the same magnitude but with negative
sign.
The term millimeter-wave is used throughout this work. Technically this

term refers to the range of frequencies with a wave length between 1 mm
and 10 mm, which is the approximate equivalent of 30 GHz to 300 GHz. In
the discussion on the fifth generation mobile radio networks (5G), the term
mm-wave is also largely used for any frequency band beyond today’s used
bands, i.e. anything above 6 GHz. In this work I also follow this pragmatic
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1.5 Notation

approach to easily denominate the frequency bands, so far mostly unused for
mobile wireless communication.

In the course of this work the names of the stations in the channel sounding
setups vary gradually. However, the transmitter was always placed on a tripod
on elevated fixed positions. It is therefore also referred to as base station
or small cell base station. The receiver on the other hand was mounted on
a mobile platform and is therefore also referred to as mobile station or user
equipment (UE).
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2 Channel sounder design and
implementation

This chapter presents the channel sounder method and hardware setups used
for the various millimeter-wave measurement campaigns introduced in Chapter
4. In the following Section 2.1 I introduce the measurement principle and
the system model. Section 2.2 explains how the calibration of the sounder is
performed. In section 2.3 I introduce the hardware related implementation and
the last section 2.4 describes the measurement protocols.

2.1 Measurement principle and system model
The wireless radio channel can be measured in a variety of ways. A review on
different methods and their advantages and shortcomings was given by Parsons
[PDT91]. A correlation based method, termed swept time-delay crosscorelation
method, was shown to be the best candidate for wideband radio channel
characterization and is adopted here.

In a linear time-invariant (LTI) wireless channel, the channel impulse response
(CIR) h (t) characterizes the channel. In the equivalent baseband model, the
received signal y (t) can be expressed in dependence of the transmit signal s (t)
according to

y (t) = s (t) ∗ h (t) =
∞̂

−∞

s (τ)h (t− τ) dτ (2.1)

The millimeter-wave mobile access channel however is varying in time and
frequency domain due to the mobility of the user and surrounding objects, such
as cars. The wireless channel is therefore a linear time-variant (LTV) system,
where the channel impulse is not constant over time. The channel sounding
method has to estimate the instantaneous channel impulse response h (t) over
a wide bandwidth within the coherence time of the channel.

In 1969 Bello proposed [Bel69], based on Kailath’s work [Kai62], that a time
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2 Channel sounder design and implementation

varying channel is measurable if the area, where its scattering function1 is
(significantly) different from zero, is smaller than 1. Kozek [KP05] and Pfander
[PW06] recently proved this assumption.
A similar criterion was introduced by Kozek [Koz97] to define an under-

spread channel as one where 2τmaxνmax � 1 or equivalently the area A =
{τ ∈ [0, τmax] , ν ∈ [−νmax, νmax]} � 1 holds, where τmax is the maximum path
delay and νmax is the maximum Doppler shift of the channel. This is the rect-
angular area of the scattering function, defined by the minimum and maximum
values of the support in both the memory (in delay-time) and filter bandwidth
(in Doppler shift frequency) dimension.

In the case of the urban access channel, we assume τmax = 4µs which
corresponds to a free space propagation distance of 1,200 m, which is much
larger than the dimensions of the urban locations under investigation. The
maximum filter bandwidth is assumed to be νmax = 2.8 kHz, which corresponds
to the extreme case of a car driving at a relative speed of 50 km/h at 60 GHz.
We thus obtain 2τmaxνmax = 2 × 4µs × 2.8 kHz = 0.0224 � 1, proving the
measurability of the outdoor channel under the given assumptions.

The systematic errors that occur when sounding a time variant channel with
a correlation based method were derived by Matz et. al [MMS+99, MMH+02].
Four errors were identified: the commutation, the pulse compression, the aliasing
and the misinterpretation error. The bounds on these errors are derived based
on their relation to the spread of the channel in terms of delay and Doppler. It
was shown that the errors for the measurement of the highly mobile vehicular
channel at 6 GHz with a very similar sounder setup have an error bound of
∼ 20 dB [Pas14]. In the present work, the transmitter location was always
static and the receiver was moved with a maximum speed of 0.5m/s. As stated
previously, the highest Doppler spreads are caused by reflections on moving
cars, which only account for a small fraction of the channel impulse response.
The spread of the wireless channels under investigation in the present work is
therefore smaller than the one in the referenced work. The cited error bound
can therefore also be applied as an upper bound to this work.
Verification measurements have been performed on the channel sounder

hardware setup by Peter et. al [PWK+16]. The achievable dynamic range,
maximum measurable path loss (MMPL), amplitude error and phase stability
were analyzed for the back-to-back calibrated channel sounder. The dynamic

1The scattering function S (λ, f) can be interpreted as the power that is received at a
certain delay λ and with a certain frequency offset f , see [Kai62].
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2.1 Measurement principle and system model

range and MMPL are in line with the observations in this work. The very
low amplitude error that was determined during verification supports the
measurement results.
The estimation of the channel impulse response used in this work relies

on the correlation based approach. The sounding signal is derived from a
complex valued sequence s [n] with length Ns ∈ N. This sequence has perfect
auto-correlation properties and is optimized for a low peak-to-average power
ratio (PAPR), see Section 2.3.1. The periodic baseband transmitter signal s (t)
is generated by pulse shaping the sequence s [n] according to

s (t) =
∞∑

n=−∞
s [n mod Ns] p (t− nTs) (2.2)

with Ts = 1/fc being the sampling time of sampling rate fc. The modulus
operator is written as mod . The pulse shape function p (t) results from digital
low pass filtering in the digital to analog converter (DAC) and analog low-pass
filtering in the transmitter system. As the signal is transmitted periodically,
the sequence length Ns has to be chosen appropriately to be longer than the
maximum resolvable delay of the measured channel to allow unambiguous
estimation of the CIR. At the same time the sequence period Tp = NsTs is
chosen much shorter than the channel coherence time to assure that the received
signals are approximately periodic. This allows the application of the circular
convolution theorem and the Discrete Fourier Transform (DFT). Periodic band
limited signals are completely described by the DFT transform of one signal
period [Por97].
With these assumptions, the received signal from Equation (2.1) can be

expressed as the DFT transform of one receiver signal period

Y [q] = S [q]HRx [q]H [q]HTx [q] +N [q] (2.3)

where HRx and HTx are the transfer functions of the receiver and transmitter
frontends. H is the frequency domain channel transfer function. Note that it
depends on the calibration method (see Section 2.2) whether the antennas are
included in the frontend or channel transfer function. N is the additive noise
contribution to the received signal.
During calibration, a known channel is placed between transmitter and

receiver. This allows recording the calibration signal

Ycal [q] = S [q]HRx [q]Hcal [q]HTx [q] +Ncal [q] (2.4)
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2 Channel sounder design and implementation

Figure 2.1: Timing of channel measurements

Equation (2.4) can be used to determine HRxHTx. Using Equation (2.3) the
channel transfer function can then be estimated in frequency domain as

H [q] = Y [q]
S [q]HRx [q]HTx [q] + Ñ [q] = Y [q]

Ycal [q]
Hcal [q] + Ñt [q] (2.5)

where Ñt contains both noise processes from the measurement and the
calibration. When using the calibration signal to estimate the channel transfer
function, no explicit knowledge of the pulse shaped transmit sequence is needed
at the receiver side. The recorded receive signal Y is also referred to as one
channel snapshot.

The contribution of the noise process N is usually dominated by zero-mean
thermal noise. Its contribution to the measured signal vector Y can therefore
be reduced by applying averaging over M sequence periods as

Yav [q] =
M−1∑
m=0

1
M
S [q +mNs]HRx [q +mNs]H [q +mNs]HTx [q +mNs]

+N [q +mNs]

= S [q]HRx [q]H [q]HTx [q] +N ′ [q] (2.6)

where N ′ denotes the samples of the averaged noise process2. The transmit
signal and the transfer functions of the transmitter, the receiver and the channel
need to be constant within the averaging duration. The contribution of the
noise process then reduces with increasing M . Figure 2.1 shows the timing of

2The logarithmic power of zero-mean Gaussian noise drops linearly with the logarithmic
number of averages.
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2.2 Calibration

Figure 2.2: Calibration setup

channel measurements with an averaging factor of M = 2. The periodically
repeating transmit signal is shown on top with a duration of NsTs for each of
its periods. The received signal Y is shown below, where each element consists
of the average (division by 2 not shown) of two consecutive transmit signals.
A new snapshot is recorded after a configurable delay time of tsnapshot which
needs to be a multiple of the transmit sequence duration.

A campaigns was performed with simultaneous sounding of two non-overlapping
frequency bands. In this case, the channel impulse responses (CIR) for each
carrier frequency can be seen as independent from each other, because the
transmit signals and receive signals are separated in frequency domain.

2.2 Calibration
The calibration is an essential step of channel measurements and is the pre-
requisite to obtain correct and reproducible results. As described in Section
2.1, the output of this step is the determination of the transmitter and receiver
frequency responses. Figure 2.2 shows how the calibration is performed. A
reference network with two ports is connected between the transmitter and
the receiver. The antennas are therefore disconnected from the system during
this step. The calibration provides results related to the reference planes, as
indicated in the figure. The transfer function of the calibration network is
characterized in an extra step using a standard vector network analyzer (VNA).
Over the air calibration in an anechoic environment is also possible, but not
practically feasible in an outdoor measurement campaign.
The requirement on the calibration networks are:

1. Tunable insertion loss in the order of magnitude of channel under investi-
gation

2. Repeatability (of the tuning)
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3. Stability over time

4. Flatness of frequency response

5. Linearity (i.e. no non-linear behavior)

The receiver of a channel sounder usually contains an Automatic Gain Control
(AGC) to guarantee full resolution of the analog-to-digital converters (ADC).
As described in Section 2.3.4, the AGC is based on variable gain amplifiers,
whose frequency response can change with the gain setting. The calibration
therefore needs to be performed individually for all gain settings that are also
used during the actual channel measurements. To obtain best dynamic range
during this step, the calibration network should be tunable to the order of
magnitude of the path loss of the channel under investigation. This is also
necessary to avoid any clipping in the receiver chain as the transmit chain
needs to be operating with the output power also used during the measurement.
In practice, the AGC is deactivated during the calibration step and its gain is
synchronized to the setting of the calibration network by the channel sounder
setup. The repeatability and stability of the calibration network is necessary
to guarantee a valid determination of the transmitter and receiver transfer
functions.

The flatness of its frequency response is not strictly necessary as it is implicitly
removed in the process. A non-flat response however unnecessarily reduces the
usable dynamic range during the calibration measurement.

Linearity is important, because the estimation of the channel transfer function,
as described in the previous section does not allow identification of non-linear
behavior, leading to unwanted distortions.

The measurements in this thesis have been performed with an electronically
switchable attenuator for all frequencies up to 30 GHz and with waveguide
based tunable attenuators for all frequencies above 30 GHz.
The calibration signal in eq. (2.4) is also subject to noise Ncal in the same

order of magnitude as the channel measurement itself. Under the assumption
that this noise is dominated by zero-mean thermal noise and phase noise, its
effect can be reduced by averaging multiple calibration measurements. Care
has to be taken that the reference clocks of the transmitter and receiver are
tightly synchronized within the averaging duration. A frequency offset would
lead to a phase shift, effectively reducing the amplitude of the calibration signal
for long averaging durations.
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Figure 2.3: HIRATE platform

The antenna transfer function and antenna gain are not part of the calibration
procedure as stated above. They are measured in a separate step, as described
in Section 2.3.5 and are then applied on the measured channel during post-
processing, assuming perfectly matching impedances of the calibration network
and the antennas.

2.3 Channel sounder implementation
The hardware platform used for the measurement campaigns presented in this
thesis is the HIRATE (High Performance Digital Radio Testbed) platform
shown in Figure 2.3 [KKPW13]. It is based on a custom build FPGA platform
and has two parallel transmitter and receiver chains, each with 250 MHz
bandwidth. It also features frequency synthesizers and IQ-modulators and
demodulators for the lower GHz range.
The platform contains a firmware that takes care of timing and triggering,

AGC, averaging and storage of received signals. The recorded signals are stored
to on-board memory and offloaded to a connected PC after the measurement
run is completed. The calculation of the channel impulse response is done in a
post-processing step on the recorded data.
In the rest of this section I describe the hardware implementation.

2.3.1 Sounding sequences

The signal s (t), derived from the sequence s [n], should adhere to certain
requirements to perform the best channel measurement possible. It should
be maximally flat in the frequency domain over the entire bandwidth under
investigation. The estimation of the channel impulse response relies on the
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autocorrelation of the sequence. It should therefore ideally have an impulse-like
periodic autocorrelation function. Such sequences exist and are called perfect
[Lük88] and their autocorrelation function φn is equal to the signal energy at
n = 0 and zero everywhere else [JP99].

Frank et al. provided a method to generate polyphase codes that adhere to
these properties [FZH62]. A generalization to sequences of any length NZC ∈ N
was given by Chu [Chu72]. These sequences, called Zadoff-Chu or Frank-Zadoff-
Chu sequence, can be seen as multitone sequences with constant amplitude
and perfect autocorrelation properties. One period of the sequence can be
constructed as

su [n] = e−j
πun(n+1)/NZC (2.7)

with 0 ≤ n < NZC , 0 < u < NZC ∧ gcd (NZC , u) = 1, n, u ∈ Z, where
gcd (a, b) is the greatest common divisor of a and b. The constant amplitude
of the complex sequence is a desirable property, as it allows a linear operating
point of the transmit power amplifier with very low power backoff. In this work,
sequences of length NZC = 256 and NZC = 1024 were used. The sampling rate
was fixed at fs = 1/Ts = 250 MHz, resulting in sequence period of Tp = 1.024µs
and 4.096µs.

2.3.2 Timing reference and synchronization

The correlation based method for channel sounding relies on time synchroniza-
tion between the transmitter and the receiver side. Ideally, all clocks on each
side should be phase locked to a single reference. This comprises the following
clocks:

• DAC clock (transmit sequence)

• Transmitter intermediate frequency (IF) & radio frequency (RF) local
oscillators (see Section 2.3.3)

• Receiver IF & RF local oscillators (LO)

• ADC clock (receiver sampling)

A frequency offset between the DAC clock and the ADC clock directly translates
to a timing and phase offset of the estimated channel impulse response that
grows linear over time. An offset between the IF & RF local oscillators only
affects the phase of the received signal.
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Figure 2.4: Clocking options

Figure 2.4 shows the two options that were used for the measurements in
this work. The cable reference shown in Figure 2.4a uses only one reference
clock (100 MHz in that case) that is distributed to the receiver side via a
cable. All other clocks are derived from this reference signal using phase locked
loops (PLL). Having a cable between transmitter and receiver is cumbersome,
especially when the receiver is moved along busy sidewalks. It also limits the
scenarios, as the cable cannot easily span across busy streets.

Time synchronization between transmitter and receiver can also be achieved
with short term stable frequency standards. This clocking option is shown in
Figure 2.4b. An independent rubidium clock is used as reference signal on both
sides. At the beginning of a measurement, before performing the calibration,
the two clocks need to be synchronized. This is performed by defining one clock
as the master and the other as a slave, adjusting its frequency to be phase
locked to the master via a cable. The cable is then removed and transmitter and
receiver can be moved around independently from each other. The rubidium
clocks used are described in [Wis07].

The channel snapshot measurement is triggered at fixed intervals which are
multiples of the sequence length (see Section 2.1). This is implemented using a
counter in the FPGA that is also clocked from the reference clock.
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Figure 2.5: Transmit signal generation

2.3.3 Transmit signal generation

The transmitter side of the channel sounder follows a straightforward approach.
The block diagram is shown in Figure 2.5. A two channel digital to analog
converter (DAC) generates the inphase (I, real) and quadrature (Q, imaginary)
parts of the transmit sequence. This signal is fed into a first modulator that
is driven by a local oscillator (Synth.) with the intermediate frequency (IF)
signal. This signal is then fed into a second modulator. A band-pass filter
(BPF) or high-pass filter is used to eliminate the unwanted side band. This
signal is fed into a power amplifier (PA), connected to the transmit antenna.
A common reference clock is used to derive the sampling clock of the DAC as
well as the local oscillator (Synth.).

The baseband source used in this work was either the HIRATE platform or
a Rohde & Schwarz AFQ100B. In both cases the transmit sequence previously
described is continuously played from memory with a fixed sample rate of
250 MHz. The first modulator is part of the HIRATE platform and based
on a MMIC design. The second modulator must be chosen according to the
desired frequency band. The filter also depends on the frequency band and
was either an integrated coaxial module (below 30 GHz) or a waveguide filter.
The local oscillator clock signals are generated using low phase noise frequency
generators.
An alternative approach was used for the signal generation of the measure-

ments described in Section 4.6. A Rohde & Schwarz SMW200A signal generator
was used. It was fed with the baseband signals and the reference clock and
performed the upconversion, filtering and power amplification of the 28.5 GHz
signal.

2.3.4 Received signal sampling

The receiver chain is set-up as a superheterodyne receiver, as shown in Figure
2.6. A low noise amplifier (LNA) and an optional band-pass filter amplify the
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Figure 2.6: Receiver chain

received signal from the antenna and remove unwanted out-of-band interference.
A first demodulator stage is used to convert the received signal to a lower
intermediate frequency, where it is filtered and amplified again. A second stage
with an I/Q demodulator is then used to generate the baseband signal that is
fed into the analog-to-digital converter.
The first LNA, filter and demodulator stage is set-up from discrete com-

mercially available components for each frequency band. The second stage,
including the variable gain amplifier (VGA) is integrated in the HIRATE plat-
form with a tunable IF frequency in the order of 2 GHz. The low-pass filter in
front of the ADC is used to remove any remaining out-of-band signals and to
avoid aliasing effects.
The FPGA that processes and stored the received samples is not shown

in this figure. It is however also connected to the VGA and an automatic
gain control (AGC) is implemented in the digital domain. The power levels
at the ADC inputs are monitored and the VGA is controlled to guarantee a
high input level without clipping. The snapshot timing and the averaging is
also performed in digital domain and controlled by the FPGA. The recorded
snapshots are stored in on-board RAM and are downloaded to a connected PC
after completing the measurement run.

2.3.5 Antennas

The antennas are the interface between the transmitter, receiver and the wireless
channel itself. Their radiation pattern and polarization have a direct influence
on the measured and estimated channel.
Ideally, the antenna would have an isotropic pattern, radiating with equal

gain in all directions. Then, the channel measurement would include the
propagation effects in all spatial directions around the transmitter and receiver.
Isotropic radiators are however only a theoretical concept and cannot be fully
realized in real hardware. As the environments under investigation in this

21



2 Channel sounder design and implementation

(a) 10 GHz Antenna (b) 28 GHz Antenna

Figure 2.7: Antenna designs

work are of an urban outdoor nature, omnidirectional antenna patterns with
the main lobe in the horizontal plane and a large enough opening angle in
elevation direction can be assumed to be a good approximation to measure their
channels. Thus, the requirement for the antenna pattern reduces to uniform
gain in azimuth direction as well as uniform gain in the relevant part of the
elevation region above and below the horizon.

A half-lambda dipole antenna is a good approximation to these requirements
for vertical polarization. For horizontal polarization however, more complex
designs are needed, for example the Alford loop [AK40].
For the measurements in this work, vertical polarization was chosen and

antennas for 10 GHz and 28 GHz were built. They are shown in Figure 2.7a
and 2.7b respectively. They are constructed based on semi-rigid coaxial cable
as quarter-lambda monopoles. The inner conductor serves as the monopole
and a copper sheet is soldered to the outer conductor to serve as a reflecting
plane that matches the antenna impedance to the coaxial cable impedance of
50 Ω. Opposed to a full dipole, the pattern of these antennas is asymmetric in
elevation direction.

Figures 2.8 and 2.9 show the patterns of both antennas in azimuth and
elevation direction. I measured these patterns using a vector network analyzer
and an automated rotation positioner. Both antennas exhibit a relatively
uniform gain in azimuth direction, which is in line with the requirement.
The visible residual variation can be attributed to imperfections of the inner
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Figure 2.8: Antenna pattern of 10 GHz antenna

conductor and the shield. Note that the figures show the pattern at θ = π/2, i.e.
perpendicular to the axis of symmetry.
The elevation pattern shows a high dependence on θ. In both cases the

maximum gain can be observed at θ = ±60° with a degradation of 1 dB and
2.5 dB towards broadside direction (θ = ±90°) for the 10 GHz and 28 GHz
antenna respectively. In both cases the 3 dB width is larger than 60°, which is
desirable.
When using the antennas on an elevated position, such as the base station

side, it is advisable that they are mounted upside down. This avoids a significant
influence of the gain taper when the user terminal is located close to the transmit
antenna. This consideration was taken into account in the measurement
campaigns.

2.4 Measurement protocols
Two different types of measurements were used throughout all measurement
campaigns: static measurements and dynamic measurements. In both cases
the transmitter was installed at a fixed position.

In the case of static measurements, the receiver is also located at a fixed po-
sition during the acquisition of all snapshots. As the measurement environment
is usually non-static (moving cars, pedestrians, etc.) this type of measurement
allows the observation of the effect of the environment on the wireless channel.
In the case of dynamic measurements, the receiver is moving with constant
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Figure 2.9: Antenna pattern of 28 GHz antenna

speed along a predefined trajectory. This allows sampling the wireless channel
along the trajectory, which is for example useful for the derivation of path loss
data.
In both cases, the measurement timing is determined by the temporal sep-

aration of the snapshots tsnapshot as introduces in Section 2.1 and the total
number of snapshots Ntotal. The temporal separation can also be expressed as
a snapshot rate fsnapshot = 1/tsnapshot.

The speed of the receiver movement vRx and the snapshot separation directly
determine the granularity of the spatial sampling. The spatial distance of
two snapshots can be expressed as d = vRxtsnapshot. The full length of a
single dynamic measurement trajectory can be expressed as dtotal = d×Ntotal.
Measurement tracks longer than this limit were acquired in multiple adjacent
measurement runs.
The total number of snapshots that can be recorded at the constant rate

is limited by the available memory. Most measurements were performed
with a memory limit of ca. 62.000 snapshots. An extension of the memory,
implemented during the course of this work, made measurement runs with up
to ca. 250.000 snapshots possible.
Table 2.1 reports typical measurement parameters that were used in the

measurement campaigns described in this work.
The high receiver speed of 7.5 m/s was only used for the ground reflection

measurement, presented in Section 4.1, leading to the length of the trajectory
of 300 m. All other mobile measurements in urban scenarios used the lower
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2.4 Measurement protocols

Variable Description Typical values
fc Carrier Frequency 10 GHz, 28.5 GHz, 60 GHz
TP Sequence length 1.024µs, 4.096µs

tsnapshot Snapshot separation (temporal) 800µs, 667.65µs
vRx Receiver speed 0.5 m/s, 7.5 m/s

d Snapshot distance (dynamic measurement) 0.4 mm, 5 mm
Ntotal Number of snapshots 62.000, 250.000
dtotal Length of single measurement trajectory 25 m, 300 m

Table 2.1: Typical measurement parameters

speed of 0.5 m/s and length dtotal of 25 m.
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3 Millimeter-waves for mobile
data communication

In this section I provide a deeper look into some fundamental aspects of mm-
wave radio communication. It consists of three papers, investigating how a
millimeter-wave overlay could be introduced into 4G networks, fundamental
investigations of the capacity of mm-wave channels and the localization of
functionality in the overlay architecture.

3.1 Overlay concept
The propagation properties at the high frequencies of the millimeter-wave
band make it much more difficult to provide full coverage of an outdoor area
compared to the lower frequencies employed by today’s 3G and 4G networks
(see Chapters 1.2 and 4). It is unlikely that a mm-wave based 5G network will
be deployed as sole radio access network (RAN). Instead it is more likely that
the operators will step-by-step enhance their networks by rolling out additional
mm-wave equipment, where needed. User equipment (UE) that supports dual-
connectivity on a 4G technology (such as LTE) in the legacy bands and 5G
mm-wave technology could simultaneously use both networks to have seamless
connectivity everywhere and maximum network capacity, where available. The
following publication shows the concept how this could be implemented as
overlay networks and discusses the challenges that arise with it [WPK+14a].

Contribution

This paper was a joint work on the overall concept of the MiWEBA project.
All partners of the project contributed to this, but the overall coordination was
done by me. I authored the introduction and the system overview. I edited the
section on the mm-wave propagation and wrote the challenges on the channel
characterization and PHY & MAC layer.
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Abstract—This paper presents the approach of extending cel-
lular networks with millimeter-wave backhaul and access links.
Introducing a logical split between control and user plane will
permit full coverage while seamlessly achieving very high data
rates in the vicinity of mm-wave small cells.
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I. INTRODUCTION

Within the evolution of the fifth generation mobile networks
(5G) several radio technologies are targeted for improvement
and millimeter-wave communication is seen as one of the key
technologies [1]. In this paper we present the joint European-
Japanese research project MiWEBA [2] that is part of the
European initiative for the development of 5G, e.g. METIS
and 5GNOW. Especially the license free 60 GHz band is under
focus in MiWEBA as it delivers up to 9 GHz of continuous
spectrum available almost everywhere in the world. Further-
more the high propagation loss in free space due to oxygen
absorption helps in reducing interference between neighboring
connections. Additionally, monolithic microwave integrated cir-
cuits are expected to be available on a large scale basis soon
with the advent of the 60 GHz extension of Wi-Fi in IEEE
802.11ad.

MiWEBA proposes research and proof of concept of a
millimeter-wave overlay in densely populated heterogeneous
networks (HetNet) where millimeter-wave small cell base sta-
tions are integrated into conventional cellular networks. The
project aims to extend the network capacity massively at
reasonable cost and without loss of convenience to users. The
envisioned HetNet consists of the mm-wave backhaul/fronthaul
integrating small cells in the cellular network. The small
cell can have an access link compromising both conventional
cellular access such as LTE and a novel millimeter-wave
link utilizing a centralized radio access network (C-RAN).
The architecture and technical solution proposed by MiWEBA
introduces for the first time a holistic approach for enabling
data and control plane splitting to overcome the restricted
coverage problem of mm-wave links. Multi-Technology HetNet

and network densification composed of independent technolo-
gies for small and macro-cells respectively will be optimized
along green criteria owing to novel link adaptation metrics
implemented in the centralized architecture.

The paper is organized as follows: First the detailed con-
cepts and the defined scenarios are presented. In section III a
summary of the conditions of mm-wave propagation is given.
Section IV details the technical challenges and the approaches
to solving them.

II. CONCEPTS AND SCENARIOS

A. System overview

The different elements and connections that we address are
shown in figure 1. Traditional macro base stations are placed
on rooftops and give full network coverage in the traditional
frequency bands. Smaller base stations (small cells) are placed
within their footprint to give increased data rates or coverage
where needed. In this concept there is no further differentiation
between different sizes of the small cells.

The base stations are connected to the core network through
backhaul links that transport the payload data. These links can
be either wired (fibre) or wireless and can also be routed
through other base stations in a multi-hop scheme. For the
wireless links millimeter-wave technology might be needed to
support the high data rates of future systems. Some of the
functionality of the base stations can be moved to a more central
position in the network. This enables advanced optimizations
of the network such as interference control, topology recon-
figuration, power saving, etc. This is referred to as centralized
radio access network (C-RAN) and is explained later in this
section. The requirements for the connection of these C-RAN
base stations to the core network are different and to reflect the
different logical split they are called fronthaul.

The user terminals (UE) are directly connected to one or
multiple base stations via the access link. This link can be on
3G/4G technology or on millimeter-wave as is explained in the
next section.

©2014 IEEE. Reprinted, with permission, from R.J. Weiler et al., "Enabling 5G backhaul and access with
millimeter-waves," in European Conference on Networks and Communications (EuCNC), June 2014, DOI:
10.1109/EuCNC.2014.6882644

http://dx.doi.org/10.1109/EuCNC.2014.6882644


Figure 1. MiWEBA system physical topology

B. Control/user plane splitting

The basic idea of control/user plane (C/U plane) splitting is
to enable mobile terminals to receive system information, issue
access requests to a base station and getting assigned radio
resources for high-rate data transmission at a different base
station, see fig. 2. Signaling and data services can be provided
by specialized base stations or implemented as separated and
independent services into the same physical equipment. In the
case of HetNets a possible approach is to have the macro
base station providing the signaling service for the whole area
and the small cells specialized in data resources for high-rate
transmission with a light control overhead and appropriate air
interface.

The main advantage of separation is the removal of the
constraint for which radio resources for data transmission are
assigned by the same base station used for accessing the
service, which is autonomously selected by user terminals. In
terms of energy efficiency, this is a big advantage since it allows
to activate small cells only when needed, with “on demand”
data coverage, while providing everywhere and anytime service
accessibility through the full coverage signaling function. More
in general, the additional flexibility in resource assignment
allows to shift the control of access selection from mobile
terminals to a logical Network Access Entity (NAE) and to
optimize the resource assignment with a larger view on several
parameters, at both user and network side. The NAE can be
implemented as a network virtual function that can be migrated
throughout the network. On a longer-term perspective, the
separation enables new approaches for sharing infrastructures
owned by different operators that can be managed by the
control plane according to the specific commercial policies they
agreed upon, as well as on the network status and the user
characteristics and preferences.

C. Centralized-RAN

Recently, the “C-RAN” approach has been proposed by
different vendors and operators [3], [4]. The main idea of
C-RAN is to shift the baseband processing from the cell to
a central location where coordinated processing and resource
management is performed while the remaining functions are
executed at the antenna location, see fig. 3. This paradigm

Figure 2. Control/user plane physical links

enables to increase the spectral resource usage as well as the
overall energy and computational costs by exploiting multi-
user, traffic, and computational diversity. Nevertheless, these
gains come at the price of high-capacity links, which usually
implies the deployment of optical fiber links. Small cells will
likely be deployed at about 3-6m above street level (on street
furniture and building facades) to improve the system coverage
[5]. However, at these locations, installing fixed broadband
access (such as fiber links) for backhaul or Line-Of-Sight
(LOS) based microwave links may be too expensive. Hence,
in a given area, different small cells will be characterized by
heterogeneous backhaul connections, with regard to physical
design (wired/wireless), capacity, latency, and topology.

Figure 3. C-RAN logical architecture

To cope with this challenge, depending on the momentary
backhaul characteristics (in terms of capacity and latency),
service requirements, and network conditions (i.e., load, inter-
ference) only a part of the RAN functionalities can be actually
implemented at the central coordinator. In particular, we can
envisage three principal functional split options: at the PHY



layer, at the MAC layer, and at the Radio Resource Control
(RRC).

Functional split on PHY layer enables to fully exploit spatial
and computational diversity and by implementing advanced
signal processing mechanisms, inter-cell interference can be
mitigated or even exploited to enhance the overall spectral
efficiency. Functional split can also be implemented at the MAC
layer, which enables coordinated radio resource management
(RRM) and centralized scheduler. This solution increases the
network throughput by mitigating inter-cell interference and
exploiting multiplexing gains. A full centralized RRM approach
still requires high-capacity backhaul links, since sharing chan-
nel state information (CSI) is necessary to correctly implement
i.e., multi-cell scheduler. Furthermore, performance relies also
on the backhaul latency, since outdated CSI strongly affects the
achievable gains.

Third, coordinated RRC enables to optimize the mo-
bility management process, to implement global load bal-
ancing mechanisms, and to realize mid-term cell activa-
tion/deactivation schemes for energy saving purposes. Although
the PHY/MAC adapting mechanisms are implemented in short-
time scale to reply to fast changes due to i.e., the channel
conditions, coordinated RRC operates in a second basis, which
results on less stringent constraints in terms of latency and
bandwidth.

D. Multi-Technology HetNet deployment

The Multi-Technology HetNet (MT-HetNets) concept resorts
from two fundamental technical challenges: offering high QoS
seamless connectivity everywhere with interference limitations
and efficient radio resource management and designing Energy
Efficient networks by considering MT HetNet architectures
able to dynamically select the most green oriented technol-
ogy to be deployed in a local zone. For that purpose, three
research topics are addressed in the MiWEBA project: Multi-
Technology (MT) link adaptation techniques are investigated
using novel channel quality indicator (CQI) metrics able to
limit transmit power whilst ensuring QoS and desired radio
coverage of mobile access and backhaul scenarios. The second
research topic points at the implementation of such metrics
upon cross layer mechanisms that overcome latency, ensure
backward compatibility with PHY and MAC in MT base sta-
tions, signaling protocols of implemented systems in MT base
stations and terminals. Depending on radio link profiles, several
solutions are envisioned as the Fast Session Transfer to switch
between Wi-Fi label standards (typically IEEE802.11ac and
IEE802.11ad), the integration of a new L2.5 layer for Multiple
Interface Management as developed in the ICT-FP7 OMEGA
project ([6], Deliverable 5.5) and evolved green oriented access
network discovery and selection function (ANDSF) discovery
protocols currently considered in the 3GPP/Wi-Fi convergence
work items. The third research topic deals with the network
densification and inter-cell distance (ICD) optimization in MT-
HetNets in extending radio engineering functionalities that
integrate link adaptation metrics. The CQI metrics previously
designed for energy efficient (EE) air interface selection will
be mapped into radio planification tools in order to optimize
MT-HetNet infrastructure deployments encountering Line-Of-

Sight / Non-Line-Of-Sight (LOS/NLOS) critera, base station
position and environment topologies under green radio criteria.
This new functionality will support active and sleep modes of
transmitters, thus ensuring radio coverage with a transmit power
minimization.

E. Scenarios

A set of scenarios is defined that serves as a common baseline
for all research aspects. The scenarios can be differentiated in
indoor and outdoor with the focus being on outdoor environ-
ments. The first outdoor scenario are large public areas that
are covered with traditional cellular technology and a large
number of mm-wave small cells that also provide full coverage
of the space. This also includes a mixture of open spaces and
adjacent rooms. Typical situations described by this could be
e.g. shopping malls. The second outdoor scenario are ultra high-
rate hot-spots. In this case, the area is also fully covered by
traditional cellular technology and supplemented by mm-wave
small cells only on non overlapping spots. The third outdoor
scenario are high-rate areas. This is an extension of the second
case with a denser distribution of small-cells that can also
overlap.

III. MILLIMETER-WAVE PROPAGATION

Radio wave propagation is affected by diverse physical
mechanisms. To what extend each mechanism contributes to
the overall signal attenuation and distortion highly depends
on the scenario and radio frequency. Millimeter-wave mobile
communication will take place at frequencies far above the
classical bands – a fact which necessitates a closer look at
the principles of propagation.

The free-space path loss scales with the square of link
distance and carrier frequency. Hence a signal at 60 GHz
undergoes an almost 36 dB higher attenuation on the same
way to the receiver compared to a signal at 1 GHz. Atmospheric
effects mainly involve oxygen absorption (peak at 60 GHz) and
water vapor absorption (peak at 183 GHz) as well as fog and
precipitation. They scale exponentially with the link distance.
They become relevant for millimeter-wave links exceeding 100
m and crucial for longer distances like 1 km. Furthermore,
penetration losses drastically increase with frequency. Whereas
up to several GHz, it is possible to achieve good coverage inside
buildings from a base station outside, solid walls are practically
impenetrable for millimeter-waves.

The frequency dependence of reflections, which are the main
reason for multipath propagation, is mainly related to surface
roughness. The roughness of typical exterior building materials
only moderately affects propagation in the lower GHz range.
However, in the millimeter-wave band it may decide between
receiving a beneficial near-specular reflection path and none at
all. Diffraction effects decrease rapidly as frequency increases.
In the millimeter-wave band they are typically only relevant if
the size of the obstacle is quite small like in the order of tens of
cm. As a result even human body shadowing can cause severe
losses exceeding 30 dB [7].

Recently, characterization of millimeter-wave outdoor chan-
nels has been emerging as important research topic [8], [9]. The
most important finding of previous studies is that multipath



propagation is an issue for outdoor scenarios as it is for
indoor propagation. Buildings, the ground, cars and also small
objects like trash cans or signs act as reflectors. Measurements
consistently confirm that the path loss exponent is close to two
for LOS propagation.

Though mainly LOS scenarios are focused for millimeter-
wave mobile communication, the presence of specular reflec-
tions with significant power in relation with highly direc-
tional steerable antennas also motivates the investigation of
millimeter-wave usage under obstructed LOS (OLOS) or NLOS
conditions. NLOS path loss behavior was found to be similar to
that at lower frequencies, but keeping in mind that the results
are related to much smaller cell sizes [8], [9].

Time dispersion under LOS conditions is typically small
(RMS delay spreads below 20 ns) but highly dependent on
the environment as well as on the antennas [10], [11]. Very
low delay spreads (only up to 1.4 ns) were observed for
the peer-to-peer and cellular scenario with 25 dBi antennas
in [8]. Under NLOS conditions the spread increases. Though
average values are still moderate (7–24 ns), maximum values
exceeding 100 ns are reported in [8]. The results indicate that
the RMS delay spread of millimeter-wave outdoor channels
are of the same order as for indoor and in-cabin propagation,
where values between 10–100 ns have been found [10], [12]. It
stays one order below the spread occurring at classical cellular
frequencies.

IV. CHALLENGES AND ENVISIONED SOLUTIONS

A. Channel characterization & modeling

The requirements for an outdoor millimeter-wave channel
model are expected to be very similar to the indoor case
which is well-described in IEEE 802.11ad documents [13].
The channel model should provide accurate space-time char-
acteristics of the propagation channel (basic requirement) for
main usage models of interest, support beamforming with
steerable directional antennas on both TX and RX sides with
no limitation on the antenna technology, take into account
polarization characteristics of antennas and signals and support
non-stationary characteristics of the propagation channel. This
can be achieved by using a dynamic space-time clustered
channel model approach.

The investigated channel model adopts the clustering ap-
proach with each cluster consisting of several rays closely
spaced in time and angular domains. In a real environment, time
and angular parameters of different clusters and rays are time
varying functions due to a non-stationary setup. However, the
rate of these variations is expected to be relatively slow. Within
MiWEBA measurements as well as ray tracing simulations
based on the defined scenarios will be done and combined into
the channel model.

B. PHY and MAC layer

The design space for the physical layer and the wave forms
of a new system in the millimetre-wave region is very large.
Unlike in lower frequencies the bandwidth available is not
dictated by available spectrum. As part of MiWEBA this design
space will be evaluated under technical constraints such as
phase noise, channel length, fading characteristics etc. Existing

approaches such as the recently standardized IEEE 802.11ad
will serve as a starting point. Time reversal processing, foreseen
as a green PHY/MAC technique [14], will be investigated for
millimeter-wave hotspot transmissions benefiting from multi-
path diversity and small scale multi-antennas. The MiWEBA
project will focus on Link level performance as well as efficient
channel sounding techniques for access and backhaul scenarios.

For the MAC layer the focus will lie on seamless integration
with the legacy cellular systems in the context of the splitting
between control and user plane.

C. Antenna technology and Beamforming

Insertion losses at millimeter-wave frequencies are much
higher than in the sub 6 GHz band. To enable connections
with sufficient SNR, antennas with high directionality are
a necessity. While backhaul and fronthaul connections are
generally static, the channel and direction of access links is
constantly changing due to movement of the UE and changing
environments. High gain beamforming antennas are therefore
needed at the small cell base station as well as the user
terminal. The most straightforward solution that qualifies for all
requirements is the millimeter-wave phased array antenna, that
is successfully used for prototypes [15]. However, creation of
such large-aperture antenna arrays may pose a problem due to
production cost, heat dissipation and feed circuitry complexity.

A solution that helps to overcome mentioned difficulties is
the concept of large aperture modular antenna arrays (MAA)
recently proposed. The large antenna array is constructed from
a number of smaller array modules, each with its own on-chip
RF part and common baseband. Another option that may be
used in low-cost devices is chip-lens antennas [16] that have
great directionality but limited beamsteering ability and will
not be able to create several beams simultaneously.

Robust beamforming algorithms that enable fast tracking the
beams are also necessary to maximize the link performance.
A thorough analysis of the available link budgets under the
channel conditions in the defined scenarios will serve as a basis
for this research.

D. Small cell discovery

The discovery of millimeter-wave small cells is tightly con-
nected to the above mentioned problem of high gain directional
access links and the concept of split planes. The end user
terminal must be enabled to detect whether it is under coverage
of a small cell quickly in order to profit of the higher data rated
of that cell. The design space for such detection mechanisms
is dictated by the beamforming antennas and algorithms but
also includes side channel information such as the geographical
position of the device and small cells in its vicinity.

E. Control/User plane splitting

The most crucial aspects brought in by the C/U splitting is
that of providing the information necessary for performing the
radio resource assignment and management in an optimized
way to the logical network entity. This constitutes the context
characterizing service requests and its management represents
one of the main differences between the new architecture and
the traditional ones. The control plane separation facilitates the



coexistence of different radio access technologies within the
same network, that are piloted by a common control infrastruc-
ture to serve “on-demand” user requests. The heterogeneity can
be extended to legacy technologies, like 4G, as well.

We envision a common control channel architecture where
the signaling function can be jointly provided by legacy 4G
BSs and new generation ones. Service requests issued through
the signaling function can be served according to a resource
allocation algorithm that can assign the service to the same
4G BS or alternative BSs according to device capabilities. The
architecture can be centralized, where a macro BS controls
the data service of small base stations under its coverage
umbrella, or distributed, where control entities of peer BSs
cooperate to provide a logical network entity to the users. A
further architectural choice is between the implementation of
the control entity as a different and independent type of BS
or as a separated function within a device that hosts both user
and control plane interfaces. The selection of the best paradigm
will be driven by the deployment scenario.

The investigations related to this challenge will design the
best solution according to several key performance indicators,
like data channel acquisition delay, data session retainability
during mobility, network load increase due to a larger amount
of exchanged information, and network capacity and energy
consumption trade-offs.

F. Centralized-RAN

The joint implementation of the C/U splitting with the
dual connectivity enables reliable radio resource control at
a central location. This allows for coordinating the mobility
management, the network discovery, the small cell activa-
tion/deactivation, the load balancing and inter-cell interference
coordination. Finally, coverage areas become dynamic, and
virtual cells can be created through the cooperation of multiple
neighboring millimeter-wave small cells. Coordinated Multi
Point clusters and distributed Massive MIMO can further
enhance the performance perceived at the end user.

The C/U splitting will reduce signaling overhead to the small
cells. Nevertheless, while being active, small cells will have to
transmit to their serving UEs other signals to i.e., indicate the
resource allocation, to acquire channel state information, and
local synchronization. This approach can be easily integrated in
our architecture; however, the transmission of these signals has
to be coordinated with the management of the antenna steering.
Neighboring small cell cooperation can be required to manage
the UE tracking and prevent outage events, i.e., by proactive
handover.

Another approach consists in optimizing the beam angle
of a dynamic set of neighboring small cells to perform joint
transmission towards the nearby user and avoid connection loss
due to radio environments. In this way, the average spectral
efficiency can be notably improved and coverage holes avoided
[17].

V. CONCLUSION

A concept that uses millimeter-wave links for backhaul,
fronthaul and access with a novel control/user plane split
is presented as a candidate for 5G system evolution. This

concept will enable high data rate densities and other innovative
approaches such as centralized RAN (C-RAN) architectures.
Technical challenges associated with this concept, such as the
need for coordinated centralized resource management and
adaptive beamforming and beam tracking were outlined.
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3.2 Choice of carrier frequency in small cell context

3.2 Choice of carrier frequency in small cell
context

In the introduction I explained that an increase of the carrier frequency also
leads to an increase in the free space path loss. This is only true under the
assumption of constant antenna gain, which might not necessarily hold looking
at real hardware systems. In the following publication I therefore investigate,
how the channel capacity behaves under different assumptions of the antenna
gain and carrier frequency [WKNP14]. It is remarkable to note that under the
assumption of a constant antenna aperture (i.e. effective size), the channel
capacity even grows with an increase in frequency. I also show a small cell
model with realistic assumptions on the antenna properties to illustrate that
utilizing the millimeter-wave bands as an access technology is a good choice
from a capacity and energy consumption point of view.

Contribution

This paper was inspired by the derivation of the “optimum grid” by my
colleagues for the case of the constant antenna gain. I derived the other
cases and calculated the capacity in each case. The small cell context was
evaluated by myself and I set up and parameterized the small cell system model
and performed the simulations. I also wrote the introduction, outlook and
conclusions of this publication.
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I. INTRODUCTION

The evolution of mobile communications systems towards
the fifth generation (5G) is a current and very active research
topic. The increase of capacity is one of the main targets of this
development. Supplementing the existing cell infrastructure
with additional cells that serve smaller areas is a step that
is already taken in current 4G LTE deployments [1].

For 5G the use of new spectrum in the millimeter-wave
band was proposed to circumvent issues of increased inter-
cell interference and due to the almost unused wide bandwidth
available [2], [3]. Due to the scarcity of available free spectrum
in the sub 6 GHz bands this is a logical choice, being supported
by favorable free, light or block license models, endorsed by
the regulatory bodies worldwide.

The question remains whether this is a good choice from
a channel capacity and energy efficiency point of view. Is
it better to transmit signals in a small bandwidth with high
spectral efficiency or transmit in a wide bandwidth with lower
SNR and less spectral efficiency? In the following we approach
this question from a capacity point of view with theoretical
and practical assumptions. To our best knowledge, no such
fundamental evaluation has been done, but the interest in the
millimeter-wave band was driven by the amount of available
spectrum.

The rest of the paper is organized as follows. In section
II the channel capacity is derived for different definitions of
transmit and receive antennas. These results are applied to a
small cell system model and evaluated in section III. Section
IV gives an overview of aspects that can be included in the
system model to enhance its applicability to specific scenarios.

II. CHANNEL CAPACITY

The channel capacity describes the amount of information,
that can be transferred through that channel in a certain amount

of time. The capacity C of a band limited AWGN wireless
transmission channel of frequency bandwidth W , received
signal power PRX and receiver noise power spectral density
N0 was given by Shannon [4]:

(1)C =W log2

(
1 +

PRX
WN0

)

here, the noise power density is assumed to be purely caused
by thermal noise and amounts at normal temperature to
N0 = kT ≈ −173 dBm/Hz. Other sources of noise, such
as interference, are neglected. For systems operating in the
millimeter-wave band directional antennas are mandatory in
order to achieve communication ranges of more than a few
meters, effectively reducing interference, as the transmitted
energy is spatially focused towards the remote station. Fur-
thermore, depending on the channelization of the large band-
widths available, a separation of neighboring transmitters via
frequency might be viable.

The received signal power can then be related to the transmit
power using the Friis transmission equation for free space
propagation [5]:

(2)
PRX = PTXGTXGRX

(
λ

4πd

)2

= PTXGTXGRX

(
c0

4πdf

)2

with the transmit power PTX , the transmit and receive antenna
gains GTX and GRX respectively, the wavelength λ, distance
d, carrier frequency f and the speed of light c0.

The energy efficiency of a radio transmission can be ex-
pressed as the energy Eb that is needed to transmit a single
bit of information. Assuming an ideal system, reaching the full
channel capacity, it can be expressed as the transmit energy
divided by the channel capacity:

(3)Eb =
PTX
C

.

In the following sections the Shannon capacity is combined
with the Friis equation. Different assumptions can be made
on the transmit and receive antenna that are discussed in
the following. In II-A constant antenna gain, independent of
the frequency, at both sides is assumed. As a more practical
assumption a constant size of the effective antenna aperture
is used in II-B. For high frequencies or large apertures this
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approach lead to unrealistic and impractical antenna gains.
Therefore a third method based on a constant equivalent
isotropically radiated power (EIRP) is made in section II-C.

A. Constant antenna gain

The Shannon’s noisy channel capacity states that for a
power limited input signal, the channel capacity increases
with increasing bandwidth. When the bandwidth W is small,
i.e. signal-to-noise ratio SNR � 0 dB, the capacity C ≈
W log2 [PRX/N0W ] is logarithmic in power and approximately
linear in bandwidth. When the bandwidth W is large, i.e.
SNR � 0 dB, the capacity C ≈ PRX log2(e)/N0 is linear in
power and insensitive to bandwidth. The first case is called
the bandwidth limited regime, and the second case the power
limited regime. We will show that the Shannon’s statement for
the bandwidth needs to be modified for the transmit frequency
in consideration of path loss. At this point we may define the
so called relative bandwidth α according to the formula

(4)α =
W

f

This value is unitless and theoretically bound by 2. In
practice, due to technical and regulatory reasons, we may
assume α ≤ 0.1. Existing standards such as IEEE 802.11
define physical layer parameters with 4-8% bandwidth at 2.4
GHz and 3% at 60 GHz. Thus a frequency independent fixed
relative bandwidth is a realistic assumption.

We now focus on the line of sight (LOS) Gaussian noise
channel. The receive signal power is given in terms of the
transmit power by the fundamental relationship (2). The path
loss increases tremendously with the frequency. Putting the
equation into the Shannon’s capacity in (1) we have

(5)C = αf log2

(
1 +

PTXGTXGRX
N0

( c0
4πd

)2 1

αf3

)
.

The channel capacity depends on six arguments PTX , GTX ,
GRX , d, f and α. We now assume that the arguments PTX ,
GTX , GRX , d and α are constant. Thus systems with the same
effective antenna gain, operating at different frequencies are
compared.

Then there exists an optimum frequency f0, at which the
maximum channel capacity C0 is achieved. Since

(6)
dC (f)

df
=

α

ln 2

[
ln

(
1 +

χ

αf3

)
− 3

1 + αf3
/χ

]

where

(7)χ =
PTX
N0

( c0
4πd

)2

the maximum capacity according to the formula

(8)
C0 ≈ 4.07αf0

≈ 1.62 3

√
PTX
N0

( αc
4πd

)2

is obtained at the optimum transmit frequency

(9)f0 ≈ 0.40 3

√
PTX
αN0

( c

4πd

)2
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Figure 1. Channel capacity for constant antenna gain

The function C (f) is depicted in Figure 1. On the first hand
this obtains the constant spectral efficiency, which is given as

(10)
C0

W0
≈ 4.07

For an arbitrary AWGN channel, information transmission
with 4.07 bps/Hz is optimal. For example, a simple nearly
optimal system design is uncoded 16QAM using Nyquist rate,
which gives the spectral efficiency of 4 bps/Hz. On the other
hand the value Eb/N0, which states how much power per
information bit is received, is even constant and given as

(11)

Eb
N0

=
PRX
N0C0

=
PTX
N0

( c

4πd

)2 1

f20C0

= 5.8 dB.

This knowledge is of practical importance to choose an
acceptable combination of modulation and coding techniques
to come close to the optimum operating point.

A further important graphic visualization is called the
optimum grid, in which the optimum capacities are depicted
for a fixed distance d. We can take from the grid the required
transmit power PTX and relative bandwidth α in relation to
the desired optimum frequency f0 and maximum available
capacity C0. The grid is useful to choose suitable system
parameters for a given connection distance d.

Figure 2 shows the optimum grid for several distances. The
frequency scale is shown in red and the capacity is depicted
in blue color. At d = 30m the Gigahertz region may be
applied, and a capacity up to Gigabit/s is reached. For example,
the system designed with α = 5% and PTX = 25dBm for
f0 = 40GHz has the maximum capacity C0 = 8Gbit/s. For
decreasing the distance to d = 3m the grid is shifted to the left,
so that the Terahertz region occurs and the line f0 = 60GHz
has almost disappeared from the given region of parameters
PTX and α.

B. Constant antenna aperture

The antenna equivalent aperture or area is defined as the
ratio of the available power at the terminals of a receiving



10− 3

10− 2

10− 1

10 15 20 25 30 35 40 45
PTX [dBm]

α

C0 [Gbit/s]
f 0 [GHz]

d = 3m

10 15 20 25 30 35 40 45
PTX [dBm]

d = 30m
60 80 160 320 640

1280

2 4 8
16

32

64

128

THz

20 40

60

80

160

320

.5 1 2

4

8

16

32

Figure 2. Optimum grid for constant antenna gain

antenna to the power flux density of a plane wave incident
on the antenna from that direction [6]. It is independent of
the practical antenna type. It is used to derive an antennas
maximum directivity D0 from its effective aperture A at a
certain frequency:

(12)
D0 = 4π

(
A

λ2

)

= 4π
f2

c20
A.

A constant size of the effective aperture (A = const.),
independent of the frequency, is assumed in this section.
Additionally antenna efficiency is neglected, thus the antenna
gain is defined as G = D0. Inserting (12) in (1) and (2) leads to
the channel capacity with a constant effective antenna aperture:

(13)C = αf log2

(
1 +

PTX
N0

(
A

d

)2
f

αc20

)
.

Given a constant transmit power PTX and distance d this
capacity grows unlimited with the carrier frequency. For a
given distance and capacity a higher frequency on the other
hand would lead to a decrease in the necessary transmit power.
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Figure 3. Frequency dependent capacity for constant antenna aperture

This theoretical benefit of higher frequencies can not be
achieved without limits in real systems. The antenna gain
derived above has to be realized in a real antenna. For high
frequency bands this can become challenging, as for example
the substrate losses in an antenna patch array grow exponen-
tially with the size while the gain only grows quadratic.

The beam width of an antenna with a large aperture and
therefore high gain will become very narrow and has to point
towards the remote station. This will become very challenging
with mobile applications and very narrow beams.

Another aspect to be considered is the far field assumption
that is implicitly part of (2). The gain of an antenna is generally
only valid in the far field region, that is usually defined based
on the Fraunhofer distance [6]

(14)dfarfield ≥
2D2

λ

where D is the largest dimension of the aperture. When
considering large antenna apertures and high frequencies e.g.
in the millimeter-wave band this distance can be in the order
of tens of meters, well within the radius of typical small cell
deployments.

Figure 3 shows the frequency dependent link capacity for
different distances. The dotted lines deviating from the solid
and dashed ones were calculated for a maximum realizable
gain of 30 dBi. These capacities behave similar to the ones
with constant gain from (II-A), having a maximum at a certain
frequency. The transmit power was chosen as 10 dBm and the
aperture was set to 0.025m2.

C. Constant EIRP

The assumptions of constant gain and constant aperture are
problematic for realistic systems. Therefore a third approach
is made with focus on a small cell downlink scenario.

Regulatory bodies usually limit the equivalent isotropically
radiated power (EIRP) of wireless transmitters (e.g. [7]). This
is especially true for wireless systems at higher frequencies,
usually relying on directional antennas, in order to prevent ex-
cessive exposure to electro-magnetic radiation. The EIRP can
be calculated (neglecting losses) by multiplying the antenna
gain with the transmit power and is assumed to be constant,
independent of the frequency:

(15)GTXPTX = const.

As the antenna gain is ambiguous, this EIRP assumption can
not be adopted for the receiver side at the mobile terminal.
As the physical space at the receiver is limited, a small
but constant aperture can be selected, thus mitigating the
problems mentioned in the previous section. Combining these
assumptions with the Shannon capacity leads to

(16)C = αf log2

(
1 +

PTXGTX
N0

A

4πd2
1

αf

)
.

This capacity is growing but bound with an upper capacity
limit, with increasing frequency:

(17)lim
f →∞

C =
A

πd2
1

log(16)

GTXPTX
N0

.



Figure 4 shows the frequency dependent capacity (solid,
dashed) and the limits (dotted) for an arbitrary choice of
EIRP (20 dBm), RX aperture (0.012 m2), relative bandwidth
(4%) and several distances d. Depending on the transmission
distance there is a great potential to increase the channel capac-
ity when increasing the carrier frequency (and thus absolute
bandwidth). For larger distances this effect is negligible as
a great percentage of the capacity limit is reached at lower
frequencies already. This example already demonstrates the
great potential of the millimeter-wave band for relatively short
distance transmission.

Center frequency (GHz)

C
ap

ac
ity

 (G
bi

t/s
)

0 20 40 60 80 100 120
0

2

4

6

8

10

12
d = 50 m
d = 100 m
d = 200 m
d = 500 m
d = 1000 m

Figure 4. Frequency dependent capacity for constant EIRP

D. Comparison

Three different approaches have been considered for the
frequency dependence of the transmit and receive antenna
gains. The constant gain approach leads to an optimum op-
eration point (frequency) where the channel capacity for a
given transmit power and distance becomes maximal. The
implication of the constant gain is that the equivalent antenna
aperture size shrinks with increasing frequency, which might
not be the desired behavior when considering systems with a
certain fixed build size.

The second approach with a constant effective antenna aper-
ture leads to a channel capacity that increases with frequency.
Though this might be appealing, the feasibility, especially
for large apertures or high frequencies becomes questionable.
Technical and practical problems, such as antenna losses
and narrow beam sizes might impose an upper limit on the
realizable gain.

The third approach is based on a constant EIRP on trans-
mitter side and a sensible choice of a constant aperture at the
receiver side to mitigate the aforementioned problems. The
transmitter behavior respects that usually in real world systems
the EIRP is regulated, independent of the relation between gain
and transmit power.

The last approach was selected as being most realistic for
the evaluation in a small cell application scenario in the next
section.

III. EVALUATION IN SMALL CELL CONTEXT

The small cell system model is shown in Figure 5. It focuses
on a single small cell base station that covers a certain part of
a circular area with a minimum distance dmin and a maximum
distance dmax. This small cell usually lies within a macro cell
that covers a much larger area. Interference from the macro
cell level or neighboring small cells is neglected, but could
later be included in a more complex system model. Mobile
devices are distributed randomly inside the coverage area. The
traffic is assumed to be fully buffered, as the growing amount
of data in mobile networks is one of the major drivers for their
further development. Other aspects such as very low latency
requirements that are also discussed for 5G systems target
physical and MAC layer aspects and are not examined here.
The channel access is shared equally in time domain among
all mobile devices without any overhead. The model focuses
on downlink traffic only.

The physical build size of a mobile handheld device is
limited. Therefore an effective aperture of 2 cm by 2 cm
(0.004m2) is assumed. At a operating frequency of 60 GHz
for example this would lead to an ideal gain of 23 dBi which
should practically be achievable. The build size of the small
cell base station itself will also be generally limited but the
derivation of an antenna aperture is not necessary as a constant
EIRP will be used.

max. distance

Cell coverage area

Small cell
base station min. distance

user distance

Figure 5. Small cell system model

The per user capacity of a small cell with a maximum
distance of 500 meter is shown in Figure 6. A minimum
distance of 3 meters was chosen. The green and red lines
represent the rates achievable at the cell edge and close to
the base station respectively, when only a single link is active.
The transmit EIRP was assumed to be 30 dBm and the relative
bandwidth was set to 4%. The blue line shows the average cell
throughput for uniform mobile device per area distribution. A
large gap can be observed between users at the cell center
and users at the cell edge. This strong discrepancy will not be
observed in real systems due to other noise source, such as
phase noise, that effectively limit the achievable throughput in
the high SNR case. A reduction of transmit power might be
considered in this case to optimize the energy consumption.
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The simulated small cell capacity can be used to compare
a system working at a legacy frequency of 2.5 GHz with a
system operating at 60 GHz. The average cell capacity at 2.5
GHz is around 1 Gbit/s, while the achievable capacity at 60
GHz is more than twelve fold with 12.4 Gbit/s. At the cell
edge the capacity increase is tenfold from 0.83 Gbit/s to 9.1
Gbit/s.

Figure 7 shows the average energy per bit Eb for different
cell radii dmax and carrier frequencies f . For a given fre-
quency Eb grows with the cell radius, caused by the longer
link distances and the lower achievable rate at the same
transmit power. When comparing the energy per bit for a
fixed cell radius the benefit of using higher carrier frequencies
becomes apparent. For example, at a radius of 500 meter a
link operating at 60 GHz consumes 6.7% of the energy per
bit of a link operating at 2 GHz. Looking at the fast growing
amount of data being transported in mobile networks this is
a very important aspect to keep the total energy consumption
constant or even help reduce it.
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Figure 7. Energy per bit in small cell scenario

IV. OUTLOOK

The examination of the channel capacity in this work was
subject to some abstraction and simplification from real world
systems. A more detailed system model could take more
effects into account and lead to results that are more applicable
to specific scenarios.

Aspects for future consideration include interference caused
by neighboring cells, signaling and protocol overhead and
realistic channel models. Such channel models would reflect
the different propagation behavior (shadowing margins, etc.)
between the legacy sub-6 GHz bands and the millimeter-wave
bands but, to our knowledge, unfortunately no comprehensive
channel model covering such a wide frequency range for
the outdoor access scenario is available. Another aspect that
could be taken into account are implementation constraints,
such as overall component power consumption, other sources
of noise, such as phase noise, and generally the availability
and performance of semiconductors for the millimeter-wave
band. Additionally, concerning the energy efficiency, a holistic
view on the entire network architecture, including energy
consumption for data processing and backhauling becomes
necessary to derive optimum sizes for small cells.

V. CONCLUSIONS

Departing from the fundamental channel capacity the ca-
pacity of small cell access links, depending on the carrier
frequency, has been derived. Realistic assumptions, such as
a constant transmit EIRP and a small but constant antenna
aperture at the receiver were introduced. It was shown that
short range links up to a few hundred meters can greatly be
improved in capacity when going to millimeter-wave bands.
At the same time the energy efficiency of the wireless link can
significantly be reduced when going to smaller cell radii and
higher frequencies.
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3.3 Mobility support and functional localization

3.3 Mobility support and functional localization
In the frame of the previously introduced overlay concept, the logical localization
of functionalities on the two available wireless links (3G/4G and mm-wave) is
not inherently obvious. Instead, the concept opens up a new design space. This
design space is explored in the following publication that also highlights how
mobility support as part of higher layer functionality relates to the requirements
of an mm-wave physical layer link [WKFC14]. Existing millimeter-wave indoor
communication standards are reviewed as a starting point for this exploration.
While some of the functionality can clearly be assigned to the macro cellular
control plane or the small cell control plane, other functionality, such as the cell
discovery for example, will need to be located and implemented on a mixture
of both planes.

Contribution

This publication was motivated by my research on the mm-wave channel and
the questions that arise with the overlay concept. I wrote the first draft of the
document entirely by myself. This was used to discuss and refine my findings
with the other authors, who contributed some additional thoughts (mainly
concerning the split plane concept) and corrections.
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Abstract—The millimeter-wave band is a candidate to over-
come the spectrum shortage in future mobile radio networks. As
the coverage area of base stations operating at these frequencies
is expected to be more limited than at the sub 6 GHz bands,
they will supplement existing base stations instead of replacing
them. With these additional small cells a split plane architecture
becomes an interesting architectural candidate, where capacity
is provided by the small cells while continuous connectivity is
guaranteed as it is available today. The introduction of such
a split between the control and the data plane introduces new
options and degrees of freedom of system and protocol design
that are investigated in this paper.

Index Terms—heterogeneous networks, millimeter-wave com-
munication, 60 GHz, 5G, HetNet, small cell

I. INTRODUCTION

Network densification and spectrum extension are two
trends in the development of mobile radio networks [1], [2].
Adding small cell base stations in areas of existing macro
cellular coverage promises to increase the network capacity
as well as scalability and is a form of densification. This
is commonly known as heterogeneous networks (HetNet).
In current deployments the small cells often use the same
frequency band as the macro cell, causing increasing levels
of interference. Leveraging previously unused frequency re-
sources in the millimeter-wave bands is a form of spectrum
extension and promises decreased interference as well as
increased capacity.

As we will discuss in section III the radio channel at
millimeter-wave frequencies is much more challenging than
the legacy ones in the sub 6 GHz range. In order to maintain
seamless connectivity in these bands recently a split plane
approach was proposed where the control plane remains on
the legacy frequency bands and the data (or user) plane can
be moved to the millimeter-wave bands [3].

The millimeter-wave frequency band, ranging from 30 GHz
to 300 GHz, offers much wider bandwidths of contiguous
spectrum than the legacy bands. During the last years a number
of communication standards, using the widely license free
available 60 GHz band, have been defined. These standards
however target indoor WPAN applications and are not de-
signed for outdoor environments.

Adding an overlay of millimeter-wave capable small cells
to the HetNet leads to additional control and user planes.

This gives new options for the logical localization of network
functionality on the planes.

In this paper we investigate the special requirements for
the control plane with respect to millimeter-wave specific
characteristics and we discuss the resulting options for the
additional planes. We analyze which control functionality must
be on the millimeter-wave link, which can be chosen arbitrarily
and which is bound to the macro cellular control plane.
For that purpose the existing 60 GHz indoor communication
standards are used as a starting point.

Section II introduces the small cell overlay system archi-
tecture in more detail. The existing indoor communication
standards are studied in section IV. Section V investigates the
options for the split plane concept.

II. SYSTEM ARCHITECTURE

The millimeter-wave overlay system architecture with split
user and control planes is shown in Figure 1. A macro base
station (BS) provides coverage to all mobile terminals (UE)
within its coverage area. Millimeter-wave small cell base
stations are placed within the area of the macro base station
and provide a smaller area of coverage with a millimeter-wave
access link. The small cell base stations are connected to the
macro base station via a high capacity backhaul. They can be
in an active or inactive state, depending on the presence of
users within their coverage area.

The user terminal possesses two wireless interfaces, one for
the legacy connection to the macro cell (e.g. LTE) and one for
the connection to a millimeter-wave link. In general the UE is
connected to the small cell via the millimeter-wave link when
necessary. At the same time the UE is attached to the macro
BS via the legacy communication link.

On each physical connection control and/or user data can
be transported. Thus, when the UE is connected on both the
legacy and the millimeter-wave interface, two control and two
data connections exist. One of each to the macro cell and one
to the small cell. In the rest of this paper the first one will be
referred to as macro cell or legacy connection and the second
one as small cell or millimeter-wave connection.

III. MILLIMETER-WAVE SPECIFICS

The millimeter-wave band between 30 and 300 GHz re-
cently received increasing interest for new communication

©2014 IEEE. Reprinted, with permission, from R.J. Weiler, W. Keusgen, I. Filippini, A. Capone, "Split control plane
functionality in millimeter-wave overlay access," in 1st International Conference on 5G for Ubiquitous Connectivity
(5GU), Nov. 2014, DOI: 10.4108/icst.5gu.2014.258083
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Figure 1. System architecture

standards to overcome the shortage of spectrum [1]. The in-
crease in carrier frequency however leads to a higher pathloss.
In free-space conditions the Friis equation shows that the
received signal power is inversely proportional to the carrier
frequency.

Several measurement campaigns of outdoor millimeter-
wave channels were reported recently [4]–[7]. The time dy-
namic behavior of the link and especially of the spatial multi-
path components is important for the design and parametriza-
tion of the beam forming algorithms in the millimeter-wave
band. An analysis of channel measurements performed at 60
GHz in a busy urban outdoor access scenario shows that
the different multipath components arriving at the receiver
can be grouped into different classes, according to their
availability over time [8]. Figure 2 shows the behavior of the
omnidirectional channel impulse response for static transmitter
and receiver locations on a busy urban street over a time of 50
seconds (see [6]–[8] for more details). Multipath components
with a path loss of less than 120 dB are shown in blue.
This threshold represents the maximum allowable path loss
for communication and depends on the system implementation
(e.g. antenna gain, noise figure, transmit power, modulation). It
was chosen arbitrarily here. The distance between transmitter
and receiver was 25 meters, which can be clearly seen by
the constant path of the unblocked line of sight component
at around 80 ns delay. Other multipath components at higher
delays are caused by reflecting objects, such as the ground,
surrounding buildings, street furniture, cars, etc. It can be
seen that some exist throughout the measurement and are only
interrupted while others only appear for a short period of
time. In order to counter the higher path loss compared to
sub 6 GHz communication systems, millimeter-wave commu-
nication systems have to use directional antennas with high
gain. To support mobile devices in outdoor environments the
direction of the beam will need to adapt to the changing radio
channel very fast, thus making electronic beam forming or
beam steering, such as beam forming arrays necessary.

A thorough statistical analysis of this multipath compo-

Figure 2. Time evolution of 60 GHz outdoor channel impulse response

nent behavior over time is still open work. When assuming
a blocked line of sight however, there are still a number
of candidate multipath components that could be used to
establish a directional link between the transmitter and the
receiver, assuming that different multipath components stem
from different spatial directions. The frequent interruption of
some multipath components however indicates that a frequent
switching between spatial directions might be necessary for a
stable connection.

In cases when all multipath components between the trans-
mitter and the receiver are too weak to support a communica-
tion link, the connection would have to fall back to the legacy
connection.

IV. EXISTING 60 GHZ INDOOR COMMUNICATION
STANDARDS

A number of standards were defined during the last few
years for very high data rate indoor communication at 60 GHz.
The standards ECMA-387 and IEEE 802.15.3c were published
in 2009 but no products were released so far based on them.
The standard IEEE 802.11ad was published in December
2012, based on a standard that was previously developed by
the WiGig Alliance [9]. This part of the IEEE 802.11 standard
also recently got part of the Wi-Fi Alliance.

In the rest of this section we focus on IEEE 802.11ad as
it is the most recent standard and due to it being part of a
family of sub 6 GHz transmission protocols. Nevertheless all
three standards share some basic concepts, such as channel
bandwidth, channelization and directional transmission with
beamforming antennas.

A. Overall topology

The standard IEEE 802.11ad builds on top of the other IEEE
802.11 WPAN standards and introduces the extension to 60
GHz. In this extension one of the participating stations of a
network or an access point (AP) takes the role of the PCP
(personal basic service set control point) and provides basic
timing information to all stations nearby.



The radio transmissions are organized in so called beacon
intervals, shown in Figure 3. Within a beacon interval there
is a beacon header interval (BHI) and a data transfer interval
(DTI). In the BHI one or multiple beacon signals (BTI) are
transmitted by the PCP, some basic beamforming training (A-
BFT) can be performed and announcements can be transmitted
(ATI). The DTI consists of a contention-based access period
(CBAP) and a contention free service period (SP).

While the stations can compete for access during the CBAP,
the PCP schedules the transmissions according to the demand
during the SP. Special care is taken to reduce interference that
might occur through neighboring PBSS.

Figure 3. An IEEE 802.11ad beacon interval (BI) structure

B. Beacon and discovery

The beacon signal is transmitted by the PCP during the
beacon transmission interval, as previously shown. During
this interval the PCP can transmit multiple beacon signals
in different spatial directions. As information on the spatial
transmission is included in the beacon this is also the first
step for the beamforming training.

C. Beamforming support

For any pair of communicating stations there is a total of
4 beamforming vectors that needs to be trained: transmit and
receive vectors for each station. When the hardware supports
reciprocity by using the same antenna array for transmission
and reception and calibrated phase shifters, only one vector
has to be trained per station.

The beamforming training is performed at the setup of a
communication link and consists of the two phases sector-level
sweep (SLS) and beam refinement protocol (BRP). A beam
tracking protocol is used to update the beamforming vectors
in an established link.

All protocols are based on the selection of the best per-
forming beamforming vector out of a selection of candidates,
for example from a code book. Multiple transmit beamform-
ing vectors are applied sequentially and receiver feedback
highlights the best one. This beamforming technique was
developed for indoor environments and its applicability to
outdoor environments with much larger distances and possibly
higher time variance remains an open issue.

D. Fast session transfer

Fast session transfer (FST) allows to transfer a session from
one physical channel to another channel (i.e. frequency band).
A session is the state information that is kept in a pair of
stations that have an established direct physical link. The FST
allows the stations e.g. to switch to the 2.4 GHz band when

reaching the limits of coverage at 60 GHz. Each station can
initialize or request the fast session transfer and it completes
when both stations have established a connection in the new
band.

From its design this approach is independent of the concrete
implementation of the physical channels and does not rely on
dedicated stable control channel. Such a channel however, as
it is available in the split plane concept, could be used to
improve the seamless transfer between the different channels
or bands.

E. Frame format

The frame format is shown in Figure 4. A frame consists of
a preamble, a header, the data payload and optional beam-
forming tracking (TRN) fields. The preamble is composed
of a short training field (STF) and the channel estimation
(CE) sequence. Both of these fields use special concatenations
of Golay sequences. The short training field is used for
AGC training, frequency offset estimation, synchronization
and determines the type of frame (e.g. control frame, OFDM
frame, single carrier frame). The channel estimation sequence
is designed in a way that allows efficient calculation of the
channel impulse response.

The header contains various fields, depending on the type of
the frame. Fields can be the definition of the modulation and
coding scheme (MCS) of the payload symbols, the number of
payload bits, beamforming tracking requests, etc.

The optional beamforming tracking fields are inserted upon
request and can be transmitted for receiver (R) or transmitter
(T) tracking.
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Figure 4. IEEE 802.11ad frame format

F. Applicability to outdoor access

The general topology of IEEE 802.11ad is similar to what
would be needed for an evolution of wireless radio networks
with millimeter-wave overlay cells. These small cells might
advertise their existence with beacon signals and will coordi-
nate the communication. They will also have to take care of
beamforming training and tracking, which might become even
more challenging in dynamic outdoor environments, compared
to the indoor environments targeted by IEEE 802.11ad.

The fast session transfer is a building block that is also
needed for outdoor access. Though its implementation in IEEE
802.11ad relies on a stable link in the old band. This might
be problematic when this link gets suddenly lost. By relying
on a separate, more stable control plane the reliability of the
fast session transfer could be increased.



The frame format and the physical layer (PHY) (not de-
scribed here in detail) could form a basis for an millimeter-
wave outdoor access system. The challenges of initial synchro-
nization, channel estimation, etc. are well addressed for wide
bandwidth channels. Regular beam tracking is also included,
though this might need to be extended.

V. SPLIT PLANE CONCEPT

As introduced in section II the concept envisioned for the
overlay of millimeter-wave small cells foresees a split of the
control and data connection of the UE to the access network.
Through this the UE can keep a main control-plane connection
active, typically within a long-range macro cell, and activate
user-plane connections to different base stations which provide
the best data traffic bearers according to both user and network
status. Different connection configurations can be possible in
order to adapt to different network and traffic layouts [10].
User-plane connections can be established with both macro
cells and small cells leaving room for the development of
optimized resource allocation algorithms. In this scenario we
can identify two types of mobility, a so-called small-scale
mobility, where the UE moves within the coverage of a single
control-plane macro cell and performs user-plane handovers
through small cells, while traditional mobility occurs when
the UE crosses macro cell boundaries.

A. Time dynamic behavior

Two aspects of time dynamic behavior that might have a
great impact on the design of the split plane concept are worth
mentioning. One is the behavior of a UE with respect to the
coverage area of a small cell and the other are the implications
of the kind of traffic that is requested by the UE.

1) UE behavior: Several possible behaviors of the UE with
respect to its position within the macro cell can be identified:
entering a small cell, staying or moving within a small cell,
exiting a small cell. Even the type of mobility is important:
very fast users with irregular trajectory can be difficult to serve
with millimeter- wave small cells, while users with predictable
trajectory can be served by properly allocating resources in
advance.

2) Traffic model: The traffic model or type of traffic has
a great impact on the way the control functionality should
behave. While a traffic with fully buffered maximum demand
simply requires a continuous high speed data connection two
other cases are more challenging. One would be sporadic or
regular high data traffic demand with gaps between transmis-
sions (Fig. 5a) and the other would be low or medium rate
continuous traffic (Fig. 5b).
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Figure 5. Traffic models

In the case of intermitted traffic the decision has to be made
whether the connection between the UE and the millimeter-
wave small cell should remain active. When it is kept active
the beamforming vectors have to be updated, even though the
link is unused. In the case of low or medium rate traffic the
decision has to be made whether the millimeter-wave or the
legacy wireless connection should be used. For these decisions
a number of factors, such as total traffic demand, link quality,
power consumption of components or links have to be taken
into account. Also the delay tolerance of the requested service
is an important factor, it may or may not allow buffering
techniques to help network reconfigurations.

B. Logical localization of control functionality

Despite UE double connectivity and control-/user-plane
split, control functionalities should not be entirely relegated
to one wireless interface. There are some control functions,
like channel estimation and beamforming tracking, that must
be carried out on the millimeter-wave link. Other functions,
instead, can be partially or totally moved to the legacy 4G
connection. Generally speaking, 4G connection is more ava-
ialable, has higher reliability and requires fewer handovers
than the millimeter connection, therefore, it can be used
for exchanging information not directly related to the use
of millimer-wave resources, but rather, to critical network
management functions, like session setup, location update and
context acquisition. In addition, control functionalities, having
no strict bandwidth requirements, can waste millimeter-wave
resources, which are better suited for high-rates and would be
less efficiently utilized.

We can divide the control plane in two subplanes: macro
cell control plane (on legacy 4G connection) and small cell
control plane (on millimeter-wave link). We discuss about
control function allocation on each subplane in the following
paragraphs.

Macro
cell

Small
cell
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Figure 6. Control functionality and possible localization on control plane

1) Cell discovery: The UEs discovery and attachment to
a macro cell base station is made as usual. The discovery of
millimeter-wave small cell base stations does not necessarily
have to be performed continuously but only when needed or
requested. Discovering available small cells becomes more
complicated with the increased path loss in the millimeter-
wave bands. This requires either omnidirectional modes with
low data rates and signal processing gain (e.g. spreading
sequences) or directional antenna patterns with a certain
gain. The support of a separated control-plane connection
established with a macro cell becomes crucial to provide
information for a fast discovery. The information can go from
a minimal list of millimeter-wave small cell positions to a



smart antenna configuration suggestion to connect to the best
small cell.

2) Context acquisition and management: In order to make
smart choices for cell discovery the system must rely on a rich
context about UE and network status. The network collects
information on UE position, antenna configurations, related
channel quality and builds a context database that is used to
predict the performance experienced by future UE requests
at the same position. This information, together with UE
type, capabilities, and traffic requirements, is conveyed to the
resource allocation engine through the macro cell connection,
which is more reliable.

3) Session setup: The session setup discussed here is the
process of starting a communication between the UE and the
access network on request by either entity. When the UE is in
idle state it is connected to the legacy macro base station. It
is assumed that the UE is not connected to a millimeter-wave
link when idle, in order to reduce the energy consumption.
This reduce both UE power consumption and network power
consumption. Indeed, due to control-/user-plane separation,
millimeter-wave base stations, which are typically deployed in
large number and are mainly used to provide high-rate traffic
bearers, can be switched off when no data session is active.

When the session is initiated by a request from the macro
base station, the macro cellular control plane has to be used
to alert the UE. Then the UE and the appropriate small cell
have to initiate the directional millimeter-wave connection.
This could be performed solely on the millimeter-wave control
plane or with support on the macro cellular control plane. Such
support context information could be for example position
information of the UE, physical locations of small cells within
the macro cell area, timing information, etc.

Once a millimeter-wave link is established, further control
information can be transferred on either of both control planes.

4) Location update: As described above, the expected
directionality of the millimeter-wave links requires a new kind
of mobility support on the link or beam level. This is discussed
as beamforming tracking. The traditional understanding of
mobility, i.e. a UEs attachment to a certain macro base station
or area, will undoubted remain on the legacy control plane,
due to the much higher robustness of the link.

5) Beamforming tracking: The beamforming tracking is a
crucial part of the millimeter-wave connectivity. As discussed
in section III the directional millimeter-wave link continuously
changes and updates of beamforming vectors have to be
performed frequently. Such information is needed on both ends
of the millimeter-wave link. This functionality will therefore
undoubtedly be located at the small cell control plane.

6) Resource allocation: The resource allocation describes
how and when the UE and the small cell should access
the millimeter-wave channel. Depending on the granularity
of the channel access and due to the increased complexity
with directional communication this can generate a noteworthy
amount of traffic. Taking IEEE 802.11ad as an example the
small cell polls the UEs for their demand to communicate
and allocates time slots. However, the use of macro cell con-

trol plane allows to orchestrate the operation of surrounding
millimeter-wave small cells. This, on one hand, facilitates the
wireless medium access of millimeter-wave devices, on the
other hand, allows to fine tuning available resources enable
scenarios where UEs receive multiple streams from different
millimeter-wave base stations and, vice versa, a millimeter-
wave base station simultaneously communicates with multiple
UEs. In addition, interference coordination techniques can fur-
ther improve the wireless resource exploitation. The following
scenario can be envisioned: medium access and high-level
connection management are carried out through macro cell
control plane, while small cell control plane is involved in
local millimeter-wave resource allocation and adaptation.

VI. CONCLUSIONS

The introduction of the millimeter-wave frequency bands
into future generations of mobile radio networks requires new
architectural approaches and opens a new design space. In this
paper we investigated the specific requirements of these high
frequencies in the context of outdoor access systems. Based
on a review of existing recent 60 GHz indoor standards we
investigated the design options for a split plane concept where
data and control traffic can be transported on different physical
interfaces (i.e. frequency bands).

While the localization of some functionality (e.g. location
update, beamforming tracking) in such an architecture is very
clear, the other functionality still offers a large design space.
The exploration of the design space and the choice of a
solution within this space relies on the knowledge of the
whole system, from the physical propagation channel to the
network architecture and type of traffic model. Further detailed
investigations are necessary to fully leverage the potentials of
the millimeter-wave spectrum in future mobile radio networks.
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4 Measurement campaigns and
modeling approaches

This section builds on the previously explained channel measurement system.
Here I present measurement campaigns, modeling approaches and parameters
that were obtained from the measurements. The first publication investigates
the ground reflection at 60 GHz and its fading effect on wireless point-to-point
links. The subsequent publications present measurement results on mm-wave
access links in urban small cell scenarios. These results are then applied to two
different types of channel models, a path loss model and a quasi-deterministic
channel model. Two publications with investigations of the impact of dynamic
shadowing on access links at 28 GHz and 60 GHz complete this section.

4.1 Ground reflection measurement
The measurement campaign described in the following publication was planned
and executed to investigate the impact of the ground reflection on the band
limited channel [WPK+15a]. An old airport was chosen as the measurement
location, due to the absence of other reflectors than the tarmac. With typical
heights and distances of street level small cell deployments, the angle of incidence
is typically close to 90°, leading to a strong specular reflection on the ground.
In combination with the excess delay of this ground reflection, flat fading occurs
and can be well described with a two-ray propagation model. Furthermore, the
reflection properties of asphalt at 60 GHz, as well as the oxygen absorption
were verified against values in the literature.

The following publications investigate the path loss in an urban street canyon.
As can be seen from the results (see Section 4.2 and 4.3; also refer to Section
4.4), significant fading effects are visible within the measurement bandwidth,
as investigated here in the context of ground reflection.
The results are also significant for the deployment of street level backhaul

links, as is also part of the overlay concept described in Section 3.1. Depending
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4 Measurement campaigns and modeling approaches

on the geometry of the environment and the position of the antennas on both
ends, severe flat fading can affect the link budget, even for very large signal
bandwidths of 2 GHz or more.

Contribution

This measurement campaign was planned and executed by my colleagues and
co-authors. I did post-processing of the raw measurement data and the path
loss analysis. I also set up the two-ray simulation model and performed the
numerical simulations and comparative analysis. I authored the publication
text and created the figures by myself. Some parts of the channel sounder
description are based on internal documentation by my co-authors. They also
provided proof-reading and smaller corrections of the text.
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Abstract—A channel sounder for time variant channels is
presented. A 60 GHz outdoor measurement campaign was
conducted with focus on the properties of ground reflections
over large distances up to 1000 m. A two-ray propagation
model is introduced and compared to the measurement
results in order to derive the ground reflection properties.

Index Terms—millimeter-wave, 5G, millimeter-wave prop-
agation, electromagnetic reflection, multipath channels, fad-
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I. INTRODUCTION

Millimeter-wave transmission is seen as one of the
new technologies that will impact the next mobile radio
network standards, commonly termed as 5G [1]. Network
densification through the addition of new base stations, so
called small cells, is another predicted trend [2]. Wireless
backhaul links are seen as a key enabler for these cells
and the millimeter-wave band promises to provide enough
bandwidth, even for very high capacity links in dense en-
vironments. As these links will be deployed in urban envi-
ronments, e.g. on street level height, the ground reflection
can produce a strong propagation path that superimposes
with the direct path and induces severe fading effects. In
order to investigate the properties of these effects we have
performed a measurement campaign focusing on the line-
of-sight (LOS) channel in an open area. It was investigated
with a channel sounder that is described in Section II.
The channel was measured for different common ground
materials, variable heights and at distances from 40 to 1000
m, giving a full characterization of the ground reflection
effect.

The measurement campaign is presented in Section III
and Section IV shows some measurement results and their
comparison to a two-ray propagation model.

II. CHANNEL SOUNDER

The channel sounder used for the measurements is
based on a self developed FPGA platform [3]. The basic
principle of the channel sounder is shown in Figure 1.
A special channel sounding signal is generated and trans-
mitted through the wireless channel. At the receiver the
channel characteristics are estimated based on the received
signal. Generally time variant wireless channels are consid-
ered with limited time variations (channel coherence time
Tcoh,ch, measurement bandwidth B): Tcoh,ch ≫ 1/B.

For short observation time intervals the input (x) to
output (y) relation can be described as the (aperiodic)
convolution y = h∗x, where h is the impulse response of
the wireless channel.

Figure 1 shows the equivalent baseband model of the
sounding in more detail. The baseband signal is modulated
to an intermediate frequency (IF) with an IQ modulator
and then converted to the RF domain.

The effects of the modulators, the amplifiers (power
amplifier PA, low noise amplifier LNA) and the antennas
are assumed to be of linear behavior, as is the case for
the wireless channel. The equivalent baseband model can
therefore be employed. The influence of the Tx and Rx
front-ends on the measurement results are removed by
system calibration. The antennas are considered as part
of the wireless channel.

RF-LO IF-LORF-LOIF-LO

Tx Frontend Wireless
channel

Rx Frontend

Figure 1: Equivalent baseband model

Broadband periodic correlation sequences are used as
measurement baseband signals. A Frank sequence of
length N = 256 is used in the presented implementation
(vectorized 16 × 16 Fourier matrix). The period time
is TP = N/B � Tcoh,ch . The whole measurement
bandwidth is excited and measured within one period,
which enables fast broadband measurements.

The channel impulse response vector can be calculated
as h = idft

(
dft(y)
dft(x)

)
.

The sampling rate and measurement bandwidth of the
system is B = 250MHz. The period length of the transmit
signal sequence is Tp = 256 Samples/250Msps = 1.024 µs.
An averaging is performed over 64 periods of the se-
quence, leading to a snapshot measurement duration of
65.536 µs. A snapshot is taken every 667.65 µs (1.50 kHz
snapshot rate).

III. MEASUREMENT CAMPAIGN

The measurement campaign was performed at the site
of the former airport Berlin-Gatow in Berlin, Germany.
Figure 2 shows the map of the measurement site. The

©2015 IEEE. Reprinted, with permission, from R.J. Weiler, M. Peter, W. Keusgen, A. Kortke, M. Wisotzki, "Millimeter-
Wave Channel Sounding of Outdoor Ground Reflections," in Radio and Wireless Symposium (RWS), 2015 IEEE, Jan.
2015, DOI: 10.1109/RWS.2015.7129712
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runway (top) and the apron (bottom) each have a length

of ca. 800 m and are paved with asphalt. The surrounding

field (light green) is covered with grass. The area to the

right (darker green) is forest and the area to the left is also

covered with grass and weeds. At the dashed line a metal

fence made of thin wire with a height of 2 m cuts through

the area.
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Figure 2: Map of measurement location

The channel sounder equipment was mounted onto cars

as shown in Figure 3. The front-ends were mounted onto

tripods that allow easy adjustment of the height. The

measurements were operated from a computer connected

to the channel sounder. Table I lists the parameters and

properties of the measurements performed.

Table I: Measurement and environmental parameters

Type Value

Center frequency 60 GHz

Rx height 4 m

Tx height const. 4 m

Tx height var. 3 - 5 m

Distance 40 - 1000 m

Rx & Tx antenna 20 dBi horn

Half-power beamwidth
19.5 ° E-plane, horizontal
18.1 ° H-plane, vertical

Rx & Tx antenna polarization vertical, horizontal

Atmospheric pressure 1015 hPa

Relative humidity 50 - 60 %

Air temperature 28° C

Figure 3: Channel sounder mounted on car

A measurement plan was prepared before the mea-

surement campaign. Every measurement carries a unique

number and is defined according to the positions on

the map in Figure 2. Further parameters are the height

of Tx and Rx and the polarization. While the position

of the transmitter was static during each measurement,

the receiver was moved at constant speed in some mea-

surements. Each measurement consists of a configurable

number of measurement snapshots (here set to 60,000).

As the length of the sounding sequence only allows for a

unique range of ca. 300 m, a reference range was measured

at known positions and saved as calibration data.

A total of 144 measurements have been performed

on the airfield. Between the measurements the distance

between Tx and Rx and the height of the Tx antenna was

varied with constant speed to measure fading behavior.

Static measurements were also conducted. All measure-

ments were repeated on different ground materials and

with vertical and horizontal polarization. A total of 8.64

million channel snapshots was taken during the measure-

ment campaign.

IV. GROUND REFLECTION

A. Measurement results

The measurement channel snapshots are taken at

equidistant positions of 1 mm as described in Section

III. For each snapshot (channel impulse response) the

instantaneous path loss is calculated. Figure 4 shows the

measured path loss over a range from 40 to 1000 m on

the tarmac (transmitter at Tx1, Tx2, Tx3; receiver moved

between Rx1 and Rx4, horizontal polarization). A moving

average filter with a width of 20 samples has been applied

to reduce noise effects. A distance of 60 m is covered

in one measurement run. The figure therefore shows the

combination of 16 subsequent measurement runs. Some

artifacts can be observed at the seams between the indi-

vidual measurement runs. This can be caused by slight

variations in antenna height above ground and positioning

errors when the transmitter was relocated from Tx1 to Tx2

and Tx3. The measurement results for vertical polarization

are not shown here but exhibit the same behavior as the

ones in Fig. 4.
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Figure 4: Measured path loss (HTx = HRx = 4m, horizontal
polarization, asphalt runway)

B. Simulation model

The simulation model is shown in Figure 5. Transmit

and receive antennas are mounted at a height HTx and



HRx respectively and a distance D. The line of sight path

(LOS) and a single ground reflection path are calculated

in a polarimetric way. The ground reflection properties

are modeled according to Fresnels reflection laws and

the Oxygen absorption is taken into account. The discrete

channel impulse response can be expressed as:

h (t) =

2
∑

i=1

Gi e
−2πjli

λ δ

(

t−
li
c0

)

Where i selects the path (1: LOS, 2: ground reflec-

tion) and li is the total length of the path. Gi =
λ

4πli
10−

lilOx
1000·20Ri is the path gain with the Oxygen at-

tenuation lOx in dB/km and the reflection coefficient Ri.

The attenuation of the ground reflection due to the antenna

beamwidth is neglected here, as it only has an influence

at short distances.

LOS

Ground

reflection

Figure 5: Two-ray simulation model

The discrete impulse response is then binned and com-

puted into a band limited channel impulse response and the

path loss is calculated. Figure 6 shows the path loss over

a range from 40 to 1000 m with a bandwidth of 250 MHz

for Oxygen absorption rates of 0 dB/km and 14 dB/km. The

latter value gives a good match between measurement and

simulation. It is well in line with the MPM model [4], that

gives an attenuation of 13.9 dB/km for the environmental

parameters at the day of the measurement (Table I).

Figure 6: Simulated path loss (HTx = HRx = 4m, horizontal
polarization, ǫr = 2, B = 250MHz)

Comparing the measured and the simulated path loss

shows that the number and distance of the fading holes are

generally well aligned. In the measurement however, some

additional disturbing effects exist. A major observation is

the absence of fading effects at a distance greater than 700

m, which needs further investigation.

Increasing the bandwidth can help to reduce the fading

effect, as the two propagation paths can be better resolved

in the receiver. At large distances however, flat fading

cannot be prevented and leads to a significant increase in

path loss. This can be seen in Figure 7, that shows the same

simulation setup with an increased bandwidth of 2GHz.

Figure 7: Simulated path loss (HTx = HRx = 4m, horizontal
polarization, ǫr = 2, B = 2GHz)

V. CONCLUSIONS

A channel sounder with a measurement bandwidth of

250 MHz is presented. This channel sounder enables

Doppler resolved measurements of time variant channels.

Extensive outdoor measurements on asphalt and grass

have been performed at distances of 40 to 1000 m. The

measurement results were then analyzed and compared to a

two-ray model. The fading can cause a significant increase

in path loss at certain positions, as can be clearly seen from

the measurements and simulation. Increasing the signal

bandwidth can only mitigate this effect at shorter distances.

The fading effect caused by the ground reflection should

therefore be taken into account for street level backhaul

links.
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4 Measurement campaigns and modeling approaches

4.2 Street canyon path loss measurement
The following publication presents path loss measurements at 60 GHz in a
street canyon scenario [WPKW14]. The transmitter was positioned between
the sidewalk and the road, as a possible way of small cell deployment on existing
street lights. The receiver was moved along the sidewalk up to link distances
of 50 m. This scenario matches the small cell access described in Section 3.1.
The path loss analysis is based on the strongest multipath components

(MPCs), selected based on delay domain windowing. As fading effects were
clearly visible on the MPCs, the path loss was investigated based on average
power delay profiles. This approach was shown to provide exact path loss
results even in the presence of a limited measurement bandwidth [PKW15].

Static measurements focusing on the time variant effects of the surrounding
on the channel are also described in this publication.

Contribution

The measurement campaign that this paper is based on was planned and
executed by my colleagues and myself. I authored most of the publication
myself. The description of the mobile measurements was based on an analysis
of the measurement data, performed by a co-author. The analysis of the time
variant behavior (static measurements) was performed by me. The co-authors
also provided proof-reading and smaller additions to the text.
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I. INTRODUCTION

The massive increase of the data amounts and data rates in
mobile radio networks is expected to continue over the next
years. The deployment of fourth generation (4G) technology
with LTE-Advanced is currently in progress worldwide. The
next evolution of the access technologies is currently being
discussed as 5G. The millimeter-wave frequency band is seen
as a good candidate to increase the data rates in dense environ-
ments. Though this frequency band has been standardized for
the physical layer of indoor applications, its use in outdoor
environments is still very limited. Outdoor applications to
date are fixed high gain point-to-point links for backhauling
applications. A profound knowledge of the radio channel
properties for cellular access scenarios is essential for the
design of future systems. Comparing to the legacy frequency
bands, the knowledge at millimeter-wave frequencies is still
very limited [1], especially when taking the time variance of
the environment into account.

In this paper we present the measurement method employed,
the scenario and selected initial results.

II. CHANNEL CHARACTERISTICS

The millimeter-wave frequency range is a relatively new
candidate for mobile radio networks. In comparison to the
crowded and scarce legacy frequencies in the sub 6 GHz range,
almost unlimited contiguous spectrum of multiple GHz is
available almost all over the world. Some part of this spectrum,
e.g. the 60 GHz band, can be used license free while other
bands are operated under a so called light license or block
license.

The downside to these opportunities are the high propa-
gation losses compared to the legacy frequencies. Establish-
ing a broadband communication link over more than a few
meters becomes very difficult with omnidirectional antennas
due to technological and regulatory limitation of transmit
power. To overcome these drawbacks it becomes necessary
to use antennas with narrow beamwidth and medium or high
gain at both ends of the communication link. Mechanical or
electronic beam switching or beam steering becomes necessary
to support applications with mobile handheld user devices
and changing environments, such as pedestrians temporarily
blocking propagation paths, etc. Designing such beam steering
or beam forming solutions requires a profound knowledge on
the spatial and temporal properties of the propagation channel.

While the radio channels in the legacy frequency bands have
been studied in depth, the knowledge on outdoor millimeter-
wave channels is still very limited. With respect to 60 GHz
channel characterization, considerable work has been carried
out since the 1990s [2]–[4]. Stochastic and deterministic
models [5]–[8] are a valuable basis for the evaluation of
60 GHz indoor communication standards, like the recently
developed IEEE 802.11ad. Concerning the outdoor channel
some measurement campaigns have been reported. Most of
these measurements used directional high-gain antennas and
mechanical steering to identify individual propagation paths
[9]–[11]. While this gives a very comprehensive understanding
of the behavior of static reflecting objects in the environ-
ment, time variant channel behavior can not be observed.
Furthermore the number of channel observations is limited due
to the time consuming exhaustive path search, thus making
derivation of valid statistical parameters for model generation
very difficult.

Measuring with spatial and temporal resolution becomes
a great challenge at millimeter-wave frequencies. Unlike the
lower legacy frequencies, a fully three dimensional spatial
resolution becomes necessary, as the cell radius of millimeter-
wave cells will be much smaller and elevation information
will play a crucial role. Receive antenna arrays with adequate
post processing for directional estimation become necessary.
Antenna switching solutions might not come into question due
to the highly non-stationary environment. Additional to the
high cost of the necessary parallel receiver chains exists the
problem of proper calibration of these chains which might

©2014 IEEE. Reprinted, with permission, from R.J. Weiler, M. Peter, W. Keusgen, M. Wisotzki, "Measuring the Busy
Urban 60 GHz Outdoor Access Radio Channel," in Ultra-Wideband (ICUWB), 2014 IEEE International Conference on,
Sept. 2014, DOI: 10.1109/ICUWB.2014.6958971
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render them as not feasible with the current state of the art.
To our best knowledge no such comprehensive measurements
have been conducted for outdoor environments.

III. MEASUREMENT SETUP

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

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

The measurement system itself is based on a self-developed
FPGA platform [12]. The key parameters are listed in Table
I. One measurement run contains 62,500 snapshots and took
50 seconds. During the measurement campaign a total of 3.75
million snapshots have been recorded with the mobile receiver,
and 2 million snapshots have been recorded at static positions.
The usage of omnidirectional antennas at both the transmitter
and receiver side is very important to gather comprehensive
results in the chosen time variant environment.

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

IV. MEASUREMENT RESULTS

The primary output of the channel sounder is a channel
impulse response (CIR) for each measurement snapshot taken
every 800 µs. This CIR shows the delay and magnitude
of each multipath component (MPC) reaching the receive
antenna. As the transmit and receive antenna have almost
omnidirectional radiation patterns, no spatial filtering of the
MPCs occurs. An exemplary plot of 100 snapshots of the CIR
with static transmitter and receiver is shown in Figure 2. The

Table I
CHANNEL SOUNDER PARAMETERS

Type Value
Frequency 60 GHz
Bandwidth 250 MHz

Output power 15 dBm
Snapshot measurement duration 64 µs

Temporal separation of snapshots 800 µs
Antenna gain 2 dBi

Antenna pattern Omnidirectional
Antenna polarization Linear, vertical

Maximum instantaneous dynamic range 45 dB

Potsdamer Straße

51.5 m

TX positions
RX tracks

50.0 m 50.0 m 50.0 m 50.0 m

50.0 m

RX static pos.

Figure 1. Measurement environment

delay of the first MPC is approximately 83 ns, being caused
by the 25 meter line-of-sight distance between transmitter
and receiver. The following MPCs then form a limited but
distinctive number of peaks. The channel length observed
in all measurements is in the order of multiple hundreds of
nanoseconds.

Figure 2. Example of channel impulse response for static setup

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



A. Mobile measurements

For the mobile measurements, the transmitter was placed at
fixed locations and the receiver was moved along the sidewalk
along a distance of 50 meter to each side of the transmitter.
A number of 40 measurements with 62.500 CIR snapshots
each, giving a total of 2,500,000 snapshots was used for the
following analysis.

Figure 3. APDP of mobile measurement

The limited bandwidth of the measurement can cause
fading effects on multipath components due to interference
of multiple propagation paths with the same length. These
fading effects can indeed be observed within the measured
data. To circumvent problems arising from this effect the
average power delay profile (APDP) was used instead of the
CIR. The i-th APDP can be calculated from the CIR by
APDPi = 1

N

∑N
k=1

[
CIR(iN+k) (τ)

]2
. The APDPs shown

in this paper were generated with an averaging factor N set
to 250.

Figure 4 shows the individual path loss for the five strongest
multipath components of each APDP snapshot and linear
regressions plotted against the line-of-sight (LOS) distance
between transmitter and receiver. The different MPCs ex-
hibit different path loss exponents, with the exponent of the
strongest MPC being the largest. From the measurement setup
it can be assumed that the strongest MPC in most cases was
the LOS path. The increased variance towards larger distances
can be attributed to higher chances of objects blocking this
LOS path during the measurement. A derivation of path loss
exponents of the individual MPCs would be possible but a
more profound analysis of the propagation conditions (LOS
vs. NLOS case) would be necessary. This will be regarded as
next steps in the future.

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

first one, would give a link budget allowing high data rate
communication with standard OFDM schemes for example.

Figure 4. Individual path loss of multipath components

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

B. Static measurements

The static measurements have been performed with station-
ary transmitter and receiver at a distance of 25 meter. Figure 2
shows 100 snapshots of the channel impulse response of such
a measurement. As noted before, the first peak occurs at 83 ns
delay, representing the delay caused by the 25 meter separation



distance. The following peaks on the delay axis exhibit a
strong time varying behavior even in the small observation
window shown.

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

The time evolution for one measurement of these four
selected MPCs is shown in Figure 6. To suppress small
scale effects and focus on large scale behavior, the average
power delay profile was used as evaluation basis. The delays
selected were: τ = {83, 92, 105, 161} ns. As can be seen, the
magnitude of the first MPC is very stable while the magnitudes
of the other three MPCs vary significantly over time.
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Figure 6. Time evolution of static measurement

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

C. Human body shadowing

In the investigated millimeter-wave urban access scenario
the effects of pedestrians are very relevant. They can temporar-
ily block the line-of-sight connection between the terminal and
the base station, thus severly affecting the received signal.
Measurements have been performed where the transmitter
and receiver were 50 meters apart. The transmit antenna was
mounted at 3.5 meter height and the receive antenna was
mounted at 1.25 meter height. A single or multiple persons
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Figure 7. Empirical cumulative distribution function of MPC strength in static
measurement

then moved adjacent to the LOS path in the vicinity of the
receiver, thus temporarily fully blocking the line-of-sight path.
The line-of-sight multipath component based on the channel
impulse response for such a measurement is shown in Figure
8. The plot exhibits the typical behavior of the LOS path that
was previously described and modeled with the double knife
edge model [13]. The observed line-of-sight MPC attenuation
during shadowing events is in the order of 10 to 15 dB on
average but can increase up to 40 dB or more.

Figure 8. LOS multipath component under temporary human body shadowing

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



Figure 9. Human body shadowing event

V. CONCLUSIONS

The 60 GHz channel for an outdoor urban small cell access
scenario has been measured with millions of wideband channel
snapshots. The results indicate that the channel is highly time
variant. Derivation of individual path loss parameters prove the
general feasibility of millimeter-wave communication, even
when the line-of-sight multipath component is blocked. The
observed channel length in this environment with the used
omnidirectional antennas at transmitter and receiver lies in
the order of multiple hundred nanoseconds. The influence
of human body shadowing on the line-of-sight multipath
component has been confirmed against earlier findings for
indoor environments. Spatial information on the propagation
environment cannot directly be extracted from these measure-
ments but a future fit with ray tracing results from the same
environment is planned as next steps.
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4 Measurement campaigns and modeling approaches

4.3 Dual-frequency path loss measurement
The millimeter-wave band ranges from lower gigahertz frequencies up to 300
GHz. The previous two publications investigated the wireless channel at 60
GHz, where a large block of up to 9 GHz contiguous spectrum is available as
license-free spectrum in wide parts of the world. Due to this fact, possible
interference and operator preferences it might not be the first candidate for
fixed mobile radio networks. The following publication introduces a channel
measurement campaign, similar to the previous one, but sounding the channel
at 10 and 60 GHz simultaneously [WPK+15b]. The channel sounder setup
was extended to two parallel transmit and receive chains and the respective
antennas were placed next to each other. The additional band of 10 GHz was
chosen as a value close to the lower end of the mm-wave spectrum.

The measurement setup was extended to distances up to 200 m and positions
with non-line-of-sight conditions (NLOS), induced by buildings were added to
investigate how the link deteriorates, when moving around a street corner. The
residential street canyon is similar to the previous street canyon, but with a
narrower street and without any trees along the sidewalks.

The path loss found in line-of-sight (LOS) conditions is similar to the previous
campaign and there is no significant frequency dependence of the path loss
coefficient. In NLOS conditions, a small difference can be observed, but these
measurements suffer from limited achievable dynamic range due to the high
loss. The delay spread at 60 GHz is lower than the one found at 10 GHz, which
is in line with the knowledge on the propagation mechanisms (see Section 1.2).
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This measurement campaign was planned and executed by my co-authors and
myself. I took care of the hardware setup, including the design and production
of the 10 GHz antennas. The paper was authored by me. I also performed
the analysis of the raw measurement data, partly based on pre-existing data
processing scripts. The co-authors also provided proof-reading and smaller
corrections of the text.
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I. INTRODUCTION

The ever growing mobile traffic demand is one of the major
drivers of the current discussion on the next (fifth) generation
of mobile radio networks, often called 5G. Spectrum extension
in the form of utilizing previously unused frequency bands is
one of the proposed solutions for this [1]. During the recent
years there has been increasing interest and research on the
bands above 6 GHz for wireless communication. While some
considerable work on channel measurements at millimeter-
wave frequencies has recently been done, a comprehensive,
unified channel model covering a wide frequency range is
still missing. This would be helpful as the currently discussed
candidate bands for 5G vary greatly between geographic
regions [2].

In this paper we present channel measurements that have
been performed in a dense, outdoor access scenario. The
propagation channel was measured at 10 GHz and 60.4 GHz
simultaneously at the exact same transmit and receiver posi-
tions. More than 6 million channel impulse responses were
collected at continuous distances ranging from a few meters
up to around 200 meters. Measurements were performed with
clear line-of-sight along a street canyon, as well as non-line-
of-sight around house corners at intersections. We provide an
analysis of path loss and delay spread data both at 10 GHz and
60 GHz. The results of this campaign can serve as a starting
point to develop a model that is able to describe the channel
behavior over a large frequency range.

Other reported measurement campaigns at similar bands and
frequencies are for example reported in [3], though they fea-
ture only a small number of samples and are based on synthetic
omnidirectional values from directional measurements. These
measurements were taken at similar locations but at different
times, further complicating comparability.

In section II the channel sounder hardware and measurement
parameters are introduced. Section III describes the measure-
ment environment and section IV describes the results obtained
from the measurement campaign.

II. CHANNEL SOUNDER

The channel sounder used for the measurements presented
in this paper is based on a self developed FPGA platform
[4] and described in [5]. The channel sounder uses broadband
periodic correlation sequences with a bandwidth of 250 MHz
as measurement signals. Figure 1 gives a simplified overview
over the hardware elements. The transmitter side consists of a
baseband chain that generates the correlation sequence. This
signal is then converted up to 10 GHz and 60.4 GHz center
frequency on two independent RF chains and fed through
power amplifiers on two transmit antennas. After being trans-
mitted through the wireless channel, two fully parallel RF and
baseband chains receive the signals on the two bands.
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Figure 1. Channel sounder overview

At both bands vertical polarized, omnidirectional antennas
with a half power beamwidth (elevation) of more than 60° (10
GHz) and 80° (60.4 GHz) are used on both the transmitter
and the receiver. The 10 GHz antenna is a λ/4-Dipole design.
Figure 2 shows its measured radiation pattern in the θ = 0° and
θ = 90° plane. Its diagram in azimuth direction is flat to 1 dB.
In elevation the diagram exhibits slightly larger variations. At
60 GHz a commercial antenna with similar patterns is used.
Its pattern is shown in Figure 3. The radiation pattern is less
uniform, especially in elevation direction, but assumed to be
flat enough for the measurement data analysis.

Table I lists the important channel sounder parameters.

©2015 IEEE. Reprinted, with permission, from R.J. Weiler, M. Peter, T. Kühne, M. Wisotzki, W. Keusgen, "Simul-
taneous Millimeter-Wave Multi-Band Channel Sounding in an Urban Access Scenario," in Antennas and Propagation
(EuCAP), 2015 9th European Conference on, Apr. 2015, ISSN: 2164-3342.
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Figure 3. 60 GHz antenna patterns (dB normalized)

III. MEASUREMENT CAMPAIGN

The measurement campaign was conducted in Kreuzberg,

Berlin, Germany. This is a typical residential and commercial

area. The streets are limited by 5 to 6 story buildings to

both sides, thus forming a street canyon. The transmitter was

placed on the sidewalk at a height of 5 meter above ground,

representing a street level small cell base station. The receiver

was mounted on a mobile cart at a height of 1.5 meter,

representing a mobile terminal. Figure 4 shows a map of

the scenario. The positions, where the transmitter was placed

during the campaign are indicated with a red and green circle.

The tracks where the receiver was moved are indicated using

lines of corresponding color to the transmitter position.

Table I
CHANNEL SOUNDER PARAMETER

Type Value

Tx output power
10 GHz 20 dBm

60.4 GHz 15 dBm

Antenna gain
10 GHz 0 dBi

60.4 GHz -0.7 dBi

Antenna pattern Omnidirectional

Sounding bandwidth 250 MHz

Temporal snapshot separation 800 µs

Number of CIR snapshots per set 62,500

Number of sets used in this paper 60

Receiver speed 0.5m/s

50 m

Tx positions
Rx tracks

© OpenStreetMap

Figure 4. Location map of measurements

As can be seen, measurements were performed with free

line-of-sight (LOS) between the transmitter and the receiver

as well as with non-line-of-sight (NLOS) around house corners

at intersections. The minimum Tx-Rx distance was around 4

m and the maximum distance at around 200 m.

Figure 5. Receiver cart and residential street

IV. MEASUREMENT RESULTS

A. Data preprocessing

The channel sounder outputs a complete channel impulse

(CIR) response every 800 µs as indicated in Table I. At

the speed of receiver movement this is a channel snapshot

distance of 0.4mm. The geometry of the environment and



the bandwidth of the sounding system can lead to severe

small-scale fading effects, caused e.g. by the ground reflection.

To mitigate this effect, spatial averaging is performed on the

CIRs by calculating average power delay profiles (APDP) over

3,125 samples, equaling to 1.25m [6]. These APDPs are used

throughout the rest of this paper.

B. Path loss

The path loss was evaluated based on the spatially averaged

power delay profiles. Figure 6 shows a scatter plot of all path

loss values that were taken in line-of-sight condition. This

LOS condition was identified through the geometric of the

environment, i.e. buildings. Short temporary blockage through

street lights etc. might occur in LOS classified areas. The

influence of such short blockage effects however should be

very minor, due to the spatial averaging.
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Figure 6. Line-of-sight path loss and linear regression

The solid lines in Figure 6 show the linear least squares fit

to the data samples. The path loss exponent model is used and

takes the form:

LPL (d)|dB = L̄PL (d0)|dB + 10n log
10

(

d

d0

)

,

where d0 is the reference distance, here set to 5 m, and

L̄PL (d0)|dB is the path loss at that distance. For the full set

of path loss samples taken at distances from 4 m to 200 m

the path loss coefficients in Table II are obtained. The value

of L̄PL (d0)|dB was set to be equal to the free space path

loss (L̄PL (d0)|dB = 20 log
10

(4πd0/λ)) and n was obtained

through the fit.

The same evaluation has been performed for the mea-

surements without free line-of-sight (NLOS). All of these

measurement samples were taken around a corner of a house at

a street intersection. The distance however is not the geometric

distance between transmitter and receiver, but the full path

length around the corner. This modified measure was used,

because we observed a quick signal degradation when moving

around a faraway corner without proper representation in the

Table II
LINEAR LEAST SQUARES FIT LOS PATH LOSS PARAMETERS

Type Value

n
10 GHz 1.82

60.4 GHz 2.02

d0 5 m

L̄PL (d0)|dB
10 GHz 66.42 dB

60.4 GHz 82.04 dB

geometric distance. As can be observed, some signal values at

distances larger than 100 m go against a limit. This is caused

by the noise floor of the system.
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Figure 7. NLOS path loss and linear regression

Due to the influence of the noise floor, the linear least

squares fit was performed on the measurements up to a

distance of 100 m. The fit is based on a limited number

of samples only, compared to the LOS case. The values in

Table III were obtained by fitting both n and L̄PL (d0)|dB , in

contrast to the LOS case where L̄PL (d0)|dB was given as a

fixed value.

Table III
LINEAR LEAST SQUARES FIT NLOS PATH LOSS PARAMETERS

Type Value

n
10 GHz 3.77

60.4 GHz 3.26

d0 5 m

L̄PL (d0)|dB
10 GHz 60.4 dB

60.4 GHz 80.4 dB

C. Delay spread

The delay spread is a measure to describe the channel

concerning multipath propagation. Here we calculate the root

mean square (rms) delay spread as the second moment of the

APDPs. Figures 8 and 9 show normalized APDPs at 10 and

60.4 GHz respectively. They were taken at the same location

at 68 m Tx-Rx distance. The figures are normalized, so that

the first multipath component, caused by the line-of-sight path,



are positioned at zero delay and amplitude. Here, an evaluation

threshold of 25 dB is applied, meaning that all parts of the

signal below the normalized power of -25 dB are not taken

into account. Only the parts highlighted in red are used to

calculate the excess delays.
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Figure 9. Normalized APDP and excess delay, 60 GHz, 25 dB threshold

The choice of the threshold has a strong influence on the

value of the delay spread [7]. If it is chosen too small,

then very few multipath components are taken into account,

thus reducing the delay spread unnaturally. If it is chosen

too large, then the noise floor will also be considered, thus

falsifying the result towards larger values. The practical choice

of the threshold therefore highly depends on the available

dynamic range and the noise floor of the measurements, as

well as how the delay spread information will be used. In our

measurements, we found values in the range of 20 to 30 dB

to be a good compromise. Values in this region should also

be in line with the dynamic range of practical communication

systems.
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Figure 10. CCDF of RMS delay spread, LOS scenario, 25 dB threshold
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Figure 11. CCDF of RMS delay spread, LOS scenario, 20 dB threshold

Figures 10 and 11 show complementary cumulative density

functions (CCDF) of the values observed for the rms delay

spread with 25 and 20 dB threshold, respectively. As expected,

the observed delay spreads decrease with a decrease of the

threshold.

It is interesting to notice that at 60 GHz the radio channel

has lower rms delay spread than at 10 GHz. As the transmit

and receive antennas were at the same positions, multiple

effects can be the source this observation. Reflections that

occur at buildings, cars and other objects present in the

street can differ due to the different wavelength and relative

roughness of the surfaces. Additionally, the Oxygen absorption

that has a peak in the 60 GHz band of up to 20 dB/km can

additionally attenuate longer paths, thus reducing the delay

spread compared to 10 GHz.

The same evaluation has also been performed for the NLOS

measurements. The CCDF with a threshold of 25 dB can

be seen in Figure 12. Though number of available samples

is limited by the higher path loss, a major increase of the

rms delay spread can be observed against the LOS case.
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Figure 12. CCDF of RMS delay spread, NLOS scenario, 25 dB threshold

This observation can be attributed to the fact, that the LOS

multipath component is blocked and the power distribution

between the other multipath components is more uniform.

In Figure 13 the LOS rms delay spread is plotted over the

distance. Only a slight effect of increase with the distance can

be observed. Besides the difference already observed in the

CCDF plots, no further observation can be made comparing

the different frequencies.

It has to be noted that the delay spread was only evaluated

when the normalized APDP had a dynamic range larger than

the chosen threshold. In order to derive a statistical model

from these measurements, these values should not be omitted,

but taken into account accordingly [8].
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V. CONCLUSIONS

In this paper we presented a channel sounder that simultane-

ously supports two channels at different frequencies. We also

presented a measurement campaign that was performed in an

outdoor urban access scenario with omnidirectional antennas

at 10 GHz and 60.4 GHz.

We presented a collection of measurement results. The

main difference of the path loss under line-of-sight conditions

is caused by the difference in reference path loss (antenna

aperture). In non-line-of-sight conditions the path loss was

observed to be much higher, but the system dynamic range

imposes a limit on the usable distance of the system.

A comparison of the delay spread reveals different behavior

between the frequency bands in form of a reduction of the rms

delay spread when going from 10 to 60.4 GHz.
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4 Measurement campaigns and modeling approaches

4.4 Instantaneous path loss model
Street canyon path loss measurements were presented in the previous sections.
Based on the raw path loss data from the measurement in Section 4.2, the
following publication [WPK+14b] introduces a model that was parameterized
to match the measurement observation. The model provides instantaneous
path loss values depending on the distance between transmitter and receiver.
This model was used as an input to system level simulations. These simulations
are set up to evaluate the system rate of an overlay heterogeneous network,
matching the scheme introduced in Chapter 3.1.
The model presented in this publication has a high level of abstraction

and outputs instantaneous path loss values. It does not include spatial and
temporal resolution and consistency. Therefore it cannot be applied to link
level investigations. The publication then introduces a system level simulation,
based on a heterogeneous network deployment as introduced in Section 3.1 and
the path loss model is compared to a pure free-space path loss model. The
comparison yields no significant impact of the model on the overall system rate
gain.

Contribution

This publication is a cooperative work in the frame of the MiWEBA project. It
consists of the two major parts, the wireless channel and its modeling and the
system performance evaluation. I authored the introduction, Section III (Path
loss model) based on post-processing of the measurement data done by myself
and major parts of Sections II (Path loss measurement). Section IV (System
level simulation) was provided by my co-authors.
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I. INTRODUCTION

Network densification and the usage of new spectrum are
very important technical aspects that are currently considered
for future fifth generation mobile radio networks (5G) [1],
[2]. The millimeter-wave frequency band, e.g. the license free
60 GHz band, is a very promising candidate for the spectral
extension with multiple Gigahertz of previously unused band-
width. Due to the propagation properties in the millimeter-
wave bands, the coverage provided by such cells is expected to
be much smaller than with the legacy sub 6 GHz frequencies.
Therefore small cell deployment scenarios in form of a
heterogeneous network (HetNet) in combination with legacy
macro cell base stations is a more suitable architecture [2].

The discussion on millimeter-wave frequencies for cellular
access is relatively new and the knowledge on the channel
properties in these environments is still very limited. However,
evaluating the baseline performance of such heterogeneous
networks and comparing the performance to other approaches
discussed for 5G, requires system level models incorporating
suitable path loss models. In this paper we present an outdoor
60 GHz measurement campaign and the derivation of path
loss parameters. We then used these parameters to compare
a heterogeneous network with millimeter-wave overlay small
cells with these channel parameters to free space propagation.

The rest of this paper is organized as follows. Section II
presents an overview on the state of the art and the measure-
ment campaign that was performed. Section III explains the
derivation of the path loss. In section IV the model is applied
to system level simulations.

II. PATH LOSS MEASUREMENT

A. State of the art

The indoor millimeter-wave channel, especially at 60 GHz
has recently received much attention. There even exists a num-
ber of standards for high data rate indoor communication, such
as IEEE 802.11ad and 802.15.3c. For outdoor environments
however the knowledge on the channel properties is still very
limited. Comprehensive path loss models and spatial channel
models for millimeter-wave small cell deployments in outdoor
environments do not yet exist. A fundamental understanding
of the characteristic propagation effects is essential to elabo-
rate appropriate models.

Recently some measurements have been reported and some
initial models have been derived [3]–[6]. These measurements
were performed using steerable directional antennas at a
number of fixed transmitter and receiver locations. As the
number of positions is very limited due to the high complexity
and time consuming measurement procedure, it is difficult to
derive reliable statistical models and parameters.

Generally the propagation at millimeter-wave frequencies
heavily depends on the specific scenario and whether the
line-of-sight (LOS) path between the transmitter and the
receiver is free or obstructed. To what extent reflections
originating from objects in the environment can be used to
establish communications links is still under investigation.
Especially the temporal channel behavior in dynamic outdoor
environments still needs to be investigated thoroughly.

The frequency dependence of reflections, which are the
main reason for multipath propagation, is mainly related
to surface roughness [7]. The roughness of typical exterior
building materials only moderately affects propagation in the
lower GHz range. However, in the millimeter-wave band
it may decide between receiving a beneficial near-specular
reflection path and none at all. Diffraction effects decrease
rapidly as frequency increases. In the millimeter-wave band
they are typically only relevant if the size of the obstacle is
quite small like in the order of tens of cm. As a result even
human body shadowing can cause severe losses exceeding 30
dB [8].

©2014 IEEE. Reprinted, with permission, from R.J. Weiler et al., "Outdoor Millimeter-Wave Access for Heterogeneous
Networks – Path Loss and System Performance," in Personal, Indoor and Mobile Radio Communications (PIMRC Work-
shops), 2014 IEEE 25th International Symposium on, Sept. 2014, DOI: 10.1109/PIMRC.2014.7136536

http://dx.doi.org/10.1109/PIMRC.2014.7136536


B. Measurement campaign
A measurement campaign in an outdoor small cell access

environment has been performed. The Potsdamer Straße in
downtown Berlin, Germany was selected as a typical densely
built and busy environment. Such places with a large number
of pedestrians are expected to be among the first places
that will be equipped with millimeter-wave small cell base
stations.

Potsdamer Straße

51.5 m

TX positions
RX tracks

50.0 m 50.0 m 50.0 m 50.0 m

50.0 m

Figure 1. Measurement scenario

Figure 1 shows the scenario. It is a street canyon of 51.5
meter width with high modern buildings to each side. There
are pedestrian sidewalks on each side of the road and in
the middle between the lanes. A transmitter was placed at
several static positions marked with red stars in the figure.
The transmitter was mounted on a pole at a height of 3.5
meter to simulate a typical small cell deployment on street
furniture, such as street lights. The receiver was mounted
on a mobile cart at a height of 1.5 meter and moved along
the sidewalk at constant speed. This should reflect a typical
mobile user terminal. The receiver was moved from 50 meter
to one side of the transmitter to 50 meter to the other side
for each TX position, as indicated by the colored lines in
the figure. On the sidewalks there are typical objects such as
trees, bus stops, trash cans and bicycle stands. Aside of some
small objects such as tree branches without leaves, at almost
all receiver positions there was an unobstructed line of sight
to the transmit antenna.

The channel sounder is based on a self-developed, flexible
FPGA-based hardware platform [9]. The center frequency of
the signal was 60 GHz and the measurement bandwidth was
250 MHz. The output power was 15 dBm with omnidirec-
tional antennas at both the transmitter and receiver location.
The receiver was calibrated by directly connecting it to the
transmitter. A measurement snapshot was taken every 800 µs.
Every snapshot contains a channel impulse response. A total
of 2.5 million snapshots was taken using this configuration.

III. PATH LOSS MODEL

Based on the results of the measurement campaign a
specific path loss model was derived. This model does not
separate large-scale and small scale behavior, but considers
both effects to be part of the instantaneous path loss. This
model can be useful as input for system simulations to
generate path loss values without taking into account the
detailed temporal structure of the channel and differentiating
between large-scale and small-scale effects. It is therefore
called “conjoint instantaneous path loss model”.

A. Conjoint instantaneous path loss model

As described in Section II, the measurement snapshots
were taken using omnidirectional antennas. When calculating
the path loss on this basis all possible propagation paths
between transmitter and receiver are taken into account. This
is reasonable if the targeted communication system makes use
of omnidirectional antennas, too. However, it is somewhat
unrealistic as real millimeter-wave communication systems
will most probably employ directional antennas to improve
their link budget. Directional antennas imply that a spatial
filtering of signals propagating towards the antenna is per-
formed, depending on its orientation and antenna pattern. In
order to replicate this behavior, a window in the delay domain
around the LOS delay was applied to each CIR from the
measurement, before it was used to calculate the path loss.
In this way only the line-of-sight component, the ground
reflection and reflections from other objects very close to
the line-of-sight path are taken into account. It is assumed
that this windowing approach is a good approximation of a
spatial filtering around the line-of-sight between transmitter
and receiver. There are cases conceivable where this ap-
proximation is not true, e.g. objects between transmitter and
receiver that would reflect the waves back and forth before
arriving at the receiver. However, verification measurements
that were performed using directional antennas support our
approximation.

Figure 2. Measured path loss and mean path loss least squares fit.

In Figure 2 the path loss for all distances from 5 to 50
meter distance is shown as a scatter plot (blue). The yellow
line represents the linear least squares (LS) fit corresponding
to the mean path loss. The parameters identified for this path
loss model can be found in Table I.

Table I
PATH LOSS PARAMETERS

Type Value
d0 5 m

L̄PL (d0) 82.02 dB
n 2.36

The deviations of the path loss from the mean, as can be



seen in Figure 2, are considerably larger than for spatially
averaged values, which are to be used to derive path loss
parameters for the classical large-scale model. Investigations
revealed that small-scale fading due to a strong ground
reflection is the main reason for that behavior. It superimposes
with shadow fading caused by temporary obstructions of the
line-of-sight path by small objects or pedestrians.

To further investigate the path loss in a statistical manner,
the data in Figure 2 was normalized with the fitted mean
path loss. Then the relative amplitude of each snapshot was
calculated and empirical probability distributions for bins of
5 meter distance were generated. For each of these distribu-
tions a Rician distribution was fit onto the data, which has
been identified to be well suited for this purpose. Figure 3
exemplarily shows the distribution and the Rician fit for the
bins from 5 to 10 meter (Fig. 3a) and from 45 to 50 meter
(Fig. 3b). As can be seen the quality of the approximation
through the Rician distribution varies between samples but
is seen as good, given the limited number of experimental
samples.
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Figure 3. Empirical probability density function of relative amplitude.

The fitted parameters K and Ω of the Rician distribution
are shown in Figure 4. To simplify the model, a linear fit has

been performed on both parameters. The parameters are:

K = −0.62 · d + 25 dB

and
Ω = 0.013 · d + 1,

where d is the TX-RX distance.
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Figure 4. Distance dependent model parameters.

Based on these evaluations, the conjoint instantaneous path
loss model takes the following form:

LPL (d)|dB = L̄PL (d0)|dB

+ 10n log10

(
d

d0

)
− 20 · log10 RK,Ω,

where RK,Ωis a distance-dependent Rician random variable.
Using the derived model Figure 5 shows a simulated scatter

plot of the path loss. Compared to the measured path loss in
Figure 2 the model yields a very good accordance.

It has to emphasized that the derived model delivers in-
dependent instantaneous values of the path loss. This means
that two consecutively drawn path loss values for the same
or a similar distance are uncorrelated and do not reflect the
evolution of the path loss when the receiver is moving. In



practice, there are strong correlations between consecutive
channel observations and the fading caused by the ground
reflection. Furthermore this path loss model is derived from
band limited measurements with a bandwidth of 250 MHz
that is also included in the overall effects.

If the correlations are important, a more advanced path
loss model has to be used, based for example on a two
ray propagation model and additional statistical properties.
However, the model is well suited for link- and system-level
simulations that assume block fading.

Figure 5. Simulated instantaneous path loss.

B. Comparison to other models

Figure 6 shows a comparison of different path loss models.
The blue dots and the yellow line are instantaneous path loss
values as described in this paper, extrapolated up to 200 meter.
The free space model is based on Friis transmission equation
[10]. The “Empirical NYC” models for line-of-sight (LOS)
and non-line-of-sight conditions are based on measurements
at 73 GHz, reported in [3]. The 3GPP urban micro model
(UMi) is based on [11] and was calculated for a frequency of
60 GHz.

The path loss values for “Empirical NYC LOS” and the
one derived in Section III-A are very close to that of free
space propagation for up to a few hundred meters. The
3GPP standard UMi model overestimates the path loss when
it is applied to millimeter-wave frequencies, a band it was
primarily not designed for. The “Empirical NYC NLOS” is
mentioned for completeness and gives path loss values that
are 20 dB greater than the ones observed under line-of-sight
conditions.

IV. SYSTEM LEVEL SIMULATION

We conducted system level simulations based on previous
work [12] to evaluate the performance of millimeter-wave
overlay heterogeneous networks. In this study, the system rate
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Figure 6. Comparison of path loss models

of the heterogeneous network is defined as follows:

R =
∑

u∈M
min

(
WMCu,M

|M| , Lu

)

+

NS∑

s=1

∑

u∈Ss

min

(
WsCu,s

|Ss|
, Lu

)
(1)

where WM and Ws are the available bandwidth for macro
and small cell respectively. Cu,M and Cu,s are link capacity
from macro and s-th small cell [13]. |M| and |Ss| represent
the number of users belonging to the macro base station (BS)
and number of users attached to the s-th small cell BS. NS is
a total number of small cell BSs deployed within one macro
cell area. Lu is a traffic demand of user u. In this paper,
we compare the value of system rate of a free space path
loss scenario with that based on the model derived in Section
III-A. The performance metric is the system rate gain defined
as follows:

G = R/RHomoNet (2)

RHomoNet =

NUE∑

u=1

min

(
WMCu,M

|M| , Lu

)
, (3)

where RHomoNet is the system rate of the macro only cellular
network (homogeneous network), NUE is a total number of
users.

A. Simulated scenario

This simulation focuses on two types of multi band HetNet
systems, i.e.

1) 2 GHz and 60 GHz HetNet, average traffic is 2.6 Mbps
2) 2 GHz and 60 GHz HetNet, average traffic is 64 Mbps

The simulation parameters are listed in Table II.
In the free space path loss scenario, the path loss model is

described as

20 log10(d) + 20 log10(f)− 147.55 (4)

where d is the distance between the BS and the user equipment
(UE). f is the center frequency, here 60 GHz.



Table II
SIMULATION PARAMETERS.

Parameter Value
Bandwidth

(Macro / 60 GHz) 10 MHz / 2 GHz
Number of macro cells 7 (1 evaluate, 6 interference)
Number of small cells

(per 1 macro site) 0–200
Number of UEs

(per 1 macrocell) 5000
Number of BS antennas M 4
Number of UE antennas N 2

Antenna gain
(Macro / 60 GHz) 17 dBi / 25 dBi

Antenna beam pattern
(Macro / 60 GHz) 3GPP [14] / WiGig [15]
BS antenna height
(Macro / 60 GHz) 25 m / 3 m
UE antenna height 1.5 m

Tx power
(Macro / 60 GHz) 46 dBm / 10 dBm

The distribution of traffic demand Lu is assumed as Gamma
distribution. In this paper, we assume that the mobile traffic
load grows about twice every year and two scenarios are
evaluated: 5 years later (40 times higher traffic), and 10 years
later (1000 times higher traffic).

B. Simulation Results

Numerical results of the system rate gain are shown in Fig.
7. The red line and the blue line represent the scenario based
on the conjoint instantaneous path loss model (“Measured”)
and the free space scenario respectively. There are no sig-
nificant differences between the two scenarios. This result
indicate that the the measurement based channel parameters
does not limit the applicability in the investigated millimeter-
wave overlay heterogeneous network in comparison to a 60
GHz free space propagation model.
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Figure 7. System level simulation result

V. CONCLUSION

In this paper a path loss model for outdoor urban access
links was introduced. This conjoint instantaneous path loss
model comprises all large and small scale propagation effects
and can be used as input to system level simulations. Eval-
uation of a heterogeneous network architecture with 60 GHz

small cell deployments, based on the introduced model shows
the feasibility of millimeter-waves as urban outdoor access
technology for 5G systems.
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4 Measurement campaigns and modeling approaches

4.5 Quasi-deterministic channel model
The previously introduced model provides instantaneous path loss values,
drawn from a statistical process, matching the measurement results. This is
insufficient, when investigating the link level of millimeter-wave communication
systems. When designing the physical and MAC layer of a system for example,
a number of requirements need to be satisfied. Details on the multipath
nature of the channel impulse response and spatial and temporal consistency
for moving users are important. Additionally, detailed information on the
angles of departure and arrival of the multipath components is necessary when
investigating communication links with directional or beamforming antennas.
Information on interference from neighboring stations also needs to be provided
by the model.

The following publication describes a quasi-deterministic modeling approach
and its parameterization that answers these requirements [WPK+16b]. The
model was developed and published in the MiWEBA project [MPK+14, MPB+14].
It is based on parts of the IEEE 802.11ad channel model [MMS+10] and was
extended and adapted to outdoor scenarios. The model relies on a geometrical
description of the environment, an open square scenario in the present case. Ma-
jor contributors to the receive signal, such as the line-of-sight propagation and
the ground reflection are expressed in a deterministic way. Other components,
such as random reflections and shadow fading, observed in the measurements,
are modeled as stochastic components. Through its deterministic construction,
spatial consistency and resolution of angle of departure and arrival is inherently
provided. Patterns of beam steering or beam forming antennas can be applied
on top. Even interference from neighboring stations can be obtained in a link
level simulation.

The detailed output of the channel model relies on the detailed description of
the environment and needs to be adapted to each scenario under investigation.
However, the general construction of the model does not need to be changed.
Future steps towards a next generation, millimeter-wave channel model might
define a set of reference scenarios, such as the scenarios and use cases defined by
the METIS project [OBB+14]. A set of model parameters can then be derived
for each scenario and used for the link level investigations.
The publication also introduces another type of channel model that was

developed by some of the co-authors in the MiWEBA project. This model can
generate channel impulse responses for heterogeneous network deployments
with varying bandwidth but does not provide spatial and temporal consistency
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4.5 Quasi-deterministic channel model

as the quasi-deterministic model does.

Contribution

The quasi-deterministic modeling approach was developed and published in the
MiWEBA project by some of the co-authors and myself [MPK+14, MPB+14].
The present publication contains an updated model with parameters adapted
to the open square scenario. The writing of the publication was coordinated by
myself and I entirely authored Sections 1, 2 and 6. The underlying measurement
campaign was planned and executed by some of my co-authors and myself and
the data analysis and post-processing was performed by me. Sections 3, 4 and
5 were contributed by my co-authors, with contributions and reviews provided
by myself, especially to Section 4.

71



RESEARCH Open Access

Quasi-deterministic millimeter-wave
channel models in MiWEBA
Richard J. Weiler1*, Michael Peter1, Wilhelm Keusgen1, Alexander Maltsev2,3, Ingolf Karls2, Andrey Pudeyev2,

Ilya Bolotin2, Isabelle Siaud4 and Anne-Marie Ulmer-Moll4

Abstract

This article introduces a quasi-deterministic channel model and a link level-focused channel model, developed with

a focus on millimeter-wave outdoor access channels. Channel measurements in an open square scenario at 60 GHz

are introduced as a basis for the development of the model and its parameterization. The modeling approaches are

explained, and their specific area of application is investigated.
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1 Introduction
The increasing mobile traffic demand has led to the

proposition of numerous approaches for the future

development of mobile radio networks. One popular

proposition for the next generation (so-called 5G) is the

usage of previously unused spectrum in the millimeter-

wave band [1]. Using the spectrum at these high

frequencies incurs new challenges, compared to radio

systems that operate at frequencies below 6 GHz. The

possible applications are in backhaul and fronthaul links

on the network side [2] or on the access link. Recent re-

search proves the general feasibility of outdoor access

links in the lower millimeter-wave band (30–40 GHz)

based on path loss evaluations [3]. At the same time, a

high spatial selectivity of the channel is observed in this

publication.

The higher free-space path loss motivates a design

shift from an omni-directional operation to more spatial

focusing, using high-gain beam-forming antennas and

multiple input/multiple output (MIMO) approaches. It

will also incur a change in system design, towards a

more dense deployment of so-called overlay small cell

base stations, which will exist in addition to today’s

macro-cell deployments. These base stations can then

provide very high throughput millimeter-wave access

links to the user terminals. The small cells themselves

will also need backhauling to the core network. This in

turn might also be deployed using the millimeter-wave

bands for interference and bandwidth considerations.

For the successful design and development of such

systems, a comprehensive channel model that covers the

relevant propagation effects is an essential basis.

The millimeter-wave band has already been used for

fixed outdoor applications with success in the recent

years [4]. The main concerns for this kind of applica-

tions are the impact of weather conditions (rain,

snow, fog) and the availability of an unblocked line-

of-sight (LOS) on the link quality. As the links are

mostly static, simple path loss models are sufficient

for these applications.

A large number of channel models have been pro-

posed and used for sub-6 GHz wireless communication

and different kinds of applications and use cases. A well-

known model for mobile radio networks is, e.g., the

WINNER II channel model [5]. It relies on a geometry-

based stochastic approach and was designed for frequen-

cies from 2 to 6 GHz with up to 100 MHz bandwidth.

Its parameters are determined stochastically, based on

statistical distributions extracted from channel measure-

ment data. The model was developed for a wide range of

propagation scenarios ranging from indoor office, urban

micro-cell to urban and rural macro-cell. Different

scenarios are modeled by the same approach but with

different parameters. When going to higher carrier fre-

quencies in the millimeter-wave band and wider band-

widths, the WINNER II and similar geometry-based

stochastic models might not be valid any more.
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Recently, the widely used IEEE 802.11 standard for

wireless local area communication has been extended to

the 60-GHz band with the 802.11ad protocol. This

standard targets indoor communication. A new channel

model was developed for this standard, based on the ob-

servation that the wireless channel can be well described

with a set of distinct geometry-based propagation paths

[6]. Spatial resolved measurements were performed in

static indoor environments, showing that ray-tracing-like

propagation paths with up to two reflections dominate the

received power [7].

Here, we present the quasi-deterministic (Q-D) chan-

nel model and the link level-focused Canal Enregistré de

Propagation Déterministe (CEPD) model, which have

been developed and used within the Millimeter-Wave

Evolution for Backhaul and Access (MiWEBA) project.

The Q-D model combines a geometry-based approach

for a limited number of multipath components and a

stochastic approach. In this paper, we show how this

channel modeling approach may be applied for specific

access use cases (outdoor open square and large indoor

area) and further how it can be modified for other envi-

ronments. This modeling approach was chosen in order

to accurately support spatial consistency that would not

be possible with a statistical model. New experimental

data for an open square scenario measurement are used

to improve the modeling methodology described previ-

ously in [8, 9]. An extension is given in a form of the

CEPD model that can be used to abstract the generic Q-

D model to system level requirements, such as limited

bandwidth and impact of antennas.

The development of the channel model was driven by

a set of reference use cases and scenarios, defined in the

MiWEBA project, whose focus is the investigation of

new 5G architectures with millimeter-wave technology

[10, 11]. These use cases are similar to other 5G-related

investigations, with a focus on millimeter-wave frequen-

cies and their limitations. Apart from indoor and back-

haul scenarios, emphasis is on outdoor mobile access

links of small cell base stations with a typical cell radius

of several hundred meters. The work presented in this

paper focuses on this kind of links.

Section 2 details the performed outdoor access

channel measurements to give an understanding of en-

vironment and the observed radio propagation effect.

Section 3 then introduces the Q-D modeling approach.

The measurement-based parameterization of the model

is given in Section 4. Section 5 explains the link layer

focus channel model and links it to the Q-D model.

2 Open square scenario experimental

measurements
A measurement campaign was performed on “Leipziger

Platz” in downtown Berlin, Germany [11]. This is an

open square of octagonal shape with modern glass and

stone buildings to the sides. A street with three lanes

per direction is cutting through the square with a diam-

eter of 150 m. The area itself is covered with grass and

some trees and lined with sidewalks, as can be seen in

Figs. 1 and 2. The transmitter was placed at a height of

3.5 m at four different positions on the sidewalk and on

the grass. This height was assumed as a starting point

for small cell deployments being placed on existing

street furniture. The receiver was moved along the side-

walk with an antenna height of 1.5 m. The receiver

tracks and their associated transmitter positions are col-

ored alike.

The center frequency of the measurement campaign

was 60 GHz with a sounding bandwidth of 250 MHz.

The antennas used on both sides are commercially avail-

able vertical polarized omni-directional antennas with a

gain of 2 dBi. Their radiation pattern is flat in the entire

azimuth as well as for elevation angles from −30° to 30°.

This allows acquiring omni-directional power delay pro-

files without any mechanical steering. The influence on

the antenna pattern in elevation is expected to be min-

imal, as there are no major sources of reflection outside

the 60° half-power opening angle.

The receiver cart is either static or moving at a con-

stant speed of 0.5 m/s, each with a temporal snapshot

separation of 800 μs. Due to properties of the measure-

ment system, the maximum number of snapshots per

acquisition is ca. 60.000. Tracks requiring longer acquisi-

tion are measured in multiple adjacent runs.

Due to the measurement bandwidth and the geometry

of LOS and ground-reflected propagation, fading can

occur on the measured path power [12]. Averaging al-

lows reducing this effect and simplifies measurements,

but for the data analysis in the present paper, no aver-

aging is applied, as the focus lies on the multipath prop-

erties of the channel detailed investigation.

A typical channel impulse response vs. time plot on

the sidewalk at the middle road (Tx1, receiver at P1) is

given in Fig. 3. The LOS path is clearly visible and stable

at a delay of 84 ns, which equals exactly the transmitter

to receiver distance of 25 m in this measurement. The

ground reflection cannot be resolved due to the meas-

urement bandwidth. Other stable propagation paths at

higher delays are clearly visible. For example, in Fig. 3

there are strong components at 276, 308, and 324-ns

delays, being path lengths of ca. 83, 92, and 97 m re-

spectively. It should be noted that power fluctuation of

those stable components in time was less than 1–2 dB.

Figure 4 shows an average power delay profile of an en-

tire 50-s measurement run at the same location. Note

that this figure shows the full resolvable delay axis up to

1.024 μs, opposed to the previous figure that was re-

stricted to 400 ns.
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Channel impulse responses for moving receivers are

shown in Figs. 5 and 6. In the first case, the transmitter

is placed at the position Tx2 and the receiver is moving

along track Rx2, starting at the western end. In the sec-

ond figure, the transmitter is placed on the position Tx4

and the receiver is moving along the dashed part of the

Rx4 track, starting at the northern end. Multiple adja-

cent measurement runs (three and two, respectively)

were concatenated for the plots, causing some minor

discontinuities. The LOS delay varies in both cases as

Fig. 2 Map of open square measurements

Fig. 1 Leipziger Platz measurement site view (Photo: Arild Vågen, License: CC BY-SA 3.0)
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the receiver is moving closer and farther from the trans-

mitter location, matching well with the geometrical Tx-

Rx distance. In the Tx4 case, a strong multipath compo-

nent is visible at an excess delay (over LOS) of ca. 25 ns.

This path could be identified as a reflection from the

closest building. On this reflected component, a strong

fading effect is visible, but as described earlier, this can

be caused by the reflected ray and its ground reflection,

which cannot be resolved with the measurement band-

width. In the Tx2 measurement, the next building wall is

much more distant and therefore much weaker. On the

other hand, some multipath components become visible

at ca. 80 s when the receiver passes the subway exit with

its metallic construction. As with the static measure-

ment, a number of stable multipath components (clearly

visible as lines at the time-delay diagram) are caused by

surrounding buildings. The “color noise” also present on

the diagram is caused by reflections from various objects

such as trees and street furniture. The delay of these

paths depends on the precise geometrical setup of the

environment. Analyzing the channel impulse response at

greater delays than shown here reveals that the strength

of these components is much weaker and quickly van-

ishes in the dynamic range of the measurement. The

maximum observed relevant delay relative to LOS path

is about 150–200 ns.

Another static average power delay profile is given in

Fig. 7. The receiver position corresponds to a time of

45 s in Fig. 6. In this position, the multipath component

with an excess delay of 50 ns is about 20 dB below the

Fig. 3 Channel impulse response with a static receiver, Tx1

Fig. 4 Average power delay profile of static receiver pos. P1 with Tx1
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LOS, but another component with an excess delay of ca.

110 ns is visible, which is less than 10 dB below the LOS

power. The measurement results for the Tx position Tx3

and the Rx position Rx3 are very similar to the Tx4 and

Rx4 results, respectively.

The analysis of other channel parameters from

these and similar urban access measurements, such as

path loss and delay spread, was presented in earlier

work [13, 14].

3 Quasi-deterministic channel model

The experimental measurement results in Section 2, rep-

resented in the form of time-delay diagrams (Figs. 3, 4,

5, 6, and 7), illustrate the fact that the channel for static

and moving Tx-Rx positions is not completely random,

but has some Q-D components, that are represented in

the time-delay diagrams by steady, clearly visible lines

and traces. Moreover, the strongest traces can be identi-

fied as LOS path and reflections from the nearest build-

ings. The same diagram, plotted by using the ray-tracing

reconstruction of the environment, will be very similar

to the one seen in the experiments, with difference only

in noise-like background and weak short traces that can

be caused by small objects. These observations lead to

the conclusion that realistic millimeter-wave channel

models can consist of deterministic components, defined

by the scenario and random components, representing

unpredictable factors or objects that are random or

insignificant.

Such an approach, called Q-D, was offered for

modeling access and backhaul millimeter-wave chan-

nels at 60 GHz [9, 15]. The approach builds on the

Fig. 5 Channel impulse response with a moving receiver, Tx2

Fig. 6 Channel impulse response with a moving receiver, Tx4
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representation of the millimeter-wave channel impulse re-

sponse comprised of a few Q-D strong rays (D-rays), a

number of relatively weak random rays (R-rays, originat-

ing from the static surfaces reflections), and flashing rays

(F-rays, originating from moving cars, buses, and other

dynamic objects reflections).

The key benefit of this approach compared to pure

statistical models is its inherent support for spatial

consistency. The deterministic part of the channel im-

pulse response accurately takes the position of the trans-

mitter and receiver into account. Simulating a moving

user, for example, the band-limited channel impulse re-

sponse can accurately reproduce fading effects, observed

in real measurements [16]. This is not possible with a

purely statistical model.

The first type of rays makes the major contribution

into the signal power, is present all the time, and usually

can be clearly identified as a reflection from scenario-

important macro objects. It is logical to include them

into the channel model as deterministic (D-rays), expli-

citly calculated values. The element of randomness, im-

portant for the statistical channel modeling, may be

introduced on the intra-cluster level, by adding a ran-

dom exponentially decaying cluster to the main D-ray.

The second type of rays (R-rays) is the reflections

from the random objects or the objects that is not

mandatory in the scenario environment. Such type of

rays may be included in the model in a classical

statistical way, as rays with parameters (power and

delays) selected randomly in accordance with the pre-

defined distributions.

The third type of rays (F-rays) may be introduced to

the model in the same way as R-rays but with some add-

itional statistic for appearing chance and duration.

All the types of rays are then combined in the single-

clustered channel impulse response, shown in Fig. 8.

Here, a cluster refers to multipath components with

similar delay, angle of departure (AoD), and angle of ar-

rival (AoA) parameters. All of these parameters must be

similar in order for the multipath components to form a

cluster, and paths belonging to a cluster should have the

same physical propagation mechanisms [5].

For each of the channel propagation scenarios, the

strongest propagation paths are determined and associ-

ated to rays which produce the substantial part of the re-

ceived useful signal power. Then, the signal propagation

over these paths is calculated based on the geometry of

the deployment and the locations of the transmitter and

receiver, calculating the ray parameters, such as AoA

and AoD, power, and polarization characteristics. The

signal power conveyed over each of the rays is calculated

in accordance to theoretical formulas taking into ac-

count free-space losses, reflections, antenna polarization,

and receiver mobility effects like Doppler shift. Some of

the parameters in these calculations may be considered

as random values like reflection coefficients or as

random processes like receiver motion. The number of

D-rays, which are taken into account, is scenario

dependent and is chosen to be in line with the channel

measurement results. Additionally to the D-rays, a lot of

other reflected waves are received from different direc-

tions, coming, for example, from cars, trees, lamp posts,

benches, and houses (for outdoor scenarios) or from

room furniture and other objects (for indoor scenarios).

These rays are modeled as R-rays. These rays are defined

as random clusters with specified statistical parameters

extracted from available experimental data or ray-tracing

modeling.

Fig. 7 Average power delay profile of static receiver pos. P4 with Tx4
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For a given environmental scenario, the process of the

definition of D-rays and R-rays and their parameters is

based both on experimental measurements and ray-

tracing reconstruction of the environment. The results

presented in Section 2 on experimental measurement

may serve as a great example of the process. The experi-

mental measurement processing includes peak detection

algorithm [15] with further accumulation of the peak

statistics over time, identifying the percentage of the se-

lected ray activity during observation period. The rays

with activity percentage above 80–90 % are the D-rays:

strong and always present, if not blocked. The blockage

percentage for D-rays may be estimated around 2–4 %.

The rays with activity percentage about 40–70 % are the

R-rays: the reflections from far-away static objects,

weaker, and more susceptible to blockage due to longer

travel distance. And finally, the rays with activity per-

centage below 30 % are the F-rays: the flashing reflection

from random moving objects. Such rays are not

“blocked”; they actually “appear” only for a short time.

Scenarios with obstructed line-of-sight (OLOS) be-

tween the transmitter and receiver antennas, caused by

moving or fixed objects (e.g., cars, pedestrians, trees),

can be integrated in the model with a stochastic process.

Scenarios where the LOS is completely blocked by large

objects (e.g., buildings) are often referred to as non-line-

of-sight (NLOS). These might also be taken into account

by the model, by blocking the LOS and ground reflec-

tion D-ray permanently and by carefully defining the

other D-rays. Measurements have to be performed to

derive meaningful parameters for this case. The meas-

urement campaign described in Section 2 focused on

LOS and OLOS scenarios and does not provide infor-

mation on this. Other measurements performed by

the authors however show that a millimeter-wave sig-

nal can be received in an urban street canyon NLOS

scenario, but received signal strength quickly drops

with the distance [14].

A clustered structure is added as a final stage for both

for Q- and R-rays, introducing the set of exponentially

decaying rays after the main ray of the cluster, with the

pre-defined K-factor and time of arrival distribution. The

resulting channel impulse response can be represented as

the sum of clusters corresponding to D-rays (direct ray,

ground reflection, etc.), clusters corresponding to R-rays,

and clusters corresponding to F-rays: see expression (1).

For taking into account the polarization effects, the square

channel matrix H
i is introduced instead of scalar, model-

ing both polarizations and their dependence.

h t; φtx; θtx; φrx; θrxð Þ ¼
X

i

H
iCi½t−T i; φtx−Φ

i
tx;

θtx−Θ
i
tx; φrx−Φ

i
rx; θrx−Θ

i
rx�

Ci t; φtx; θtx; φrx; θrxð Þ ¼
X

k

αi;kδ t−τi;k
� �

δ φtx−φ
i;k
tx

� �

�δ θtx−θ
i;k
tx

� �

δ φrx−φ
i;k
rx

� �

�δ θrx−θ
i;k
rx

� �

ð1Þ

where h is a generated total channel impulse response

function and t is current time; φtx, θtx, φrx, θrx are azi-

muth and elevation angles at the transmitter and re-

ceiver, respectively; Hi and Ci are the gain matrix and

the channel impulse response function for the i-th

Fig. 8 Q-D channel model channel impulse response structure
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cluster, respectively, δ() is the Dirac delta function; Ti,

Φtx
i, Θtx

i, Φrx
i, Θrx

i are time-angular coordinates of the

i-th cluster; αi,k is the amplitude of the k-th ray of the i-th

cluster; and τi,k, φtx
i,k, θtx

i,k, φrx
i,k, θrx

i,k are relative time-

angular coordinates of the k-th ray of the i-th cluster.

Note that each ray has its own delayτ, angular charac-

teristics, such as AoD (φtx, θtx), AoA (φrx, θrx), and, fi-

nally, the channel matrix H that characterizes the

polarization, power, and phases of the two polarization

components. In this case, the transmission equation for

a single-ray channel may be written as:

y ¼ Gtx φtx; θtxð ÞGrx φrx; θrxð ÞeHrxHetxx ð2Þ

where x and y are the transmitted and received signals, etx
and erx are the polarization (Jones) vectors for the Tx and

Rx antennas, respectively, and Gtx(φ,θ) and Grx(φ,θ) are

antenna gains at given angular coordinates. Generally, the

Gtx and Gtx are different for different polarizations and

should be represented as vectors, just like etx and erx.

4 Q-D channel model development
The analysis of experimental measurements described in

Section 2 and the results available from previous

experimental campaigns [9, 17] have shown that the Q-D

channel model with multiple D-rays may provide

appropriate description for the different environments.

Based on the Q-D methodology, the millimeter-wave

channel model for an open area (open square, university

campus, etc.) scenario was developed. Figure 9 illustrates

the environment setup with two D-rays (direct ray and

ground-reflected ray) with a number of R-rays reflected

from random objects in the area. But, as shown in

Section 2, the open square scenario may have a few add-

itional strong rays, stemming from different objects, such

as metalized bus stop windows and surrounding buildings.

To have a more accurate scenario description, these

strongest reflections can be taken into account expli-

citly as additional D-rays, but weaker paths should be in-

cluded in a statistical manner, as R-rays.

4.1 D-ray modeling

The Q-D rays are explicitly calculated in accordance

with scenario parameters, geometry, and propagation

conditions. The propagation loss is calculated by the

Friis equation, taking additional losses from the oxy-

gen absorption into account (Table 1, second row).

An important part of the proposed Q-D approach to

the channel modeling is the calculation of the

reflected ray parameters. The calculations are based

on the Fresnel equations, with additionally taken into

account losses due to surface roughness (Table 2,

second row)

The feasibility of the proposed approach to the predic-

tion of the signal power is proven in [18] for outdoor

micro-cell environments and in [19] and [20] for inter-

vehicle communication modeling. In general, problems

of the signal power prediction are considered in [21].

Fig. 9 Open area scenario illustration
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The D-rays are strictly scenario dependent, but in all

considered scenarios, two basic D-rays are present: the

direct LOS ray and the ground-reflected ray. The calcu-

lation of those two basic rays’ parameters will be the

same for all scenarios.

4.1.1 Direct ray

The direct LOS ray is a ray between Tx and Rx.

4.1.2 Ground ray

The ground-reflected ray presents in all considered sce-

narios. Its parameters are calculated based on the Friis

free-space path loss equation and the Fresnel equation

to take into account reflection and rough surface

scattering factor F. Note that the horizontally and verti-

cally polarized components of the transmitted signal will

be differently reflected and, thus, the channel matrix

should have different diagonal elements.

4.1.3 Additional rays

For the open area scenario, with no significant reflection

objects other than ground, only two D-rays are consid-

ered. However, in more rich scenarios, like the one con-

sidered here as the large square, or, for example, street

canyon scenario, reflection from one or more walls

should be taken into account. The principle of calcula-

tion of these additional D-rays is the same; detailed de-

scription may be found in [15]. The closest wall can be

calculated using the geometry and positions of the trans-

mitter and receiver. The calculation of the path proper-

ties is equal to the ground ray reflection in the previous

section with adapted material parameters.

4.2 R-ray modeling

For taking into account a number of rays that cannot be

easily described deterministically (reflections from ob-

jects that are not fully specified in the scenario, objects

with random or unknown placement, objects with com-

plex geometry, higher-order reflections, etc.), the statis-

tical approach is used in the Q-D channel modeling

methodology. The clusters arrive at moments τk accord-

ing to the Poisson process and have inter-arrival times

that are exponentially distributed. The cluster ampli-

tudes A(τk) are independent Rayleigh random variables,

and the corresponding phase angles θk are independent

uniform random variables over [0,2π].

The R-ray components of the channel impulse re-

sponse are given by:

hcluster tð Þ ¼
X

N cluster

k¼1

A τkð Þejθkδ t−τkð Þ; ð3Þ

where τk is the arrival time of the k-th cluster measured

from the arrival time of the LOS ray and A(τk), P(τk), and

θk are the amplitude, power, and phase of the k-th cluster,

respectively. The R-rays are random, with Rayleigh-

distributed amplitudes and random phases, with exponen-

tially decaying power delay profile. The total power is deter-

mined by the K-factor with respect to the direct LOS path.

�P τkð Þ ¼ P0e
−τk=γ ð4Þ

PLOS
X

P τkð Þ
¼ K ð5Þ

Table 3 summarizes the R-ray parameters for the open

area/large square models. The power delay profile pa-

rameters are derived based on the available experimental

data and corresponding ray-tracing simulations. The

Table 1 Direct ray parameters

Parameter Value

Delay Direct ray delay is calculated from the model

geometry: τD = dD/c

dD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ Htx−Hrxð Þ2
q

Power Direct ray power calculated as free-space path
loss with oxygen absorption:

PD ¼ 20 log10
λ

4πdD

� �

− A0dD , in dB

Channel matrix H ¼ 10 PD=20 0

0 10 PD=20

� �

e
j2πdD

λ

AoD 0° azimuth and elevation

AoA 0° azimuth and elevation

AoD angle of departure, AoA angle of arrival

Table 2 Ground-reflected ray parameters

Parameter Value

Delay Ground-reflected ray delay is calculated from the
model geometry:
τG = dG/c

dG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ Htx þ Hrxð Þ2
q

Power Ground-reflected power calculated as free-space
path loss with oxygen absorption, with additional
reflection loss calculated on the base of the Fresnel
equations. Reflection loss R is different for vertical
and horizontal polarizations

P⊥ ¼ 20 log10
λ

4πdG

� �

−A0dG þ R⊥ þ F ;

P∥ ¼ 20 log10
λ

4πdG

� �

−A0dG þ R∥ þ F

F ¼ 80 ln10 πσh sinϕ=λð Þ2
.

R⊥ ¼ 20 log10
sinϕ−

ffiffiffiffi

B⊥
p

sinϕþ
ffiffiffiffi

B⊥
p

� �

; R∥ ¼ 20 log10
sinϕ−

ffiffiffiffi

B∥
p

sinϕþ
ffiffiffiffi

B∥
p

	 


B∥ = εr − cos2ϕ for horizontal polarization.

B⊥ ¼ εr− cos2ϕð Þ=ε2r for vertical polarization,
where tanϕ ¼ HtxþHrx

L
and σh is a surface roughness.

Channel
matrix

H ¼ 10P⊥=20 ξ

ξ 10P∥=20

� �

e
j2πdG

λ

AoD Azimuth: 0°, elevation: θAoD ¼ tan−1 L
Htx−Hrx

� �

− tan−1 L
HtxþHrx

� �

AoA Azimuth: 0°, elevation: θAoA ¼ tan−1 HtxþHrx

L

� �

− tan−1 Htx−Hrx

L

� �

AoD angle of departure, AoA angle of arrival
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AoA and AoD ranges illustrate the fact that random re-

flectors can be found anywhere around the receiver but

are limited in height. Uniform distributions are selected

for simplicity and can be further enhanced on the base

of more extensive measurements.

In the 802.11ad channel model [6], the set of approxi-

mations was proposed for diagonal and off-diagonal ele-

ments of the channel matrix H for the first- and second-

order reflections in typical indoor environments (confer-

ence room, cubicle, and living room) as a combination

of log-normal and uniform distributions on the base of

experimental studies [22]. In the Q-D model, the ray

amplitude is approximated by the Rayleigh distribution

(which is close to log-normal) so that the simple fixed

polarization matrix Hp may be used for introducing

polarization properties to the R-rays (matrix H is ob-

tained by multiplication of the scalar amplitudes A to

the polarization matrix Hp). The polarization matrix Hp

for R-rays is defined by:

Hp ¼ 1 �0:1
0:1 �1

� �

ð6Þ

The values with sign ± are assumed to have a random

sign (+1 or −1, for instance), with equal probability, in-

dependently from other values. For the cluster rays with

the main R-ray, the polarization matrix is the same as

the R-ray.

Flashing rays, or F-rays introduced in Section 3, are

intended to describe the reflections from fast moving

objects like vehicles and are short in duration. Its prop-

erties require additional investigations and analyses;

thus, the F-rays are not included in the considered Q-D

modeling approach application example.

4.3 Intra-cluster structure modeling

The surface roughness and presence of the various ir-

regular objects on the considered reflecting surfaces

and inside them (bricks, windows, borders, manholes,

advertisement boards on the walls, etc.) lead to

separation the specular reflection ray to a number of

additional rays with close delays and angles: a cluster.

The intra-cluster parameters of the channel model

were extracted from the indoor models [6, 7], ob-

tained from the measurement data [23]. The intra-

cluster structure is introduced in the Q-D model in

the same way as R-rays: as Poisson-distributed in

time, exponentially decaying Rayleigh components,

dependent on the main ray.

The identification of rays inside of the cluster in

the angular domain requires very high angular reso-

lution. The “virtual antenna array” technique where a

low directional antenna element is used to perform

measurements in multiple positions along the virtual

antenna array to form an effective antenna aperture

was in the MEDIAN project [24, 25]. These results

were processed in [26], deriving the recommendation

to model the intra-cluster angle spread for azimuth

and elevation angles for both the transmitter and re-

ceiver as independent normally distributed random

variables with zero mean and root mean square (RMS)

equal to 5°, N(0, 5°).

Note that it is reasonable to assume that different

types of clusters may have distinctive intra-cluster struc-

ture. For example, properties of the clusters reflected

from the road surface are different from the properties

of the clusters reflected from brick walls because of the

different material surface structures. Also, one may as-

sume the properties of the first- and second-order

reflected clusters to be different, with the second-order

reflected clusters having larger spreads in temporal and

angular domains. All these effects are understood to be

reasonable. However, since the number of available ex-

perimental results was limited, a common intra-cluster

model for all types of clusters was developed. Modifica-

tions with different intra-cluster models for different

types of clusters may be a subject of the future channel

model enhancements. The parameters are summarized

in Table 4.

5 Link level-focused channel model

The link level-focused propagation channel model

presented in this section is a multipath propagation

Table 4 Open square model intra-cluster parameters

Parameter Value

Intra-cluster ray K-factor 6 dB for LOS ray, 4 dB for NLOS

Power decay time 4.5 ns

Arrival rate 0.31 ns−1

Amplitude distribution Rayleigh

Number of post-cursor rays 4

LOS line-of-sight, NLOS non-line-of-sight

Table 3 Open square model R-ray parameters

Parameter Value

Number of rays, N 3

Poisson arrival rate, λ 0.05 ns−1

Power decay constant, γ 15 ns

K-factor 6 dB

AoA Elevation: U[−20:20°]

Azimuth: U[−180:180°]

AoD Elevation: U[−20:20°]

Azimuth: U[−180:180°]

AoD angle of departure, AoA angle of arrival
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model dedicated to link level simulations. The Q-D

model as well as experimental multipath channel

impulse response files may be used as inputs of the

model for link level assessments generating appropri-

ate channel impulse responses (CIRs) fit with the

simulated physical (PHY) layer and the considered

propagation scenario. The link level-focused propagation

channel model, also denoted CEPD model, is a multipath

propagation model which conjunctly exploits multi-rate

digital filter processing [27] and experimental multipath

measurements to generate propagation CIRs h(t, τ) with

scalable limited bandwidth and clocking rates. When

simulating propagation, resampling is required in ac-

cordance with the simulated PHY layer. The model

generates link level propagation CIRs using multi-rate

filter processing to resample and filter the measured

propagation channel, adapted to the PHY waveform

of the system and simulated use cases [28]. Antenna

alignment mismatch test cases allow quantized link

level degradation assessments, when the antennas are

not aligned. Analytical models are derived from an

extension of the multi-slope model [29], describing

antenna alignment mismatching effect on multipath

channel, using dedicated measurements and CEPD

realizations.

Multi-rate filter processing performs a 2 × 1D con-

version rate geared to relative delay τ and time t in

order to simulate the multipath propagation channel

within the PHY bandwidth of the simulated system at

the targeted system sampling rate and appropriate re-

freshment rate of the CIRs depending on environment

topologies and time variations. The complex envelope

of the time variant CIR of the propagation channel,

h(t, τ), is described by two independent variables,

typically the relative delay τ and the time t as expressed

below:

h t; τð Þ ¼
X

N t

k¼1

ak tð Þ⋅ δ τ−τk tð Þð Þ→h n; kð Þ

¼
X

N t

k¼1

ak nð Þ⋅ δ τ−k=Fsigð Þ

ð7Þ

ak(t) is the time variant amplitude of the relative delay

τk(t). Time variant amplitudes ak(t) are assigned to

echoes equally sampled depending on the propagation

channel bandwidth size and transmitter and receiver an-

tenna characteristics. In (8), n and k integers refer to

relative delay and time sampling processing, respectively,

with a sampling rate fixed to Fsig. The model dynamic-

ally adapts the sampling rate of measurements to the

simulated PHY layer system with a 2 × 1D filtering

optimization considering successive conversion rates in

relative delay τ and time variation t domains, respectively.

The conversion rate Rc by a non-integer factor, when

passing from sampling rate F1 to F2, may be achieved by

approximating Rc as the ratio of two integers L and M

(8) and use expansion and decimation operations com-

bined with filter processing to remove L − 1 duplicate

forms of the interpolated signal and design low-band fil-

ter for decimation with a factor M:

Rc ¼
F1

F2
≈
L

M
ð8Þ

The CEPD model performs an optimization of multi-

rate filter design to limit side lobes and preserve delay

resolution during the conversion rate (CR) filter

Fig. 10 CEPD multi-rate filter processing for relative delay resampling
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processing in the relative delay domain. Simple linear

interpolation is done in the time domain t to update the

coefficients of the model. Assuming the PHY layer sam-

pling rate is set to Fsig and the propagation measurement

sampling rate fixed to Finit, the relative delay τ conver-

sion rate is then expressed as a ratio of two integers,

p and q, combining a q-interpolator filter followed

with p-decimator filter to generate the link level-

focused propagation channel model. Filter processing

is merged in a single filter design resulting from a

Tukey filter setup in the frequency domain combined

with a time-limited windowing process using a Black-

man window. The conversion rate processing and

resulting CR impulse response of the interpolator

decimator filter are represented in Fig. 10, showing

that the combination of filtering and windowing sig-

nificantly reduces side lobes involved by filtering. Re-

sults are compared to a rectangular filter combined

with a rectangular delay windowing.

The link level-focused propagation model is fed

with dedicated CIR measurements carried out in

larger bandwidths than the system bandwidth, involving

filtering and lower sampling rate processing to generate

the adequate CIR model. This model can be adapted to

outdoor millimeter-wave overlay networks as well as to in-

door deployments. Input files of the model issued from

measurements provide the appropriate coefficients of the

model attached to the simulated scenario. The candidate

input files of the CEPD model result from a statistical ana-

lysis of a large amount of deterministic measurements,

performed in each considered scenario. These scenarios

are split into typical and atypical test cases including dif-

ferent levels of multipath dispersion. A typical test case in

a deployment scenario results from CIR input files de-

scribing the average and median multipath dispersion of

multipath selectivity parameters as the delay spread, the

coherence bandwidth, the delay window set to 75 %, and

the interval delay set to 6 dB, while atypical cases are rep-

resentative of severe situations corresponding to 90 % of

cumulative distribution function (CDF) of those selectivity

parameters.

Assuming the first-order statistics of selectivity parame-

ters follow a Gaussian distribution, the typical and atypical

input files of the model are deduced from the CDFs of

first-order statistic values of those parameters evaluated

on N moving experimental points composed each of M

Fig. 11 Indoor measurement environment

Table 5 CEPD indoor deployment scenario

Scenario Antenna gain (dBi), Tx-Rx Link Deployment scenario

CM1 8–13 LOS Antenna alignment Residential typical home with multiple rooms.
The size is comparable to the small office room.

CM2 8–13 NLOS/OLOS No antenna alignment

CM’1 8–24.6 LOS Antenna mismatch alignment

CM’2 8–24.6 OLOS

CM3 8–13 LOS Office antenna alignment Office with typical office setup furnished with
multiple chairs, desks, computers, and workstations

CM4 8–13 NLOS/OLOS No antenna alignment

LOS line-of-sight, NLOS non-line-of-sight

Weiler et al. EURASIP Journal on Wireless Communications and Networking  (2016) 2016:84 Page 12 of 16



static experimental measurement along a transmitter-

receiver path. The CDFs of each selectivity parameter

average are established for all measurement points and

positions. The selected measurement point is selected

if the average value of the concerned selectivity par-

ameter is in the range of interval I given by the

Gaussian distribution.

The CDF is expressed as follows:

Prob
mi; j−Xjj j

σ j
< α

� �

¼ β; α ¼ 10%−15%½ �;

I j ¼ Xj−α⋅ σ j;Xjþ α⋅σ j
 �

ð9Þ

In eq. (9), mi,j is the average value of the selectivity

parameter j (RMS delay spread, coherence bandwidth,

etc.) of the measurement point i among N. Xj and sj are

the average and standard deviation, respectively, of the

average selectivity parameter j evaluated on N points.

The selected measurement point, i.e., the CIRs input file

of the model, has the first order of selectivity parameter

j, mi,j, ranged in the Ij interval. The procedure is iterated

for all selectivity parameters indexed by integer j in (9),

leading to a selection of a restricted number of measure-

ment points.

This section focuses on indoor multi-cluster model-

ing using indoor measurements carried out in a house

(residential), with a single floor with a maximum

transmitter (Tx) to receiver (Rx) distance of 12 m,

and in an office environment composed of several

furnished desk rooms along a corridor of 20 m.

NLOS corresponds to a transmitter and receiver not

located in the same room. Transmissions are then per-

formed by reflections on obstacles without alignment of

transmitter and receiver antennas. OLOS refers to the

transmitter and receiver located in the same room with

partial obstructions. A map of measurements is given in

Fig. 11, where several transmitter antenna positions are

represented with black dots and measurement points

with red dots in both residential and indoor office

environments.

The channel sounding technique is based on a fre-

quency sweep mode with a total bandwidth set to

1024 MHz using a VNA “AB millimètre 8-350” [30].

The VNA equipment presents a dynamic range of

40 dB, and the channel is sampled at a rate of

0.1 Hz. The channel transfer functions (CTFs) of the

propagation channel have been measured in a fre-

quency sweep mode with a total frequency bandwidth

of 1024 MHz and a frequency sweeping step fixed to

4 MHz, leading to an excess relative delay τmax of

250 ns. For each Tx-Rx configuration, the measured

CTF was calibrated using a reference measurement in

which the Tx and Rx ports of the sounder were dir-

ectly cable connected. The corresponding CIRs have

been obtained using an inverse Fourier transform

combined with a Hanning window in order to reduce

the level of secondary lobes in the relative delay do-

main due to the limited analyzed bandwidth.

Table 5 summarizes the propagation scenarios associ-

ated to measurements and antenna characteristics. At

the transmitter side, a vertically polarized horn antenna

Table 6 CEPD, selectivity parameters

CM1 CM2 CM’1 CM’2 CM3 CM4

σDS (ns) 2.36 6.94 9.41 9.41 6.37 7.11

Bc−0.5 (MHz) 114 62.93 88.68 88.68 59.8 59.8

Fig. 12 Average power delay profiles of CEPD indoor models
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with a 72° azimuth plane beam width and a gain of 8 dBi

was used. At the Rx positions, a vertically polarized

narrow beam horn antenna (10° azimuth plane beam

width, 24.6-dBi gain) and a vertically polarized sectoral

horn antenna (60° azimuth plane pattern beam width,

13-dBi gain) were used in order to analyze antenna radi-

ation pattern effects on multipath propagation character-

istics. LOS and NLOS are discriminated. In Table 5,

CM1 and CM2 scenarios refer to LOS and NLOS, re-

spectively, in a residential environment with a correct

antenna alignment between the transmitter and receiver

sides. CM’1 and CM’2 are related to antenna alignment

mismatch ranging from 2° to 35° with respect with an-

tennas in alignment (LOS direction, 0°) in the same en-

vironment. CM3 and CM4 are complementary scenarios

resulting from measurements carried out in an office en-

vironment in LOS and NLOS situations, respectively. No

antenna alignment mismatch is considered in this

scenario.

Selectivity parameters (RMS delay spread σDS and co-

herence bandwidth Bc−0.5) given in eq. (10) of CEPD

model realizations are detailed in Table 6. The RMS

delay spread σDS is the average standard deviation of

multipath echoes weighted by the power probability γI
of each relative delay i. The coherence bandwidth Bc−0.5
is the frequency spacing for positive frequency compo-

nents, providing a 1/2 factor decrease of the normalized

average correlation function |RH(∆f )| magnitude of the

channel with respect to no frequency deviation (∆f = 0).

In other words, the correlation coefficient adjusted to

1/2 and Bc−0.5 represents the associated half-bandwidth

size as expressed below:

γ i ¼ E
hðt; τi tð Þj j2

P tð Þ

8

<

:

9

=

;

;

P tð Þ ¼
X

N

i¼1

h t; τið Þj j2; σDS

¼ E

n ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

τ2i h t; τi tð Þð Þj j
2

P tð Þ −

X

n

i¼1

τi h t; τi tð Þð Þj j
2

P tð Þ

0

B

B

B

B

@

1

C

C

C

C

A

v

u

u

u

u

u

u

u

t

2
o

RH Δfð Þ ¼ E FFT τ

X

n

i¼1

h t; τi tð Þð Þj jÞ
2

( )

Δfð Þ
( )

;

Bc−0:5 ¼ Δf 0 ⇒ RH Δf 0ð Þ ¼ 1

2
RH Δf ¼ 0ð Þj j;Δf > 0

ð10Þ

The average power delay profiles of indoor models

related to indoor deployment scenarios (Table 5) are

illustrated in Fig. 12.

CEPD antenna alignment mismatch models are

derived from dedicated measurements followed by a

CEPD selection procedure and multi-rate filter process-

ing. Additionally, analytical models are designed that are

derived from the multi-slope model [29] with an exten-

sion to a multi-cluster approach. The proposed model

extends the concept to two clusters for each APDP de-

duced from CEPD realizations, encompassing two slope

decays for each intra-cluster (γ1,y2), two intra-cluster ar-

rival time Poisson parameters (λ1,λ2), two interval delays

(∆τI, i = {1,2}), and two constant multipath levels

(Пi(∆τi), i = {1,2}) as illustrated in Figs. 13 and 14. The

coefficients of the model given in Table 7 are deduced

from CEPD realizations with a bandwidth of 528 MHz.

These analytical models derived from the CEPD reali-

zations are an extension of the multi-slope model used

to quantify antenna alignment mismatch. These models

Fig. 13 Average power delay profile of the CEPD model with an

antenna alignment mismatch model, typical case, CM’1

Fig. 14 Average power delay profile of the CEPD antenna alignment

mismatch model, atypical case, CM’2
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and associated CEPD realizations may be used to evalu-

ate involved degradations on link level performance and

highlight benefits of fast-tracking beam-forming in time

variant environments [31].

6 Conclusions
A Q-D channel model and a link level-focused model

were introduced. The two models follow different ap-

proaches. While the Q-D model gives a full understand-

ing of the spatial channel, it also requires a precise

description of the scenario. This spatial resolution, as

well as the spatial consistency of the model for moving

users, is of key importance for link level design. With

the expected shift towards steerable antennas with

medium or high gain, the antenna pattern has a much

higher influence on the effective channel between the

transmitter and receiver. Aspects like initial discovery of

millimeter-wave base stations and beacon design also

heavily depend on the spatial information.

The flexibility of this Q-D approach allows channel

models for access links to be used for scenarios with

similar geometries. For example, the “street canyon ac-

cess mode” can be changed to the “street-level backhaul

model” by changing the receiver antenna parameters.

These models were validated with different measure-

ments in outdoor scenarios. The Q-D open area channel

model was successfully applied to millimeter-wave

multi-user MIMO (MU MIMO) small cell access link

scenario evaluations [32–34]. Future work remains on

some aspects of the model, like the modeling of the

flashing rays (F-rays) and NLOS scenarios, where further

measurement campaigns are necessary.

The CEPD model results from an optimized multi-rate

filtering combined with a statistical analysis of measure-

ments. It allows an extraction of typical (average behav-

ior of the multipath channel related to a measurement

campaign) and atypical (severe cases representative of

measurement campaign) measurements that are used as

inputs of the model to generate model coefficients asso-

ciated to the targeted scenario. The model is dedicated

to link level simulations with multiple underlying

technologies and bandwidths. Scenarios covered in the

paper consider antenna alignment mismatch where

CEPD realizations have been exploited to generate ana-

lytical multi-cluster models derived from the multi-slope

concept. The CEPD model can also use the Q-D model

as an input to the interface with link level simulations.

When the link level is not the focus of research, this is a

convenient method of abstraction in order to reduce the

complexity for larger scale simulations, for example,

with multiple users and multiple base stations.
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4 Measurement campaigns and modeling approaches

4.6 Dynamic shadow fading
The components of the quasi-deterministic model can individually be adapted
with a stochastic process. This section reports results for dynamic shadow
fading (blockage) measurements in an urban environment that can be used to
parameterize these processes [WPK+16a]. The shadowing is caused by busses,
cars, cyclists and pedestrians on the busy street. Statistical properties are
derived for different receiver positions. Individual multipath components, such
as the line-of-sight component, can be clearly identified in the delay domain
and their properties can be individually identified.
The scenario of the measurement was set up as a small cell access scenario.

The transmitter was placed at 3.5 m and 5 m above ground on one side of
a 6 lane street, cutting through an open city square. The mobile station
(receiver) was positioned on three locations on the opposite side of the street.
It was positioned in a way that cars, busses, pedestrians and cyclists cross
the line-of-sight between receiver and transmitter. The carrier frequency was
chosen as 28.5 GHz, which is one of the candidate bands for 5G.
Accompanying video recordings allow post processing of the measurement

data and classification of events according to the source of shadowing.

Contribution

This publication is based on a measurement campaign planned and executed
by myself and my co-authors. The data post-processing and analysis were
performed by me. The publication was written by me and the co-authors
provided a thorough review of the analysis and results, as well as proof reading
and corrections to the text.
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Abstract—In this paper we investigate how environment in-
duced shadowing influences a 28.5 GHz access link in an urban
open square scenario. Shadowing is caused by cars, buses, lorries
and pedestrians passing between the small cell base station and
the mobile user terminal. We isolate typical single shadowing
events and provide a model for their description. We also present
statistical evaluations that can be used as input to 5G access
channel models.

Index Terms—millimeter-wave, 5G, millimeter-wave propaga-
tion, multipath propagation, human body shadowing, channel
model, fading, ground reflection

I. INTRODUCTION

The utilization of previously unused spectrum in the
millimeter-wave bands is a novelty predicted for the next
generation of mobile radio networks (5G). The addition of small
cell base stations with a new mm-wave radio access technology
will allow the network operators to update their networks
where necessary to serve growing user demands. The wireless
access channel and its modeling have been the focus of recent
research [1], [2]. The impact of dynamic shadow fading through
moving objects in outdoor access environments has received
initial interest. Investigations on the effects of human body
shadowing have been reported [3], [4], but were derived for
indoor scenarios only. In the 3GPP channel modelling group for
example, a stochastic dynamic blockage model was proposed
[5]. Blockage effects are modelled as angular blockage regions
around the UE, associated with a normal distributed loss value
(in dB). The blockage regions are generated in a way to make
them consistent in time and space.

In this paper we investigate, how an outdoor small cell access
link in a typical urban scenario at 28 GHz is affected by its
environment. Section II explains the setup and Sec. III gives
an overview over the observed effects on the wireless channel.
Single shadowing events are investigated and modeled in Sec.
IV and Sec. V reports statistical evaluations of the results.

II. MEASUREMENT SETUP

The measurement campaign in this paper was designed to
investigate the effect of a non-stationary urban environment on
a millimeter-wave small cell access link. This non-stationarity
is caused by moving cars, buses, pedestrians and cyclists. The
transmitter (Tx) of the channel sounder was therefore placed
on one side of a busy street cutting through an orthogonal
open city square with a diameter of ca. 150 m (see Fig. 1).

Figure 1. Map of measurement location

The transmitter antenna was mounted on a tripod at 3.5 m and
5 m above ground, representing a small cell base station.

The receiver (Rx) was positioned at three different locations
across the street with its antenna 1.3 m above ground to
represent a typical handheld user device. Figure 2 shows a
schematic view of the setup. Pedestrians and cyclists on the
receiver sidewalk, as well as buses and lorries can interrupt
the line-of-sight between the transmitter and receiver antenna
depending on their location.

A total of 1.5 million channel snapshots were acquired in this
measurement setup with 250,000 snapshots per Rx positions
20, 21 and 22, each at a Tx height of 3.5 m and 5 m. The Tx
to Rx distances were 32 m, 45 m and 78 m for Rx positions
20, 21 and 22 respectively. The temporal separation of two
snapshots was 3.6ms, leading to a total observation time of
15 minutes per position. Several video cameras were used to
document the type, position and speed of the objects causing
the shadowing.

The channel sounder hardware is based on a custom FPGA
platform, described earlier [6]. It features a signal bandwidth
of 250MHz and uses a correlation based method to estimate
the channel impulse response. The antennas used on both
sides are based on an identical λ/4 dipole design and have an
omnidirectional pattern in azimuth direction. The half power
beamwidth in elevation direction is larger than 60° with its
maximum gain at 30° elevation above the horizon (Rx). The

©2016 IEEE. Reprinted, with permission, from R.J. Weiler et al., "Environment Induced Shadowing of Urban Millimeter-
Wave Access Links," in IEEE Wireless Communications Letters, vol. 5, no. 4, pp. 440-443, Aug. 2016, DOI:
10.1109/LWC.2016.2581820
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Figure 2. Schematic view of measurement setup (dimensions to scale)

transmitter side antenna was mounted upside down to have its

maximum gain at 30° elevation below the horizon, minimizing

an impact on the measurements due to gain taper. The impact

of the antenna gain taper on the ground reflection is below 1

dB w.r.t. the LOS path. The channel sounder is back-to-back

calibrated to the antenna ports and their gain is corrected in a

post processing step.

Future millimeter-wave communication systems are expected

to rely on electronically steerable high gain antennas. In this

work we use omnidirectional antennas to capture the entire

multipath propagation environment between transmitter and

receiver. Windowing in the delay domain of the obtained

channel impulse responses is used as an approximation to

reproduce the effect of spatial filtering of directional antennas.

The noise level of the system after calibration corresponds

to a path gain of −136 dB.

III. OBSERVED EFFECTS

The measured channel impulse responses (CIR) were pro-

cessed into two path gain values. One is the omnidirectional

path gain, calculated over the entire bandwidth of 250 MHz.

The other one is the line-of-sight (LOS) path gain. The latter

one was obtained by applying a narrow time domain window on

the CIR at the delay tap corresponding to the Tx-Rx distance:

PLOS,dB = CIRdB (τLOS). Due to the limited bandwidth this

includes all multipath components with an excess delay with

respect to the LOS delay smaller than the window size (4 ns

in this case), such as the ground reflected path.

Figure 3 shows the normalized LOS path gain over an

observation interval of 15 minutes. The transmitter antenna

height was 3.5 m and the receiver was located at position 20.

The plot reveals periodic behavior of the path gain between

phases with significant shadow fading and phases with almost

constant path gain. The length of one pattern is about 90

seconds, which coincides very well with the intervals of the

traffic lights that dictate traffic crossing the link (see Fig. 1).

The phases with significant shadow fading were analyzed in

detail, allowing the identification of typical events according

to the source of shadowing or blockage. The events can be

coarsely classified according to the strength of their effect on

the LOS and omnidirectional path gain. This is of course only

possible if the event can be attributed to a single cause. The

following examples have been selected to include only one

single source of shadowing. The statistical evaluation in section

V is based on the entire data set.

Typical shadowing events that heavily affect the line-of-sight

path gain are shown in Figure 4. The path gain was normalized
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Figure 3. Evolution of line-of-sight path gain at Rx pos. 20

Figure 4. Typical LOS shadowing events at Rx pos. 20 (I: pedestrian, II: bus,
III: bus & lorry)

to its average omnidirectional value in unshadowed state. The

events shown are a pedestrian passing in the vicinity of the

receiver (I), a double-decker bus on the near side of the road

(II) and a double-decker bus and a lorry (car transporter) on the

far side of the road (III). All events feature 20 to 30 dB fading

on the LOS path gain and 10 dB fading on the omnidirectional

path gain. The duration of the shadowing events is determined

by the size of the objects and their speed of movement. The

difference between the LOS path gain and the omnidirectional

path gain can be explained by multipath components that are

not affected by the shadowing. These components can for

example be caused by static reflections from the surrounding

high buildings.

Typical events with low effect on the path gain are shown in

Figure 5. The events shown are a cyclist passing the receiver (I)

and cars passing on the near and far side of the road for receiver

position 20 (II) and 21 (III, IV). In all cases the visual line-of-



Figure 5. Typical shadowing events (I: bicycle at Rx pos. 20, II: car at Rx
pos. 20, III-IV: car at Rx pos. 21)

sight path between transmitter and receiver is not interrupted

by the passing objects. The first two events feature a very

similar behavior of LOS and omnidirectional path gain with

typical fading depths of only 2 to 4 dB. The other two events,

acquired at the receiver position 21, show a counter intuitive

behavior, as the path gain increases, when the cars are driving

underneath the LOS path. The reason is flat fading, caused by

a strong ground reflection as was shown in previous work [7].

With the given distance and antenna heights, a bandwidth much

larger than the 250 MHz used here is necessary to resolve

the flat fading. The cars passing underneath the LOS path

block the ground reflected path and depending on the fading

therefore attenuate or amplify the effective band limited path

gain. The impact of the flat fading can also be obtained, when

the absolute (LOS) path gain value is compared to the free

space path loss. The offset between omnidirectional and LOS

path gain is caused by strong multipath components that are

present at the second receiver position.

The ringing effect before and after the shadowing events is

better visible in this figure, but it also appears with the LOS

shadowing events in the previous figure.

IV. SINGLE EVENT MODELING

In this section, we discuss how single shadowing events can

be described with adequate models.

Previous investigations were done on the effect of human

body shadowing at 60 GHz in an indoor scenario [3]. It was

shown that the Double Knife-Edge model (DKE) predicts the

typical shadowing event quite well, but tends to underestimate

the attenuation. The human body is modeled as an upstanding

stripe of width w perpendicular to the link axis and distances

dTx and dRx to the transmitter and receiver respectively. The

total signal at the receiver results from the superposition

of the diffracted fields around the stripe edges [8]. Figure

6 shows two pedestrian shadowing events (LOS path) and

matching simulations using the DKE model. The path gain was

normalized to its average power in the case of no shadowing.

The second event (II) shows some asymmetry. The parameter

of the model were set according to the geometry of the setup

(dTx = 30m, dRx = 1.4m) and previous findings (w = 23 cm).

Figure 6. Pedestrian shadowing measurement and DKE model
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Figure 7. Lorry shadowing measurement and DKE model

The perpendicular speed of the pedestrian was estimated to

v = 1.6m/s in (I) and 1.4m/s in (II).The overall features of the

attenuation (distance and depth of attenuation peaks) behave

quite similar. The height of the fading within the shadowing

event however does not match too well. This might be caused

by the fact that the diffraction is lower than predicted by the

sharp edges.

Applying the DKE model on a lorry leads to unsatisfactory

results, as can be seen in Fig. 7. An articulated lorry of length

w = 16.5m passed the receiver at a distance of dRx = 13m.

Its speed was estimated to 10.4m/s. While at the beginning

and ending of the shadowing event the model matches the

measurement quite well, the attenuation in between differs

massively. From other shadowing events however, it can be

seen that the vehicles material has a large impact. The lorry in

the figure had a canvas cover, explaining the low attenuation,

similar to that observed in the double-decker buses. Lorries

with a metal construction, such as containers, show a much

higher attenuation up to 30 dB or more. The DKE model has

no transmission in the stripe between the edges, explaining

the difference in the shown example. Furthermore, the model

implies an object of infinite height. This neglects the top and

bottom edges of a lorry that might also show diffraction effects.

The previous models were derived for single events. Through-

out the measurements taken however, they seldom occur as

isolated events, but multiple events overlay each other, e.g.

multiple pedestrians walk by, while cars cross the link. A



statistical evaluation is therefore performed in the next section

as a basis for modeling the overall behavior of multipath

components.

V. STATISTICAL EVALUATION

In this section we compare statistical properties of the

different measurements. We use the entire data set of 250,000

snapshots per measurement. Each set contains a mixture of

shadowing events and times without shadowing as is apparent

from Fig. 3. The statistical observations describe the scenario

under investigation with frequent link interruptions, which we

estimate to be a typical access scenario. Similar findings have

been reported for indoor environments in [5].

Figure 8 shows the combined cumulative distribution func-

tion of the omnidirectional and LOS path gains at receiver

positions 20, 21 and 22 for both transmit antenna heights

of 3.5 m and 5 m. The path gains were normalized to the

average omnidirectional path power at each Rx position when

no shadowing occurs.

For all positions, the omnidirectional median value is close to

0 dB and small positive path gains up to 3 dB can be observed

in almost 50 percent of the snapshots which can be explained

with the fading effects described in the previous section. The

maximum attenuation observed on the omnidirectional path

gain is in the order of 12 dB and around 25 dB for the LOS

paths. The plot also shows the distribution of the “Best MPC”

value. This value is the multipath component with the maximum

path gain in every single channel impulse response. It was

selected as an approximation to an idealistic directional receiver

that can always select the strongest multipath component

through appropriate beam steering (under the assumption that

each MPC corresponds to one spatial direction). The best MPC

strategy significantly reduces the probability of low path gains

below -15 dB. Comparing the individual distributions for the

different receiver positions reveals a slight dependence on the

link distance. The transition gets steeper for smaller distances

and the boundaries extend towards larger path loss. In the

omnidir. case for example the minimum of the path gain varies

from -5 to -12 dB going from Rx position 20 to 22.

The variation of the transmit antenna height causes a slight

variation towards a steeper transition for the higher height. This

is also consistent for the LOS and Best MPC statistics.

VI. CONCLUSIONS

We have performed a measurement campaign of a 28 GHz

small cell access link in presence of random shadow fading,

induced by pedestrians, cars and buses. The results show,

that environment induced shadowing has a significant impact

on the path gain and therefore the link budget. The impact

of shadowing events depends on the geometrical position of

transmitter, receiver and the object causing it. Consistent to

earlier observations, the ground reflection has a major impact

on the power received from the line-of-sight direction. The

shadowing of the ground reflected path can therefore lead to an

increase or attenuation of the power received in this direction,

depending on the state of the fading effect.
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Figure 8. Path gain distribution at Rx positions 20 - 22

The double knife-edge model provides a good approximation

to pedestrian single shadowing events, consistent with earlier

findings for indoor modeling of human body shadowing.

The modeling of vehicles however will need some further

investigations, and additional parameters, as their effect highly

depends on the type of vehicle (e.g. lorries with canvas covers

vs. metal containers).

The statistical observations made can be used as input to

the refinement of channel models that go beyond the level of

detail mentioned in the Introduction. Exact behavior of the

wireless channel on a fine grained time-scale is important for

the design and implementation of new physical layer protocols,

especially with electronically steerable high gain antennas.
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4.7 Human body shadowing mitigation

4.7 Human body shadowing mitigation
All of the previous measurement campaigns, with the exception of the ground
reflection measurement, used omnidirectional antennas for the channel sounding.
The measurement approach allows unbiased measurement of the omnidirectional
path loss. A millimeter-wave outdoor communication system will however most
certainly employ directional antennas to achieve acceptable link budgets (see
Section 3.2). The measurement campaign introduced in this section is designed
to collect practical experience on the challenges of such a system [WKM+16].
A channel measurement campaign was performed using a 60 GHz beam

forming array on the base station (transmitter) side. The receiver was equipped
with an omnidirectional antenna at a height of 1.2 m. Measurements at a
total of 58 positions with transmitter to receiver distances of 25 to 65 m were
performed, each with and without a human standing in the line-of-sight next to
the receive antenna. At each position, the channel impulse responses for a total
of 133 different beamforming vectors were recorded. Each vector is designed
to generate a focused beam to scan the surrounding in 5° steps in azimuth
and elevation. The results show that shadowing mitigation by using strong
reflections is possible in some locations. In the other locations, the strongest
reflected path beam is not necessarily stronger than the attenuated line-of-sight
beam.

The results illustrate the challenges when using the millimeter-wave frequency
band for small cell access links. Fast beam searching and tracking will become
necessary, as well as mechanisms for fast fallback to lower frequencies, where
mm-wave links become unavailable.

Contribution

This publication is based on a joint measurement campaign, planned and
executed by myself and project partners of the MiWEBA project. I authored
the major part of this publication by myself. The antenna array was developed
by my co-authors who also provided the characterization and documentation
of the array (Section II), as well as ray-tracing results of the environment
that was used to interpret the measurements. The publication is based on
measurement data post processing and analysis that was done by me. The
co-authors provided additional proof-reading and smaller additions to the text.
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Abstract—In this paper we present 60 GHz channel measure-
ments that have been performed in an outdoor access scenario.
At the transmitter side (small cell base station) a 128 element
beamforming array was used. This array was used to measure the
channel impulse response at an omni-directional receiver antenna
for 133 different transmit beam settings, each representing a
narrow beam in a different spatial direction. A total of 58
different receiver positions was measured and at every location
one unobstructed measurement and one measurement with human
body blockage was performed. The results show, that at some
locations, reflected paths exist with only a minor drop in signal
power, relative to the line of sight path.

Index Terms—millimeter-wave, 5G, 60 GHz, millimeter-wave
propagation, multipath propagation, beam forming arrays, phased
array antenna

I. INTRODUCTION

The ongoing growth of mobile traffic and emergence of new
services and applications drives the development of the fifth
generation mobile radio networks, 5G. Among other approaches,
leveraging the previously unused frequency bands in the bands
above 6 GHz is a much discussed candidate technology [1]. A
special focus lies on the millimeter-wave band, ranging from
30 to 300 GHz.

For indoor scenarios 60 GHz channels were well studied
during the last 20 years [2]–[5]. For the experimental investiga-
tions of the indoor channels described in these works, steerable
directional horn antennas (with typical gain of 15-18 dBi) were
usually exploited. Angular information was obtained in these
measurement setups using mechanical rotation of the antennas.

Recently, consumer products (laptops & docking stations)
with integrated 60 GHz radio and baseband chipsets, compatible
to the IEEE 802.11ad (WiGig) standard, have become available.
These solutions and the underlying standard were developed for
indoor short range communication and promise multiple gigabit
per second throughput, using around 2 GHz of bandwidth.

Outdoor millimeter-wave channels are under intensive inves-
tigation nowadays (see e.g. [6]–[8]). Considering these bands
for outdoor wireless access with ranges in the order of multiple
tens to hundreds of meters poses a number of new challenges.
Increasing the coverage range from tens to hundreds of meters
requires up to 25-30 dB of additional link budget. This gap
may be closed by exploiting both higher transmit power and

using antennas with high gains. The antenna design therefore is
a crucial part of a millimeter-wave outdoor access system. As
the free space path loss is much higher than in the sub 6 GHz
bands, directional antennas are necessary at least at the small
cell base station side. In access scenarios the user terminal is
mobile and the environment is non-stationary (e.g. moving cars),
making fast electronic beam steering a must, even for channel
investigations. Mechanical steering of directional antennas is
not well suited for this task.

In contrast to indoor environments, where a multitude of
reflecting objects can help mitigate shadowing of the line of
sight path, outdoor environments can have less such objects and
building side walls. In this paper we therefore investigate such
an outdoor scenario in shadowing conditions in combination
with a beamforming array at the transmitter (base station) side.

In section II the electronically steerable antenna prototype
is presented. Section III introduces the measurement location,
channel sounder and shadowing measurement procedure. The
results are presented in sec. IV and conclusions and a way
forward are given in sec. V.

II. STEERABLE ANTENNA PROTOTYPE

Several different approaches exist to implement large-aperture
millimeter-wave antennas. The most common ones are phased
arrays, lens and reflectarray antennas. Electromagnetic bandgap
antennas [9] and micro-electro-mechanical antennas [10] are
more recent developments, that are still under investigation.

Phased array antennas in general consist of multiple antenna
elements, each with their own phase shifter, allowing to control
the antenna pattern. The gain and pattern of phased arrays
depends on the number of antenna elements, their individual
radiation pattern and the geometrical configuration. Prototypes
of such antennas with a medium number of elements (order
of tens) have been successfully realized (e.g. see [11] for a 60
GHz 32 element antenna). The drawback of this approach is
that they cannot easily be scaled to large number of elements,
due to losses in feeding structures.

Steerable lens antennas usually use multiple switchable RF
sources and lenses made of materials with special dielectric
properties. The gain of this type of antenna is determined
by the lens size and design and can be scaled according to

©2016 IEEE. Reprinted, with permission, from R.J. Weiler et al., "Millimeter-Wave Outdoor Access Shadowing Miti-
gation Using Beamforming Arrays," in Antennas and Propagation (EuCAP), 2016 10th European Conference on, Apr.
2016, DOI: 10.1109/EuCAP.2016.7481503
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the requirements (e.g. see [12]). Similar approaches exist that
build on the lens principle, such as planar transmit arrays. The
drawback of the lens antenna approach is the limited steering
capability. In [13] a prototype system at 73.5 GHz is presented,
that has azimuth steering capabilities in the range of ±18 deg.
A full coverage in azimuth would require 10 such systems
mounted in a circle.

The antenna we used for the measurements in this paper builds
on the principle of the phased arrays but tries to mitigate their
drawbacks. The 60 GHz modular antenna array (MAA) is based
on small phased antenna array modules with typical number
of elements from 4 to 16. Multiple modules are combined to
form an array with more elements. As the individual modules
are fed using a lower intermediate frequency and on board
up conversion and phase shifters, the feeding losses become
negligible. A single module is shown in Figure 1. It consists
of 16 antenna elements in a 2 by 8 configuration. The digitally
programmable phase shifters, up & down conversion as well as
amplifiers are all integrated on the module.
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Figure 1: Single 8x2 array module

The measurements in this paper were performed using a
MAA configuration of 2 by 4 antenna modules, as shown in
Figure 2. Thus it contains 128 antenna elements in total. A
single intermediate frequency interface is divided onto the 8
modules. The phase of each individual antenna on each module
can be controlled using a digital interface. Due to technical
reasons there are larger gaps between the patches, due to the
size of the modules. This is a difference to standard phased
arrays, where the elements are usually spaced in a grid of λ/2.
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Figure 2: 16x8 element MAA antenna design

Figure 3 shows the azimuth cut of the far field radiation

pattern of the 16x8 element modular antenna array. The red line
was measured using a far field measurement setup and the blue
line was simulated using the same configuration. Due to a phase
ambiguity between the individual 8x2 modules, a calibration
procedure is performed on power-up. The same procedure was
also used in the simulation. The array was steered to broadside
direction. As can be seen a secondary side lobe of −3.4 dB
at −9.2 ° can be observed. This side lobe is caused by the
geometrical construction of the array and can not be neglected.
Similar side lobe levels and angles are observed, if the beam is
steered in the azimuth plane. The pattern has to be taken into
account when measurement data is analyzed in angular space.

The elevation pattern shows distinct lobes in the steering
direction, as well as sidelobes. The sidelobes however are
beyond 10° offset and are therefore not of importance in the
observed environment.

-40 -30 -20 -10 0dB

Calculated
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Figure 3: MAA azimuth radiation pattern for broadside setting

III. MEASUREMENT METHOD & ENVIRONMENT

A. Environment

The measurement campaign was performed in Front of the
Robert N. Noyce building at Intel headquarters in Santa Clara,
California, USA. Figure 4 shows a map of the measurement
setup. The transmitter was placed at the right side, 3 m above
ground, facing left in the direction of the arrow. The receiver was
placed at multiple positions on three linear tracks, as indicated
with RX1, RX2 and RX3. The antenna was mounted at 1.2 m
above ground. Each dark blue dot indicates a receiver position
where the full beam scanning procedure was performed. The
individual locations on the tracks are 2 m apart, starting at
a distance of roughly 25 m from the transmitter. Having 20
positions each on RX1 and RX2 and 18 on RX3 the maximum
projected transmitter to receiver distance was 63 m and 58
positions were measured in total.

There is a large building at the top side of the map with
a metal and glass facade. As indicated in the map, several
trees stand along the walls and on the parking area. During the
measurement some cars were parked on the parking spots as
indicated. The weather during the measurement campaign was
humid with occasional slight rain showers. Figure 5 shows a
picture of the measurement location that was taken on a different
day.



Figure 4: Map of measurement location

Figure 5: The measurement location

B. Channel sounder

The channel sounder used is based on a custom FPGA
platform [14]. Its simplified block diagram is shown in Figure 6
and the key parameters are given in Table I. On the transmitter
side two up-conversion stages (IQ MOD & MOD) are used to
interface the MAA which then transmits the sounding signal
at 60.48GHz. The receiver uses an intermediate frequency of
1.92GHz before converting to baseband. Note that filters are
not shown in the figure. The local oscillators (LO) are fed from
a common rubidium reference oscillator on each side. The two
rubidium oscillators are synchronized prior to the measurement
campaign to guarantee absolute timing between transmitter and
receiver.

The MAA on the transmit side is an active device, where
the antenna ports are on chip and not accessible. The standard
approach for calibration, where the transmit antenna port (or
ports) are connected to the receiver antenna port is therefore
not possible. Instead the calibration was performed with the
MAA and the receiver antenna at a fixed reference distance of
2 m over the air. The transmitter and receiver were placed on a
sufficiently large open square, facing each other at a height of
3 m above ground.

C. Measurement procedure

For each of the 58 receiver positions (see sec. III-A) two
measurement runs were performed. One with free line of sight
(LOS) and one with blocked/obstructed line of sight (OLOS).
For the blocking a human was standing in front of the receiver
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Figure 6: Channel sounder block diagram

Table I: Channel sounder parameter

Type Value
Bandwidth 250 MHz
TX antenna 16x8 beamforming array, vertical pol.

TX antenna height 3 m
RX antenna Omnidirectional, vertical polarization

RX gain 0 dBi
RX antenna height 1.2 m
Snapshot separation 800 µs

at a distance of ca. 20 cm, thus obstructing a certain part of
the omnidirectional receiver antenna, as indicated in Figure 7.

TX
MAA

RX
omni

obstructed
Zone

Figure 7: Geometrical setup of human body shadowing

During each measurement a full sector sweep was performed,
as described by Algorithm 1. A total of 133 transmitter beam
settings was acquired in less than 10 seconds. With the temporal
snapshot separation given in Table I, a total of 50 individual
channel impulse responses (CIR) was recorded per beam setting.

Algorithm 1 Sector sweep protocol
for elevation = -15:5:15
for azimuth = -45:5:45
SteerBeam(elevation, azimuth)
Wait(40ms)

end
end

The function SteerBeam calculates and applies the phase
shift of each individual array element (i, j). It is calculated
according to:

Phasei,j = 2π[sin (elevation) yi,j + sin (azimuth)xi,j ]

Where xi,j and yi,j are the positions of the elements relative
to the geometric center of the array. The calculated phase is
then quantized to the resolution of the phase shifter, described
in sec. II.

In a post processing step the individual channel impulse
responses per beam setting are separated and stored for further
analysis. In order to avoid any effects of drifts in timing and
false classification, only 40 of the available 50 CIRs are used.



IV. RESULTS

For every receiver position, 40 channel impulse responses
were recorded for each of the 133 transmit beam settings. The
following analysis of the results is based on the average received
power for each of the beam settings. Figures 8 and 9 show plots
for two exemplary receiver locations on the RX2 route, 31 m
and 33 m away from the transmitter. The case with free line of
sight (unblocked) between the transmitter and receiver is shown
in Figures 8a and 9a, while the case with human shadowing of
the line of sight (blocked) is shown in Figure 8b and 9b.
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Figure 8: RX2 at 31 m distance

Each figure shows the received power for the given transmitter
elevation (el.) and azimuth (az.) steering angle. In both un-
blocked cases (Figs. 8a, 9a) the maximum power is received at 0°
elevation and -10° azimuth (LOS path), which is in accordance
to the geometrical setup. Both plots also show a strong path at
0° azimuth, which is an effect caused by the secondary sidelobe
of the antenna (LOS sidelobe, see sec. II). When the antenna
is steered to 0° azimuth, the large sidelobe (at 9° offset) is
pointing towards the receiver. Table II gives numerical values
for selected az. scan angles.

Table II: Received power of selected beam settings

“LOS path” “Refl. path” “LOS sidelobe” “Refl. sidel.”
Fig. 0° 30° 10° 40°
8a -96.9 dB -100.3 dB -97.4 dB -101.3 dB
8b -108.3 dB -99.4 dB -109.6 dB -102.2 dB
9a -99.26 dB -113.0 dB -100.0 dB -115.3 dB
9b -109.4 dB -114.4 dB -114.0 dB -115.6 dB

A big difference between the two receiver positions can be
observed with regard to the second strong path that shows up at
40° azimuth (refl. path). Here again a strong sidelobe is visible
at 10° offset (refl. sidelobe). This strong path is most probably
caused by a reflection of the building wall, as it is not affected
by the human body shadowing (Fig. 8b). At the second position
(33 m) however, this reflection is very weak.
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Figure 9: RX2 at 33 m distance

Figures 10, 11 and 12 show the path gain (normalized to
free space path loss) of the “LOS path” steering and the best

“reflected path” steering for all receiver positions. It should be
noted, that even the “LOS path steering” can include reflections
from the surroundings, according to the effective antenna pattern.
The solid line is the free space path loss, calculated using
Friis formula. The noise floor of the system was estimated
using receiver measurements without transmitted signal and is
indicated with the black dashed line.

Due to the limited bandwidth of the channel sounder of 250
MHz, small scale fading of multipath components (e.g. ground
reflection) can occur in the measurement data.

The strength of the best reflected path varies greatly from
position to position and between the different RX tracks. RX1
and RX3 show larger differences between the LOS and reflected
path power. On around half of the positions of RX2 however,
the reflected path power is only a few dB weaker than the LOS
path.
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Figure 10: RX1 path power

The different behavior in strength of the reflected path
between the receiver tracks is expected to be caused by the
different surroundings of the receiver at each position. On RX1
and RX3 there are few objects close to the receiver that could
generate a strong reflected path. The building seemingly does not
serve as a reflector, due to the limited steering of the transmitter
of max. 45°. On RX2 on the other hand the building wall seems
to reflect well in some locations. Further studies of the locations
and propagation paths could give a clearer picture of the effects
that influence the reflection behavior.
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Figure 11: RX2 path power

In Figure 13 an cumulative distribution function (CDF) of P∆

is given for all three receiver paths, where P∆ is the difference
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Figure 12: RX3 path power

between the power of the line of sight (LOS) path and the
reflected path. Due to the limited number of spatial samples the
CDF has some discontinuities. Its median value (probability at
50%) is 16.3 dB. Care has to be taken, as the available signal
to noise ration of the measurement also affects the achievable
range of P∆.

Figure 13: Cumulative distribution function of LOS to reflected
path power

V. CONCLUSIONS

In this paper we presented a 60 GHz measurement campaign
using an 128 element phase array transmit antenna. Though this
measurement approach has the big advantage of very fast beam
scanning it introduces some challenges. The calibration of the
channel sounder becomes difficult, especially as the antenna
modules have no antenna ports for the 60 GHz signal. Measured
antenna patterns can usually only be provided for some beam
settings, as it depends on the phase shifter setting of every
single antenna element.

The effect of human body shadowing on steerable paths
seemingly highly depends on the environment and the number of
objects that can serve as a reflector. In the measured environment,
only a fraction of positions provides a reflection with lower path
loss than LOS steering. The impact on shadowing mitigation
however also depends on the link budget requirements, i.e. the
allowable excess path loss.

Future work can take additional results from the measurement
campaign into account, that have not yet been employed. As full
channel impulse responses are available for each beam setting,
number of paths and delay spreads can be analyzed, giving

a deeper insight into the physical propagation mechanisms in
this environment. Further measurement campaigns can also take
different kind of environments and scenarios into account, where
more reflecting objects are available. A larger azimuth coverage
might be helpful in finding more reflectors.

The phased array design used in this paper suffers from some
drawbacks, that could be mitigated in improved versions.
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5 Hardware aspects

The millimeter-wave access channel imposes a more sophisticated hardware
design than today’s sub 6 GHz bands. It is apparent from the properties and
results presented in the previous Chapter 4 the the higher free-space path loss
makes directional transmission and reception on both the transmitter and the
receiver a necessity. The required steerable antennas can only be successfully
implemented with electronic beam steering. Shadow fading and movement
result in the highly volatile nature of the channel. A technological approach in
form of a beamforming array antenna was used to perform the measurements
in Section 4.7. Another possible approach to implement steerable high gain
beams is given in the following publication [WK15]. It might be especially well
suited for applications in small cell base stations.

This patent addresses the problem of limited output power of integrated solid
state amplifiers for millimeter-wave RF signals and the spatial steering of the
transmitted energy. A number of parallel amplifiers are placed in front of an
orthogonal, passive transformer. This leads to a summation of the parallel input
power at one of the output ports, when providing the correct signal to each
amplifier. The input signal to each amplifier needs to be a phase shifted version
of the same transmit signal. By controlling the phase shift on each input, the
output port with the combined power can be instantly and arbitrarily chosen.
Each output port can be connected to a high gain transmit antenna, covering
a certain spatial direction. Opposed to the previously mentioned antenna
array, where the beam steering range is limited by the planar construction,
the direction and polarization of the individual high gain antennas can be
arbitrarily chosen.
The transformer can be implemented as a passive device and does not

introduce any limitations on the transmit power. Possible realizations are a
Butler matrix or a Rotman lens, which is especially suitable for mm-wave
frequencies, due to the small wavelength [RT63]. Realizations of such lens
designs as substrate integrated waveguides (SIW) exist and are a possible
candidate for integration with the solid state amplifiers [RP92, CHW+08,
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RPW97].

Contribution

The concept of this patent, to use a passive transformation unit to combine and
steer a signal with a multitude of amplifiers, was invented by me. Together with
my co-inventor I then extended the concept to its application in a transmitter
and receiver. I then wrote the description of the invention myself. The co-
authoring patent attorney translated the description and sketches into the
necessary patent form.
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Description

[0001] Embodiments of the present invention relate to a transmitter. Further embodiments of the present invention
relate to a transceiver. Some embodiments of the present invention relate to an electrically controllable directional
antenna. Some embodiments of the present invention relate to a switched beam power combiner.
[0002] Fig. 1 shows a block diagram of a plurality of radio stations that are communicating by means of high frequency
signals. Thereby, in Fig. 1 four radio stations 101 to 104 are shown by way of example. Each radio link (or radio com-
munication) 121 to 125 is operated in both directions, i.e. bidirectional. Moreover, each radio station 101 to 104 comprises
a combined transmit receive unit (transceiver) having a downstream signal processing (unit) 141 to 144 and a common
antenna 161 to 164 for transmitting and receiving (or two separate antennas for transmitting and receiving). Each of the
antennas 161 to 164 can comprise a plurality of interconnected or combined radiating elements. Furthermore, each radio
station 101 to 104 is configured to set-up simultaneous radio links to one or more adjacent radio stations, or even to all
radio stations 101 to 104, e.g. as shown in Fig. 2. Thereby, the radio links 121 to 125 form a network structure with the
individual radio stations 101 to 104 as nodes. Note that in Fig. 2, a three dimensional Cartesian coordinate system is
shown for illustration purposes. The Cartesian coordinate system comprises a x-axis, a y-axis and a z-axis, wherein the
x-axis and the y-axis span a horizontal plane perpendicular to an earth gravitational vector, and wherein the z-axis
(altitude) is parallel to the earth gravitational vector. Since differences in altitude (z-axis) between the individual radio
stations 101 to 104 are small compared to distances between the radio stations 101 to 104, the spatial position of the
individual radio stations 101 to 104 is primarily characterized by their horizontal angle or azimuthal angle (angle in the
horizontal plane, e.g. relative to the x-axis or y-axis) 201 and 202.
[0003] Fig. 3 shows a block diagram of the radio stations 101 to 104 shown in Fig. 1, wherein two of the four radio
stations 101 to 104 are configured as transmitters 101 and 104 and the other two as receivers 102 and 103. In order to
increase the operating range (coverage) for a given transmit power, or even to implement a secure radio link 121, 123
or 125, the high frequency signals can be bundled by the antennas 161 and 164 of the transmitters 101 and 104 and be
radiated (or transmitted) mainly in the direction of the receivers 102 and 103. Bundling of the beams can be performed
by appropriate beam patterns 301 to 303 with distinctive main lobes. Amplification of the radio signals can be effected
additionally or alternatively by beam patterns 304 to 306 on the receiver side. If the direct line of sight is blocked, e.g.
by an obstacle 32, then a directed radio link 123 can be set-up by means of an appropriate reflector 34. In Fig. 3 only
unidirectional radio links 121, 123 and 125 are shown by way of example, wherein an extension to bidirectional radio
links can be performed by means of exchanging transmitters 101 and 104 and receivers 102 and 103. Hence, by means
of forming (or generating) appropriate beam patterns, each transmitter is capable of radiating the transmit power simul-
taneously in one or more azimuthal directions and each receiver is capable of receiving signals from one or more
azimuthal directions. Generally, the positions of the radio stations 101 to 104 are not fixed but variable, such that the
alignment of the beams or main lobes must be carried out dynamically.
[0004] Moreover, for a secure operation, the radio system requires that the transmit signals have a particular minimal
power. The generation of the required transmit power is particularly challenging for micro or millimeter wave radio systems.
[0005] Typical applications for the radio system shown in Fig. 1 are meshed outdoor networks, e.g. for a radio com-
munication between vehicles, buildings or radio masts.
[0006] The simultaneous and adaptive formation of multiple main lobes is so far possible with MIMO signal processing
(MIMO = Multiple Input Multiple Output). In these systems each antenna element (or radiating element) is connected
via a separate transceiver and a separate digital-to-analog converter or analog-to-digital converter to a common digital
signal processing (unit). The signal processing (unit) performs for each desired main lobe a separate complex weighting
of the antenna signals, e.g. as described in D. Gesbert, M. Shafi, S. Da-shan, P. Smith and A. Naguib, "From theory to
practice: an overview of MIMO space-time coded wireless systems", Selected Areas in Communications, IEEE journal
on, vol. 21, no. 3, pp. 281-302, Apr. 2003. The MIMO signal processing allows any manipulation of the transmit and
receive signals not only for the entire signal but also for individual signal components in the time or frequency domain.
Hence, the MIMO signal processing is very flexible and efficient. Thereby, all antenna elements contribute to the formation
of the main lobes, wherein each antenna element usually comprises a low directivity. This solution offers the greatest
flexibility at the highest effort because a transceiver including a converter is required for each antenna element (or
radiating element). The antenna array is usually planar and hence covers only an azimuthal angle of 120°. In principle,
a curved or circular arrangement of the antenna elements (or radiating elements) is also possible in order to achieve a
360° covering. In this case, not all antenna elements can contribute to the formation of a specific main lobe, which results
in a poor exploitation of the already complex system.
[0007] Besides, there is the possibility of using antenna arrays having switchable fixed main lobes (switched beam
antennas). In this case, the antenna elements are connected via a change-over switch to the transceiver, such that at
all times only one specified antenna element having a corresponding main lobe is active. The desired high directivity is
realized within each antenna element (or radiating element). With this easy approach a simultaneous formation of main
lobes is not possible. A more complex switched beam antenna can be realized by means of a Butler matrix or Rotman
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lens, e.g. as described in W. Rotman and R.F. Turner, "Wide-Angle Microwave Lens for Line Source Applications," IEEE
Transactions on Antennas and Propagation, November 1963. Thereby, the main lobes are formed by all antenna elements
(or radiating elements) together, wherein the Butler matrix or Rotman lens comprises a separate input for each main
lobe. Thus, the single antenna element has only a low directivity. If the transceiver is switched to one or more inputs,
then one or more simultaneous main lobes can be formed. Switched beam antennas are predominantly assembled with
planar antenna arrays with a consequently limited angular range in an azimuthal direction. In principle, a curved or
circular arrangement is conceivable, but in this case as well not all antenna elements contribute to the formation of the
main lobes resulting in the same disadvantages as in the antenna arrays with MIMO signal processing. Planar switched
beam antennas with a Rotman lens are mainly applied in simple radar systems, e.g. for vehicles.
[0008] With mechanically rotating antennas the desired directivity is achieved by a single antenna element (or radiating
element) that is rotated or tilted in the desired azimuthal direction. Advantageous is the perfect angular coverage of 360°
and the relatively low technical effort, e.g. only one transceiver is required, while the mechanical inertia and the fact that
it is not possible to form more than one main lobe at the same time is disadvantageous. Mechanically rotatable antennas
are primarily used for ship or plane radars.
[0009] Moreover, when using phased array antennas, the signals of individual antenna elements (or radiating elements)
are weighted with complex factors (e.g. amplitude and phase), e.g. as described L.C. Godara, "Application of Antenna
Arrays to Mobile Communications, Part II: Beam-Forming and Direction-of-Arrival Considerations," Proceedings of the
IEEE, vol. 85, no. 8, August 1997. Hence, each transmit antenna receives an identical, but individually weighted, signal.
On the receiver side the individual antenna signals are individually weighted and added. In contrast to antenna arrays
with MIMO signal processing, a complete transceiver for each antenna element (or radiating element) is not necessarily
required, e.g. a realization with an analog phase shifter for each antenna element may be sufficient. In this case a
common transceiver can be used. An upstream or downstream signal processing (unit) on the transmitter or receiveer
side thus has no influence on the individual antenna signals. With phased array antennas all antenna elements contribute
to the formation of the main lobes. Thus, the single antenna elements only require a small directivity. A planar arrangement
of the antennas comprises a restricted angular coverage, wherein curved or circular arrangements have the above
mentioned disadvantages. A simultaneous formation of multiple main lobes is limited and has a worse performance than
with MIMO signal processing. Therefore, usually no use is made of this possibility. Phased array antennas are primarily
used in radar systems and satellite communication, especially for replacing mechanically rotatable antennas.
[0010] There are several technical solutions for estimating the direction that differ in complexity of the transmit receive
unit (transceiver) and the usable propagation conditions.
[0011] Systems with MIMO signal processing comprise the highest complexity because each transmit and receive
antenna requires a separate transmit receive module. There are numerous known methods for estimating the direction
with MIMO signal processing that are applied to mobile communication, e.g. the MUSIC (multiple signal classification)
or ESPRIT (estimation of signal parameters via rotational invariance techniques) methods described in R.O. Schmidt,
"Multiple Emitter Location and Signal Parameter Estimation," IEEE Transactions on Antennas and Propagation, vols.
AP-34, no. 3, March 1986.
[0012] In systems with beamforming signal processing only one transceiver is required per radio station. Numerous
methods are known for direction estimation with beamforming signal processing, e.g. as described in P.-J. Chung and
J.F. Böhme, "Recursive EM and SAGE-Inspired Algorithms With Application to DOA Estimation," IEEE Transactions on
Signal Processing, vol. 53, no. 8, August 2005, D.J. Love and R.W. Heath, "Equal Gain Transmission in Multiple-Input-
Multiple-Output Wireless Systems," IEEE Transactions on Communications, Vol. 52, no. 7, July 2003, and S.-H. Wu,
L.-K. Lin and S.-J. Chung, "Planar arrays hybrid beamforming for SDMA in millimeter wave applications," Personal,
Indoor and Mobile Radio Communications, PIMRC 2008, IEEE 19th International Symposium on, pp. 1-6, 2008. These
methods are used, for example, for intercommunication using millimeter waves, e.g. as described in ECMA International,
Standard ECMA-387: High Rate 60GHz PHY, MAC and HDMI PAL, Geneva, 2008. These known approaches achieve
their greatest performance in multi-path propagation channels. In the communication scenario shown in Fig. 1, an
undisturbed line of sight or a single reflection (Fig. 3) of the main propagation path is assumed.
[0013] Besides, there is still the possibility to directly evaluate location information in order to calculate the spatial
direction (azimuthal directions) of the transmit and receive antennas when the position of adjacent transceivers is known.
Thereby, the location information can be obtained by means of satellite navigation, e.g. GPS (global positioning system).
This solution requires that each transceiver is capable of performing a location determination and that each transceiver
is capable of communicating this information to the other nodes of the network. Hence, each transceiver must comprise
a receiver for the satellite navigation and there must be the possibility for a non-directional wireless data communication,
such that the location information can be exchanged before the main lobes are formed. So far this method is used for
dynamic alignment of phased array antennas towards airplanes for communicating with satellites.
[0014] In many application cases it is not possible or technically not feasible to generate high transmit powers in an
integrated semiconductor. A further parallelization on the semiconductor device would result in large area consumption
and high costs and is therefore often not feasible. Furthermore, a high performance cooling concept would be required



EP 2 624 475 B1

4

5

10

15

20

25

30

35

40

45

50

55

in order to dissipate the concentrated dissipation power.
[0015] For the generation of the required power usually multiple power amplifiers are built up discretely and their
outputs are combined. Previous solutions to this problem can be separated according to how the output signals of the
power amplifiers are combined. When using mechanically oriented directional antennas as well as mechanically oriented
directional antennas the power is merged in a power combiner. Power combiners usually comprise cascaded Wilkinson
power combiners or 90°-hybrids. These can combine the signals of two inputs to an impedance-controlled output. For
example, if 2n amplifiers should be parallelized, then this can be done by means of a binary tree structure comprising n
levels. Depending on the number of amplifiers, these structures can adopt a large structural shape. Furthermore, losses
of the power combiner increase with an increasing number of amplifiers, such that from a certain number of amplifiers
no significant increase of output power can be achieved. Moreover, inequalities of individual amplifiers may also lead
to losses.
[0016] When using MIMO signal processing with separate transceivers per antenna, the signals of the amplifiers are
combined in the air as electromagnetic waves, such that the power combiner as a dedicated component can be omitted.
[0017] More complex systems with beamforming signal processing comprise separate transceivers per antenna ele-
ment (or radiating element) as well. The complex weighting is thereby integrated in the transceivers. Separation or
combination of the weighted antenna signals can be performed directly downstream the digital-to-analog conversion or
directly before the upstream analog-to-digital conversion. The combination of the transmit signals of the individual transmit
amplifiers takes place in the air as electromagnetic waves as well.
[0018] US 2004/0027305 A1 shows a transmit and receiving system including a first array including at least one
antenna element disposed to provide a transmit antenna. The system further includes a second array having a second
different plurality of antenna elements disposed to provide a receive antenna. The first array is coupled to a switching
system, which is operative to selectively form at least one transmit beam. The second array is coupled to a beam
combining system, which is operative to selectively form a plurality of receive beams.
[0019] US 2009/0160576 A1 shows a coupling circuit comprising passive analog components for coupling a transceiver
to an antenna, such as an antenna array. The coupling circuit transforms an input signal into an appropriate format for
each element of the antenna array. The coupling circuit comprises a coupling network having a plurality of inputs and
a plurality of outputs. The inputs provide quadriphase versions of at least one input signal. In one embodiment, the
coupling circuit performs a Discrete Fourier Transform (DFT) on the input signal. In another embodiment, the coupling
circuit performs a Fast Fourier Transform (FFT) on the input signal. In still another embodiment, the FFT performed by
the coupling circuit implements a Butler matrix.
[0020] US 2011/090100 A1 refers to the employment of passive signal combiners to transform at least one signal from
one domain to another. In some aspects the transformation comprises an NFL an IFFT, a DFT, or an IDFT. The passive
signal combiners comprise a set of planar waveguides (e.g., which may be referred to as beamformers or Rotman
lenses) that have multiple inputs and outputs and are configured to provide orthogonal output signals. Thereby, an
electrical signal (e.g., received via an antenna element) is coupled to passive beamformers that transform the electrical
signal from one domain to another domain. A transformation of the electrical signal by a given passive beamformer may
have a first resolution, and outputs from the passive beamformers may correspond to orthogonal groups. A combiner
circuit may be used to combine the outputs from the passive beamformers and produce a combined output having a
second resolution and an associated error.
[0021] It is the object of the present invention to provide a concept for amplifying a transmit signal with an improved
power efficiency.
[0022] This object is solved by a transmitter according to claim 1, a transceiver according to claim 6, a method according
to claim 10 and a computer program according to claim 11.
[0023] Embodiments of the present invention provide a transmitter comprising a plurality of amplifier circuits, a plurality
of antennas adapted to have different main transmit directions and a transformation unit. The transformation unit com-
prises a plurality of inputs connected to the plurality of amplifier circuits and a plurality of outputs connected to the plurality
of antennas. The transformation unit is configured to transform a plurality of amplified transmit signals present at the
plurality of inputs into a combined power transmit signal and to provide the combined power transmit signal at one of
the plurality of outputs.
[0024] According to the concept of the present invention, a parallel amplification of the transmit signal is achieved by
means of the plurality of amplifier circuits, wherein a low loss bundling of the plurality of amplified transmit signals is
performed by the transformation unit that is configured to transform the plurality of amplified transmit signals into the
combined power transmit signal. Moreover, the transformation unit is configured to provide the combined power transmit
signal at one of the plurality of outputs for the antenna connected to the one output. Thus, the combined power transmit
signal is radiated by the antenna in the main transmit direction of the antenna.
[0025] In some embodiments of the present invention the transformation unit can be configured to transform the
plurality of amplified transmit signals into the combined power transmit signal such that the one output at which the
combined power transmit signal is provided is defined by amplitudes and/or phases of the plurality of amplified transmit
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signals.
[0026] Moreover, in some embodiments of the present invention the transformation unit can be configured to transform
the plurality of amplified transmit power (or signals) into the combined power transmit signal by means of an orthogonal
transformation or a discrete Fourier transformation.
[0027] Furthermore, in some embodiments of the present invention the transformation unit can be a high frequency
lens, a Rotman lens or a Butler matrix.
[0028] Embodiments of the present invention are described herein making reference to the appended drawings.

Fig. 1 shows a block diagram of a plurality of radio stations that are communicating to each other by means of high
frequency signals;

Fig. 2 shows a block diagram of a meshed network formed by the plurality of radio stations shown in Fig. 1;

Fig. 3 shows a block diagram of the radio stations shown in Fig. 1, wherein two of the radio stations are configured
as transmitters and the other two as receivers;

Fig. 4 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 5 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 6 shows a block diagram of the transformation unit and the further transformation unit according to an embod-
iment of the present invention;

Fig. 7 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 8 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 9 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 10 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 11 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 12 shows a block diagram of a transmitter according to an embodiment of the present invention;

Fig. 13 shows a block diagram of a receive path according to an embodiment of the present invention;

Fig. 14 shows a block diagram of a receive path according to an embodiment of the present invention;

Fig. 15 shows a block diagram of a receive path according to an embodiment of the present invention;

Fig. 16 shows a block diagram of a receive path according to an embodiment of the present invention;

Fig. 17 shows a block diagram of a receive path according to an embodiment of the present invention;

Fig. 18 shows a block diagram of a system comprising a first and a second transceiver according to an embodiment
of the present invention;

Fig. 19 shows a state diagram of a method for setting-up a connection between a first and a second transceiver
according to an embodiment of the present invention.

[0029] Equal or equivalent elements or elements with equal or equivalent functionality are denoted in the following
description by equal or equivalent reference numerals.
[0030] In the following description, a plurality of details are set forth to provide a more thorough explanation of em-
bodiments of the present invention. However, it will be apparent to one skilled in the art that embodiments of the preset
invention may be practiced without these specific details. In other instances, well-known structures and devices are
shown in block diagram form rather than in detail in order to avoid obscuring embodiments of the present invention. In
addition, features of the different embodiments described hereinafter may be combined with each other, unless specifically
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noted otherwise.
[0031] Fig. 4 shows a block diagram of a transmitter 100 according to an embodiment of the present invention. The
transmitter 100 comprises a plurality of amplifier circuits 102, a plurality of antennas 104 adapted to have different main
transmit directions and a transformation unit 106. The transformation unit 106 comprises a plurality of inputs 108 con-
nected to the plurality of amplifier circuits 102 and a plurality of outputs 110 connected to the plurality of antennas 104.
The transformation unit 106 is configured to transform a plurality of amplified transmit signals present at the plurality of
inputs 108 into a combined power transmit signal and to provide the combined power transmit signal at one of the plurality
of outputs 110.
[0032] According to the concept of the present invention, a parallel amplification of the transmit signal is achieved by
means of the plurality of amplifier circuits 102 (e.g. a plurality of amplifiers), wherein a low loss bundling of the plurality
of amplified transmit signals is performed by the transformation unit 106 that is configured to transform the plurality of
amplified transmit signals into the combined power transmit signal. Moreover, the transformation unit 106 is configured
to provide the combined power transmit signal at one output of the plurality of outputs 110 for the antenna connected
to the one output. Thus, the combined power transmit signal is radiated by the antenna in the main transmit direction of
the antenna.
[0033] In embodiments, the transformation unit 106 can comprise M inputs 108 and N outputs, wherein M is a natural
number greater than or equal to two or three (M ≥ 3 or M ≥ 2), and wherein N is a natural number greater than or equal
to two or three (N > 3 or M ≥ 2). Thereby, in some embodiments, the number of inputs M can be equal to the number
of outputs N (M = N), wherein in other embodiments the number of inputs M can be unequal to the number of outputs
N (M ≠ N). Since the plurality of amplifier circuits 102 are connected to the plurality of inputs 108 of the transformation
unit 106, the number of amplifier circuits can be equal to the number of inputs M of the transformation unit 106.
[0034] In some embodiments, the transformation unit 106 can be configured to transform the plurality of amplified
transmit signals into the combined power transmit signal by means of an orthogonal transformation or a discrete Fourier
transformation.
[0035] Furthermore, in some embodiments, the transformation unit 106 can be a high frequency lens, a Rotman lens
or a Butler matrix.
[0036] Moreover, in some embodiments, the transformation unit 106 can be configured to transform the plurality of
amplified transmit signals into the combined power transmit signal such that the one output of the plurality of outputs at
which the combined power transmit signal is provided is defined by amplitudes and/or phases of the plurality of amplified
transmit signals.
[0037] Hence, by adjusting the amplitudes and/or phases of the plurality of amplified transmit signals that are present
at the plurality of inputs 108 of the transformation unit 106, the one output of the plurality of outputs 110 at which the
combined power transmit signal is provided can be selected. Thus, the combined power transmit signal can be radiated
by the antenna connected to the one output in the main transmit direction of the antenna.
[0038] As already mentioned, the plurality of antennas 104 are adapted to have different main transmit directions. In
some embodiments, the plurality of antennas 104 can be directional antennas arranged to have the different main
transmit directions. The main transmit directions can be characterized by the main lobes or beams of the plurality of
antennas 104. Furthermore, the main transmit directions of the plurality of antennas 104 can be described by azimuthal
angles.
[0039] Fig. 5 shows a block diagram of a transmitter 100 according to an embodiment of the present invention. In
contrast to Fig. 4, the transmitter 100 comprises a further transformation unit 112 comprising a plurality of inputs 114
and a plurality of outputs 116 connected to the plurality of amplifier circuits 102. The further transformation unit 112 can
be configured to transform a transmit signal present at one of the plurality of inputs 114 into a plurality of phase shifted
transmit signals such that the input of the plurality of inputs 114 at which the transmit signal is present defines the phases
of the plurality of phase shifted transmit signals and to provide the plurality of phase shifted transmit signals at the plurality
of outputs 116. The plurality of amplifier circuits 102 can be configured to amplify the plurality of phase shifted transmit
signals in order to obtain the plurality of amplified transmit signals.
[0040] In some embodiments, the further transformation unit 112 can be configured to transform the transmit signal
into the plurality of phase shifted transmit signals by means of an orthogonal transformation or a discrete Fourier trans-
formation. Moreover, the further transformation unit 112 can be a high frequency lens, a Rotman lens or a Butler matrix.
Furthermore, in some embodiments, the transformation unit 106 can be configured to perform a transformation which
is inverse to the transformation performed by the further transformation unit 112, such that the one input of the plurality
of inputs 114 of the further transformation unit 112 at which the transmit signal is present defines the one output of the
plurality of outputs 110 of the transformation unit 106 at which the combined power transmit signal is provided.
[0041] For example, the further transformation unit 112 can be configured to transform the transmit signal present at
one of the plurality inputs 114 into the plurality of phase shifted transmit signals present at the plurality of outputs 116
by means of an orthogonal transformation (OT), wherein the transformation unit 106 can be configured to perform an
inverse orthogonal transformation (OT-1), which is inverse to the transformation performed by the further transformation
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unit 112.
[0042] As shown in Fig. 5, the transmitter 100 can comprise a switching element 118 comprising an input and a plurality
of outputs connected to the plurality of inputs 114 of the further transformation unit 112. The switching element 118 (e.g.
a switch or a change-over switch) can be configured to provide the transmit signal present at its input at one output of
the plurality of its outputs. Hence, the switching element 118 can be used to select the one input of the plurality of inputs
114 of the further transformation unit 112 at which the transmit signal is provided, and thus the one output of the plurality
of outputs 110 at which the combined power transmit signal is provided. The combined power transmit signal is radiated
by the antenna connected to the one output in the main transmit direction of the antenna.
[0043] In the following, the transformation unit 106 and the further transformation unit 112 are denoted in the drawings
with OT (orthogonal transformation unit) and OT-1 (inverse orthogonal transformation unit) by way of example. Naturally,
the transformation unit 106 and the further transformation unit 112 can be configured to perform any other transformations,
including non-orthogonal transformations.
[0044] In some embodiments, the orthogonal transformation units OT and OT-1 (106 and 112) are the central com-
ponents that make the parallel amplification of the transmit signal possible. The transmit direction (or azimuthal angle)
can be selected by means of the switching element 118 with which a particular antenna (or radiating element) of the
plurality of antennas 104 and thus a particular transmit direction can be determined.
[0045] Fig. 6 shows a block diagram of the transformation unit 106 and the further transformation unit 112 according
to an embodiment of the present invention. The further transformation unit 112 can comprise N inputs 114 and M outputs
116, and be configured to perform an orthogonal transformation (or unitary mapping) of the input signals (present at the
N inputs 114) to the output signals (present at the M outputs 116), wherein N and M are natural numbers greater than
or equal to two or three (N ≥ 3 or N ≥ 2; M ≥ 3 or M ≥ 2). In Fig. 6, the input signals present at the N inputs 114 are
denoted with a0(t) to aN-1(t), wherein the output signals present at the M outputs 116 are denoted with b0(t) to bM-1(t).
The input and output signals can be mathematically described as vectors: 

[0046] Due to the (orthogonal) transformation performed by the further transformation unit 112, the input signals a0(t)
to aN-1(t) and output signals b0(t) to bM-1(t) are directly related to each other: 

[0047] Thereby, OT describes the mapping function (or representation function) of the further transformation unit 112.
[0048] As already mentioned, the transformation unit 106 can be configured to perform a transformation which is
inverse to the transformation performed by the further transformation unit 112. In other words, the transformation unit
106 is an inverse transformation unit.
[0049] The transformation unit 106 can comprise M inputs 108 and N outputs 110, and be configured to perform an
inverse orthogonal transformation (or unitary mapping) of the input signals (present at the M inputs 108) to the output
signals (present at the N outputs 110). The input signals present at the M inputs 108 are denoted with b0(t) to bM-1(t),
wherein the output signals present at the M outputs 116 are denoted with c0(t) to cN-1(1). The output signal can be
mathematically described as vector: 

[0050] Due to the (inverse orthogonal) transformation performed by the transformation unit 106, the input signals b0(t)
to bM-1(t) and output signals c0(t) to cN-1(t) are directly related to each other: 
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[0051] If the plurality of inputs 108 of the transformation unit 106 are connected to the plurality of outputs 116 of the
further transformation 112 unit, then it follows: 

[0052] This means that the output signals c0(t) to cN-1(t) of a cascaded (normal) transformation unit (OT) and inverse
transformation unit (OT-1) are equivalent to the input signals a0(t) to aN-1 (t).
[0053] The discrete Fourier transformation (DFT) is an orthogonal transformation that fulfills these requirements for a
particular class of input signals and that can be implemented in components (or devices) such as in high frequency
lenses. The required properties of the input signals are described below.
[0054] In the following, for simplicity it is assumed that the number of inputs are equal to the number of outputs (N =
M), nevertheless this is not a necessary requirement. In addition, it is assumed that the discrete Fourier transformation
is used as transformation function, nevertheless this is as well not a necessary requirement.
[0055] Fig. 7 shows a transmitter 100 according to an embodiment of the present invention. As shown in Fig. 7, the
plurality of (parallel) amplifier circuits 102 are placed (or connected in series) between the plurality of outputs 116 of the
further transformation unit 112 (OT) and the plurality of inputs 108 of the transformation unit 106 (OT-1),
[0056] The input signal is applied to the plurality of inputs 114 of the further transformation unit 112. The plurality of
outputs 116 of the further transformation unit 112 are connected to the plurality of amplifier circuits 102 which in turn
are connected to the plurality of inputs 108 of the transformation unit 106. The transformation unit 106 forms the inverse
of the further transformation unit 112 (in the case of the discrete Fourier transformation, both transformation functions
(OT and OT-1) may be approximately similar except for an amplitude factor). The plurality of outputs 110 of the trans-
formation unit 106 (form the N output gates and) can be connected to the plurality of transmit antennas 104.
[0057] If the input signal is applied to one (arbitrary) input ai (i = 0,1, ...,N-1) of the plurality of inputs 114 of the further
transformation unit 112 and if the further transformation unit 112 is configured to perform a discrete Fourier transformation,
then the signal power (of the input signal) is distributed uniformly at the plurality of outputs 116 of the further transformation
unit 112 (i.e. same absolute values). The signal power is then amplified in parallel by the plurality of amplifier circuits
102 and concentrated at one output of the plurality of outputs 110 (the (mirrored) output of the plurality of outputs 110
that corresponds to the input of the plurality of inputs 114) by the transformation unit 106. If the component losses are
neglected and if an amplification factor (gain) of K is assumed, then the output signal at the selected output 110 of the
transformation unit 106 can be calculated to: 

[0058] In other words, the further transformation unit 112 can be configured to transform the transmit signal present
at one input (e.g. a selected input) of the plurality of inputs 114 into the plurality of phase shifted transmit signals and to
provide the plurality of phase shifted transmit signals at the plurality of outputs 116. The plurality of amplifier circuits 102
can be configured to amplify the plurality of phase shifted transmit signals in order to obtain the plurality of amplified
transmit signals. The transformation unit 106 can be configured to transform the plurality of amplified transmit signals
present at the plurality of inputs 108 into the combined power transmit signal and to provide the combined power transmit
signal at the one output (e.g. the selected output corresponding (or equivalent) to the selected input) of the plurality of
outputs 110 defined by the amplitudes and/or phases of the plurality of amplified transmit signals. In some embodiments,
the transmit signal can be one of the input signals a0(t) to aN-1(t) of the further transformation unit 112, wherein the
plurality of phase shifted transmit signals can be the output signals of the further transformation unit 112. Moreover, the
plurality of amplified transmit signals can be the inputs signals of the transformation unit 106, wherein the combined
power transmit signal can be one of the output signals c0(t) to cN-1(t) of the transformation unit 106.
[0059] In some embodiments, the first transformation unit 112 may not be implemented as a dedicated device (or
component). It is also possible to generate the transformation, which is performed in the above embodiments by the
further transformation unit 112, in an arbitrary way and to drive the individual inputs of the plurality of amplifier circuits
102 with the so-generated signals. In that case, the output vector is the transform of the input vector, amplified by the
factor NK. In some hardware implementations, signals having the same absolute values may be applied to the inputs
of the plurality of amplifier circuits 102.
[0060] Fig. 8 shows a block diagram of a transmitter 100 according to an embodiment of the present invention. The
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transmitter 100 comprises the plurality of amplifier circuits 102 and the transformation unit 106. The plurality of amplifier
circuits 102 can be configured to amplify a transmit signal with controllable gains and/or controllable phase shifts in order
to obtain the plurality of amplified transmit signals. The transmitter 100 can be configured to control the gains and/or
phase shifts such that the plurality of amplifier circuits 102 provide the plurality of amplified transmit signals with predefined
amplitudes and/or phases. The transformation unit 106 can be configured to provide the combined power transmit signal
at the one output of the plurality of outputs 110 defined by the amplitudes and/or phases of the plurality of amplified
transmit signals.
[0061] In some embodiments, the term "predefined" may refer to a given, calculated, controlled, adapted, set and/or
defined value, e.g. phase or amplitude, that can be calculated, controlled, adapted, configured, set and/or defined at
runtime or prior to runtime of the transmitter 100.
[0062] In other words, an input signal a(t) can be applied (simultaneously) to the N inputs of amplifiers 102. The
amplifiers 102 can be configured to alter individually the phase relationship and/or phase shift ϕi and the amplification
factor (gain) âi of the input signals a(t). When using the discrete Fourier transformation, these pairs of values (ϕi, âi) can
be adjusted (or determined) such that the individual output signals cj are arbitrary amplitude shifted and/or phase shifted
versions of the input signal a(t). Furthermore, these pairs of values (ϕi, âi) can be referred to as complex input coefficients
di. When using a properly built high frequency lens or Butler matrix these pairs of values (ϕi, ai) can be calculated directly
by means of the discrete Fourier transformation for arbitrary distributions of the output signals.
[0063] Let c=(c0,c1, ... , cN-1) be the desired distribution of the signals at the plurality of outputs 110. The complex
input coefficients can be calculated to: 

[0064] Especially the coefficients that lead to a concentration of the signal energy at one specific output cj are of
interest for the desired change-over switch functionality: 

[0065] If the discrete Fourier transformation is used and if the above requirements are taken into account, then all
amplification factors (gains) may be equal: 

[0066] In other words, it may be enough to set at the individual amplifiers the relative phase relationships of the signals.
Therewith it follows: 

[0067] This means that the parallel amplified input signal a(t) is present at one output cj of the plurality of outputs 110.
[0068] Hence, the parallel amplified signal can be switched over between the outputs 110 of the transformation unit
106 by proper adjusting the phase relationships (or phase shifts) at the amplifiers 102 (or the phase relationship between
the input signals and the amplifiers 102).
[0069] As already mentioned, in some embodiments, the transformation unit 106 can be a high frequency lens. In the
following, the construction of such a high frequency lens is mathematically derived by way of example.
[0070] The input signals (present at the plurality of inputs 114) of the inverse transformation unit 106 can be defined as: 

^
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[0071] Thereby, f(t) is a common (or mutual) time domain function, Moreover, it is assumed that f(t) is a stationary
complex function comprising the form f(t) = bejωt, wherein b denotes the (complex) amplitude of the signal, and wherein
ω = 2πf0 denotes the frequency of the signal.
[0072] The amplitude shifted, and phase or time shifted input signal sn(t) thus can be calculated to: 

[0073] The path length (or line length) between an input and an output are denoted with rn,m. Thereby, the output

signal is delayed by tn,m = rn,m /c1 with respect to the input signal due to the corresponding propagation delay (when a

change in amplitude is neglected), wherein  is the propagation velocity within the high frequency

lens. Thus, the output signal present at one output m of the plurality of outputs 110 can be calculated to: 

[0074] Moreover, the inverse discrete Fourier transformation can be calculated to: 

[0075] A comparison shows that the transformation function of a high frequency lens can be constructed such that
the mapping (or transformation) corresponds to a discrete Fourier transformation of a time discrete signal when the
above described requirements are taken into account. If the amplitude is neglected, then it follows: 

[0076] Thereby, λ1 is the wavelength within the high frequency lens. Thus, the path length (or line length) within the
high frequency lens can be calculated to: 

[0077] Thereby, k is a natural number. Since the absolute phase relationship may be irrelevant for the targeted appli-
cation, in some embodiments, an additional and for all path lengths (or line lengths) equal length ro can be allowed:



EP 2 624 475 B1

11

5

10

15

20

25

30

35

40

45

50

55

[0078] The above restriction of the input signal of the high frequency lens to signals having the form f(t) = bejωt can
be extended to signals having the form f’(t) = Σkbkejwkl without restricting the further derivation. Nevertheless, in that
case, the consistency (or conformity) between the mapping function of the high frequency lens and the discrete Fourier
transformation can be restricted since the phase shifts caused by the signal runtimes within the lens are frequency
dependent (variable c in the above derivation).
[0079] In that case, the shape of the high frequency lens can be chosen such that an error of the mapping function is
reduced for a given frequency range. In addition, the high frequency lens can be filled with a dispersive medium that
compensates phase differences and/or runtime differences between different frequencies such that the error of the
mapping function can be reduced (or even minimized) for a larger frequency range.
[0080] The above mathematical derivation describes the requirements that the high frequency lens may fulfill in order
to perform the inverse discrete Fourier transformation. However, embodiments of the present invention also require the
inverse of the inverse transformation, i.e. the actual transformation. If the discrete Fourier transformation is used, then
the actual transformation can be provided by exchanging the inputs and outputs. This relationship can be easily described
by means of the matrix of the discrete Fourier transformation which describes the sum as a matrix and the data to be
transformed as a vector. The result of a multiplication of the matrix with the data vector yields exactly to the discrete
Fourier transformation.
[0081] The exchanging rules are very simple. The first row remains unchanged. The remaining rows of the matrix of
the discrete Fourier transformation (1, 2, ..., N) have to be reversed in sequence (N, ..., 2, 1). Alternatively, it is also
possible to rename the inputs and outputs, respectively.
[0082] In the following, different embodiments of the transmitter 100 and the corresponding signal processing are
described. Moreover, in the following embodiments, the formation of a single beam by bundling the signal energy at a
single output of the plurality of outputs 110 of the transformation unit 106 is considered by way of example. Nevertheless,
further distributions of the signal energy at the plurality of outputs 110 can be achieved, for example, by varying the
gains and/or phase shifts of the plurality of amplifier circuits 102. Fig. 9 shows a transmitter 100 according to an embod-
iment of the present invention. The transmitter 100 can comprise the plurality of amplifier circuits 102, the plurality of
antennas 104 adapted to have different main transmit directions, the transformation unit 106 and the further transformation
unit 112 as already described in detail above. In addition, the transmitter can comprises a local oscillator 128 configured
to provide a local oscillator signal, a switching element 118 comprising an input and a plurality of outputs, and a mixer
136. The mixer 136 can be configured to mix a baseband or intermediate frequency transmit signal with the local oscillator
signal in order to provide the transmit signal. The switching element 118 (e.g. a switch or a change-over switch) can be
configured to provide the transmit signal present at its input at a selected output of its plurality of outputs, wherein the
plurality of outputs of the switching element 118 can be connected to the plurality of inputs 114 of the further transformation
unit 112.
[0083] As shown in Fig. 9, the transformation unit 106 and the further transformation unit 112 can be Rotman lenses
(RL), e.g. operated at a frequency of 60 GHz (or at frequency in the range between 30 GHz to 100 GHz, 10 GHz to 500
GHz, or 1 GHz to 1000 GHz). The phase shifts can be generated by the further transformation unit 112 (RL), wherein
the power can be combined by the transformation unit 106 (RL). Thereby, the functionality of the transmitter 100 corre-
sponds to the above description and/or mathematical derivation.
[0084] The output of the plurality of outputs 110 at which the combined power transmit signal is provided and thus the
main transmit direction (or desired beam or main lobe) in which the combined power transmit signal is radiated can be
controlled (or selected) by means of the switching element 118, e.g. a mechanic or electronic switch operated at a
frequency of 60 GHz (or at frequency in the range between 30 GHz to 100 GHz, 10 GHz to 500 GHz, or 1 GHz to 1000
GHz) on the input side. In contrast to state of the art solutions, the insertion losses of the switching element 118 are not
caused within the power path downstream the amplifiers 102. Thus, the insertion losses of the switching element 118
are small compared to those state of the art solutions.
[0085] Note that different line lengths between the outputs 116 of the further transformation unit 112 (first Rotman
lens) and the inputs of the transformation unit 106 (second Rotman lens) may result in an relative alternation of the
phases of the signals present at the inputs 108 of the transformation unit 106. This could disturb the beam forming
performed by the transformation unit 106 (second Rotman lens) and is denoted in the drawings with "critical line length".
Thus, in some embodiments, the line lengths are equal.
[0086] Fig. 10 shows a transmitter 100 according to an embodiment of the present invention. The transmitter 100 can
comprise the plurality of amplifier circuits 102, the plurality of antennas 104 adapted to have different main transmit
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directions, the transformation unit 106 and the further transformation unit 112 as already described in detail above. In
addition, the transmitter 100 can comprise a local oscillator 128 configured to provide a local oscillator signal, a switching
element 118 comprising an input and a plurality of outputs, and a plurality of mixers 136. The plurality of mixers 136 can
be connected in series between the plurality of outputs of the switching element 118 and the plurality of inputs 114 of
the further transformation unit 112. The switching element 118 can be configured to provide a baseband or intermediate
frequency transmit signal present at its input at a selected output of its plurality of outputs. Each mixer of the plurality of
mixers 136 can be configured to mix the baseband or intermediate transmit signal present at the selected output of the
plurality of outputs of the switching element 118 with the local oscillator signal in order to provide the transmit signal.
[0087] The embodiment of the transmitter 100 shown in Fig. 10 differs from the embodiment shown in Fig. 9 by the
fact that the switching over is performed in the baseband or at the intermediate frequency. The subsequent up mixing
to the high frequency carrier frequency is performed for each input of the further transformation unit 112 (first Rotman
lens) with a separate mixer. In general, the switching over of the signals is easier to realize in the baseband (or at the
intermediate frequency) than at the high frequency carrier frequency.
[0088] Fig. 11 shows a transmitter 100 according to an embodiment of the present invention. The transmitter can
comprise the plurality of amplifier circuits 102, the plurality of antennas 104 adapted to have different main transmit
directions, and the transformation unit 106 as already described in detail above. In addition, the transmitter 100 can
comprise a local oscillator 128 configured to provide a local oscillator signal and a local oscillator transformation unit
140. The local oscillator transformation unit 140 can comprise a plurality of inputs 142 and a plurality of outputs 144.
The local oscillator transformation unit 140 can be configured to transform the local oscillator signal present at one of
the plurality of inputs 142 into a plurality of phase shifted local oscillator signals such that the input at which the local
oscillator signal is present defines the phases of the plurality of phase shifted local oscillator signals and to provide the
plurality of phase shifted local oscillator signals at the plurality of outputs 144. Furthermore, the plurality of amplifier
circuits 102 can comprise control inputs 146 connected to the plurality of outputs 144 of the local oscillator transformation
unit 140. The plurality of amplifier circuits 102 can be configured to obtain the plurality of amplified transmit signals based
on mixing a baseband or an intermediate frequency transmit signal or amplified versions thereof with the plurality of
phase shifted local oscillator signals present at the control inputs 146, thereby applying the phases of the plurality of
phase shifted local oscillator signals to the plurality of amplified transmit signals.
[0089] In some embodiments, the local oscillator transformation unit 140 can be configured to transform the local
oscillator signal into the plurality of phase shifted local oscillator signals by means of an orthogonal transformation or a
discrete Fourier transformation. The local oscillator transformation unit 140 can be a high frequency lens, a Butler matrix,
or as shown in Fig. 11 a Rotman lens.
[0090] In other words, another possibility to control the beam (or main lobe) is to generate the necessary phase shifts
at the frequency of the local oscillator. The so-generated local oscillator signals can be transformed by the local oscillator
transformation unit 140 (or first Rotman lens) and afterwards mixed and amplified in parallel with the baseband transmit
signal. The plurality of amplified transmit signals are then transformed by the transformation unit 106 (second Rotman
lens) into the combined power transmit signal.
[0091] Fig. 12 shows a block diagram of a transmitter 100 according to an embodiment of the present invention. The
transmitter 100 can comprise the plurality of amplifier circuits 102, the plurality of antennas 104 adapted to have different
main transmit directions, and the transformation unit 106 as already described in detail above. In addition, the transmitter
100 can comprise a local oscillator 128 configured to provide a local oscillator signal and a plurality of controllable phase
shifters 150. The plurality of controllable phase shifters can be connected to the local oscillator 128 and configured to
provide a plurality of phase shifted local oscillator signals having predefined phases. Thereby, the plurality of amplifier
circuits 102 can comprise control inputs 146 connected to the plurality of controllable phase shifters 150. The plurality
of amplifier circuits 102 can be configured to obtain the plurality of amplified transmit signals based on mixing a baseband
or intermediate frequency transmit signal or amplified versions thereof with the plurality of phase shifted local oscillator
signals present at the control inputs 146, thereby applying the phases of the plurality of phase shifted local oscillator
signals to the plurality of amplified transmit signals.
[0092] In other words, another possibility is to generate the required phase shifts of the local oscillator signals by
means of individually programmable phase shifters 150. Thus, different or varying line lengths can be compensated or
calibrated out such that the layout of the transmitter 100 can be simplified.
[0093] Fig. 13 shows a block diagram of a receive path 200 of a transceiver according to an embodiment of the present
invention. In some embodiments, the transceiver can comprise the transmitter 100 as described above and the receive
path 200 shown in Fig. 13. The receive path 200 can comprise an output 202 and a plurality of receive path amplifiers
204 connected in series between the output 202 and the plurality of antennas 104. The plurality of antennas 104 can
be adapted to have different main receive directions in order to receive a plurality of receive signals from the different
main receive directions.
[0094] Note that in Fig. 13, four antennas 104 and four receive path amplifiers 204 are shown by way of example. In
general, the receive path 200 can comprise N receive path amplifiers 204 connected to N antennas 104. In some
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embodiments, the number N of antennas and the number N of receive path amplifiers 204 can be equal to the number
N of outputs of the transformation unit 106 of the transmitter 100.
[0095] In some embodiments, the plurality of receive path amplifiers 204 can be connected in series between the
plurality of antennas 104 and the output 202 of the receive path 200 by means of a switching element 206 comprising
an output and a plurality of inputs such that the plurality of inputs are connected to the plurality of receive path amplifiers
204 and the output to the output 202 of the receive path 200.
[0096] In other words, Fig. 13 shows the receive path (or receiver) 200 corresponding to the transmitter 100. The
plurality of antennas 104 are connected to separate receive path amplifiers 204. The selection of one of the plurality of
antennas 104 and thus of a receive direction can be performed by means of the switching element 206 (e.g. a switch
or a change-over switch).
[0097] Fig. 14 shows a block diagram of a receive path 200 according to an embodiment of the present invention. The
receive path 200 can comprise an output 202 and a plurality of receive path amplifiers 204 connected in series between
the output 202 and the plurality of antennas 104. The plurality of antennas 104 can be adapted to have different main
receive directions in order to receive a plurality of receive signals from the different main receive directions.
[0098] In other words, the receive path 200 shown in Fig. 14 can be used for selecting the receive signal or the antenna
receiving the receive signal. Each antenna of the plurality of antennas 104 can be connected to an amplifier 204, e.g.
a low noise high frequency amplifier (LNA) 204, and to an optional mixer that can be configured to down mix the receive
signal to an intermediate frequency or a baseband. The downstream signal processing of the receive path (e.g. analog-
to-digital conversion, reconstruction of data) is thus performed only once for the combined signals present at the output
202 of the receive path 200. In contrast to this, MIMO receivers require a parallel processing of all receive signals. As
indicated in Fig. 14, the signal of the desired antenna (and hence remote station) can be received by activating (or
selecting, or switching on) the corresponding amplifier.
[0099] Moreover, although beamforming receivers and beamforming transmitters may require only a single signal
processing unit when using a planar antenna array, there is the problem that when using a non-planar antenna array,
averted antennas only increase the noise ratio.
[0100] Fig. 15 shows a block diagram of a receive path 200 according to an embodiment of the present invention. The
plurality of receive path amplifiers 204 can be switchable between a switch on state and a switch off state in order to
select one of the plurality of antennas for receiving the receive signal. The plurality of receive path amplifiers 204 can
be configured to provide an output impedance that is in the switch on state adapted to a specific impedance of the
receive path 200, and in the switch off state at least by a factor of 10 (or 20, 30, 40, 50, 100, 200, 300 or 1000) higher
than the specific impedance of the receive path 200.
[0101] In some embodiments, the plurality of receive path amplifiers 204 can comprise inputs 208, e.g. control inputs
or supply voltage inputs, and be adapted to switch over between the switch on state and the switch off state based on
a signal, e.g. a control signal or supply voltage, present at the inputs 208.
[0102] Note that in Fig. 15, a first receive path amplifier 2041 (comprising a (control) input 2081) connected in series
between a first antenna 1041 and the output 202, and a second receive path amplifier 2042 (comprising a (control) input
2082) connected in series between a second antenna 1042 and the output 202 are shown for illustration purposes.
[0103] Thereby, Fig. 15 shows the typical properties of the first and second receive path amplifiers 2041 and 2042.
The first and second receive path amplifiers (e.g. low noise amplifiers) 2041 and 2042 can be switched on (or activated)
or switched off (or deactivated) by means of a supply voltage or by any other means. Therefore, the receive path amplifiers
2041 and 2042 can comprise control inputs 2081 and 2082 (e.g. enable inputs). In Fig. 15, the first amplifier 2041 is shown
in the switch-off state ("zero" present at the input 2081), wherein the second receive path amplifier 2042 is shown in the
switch-on state ("one" present at the input 2082). The outputs of the first and second receive path amplifiers 2041 and
2042 can be connected by means of lines, e.g. transmission lines, having a specific impedance Z0 and length (2N+1)λ/2
to the output 202. The first and second receive path amplifiers 2041 and 2042 can be adapted to have in the switch off
state (or deactivated state) an output impedance that is at least by a factor of 10 higher (ideally infinite) than the specific
impedance Z0. In the switch on state (or active state) the output impedance corresponds to the specific line impedance
Z0. The high output impedance (ideally infinite output impedance) of the switched off receive path amplifier 2041 is
mapped to the output 202 by means of the line connecting the first amplifier 2041 and the output 202. Thus, the impedance
of the line connecting the switched on amplifier 2042 and the output 202 appears to be ideally matched to the specific
impedance Z0. Hence, no additional matching network may be required even if a plurality of receive path amplifiers 204
are interconnected.
[0104] The common output 202 of the (low noise) receive path amplifiers 204 can thus be connected to a further signal
processing unit (not shown). By switching on (or activating) a selected receive path amplifier 204 the signal present at
the input of the selected (low noise) receive path amplifier can be switched to the common output 202.
[0105] Fig. 16 shows a block diagram of a receive path 200 according to an embodiment of the invention. The receive
path 200 comprises the plurality of antennas 104, the plurality of receive path amplifiers 204 connected to the plurality
of antennas 104, and the output 202. Furthermore, the receive path 200 can comprise a receive path local oscillator
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210 configured to provide a receive path local oscillator signal, a plurality of receive path mixers 212 connected in series
between the plurality of receive path amplifiers 204 and the output 202 of the receive path 200, and a receive path
switching element 206. Thereby, the plurality of receive path mixers 212 can be connected in series between the plurality
of receive path amplifiers 204 and the output 202 of the receive path 200 by means of the receive path switching element
206 such that a plurality of inputs of the receive path switching element 206 are connected to the plurality of receive
path mixers 212 and an output of the receive path switching element 206 is connected to the output 202 of the receive
path 200. The switching element 206 can be used to select one of the plurality of receive signals (or amplified and down
mixed versions thereof). The local oscillator can be running at a frequency of, for example, 1 GHz, 7,5 GHz, 15 GHz,
30 GHz, 60 GHz or 100 GHz.
[0106] As shown in Fig. 16, the switching over between the receive signals can be performed at the intermediate
frequency (or in the baseband). The receive signals received by the plurality of antennas 104 can be amplified by the
plurality of (parallel) receive path amplifiers 204 and down mixed to the intermediate frequency (or baseband). Afterward,
the desired receive signal can be selected by means of the switching element 206 (e.g. an electrical or mechanical
switch) and be further processed, e.g. by a signal processing unit (not shown).
[0107] Fig. 17 shows a block diagram of a receive path according to an embodiment of the present invention. The
receive path 200 comprises the plurality of antennas 104, the plurality of receive path amplifiers 204 connected to the
plurality of antennas 104, and the output 202. Furthermore, the receive path 200 can comprise a receive path local
oscillator 210 configured to provide a receive path local oscillator signal, a plurality of receive path mixers 212 connected
in series between the plurality of receive path amplifiers 204 and the output 202 of the receive path 200, and a receive
path switching element 206. Thereby, the receive path switching element 206 comprises an input connected to the
receive path local oscillator 210 and a plurality of outputs connected to the plurality of receive path mixers 212.
[0108] In contrast to Fig. 16, where the switching over is performed in the signal path, the switching over between the
receive signals is performed in Fig. 17 at the frequency of the local oscillator 210 (e.g. 1 GHz, 7,5 GHz, 15 GHz, 30
GHz, 60 GHz or 100 GHz). Thereby, the plurality of receive path amplifiers 204 and/or plurality of mixers 212 can be
switched on or off separately in order to match the line impedances as described above.
[0109] Fig. 18 shows a block diagram of a system 400 comprising a first and a second transceiver 3001 and 3002
according to an embodiment of the present invention. Each of the first and a second transceivers 3001 and 3002 can
comprise a transmitter 100 and a receive path 200 as described in the above embodiments.
[0110] As exemplarily shown in Fig. 18, each of the first and second transceivers 3001 and 3002 can comprise four
(directional) antennas 1041 to 1044 adapted to have different main transmit/receive directions, wherein each antenna
of the four antennas 1041 to 1044 can be adapted to cover an azimuthal angle of 90° (indicated in Fig. 18 by the dotted lines).
[0111] Setting up a connection between the transceivers 3001 and 3002 can be challenging when using directional
antennas since the transceivers 3001 and 3002 do not necessarily know the exact position of each other. In order to set
up a connection, it can be required to determine the relative position of the other transceiver and to select an optimal
directional antenna and hence an optimal transmission path.
[0112] As already mentioned, the power of the plurality of amplified transmit signals is bundled by the transformation
unit 106 to one output of the plurality of outputs 110 and hence to one main lobe or beam. Driving the plurality of outputs
110 in parallel is only possible if merely one amplifier of the plurality of amplifiers 102 is active. In that case, the achievable
transmission power for each antenna is considerably smaller.
[0113] Nevertheless, on the receiver side is possible to receive simultaneously the signals of the plurality of antennas
104 if a matching of impedances is taken into account. However, assuming a constant signal power, the noise power
at the at the output 202 of the receive path 200 is increased since the uncorrelated noise levels of the plurality of receive
path amplifiers 204 are added.
[0114] According to the concept of the present invention, in order to set up the connection between the first and second
transceiver 3001 and 3002, the increased noise power at the output 202 of the receive path 200 can be compensated
by means of code spreading. The signal to noise ratio depends on the implementation of the plurality of (parallel) receive
path amplifiers 204, but is in general not better than the signal to noise ratio of a single antenna and the corresponding
reduced gain. Thus, the signal to noise ratio is reduced at least by B = 10log(N) dB, wherein N is the number of antennas
104. This loss of signal to noise ratio can be compensated by using a direct sequence CDMA (code division multiple
access) code having a number of chips NC of NC ≥ N.
[0115] Furthermore, according to the concept of the present invention, the procedure of setting up the connection
(selecting the appropriate antenna and/or beam) can be accelerated if the relative position of the other transceiver is
known. The direction of the other transceiver can be calculated directly by calculating the difference of the positions.
Thereby, each transceiver can be configured to determine its position by means of satellite navigation (e.g. GPS) and/or
position sensors (e.g. gravitational sensors or a compass). If a separate data channel is available between the trans-
ceivers, then the data channel can be used to exchange position data. This data channel can be a unidirectional radio
channel having a high spreading factor and thus a high spreading gain since the amount of data to be exchanged can
be small.
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[0116] Fig. 19 shows a state diagram of a method for setting up a connection between the first and second transceiver
3001 and 3002 shown in Fig. 18. Thereby, it is assumed by way of example that the first transceiver 3001 performs the
following steps. Naturally, the following steps can also be performed by the second transceiver 3002.
[0117] At the start the first transceiver 3001 can be in a first state (TX ID) 500. In this state, the first transceiver 3001
can transmit subsequently with all antennas 104 a certain spreading code sequence. After a given time span tTX the
first transceiver 3001 can pass over to a second state (RX omnidir.) 502 in which the first transceiver 3001 can use all
antennas 104 to scan for signals of the second transceiver 3002. If no second transceiver 3002 can be detected within
a given time span tRX, then the first transceiver 3001 can pass over again to the first state (TX ID) 500.
[0118] If the second transceiver 3002 is detected, then the first transceiver 3001 can determine the direction of the
second transceiver 3002 by switching the antennas 104 individually (e.g. to the receiver or signal processing unit) until
the strongest receive signal is detected. Thereby, it may have to be taken into account that the identifier is only transmitted
in limited time slots.
[0119] If the characteristics (main lobes) of adjacent antennas 104 overlap, then scanning can be accelerated. For
example, to begin with, the antennas not having overlapping characteristics (main lobes) may be scanned (e.g. starting
with a random antenna). Afterwards, the remaining antennas may be scanned. Moreover, as soon as a receive signal
is detected, the adjacent antennas can be scanned in order to detect the receive maxima.
[0120] As soon as the first transceiver 3001 detects a receive signal of the second transceiver 3002, the first transceiver
3001 can pass over to a third state (RX dir. estim.) 504 in which an improved (or even optimal) beam form can be
determined, e.g. by trying. Afterwards, the first transceiver 3001 can transmit its own identifier in the direction of the
second transceiver 3002 in a fourth state (TX EST in dir.) 506 and wait for a confirmation from the second transceiver
3002 in a fifth state (RX in dir.) 508. This procedure can be repeated for N times and if no reply is received then the first
transceiver can pass over to the second state (RX omnidir.) 502, or in other words, setting up the connection can be
started over again.
[0121] If the first transceiver 3001 receives a confirmation from the second transceiver 3002, then the first transceiver
3001 can pass over to a sixth state (connect) 510 in which the connection (or link) to the second transceiver 3002 is
established.
[0122] The selection of the different time slots can be matched such that it can be guaranteed that the first and second
transceivers 3001 and 3002 (e.g. two arbitrary receivers that are operated asynchronously) are not transmitting contin-
uously at the same time and hence may not find each other. Therefore, the timespan tRX for signal scanning can be
extended by random timespans respectively.
[0123] Further embodiments of the present invention provide a method for operating a transmitter, wherein the trans-
mitter comprises a plurality of amplifier circuits, a plurality of antennas adapted to have different main transmit directions,
and a transformation unit comprising a plurality of inputs connected to the plurality of amplifier circuits and a plurality of
outputs connected to the plurality of antennas. In a first step, the plurality of amplified transmit signals present at the
plurality of inputs of the transformation unit are transformed into a combined power transmit signal. In a second step,
the combined power transmit signal is provided at one of the plurality of outputs of the transformation unit.
[0124] Embodiments of the present invention provide a transmitter configured to bundle simultaneously a transmit
signal (or transmit signals) in the direction of one or more receive stations. Thereby, the transmitter can be configured
to cover an azimuthal angle of 360°. Furthermore, the transmitter can be configured to adapt the main lobe(s) to the
position(s) of the receive station(s), i.e. changing the azimuth angle. The transmitter can be configured to estimate the
azimuth angle(s) in order to provide a dynamic alignment of the main lobe(s). In addition, the transmitter can be capable
of providing sufficient transmit power for providing the just mentioned functionality.
[0125] Further embodiments of the present invention provide a receive path that is configured to form simultaneously
one or more main lobes in the direction of one or more transmitters. Thereby, the receive path can be configured to
cover an azimuthal angle of 360°. Furthermore, the receive path can be configured to adapt the main lobe(s) to the
position(s) of the transmitter(s), i.e. changing the azimuth angle. The receive path can be configured to estimate the
azimuth angle(s) in order to provide a dynamic alignment of the main lobe(s).
[0126] The herein presented concept for parallel amplification and switching over or distribution of the transmit signal
to one or more outputs has specific advantages compared to prior art solutions. The transmitter 100 comprising a high
frequency lens as transformation unit comprises small losses compared to traditional power combiner networks. In
addition, the size of the high frequency lens increases (only) linearly with the number of inputs and outputs and not
quadratically as it is the case when using cascaded structures of simple 2:1 power dividers.
[0127] The transmitter 100 according to the concept of the present invention contains no mechanically moving com-
ponents. Thus, the transmitter 100 can be assembled in a compact manner and be robust against external influences.
In addition, the transmitter 100 according to the concept of the present invention does not contain any consumables
such that the transmitter 100 does not require (additional) maintenance and is in principle not limited in life time. Fur-
thermore, the transmitter 100 is able to switch over between the outputs without delay since no mechanical components
have to be moved.
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[0128] In contrast to some state of the art solutions, the transmitter 100 does not require an electronic switch due to
the transformation unit 106. Thus, the presented solution has lower losses. In addition, the transmitter 100 is capable
of generating any distribution of the signals at the outputs. When using electronic switches this can be realized only with
very complex circuits. However, when generating arbitrary signal distributions at the plurality of outputs 110 parallelization
in amplification is reduced since the plurality of amplifier circuits 102 are not driven with signals having the same absolute
values.
[0129] When using circular beamforming arrays not all antenna elements (or radiating elements) can contribute to the
generation of the signal since each antenna element is driven by an individual amplifier and since the different antenna
elements may shield each other. In contrast to this, in embodiments all amplifiers 102 contribute to the generation of
the combined power output signal.
[0130] Moreover, in order to calculate the beamforming coefficients, knowledge about the exact positioning of the
antenna layout is required. Furthermore, the calculation of the beamforming coefficients has to be adapted to the antenna
layout. In contrast to this, the transformation function according to the concept of the present invention can be equivalent
to the (fast) Fourier transformation that is efficient to implement and independent of the position of the plurality of antennas.
[0131] Although some aspects have been described in the context of an apparatus, it is clear that these aspects also
represent a description of the corresponding method, where a block or device corresponds to a method step or a feature
of a method step. Analogously, aspects described in the context of a method step also represent a description of a
corresponding block or item or feature of a corresponding apparatus. Some or all of the method steps may be executed
by (or using) a hardware apparatus, like for example, a microprocessor, a programmable computer or an electronic
circuit. In some embodiments, some one or more of the most important method steps may be executed by such an
apparatus.
[0132] Depending on certain implementation requirements, embodiments of the invention can be implemented in
hardware or in software. The implementation can be performed using a digital storage medium, for example a floppy
disk, a DVD, a Blu-Ray, a CD, a ROM, a PROM, an EPROM, an EEPROM or a FLASH memory, having electronically
readable control signals stored thereon, which cooperate (or are capable of cooperating) with a programmable computer
system such that the respective method is performed. Therefore, the digital storage medium may be computer readable.
[0133] Some embodiments according to the invention comprise a data carrier having electronically readable control
signals, which are capable of cooperating with a programmable computer system, such that one of the methods described
herein is performed.
[0134] Generally, embodiments of the present invention can be implemented as a computer program product with a
program code, the program code being operative for performing one of the methods when the computer program product
runs on a computer. The program code may for example be stored on a machine readable carrier.
[0135] Other embodiments comprise the computer program for performing one of the methods described herein,
stored on a machine readable carrier.
[0136] In other words, an embodiment of the inventive method is, therefore, a computer program having a program
code for performing one of the methods described herein, when the computer program runs on a computer.
[0137] A further embodiment of the inventive methods is, therefore, a data carrier (or a digital storage medium, or a
computer-readable medium) comprising, recorded thereon, the computer program for performing one of the methods
described herein. The data carrier, the digital storage medium or the recorded medium are typically tangible and/or non-
transitionary.
[0138] A further embodiment of the inventive method is, therefore, a data stream or a sequence of signals representing
the computer program for performing one of the methods described herein. The data stream or the sequence of signals
may for example be configured to be transferred via a data communication connection, for example via the Internet.
[0139] A further embodiment comprises a processing means, for example a computer, or a programmable logic device,
configured to or adapted to perform one of the methods described herein.
[0140] A further embodiment comprises a computer having installed thereon the computer program for performing
one of the methods described herein.
[0141] A further embodiment according to the invention comprises an apparatus or a system configured to transfer
(for example, electronically or optically) a computer program for performing one of the methods described herein to a
receiver. The receiver may, for example, be a computer, a mobile device, a memory device or the like. The apparatus
or system may, for example, comprise a file server for transferring the computer program to the receiver.
[0142] In some embodiments, a programmable logic device (for example a field programmable gate array) may be
used to perform some or all of the functionalities of the methods described herein. In some embodiments, a field pro-
grammable gate array may cooperate with a microprocessor in order to perform one of the methods described herein.
Generally, the methods are preferably performed by any hardware apparatus.
[0143] The above described embodiments are merely illustrative for the principles of the present invention. It is un-
derstood that modifications and variations of the arrangements and the details described herein will be apparent to
others skilled in the art. It is the intent, therefore, to be limited only by the scope of the impending patent claims and not
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by the specific details presented by way of description and explanation of the embodiments herein.

Claims

1. Transmitter (100), comprising:

a plurality of amplifier circuits (102);
a plurality of antennas (104) adapted to have different main transmit directions; and
a transformation unit (106) comprising a plurality of inputs (108) connected to the plurality of amplifier circuits
(102) and a plurality of outputs (110) connected to the plurality of antennas (104), wherein the transformation
unit (106) is configured to transform a plurality of amplified transmit signals present at the plurality of inputs
(108) into a combined power transmit signal and to provide the combined power transmit signal at one of the
plurality of outputs (110);
wherein the transformation unit (106) is configured to transform the plurality of amplified transmit signals into
the combined power transmit signal such that the one output at which the combined power transmit signal is
provided is defined by amplitudes and/or phases of the plurality of amplified transmit signals; and
wherein the plurality of amplifier circuits (102) are configured to amplify a transmit signal with controllable gains
and/or controllable phase shifts in order to obtain the plurality of amplified transmit signals, wherein the transmitter
(100) is configured to control the gains and/or phase shifts such that the plurality of amplifier circuits (102)
provide the plurality of amplified transmit signals with predefined amplitudes and/or phases, wherein the trans-
formation unit (106) is configured to provide the combined power transmit signal at the one output defined by
the amplitudes and/or phases of the plurality of amplified transmit signals.

2. Transmitter (100) according to claim 1, wherein the transformation unit (106) is configured to transform the plurality
of amplified transmit signals into the combined power transmit signal by means of an orthogonal transformation or
a discrete Fourier transformation.

3. Transmitter (100) according to claim 1 or 2, wherein the transformation unit (106) is a high frequency lens, a Rotman
lens or a Butler matrix.

4. Transmitter (100) according to claim 1 to 3, wherein the transmitter (100) further comprises:

a local oscillator (128) configured to provide a local oscillator signal; and
a local oscillator transformation unit (140) comprising a plurality of inputs (142) and a plurality of outputs (144),
wherein the local oscillator transformation unit (140) is configured to transform the local oscillator signal present
at one of the plurality of inputs (142) into a plurality of phase shifted local oscillator signals such that the input
at which the local oscillator signal is present defines the phases of the plurality of phase shifted local oscillator
signals and to provide the plurality of phase shifted local oscillator signals at the plurality of outputs (144);
wherein the plurality of amplifier circuits (102) comprise control inputs (146) connected to the plurality of outputs
(144) of the local oscillator transformation unit (140), wherein the plurality of amplifier circuits (102) are configured
to obtain the plurality of amplified transmit signals based on mixing a baseband or intermediate frequency
transmit signal or amplified versions thereof with the plurality of phase shifted local oscillator signals present at
the control inputs (146), thereby applying the phases of the plurality of phases shifted local oscillator signals to
the plurality of amplified transmit signals.

5. Transmitter (100) according to claim 1 to 3, wherein the transmitter (100) further comprises:

a local oscillator (128) configured to provide a local oscillator signal; and
a plurality of controllable phase shifters (150) connected to the local oscillator (128) and configured to provide
a plurality of phase shifted local oscillator signals having predefined phases;
wherein the plurality of amplifier circuits (102) comprise control inputs (146) connected to the plurality of con-
trollable phase shifters, wherein the plurality of amplifier circuits (102) are configured to obtain the plurality of
amplified transmit signals based on mixing a baseband or intermediate frequency transmit signal or amplified
versions thereof with the plurality of phase shifted local oscillator signals present at the control inputs (146),
thereby applying the phases of the plurality of phases shifted local oscillator signals to the plurality of amplified
transmit signals.
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6. Transceiver (300), comprising:

a transmitter (100) according to one of the claims 1 to 5; and
a receive path (200), wherein the receive path (200) comprises:

an output (202); and
a plurality of receive path amplifiers (204) connected in series between the output (202) and the plurality
of antennas (104), wherein the plurality of antennas (104) are adapted to have different main receive
directions in order to receive a plurality of receive signals from the different main receive directions.

7. Transceiver (300) according to claim 6, wherein the plurality of receive path amplifiers (204) are switchable between
a switch on state and a switch off state, wherein each receive path amplifier of the plurality of receive path amplifiers
(204) is configured to provide at its output an impedance that is in the switch on state adapted to a specific impedance
of the receive path (200) and that is in the switch-off state at least by a factor of 10 higher than the characteristic
impedance of the receive path (200).

8. Transceiver (300) according to claim 6 or 7, wherein the receive path (200) further comprises:

a receive path local oscillator (210) configured to provide a receive path local oscillator signal;
a plurality of receive path mixers (212) connected in series between the plurality of receive path amplifiers (204)
and the output (202) of the receive path (200); and
a switching element (206);
wherein the receive path switching element (206) comprises an input connected to the receive path local oscillator
and a plurality of outputs connected to the plurality of receive path mixers (212); or
wherein the plurality of receive path mixers (212) are connected in series between the plurality of receive path
amplifiers (204) and the output (202) of the receive path (200) by means of the receive path switching element
(206) such that a plurality of inputs of the receive path switching element (206) are connected to the plurality
of receive path mixers and an output of the receive path switching element is connected to the output (202) of
the receive path (200).

9. System (400), comprising:

a first and a second transceiver (300) according to one of the claims 6 to 8;
wherein the first transceiver is configured to transmit a transmit signal comprising a spreading code subsequently
with each antenna of the plurality of its antennas in order to establish a connection between the first and second
transceiver; and
wherein the second transceiver is configured to receive simultaneously a plurality of receive signals with the
plurality of its antennas, to derive a direction from which the transmit signal is received based on the plurality
of receive signals, and to select the antenna of the plurality of antennas having the main receive directions that
corresponds to the direction from which the transmit signal is received, in order to establish the connection
between the first and second transceiver.

10. Method for operating a transmitter, wherein the transmitter comprises a plurality of amplifier circuits, a plurality of
antennas adapted to have different main transmit directions, and a transformation unit comprising a plurality of
inputs connected to the plurality of amplifier circuits and a plurality of outputs connected to the plurality of antennas,
wherein the method comprises:

amplifying a transmit signal with controllable gains and/or controllable phase shifts in order to obtain the plurality
of amplified transmit signals;
controlling the gains and/or phase shifts such that the plurality of amplifier circuits provide the plurality of amplified
transmit signals with predefined amplitudes and/or phases;
transforming the plurality of amplified transmit signals present at the plurality of inputs of the transformation unit
into a combined power transmit signal; and providing the combined power transmit signal at one of the plurality
of outputs of the transformation unit;
wherein transforming the plurality of transmit signals comprises transforming the plurality of amplified transmit
signals into the combined power transmit signal such that the one output at which the combined power transmit
signal is provided is defined by amplitudes and/or phases of the plurality of amplified transmit signals; and
wherein providing the combined power transmit signal comprises providing the combined power transmit signal
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at the one output defined by the amplitudes and/or phases of the plurality of amplified transmit signals.

11. Computer program having a program code for performing, when running on a computer or microprocessor, a method
according to claim 10.

Patentansprüche

1. Sender (100), der folgende Merkmale aufweist:

eine Mehrzahl von Verstärkerschaltungen (102);
eine Mehrzahl von Antennen (104), die angepasst ist, um unterschiedliche Hauptsenderichtungen aufzuweisen;
und
eine Transformationseinheit (106), die eine Mehrzahl von Eingängen (108) aufweist, die mit der Mehrzahl von
Verstärkerschaltungen (102) verbunden ist, und eine Mehrzahl von Ausgängen (110), die mit der Mehrzahl von
Antennen (104) verbunden ist, wobei die Transformationseinheit (106) konfiguriert ist, um eine Mehrzahl von
verstärkten Sendesignalen, die an der Mehrzahl von Eingängen (108) vorliegt, in ein kombiniertes Leistungs-
sendesignal zu transformieren, und um das kombinierte Leistungssendesignal an einem der Mehrzahl von
Ausgängen (110) bereitzustellen;
wobei die Transformationseinheit (106) konfiguriert ist, um die Mehrzahl von verstärkten Sendesignalen in das
kombinierte Leistungssendesignal zu transformieren, so dass der eine Ausgang, an dem das kombinierte Leis-
tungssendesignal bereitgestellt wird, durch Amplituden und/oder Phasen der Mehrzahl von verstärkten Sende-
signalen definiert ist; und
wobei die Mehrzahl von Verstärkerschaltungen (102) konfiguriert ist, um ein Sendesignal mit steuerbaren Ge-
winnen und/oder steuerbaren Phasenverschiebungen zu verstärken, um die Mehrzahl von verstärkten Sende-
signalen zu erhalten, wobei der Sender (100) konfiguriert ist, um die Gewinne und/oder Phasenverschiebungen
zu steuern, so dass die Mehrzahl von Verstärkerschaltungen (102) die Mehrzahl von verstärkten Sendesignalen
mit vordefinierten Amplituden und/oder Phasen bereitstellt, wobei die Transformationseinheit (106) konfiguriert
ist, um das kombinierte Leistungssendesignal an dem einen Ausgang bereitzustellen, der durch die Amplituden
und/oder Phasen der Mehrzahl von verstärkten Sendesignalen definiert ist.

2. Sender (100) gemäß Anspruch 1, bei dem die Transformationseinheit (106) konfiguriert ist, um die Mehrzahl von
verstärkten Sendesignalen durch eine orthogonale Transformation oder eine diskrete Fourier-Transformation in das
kombinierte Leistungssendesignal zu transformieren.

3. Sender (100) gemäß Anspruch 1 oder 2, bei dem die Transformationseinheit (106) eine Hochfrequenzlinse, eine
Rotman-Linse oder eine Butler-Matrix ist.

4. Sender (100) gemäß Anspruch 1 oder 3, wobei der Sender (100) ferner folgende Merkmale aufweist:

einen Lokaloszillator (128), der konfiguriert ist, um ein Lokaloszillatorsignal bereitzustellen; und
eine Lokaloszillatortransformationseinheit (140), die eine Mehrzahl von Eingängen (142) und eine Mehrzahl
von Ausgängen (144) aufweist, wobei die Lokaloszillatortransformationseinheit (140) konfiguriert ist, um das
Lokaloszillatorsignal, das an einem der Mehrzahl von Eingängen (142) vorliegt, in eine Mehrzahl von phasen-
verschobenen Lokaloszillatorsignalen zu transformieren, so dass der Eingang, an dem das Lokaloszillatorsignal
vorliegt, die Phasen der Mehrzahl von phasenverschobenen Lokaloszillatorsignalen definiert, und um die Mehr-
zahl von phasenverschobenen Lokaloszillatorsignalen an der Mehrzahl von Ausgängen (144) bereitzustellen;
wobei die Mehrzahl von Verstärkerschaltungen (102) Steuereingänge (146) aufweist, die mit der Mehrzahl von
Ausgängen (144) der Lokaloszillatortransformationseinheit (140) verbunden sind, wobei die Mehrzahl von Ver-
stärkerschaltungen (102) konfiguriert ist, um die Mehrzahl von verstärkten Sendesignalen zu erhalten basierend
auf dem Mischen eines Basisband- oder Zwischenfrequenzsendesignals oder verstärkter Versionen desselben
mit der Mehrzahl von phasenverschobenen Lokaloszillatorsignalen, die an den Steuereingängen (146) vorliegt,
wodurch die Phasen der Mehrzahl von phasenverschobenen Lokaloszillatorsignalen an die Mehrzahl von ver-
stärkten Sendesignalen angelegt werden.

5. Sender (100) gemäß einem der Ansprüche 1 bis 3, wobei der Sender (100) ferner folgende Merkmale aufweist:

einen Lokaloszillator (128), der konfiguriert ist, um ein Lokaloszillatorsignal bereitzustellen; und
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eine Mehrzahl von steuerbaren Phasenschiebern (150), die mit dem Lokaloszillator (128) verbunden ist und
konfiguriert ist, um eine Mehrzahl von phasenverschobenen Lokaloszillatorsignalen mit vordefinierten Phasen
bereitzustellen;
wobei die Mehrzahl von Verstärkerschaltungen (102) Steuereingänge (146) aufweist, die mit der Mehrzahl von
steuerbaren Phasenschiebern verbunden ist, wobei die Mehrzahl von Verstärkerschaltungen (102) konfiguriert
ist, um die Mehrzahl von verstärkten Sendesignalen zu erhalten basierend auf dem Mischen eines Basisband-
oder Zwischenfrequenzsendesignals oder verstärkter Versionen desselben mit der Mehrzahl von phasenver-
schobenen Lokaloszillatorsignalen, die an den Steuereingängen (146) vorliegen, wodurch die Phasen der Mehr-
zahl von phasenverschobenen Lokaloszillatorsignalen an die Mehrzahl von verstärkten Sendesignalen angelegt
werden.

6. Sende/Empfangsgerät (300), das folgende Merkmale aufweist:

einen Sender (100) gemäß einem der Ansprüche 1 bis 5; und
einen Empfangsweg (200), wobei der Empfangsweg (200) folgende Merkmale aufweist:

einen Ausgang (202); und
eine Mehrzahl von Empfangswegverstärkern (204), die in Reihe geschaltet ist zwischen den Ausgang (202)
und die Mehrzahl von Antennen (104), wobei die Mehrzahl von Antennen (104) angepasst ist, um unter-
schiedliche Hauptempfangsrichtungen aufzuweisen, um eine Mehrzahl von Empfangssignalen von den
unterschiedlichen Hauptempfangsrichtungen zu empfangen.

7. Sende/Empfangsgerät (300) gemäß Anspruch 6, bei dem die Mehrzahl von Empfangswegverstärkern (204) zwi-
schen einem Einschaltzustand und einem Ausschaltzustand schaltbar ist, wobei jeder Empfangswegverstärker der
Mehrzahl von Empfangswegverstärkern (204) konfiguriert ist, um an seinem Ausgang eine Impedanz bereitzustellen,
die in dem Einschaltzustand ist, angepasst an eine spezifische Impedanz des Empfangswegs (200), und die in dem
Ausschaltzustand zumindest um einen Faktor von 10 höher ist als die charakteristische Impedanz des Empfangs-
wegs (200).

8. Sende/Empfangsgerät (300) gemäß Anspruch 6 oder 7, bei dem der Empfangsweg (200) ferner folgende Merkmale
aufweist:

einen Empfangsweglokaloszillator (210), der konfiguriert ist, um ein Empfangsweglokaloszillatorsignal bereit-
zustellen;
eine Mehrzahl von Empfangswegmischern (212), die in Reihe geschaltet sind zwischen die Mehrzahl von
Empfangswegverstärkern (204) und den Ausgang (202) des Empfangswegs (200); und
ein Schaltelement (206);
wobei das Empfangswegschaltelement (206) einen Eingang, der mit dem Empfangsweglokaloszillator verbun-
den ist, und eine Mehrzahl von Ausgängen aufweist, die mit der Mehrzahl von Empfangswegmischern (212)
verbunden ist; oder
wobei die Mehrzahl von Empfangswegmischern (212) in Reihe geschaltet ist zwischen die Mehrzahl von Emp-
fangswegverstärkern (204) und den Ausgang (202) des Empfangswegs (200) durch das Empfangswegschal-
telement (206), so dass eine Mehrzahl von Eingängen des Empfangswegschaltelements (206) mit der Mehrzahl
von Empfangswegmischern verbunden ist, und ein Ausgang des Empfangswegschaltelements mit dem Aus-
gang (202) des Empfangswegs (200) verbunden ist.

9. System (400), das folgende Merkmale aufweist:

ein erstes und ein zweites Sende/Empfangsgerät (300) gemäß einem der Ansprüche 6 bis 8;
wobei das erste Sende/Empfangsgerät konfiguriert ist, um ein Sendesignal, das einen Spreizcode aufweist,
nachfolgend mit jeder Antenne der Mehrzahl seiner Antennen zu senden, um eine Verbindung zwischen dem
ersten und dem zweiten Sende/Empfangsgerät herzustellen; und
wobei das zweite Sende/Empfangsgerät konfiguriert ist, um gleichzeitig eine Mehrzahl von Empfangssignalen
mit der Mehrzahl von seinen Antennen zu empfangen, um eine Richtung abzuleiten, von der das Sendesignal
empfangen wird, basierend auf der Mehrzahl von Empfangssignalen, und um die Antenne der Mehrzahl von
Antennen auszuwählen, die die Hauptempfangsrichtung aufweist, die der Richtung entspricht, von der das
Sendesignal empfangen wird, um die Verbindung zwischen dem ersten und dem zweiten Sende/Empfangsgerät
herzustellen.
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10. Verfahren zum Betreiben eines Senders, wobei der Sender eine Mehrzahl von Verstärkerschaltungen, eine Mehrzahl
von Antennen, die angepasst ist, um unterschiedliche Hauptsenderichtungen aufzuweisen, und eine Transforma-
tionseinheit aufweist, die eine Mehrzahl von Eingängen aufweist, die mit der Mehrzahl von Verstärkerschaltungen
verbunden ist, und eine Mehrzahl von Ausgängen, die mit der Mehrzahl von Antennen verbunden ist, wobei das
Verfahren folgende Schritte aufweist:

Verstärken eines Sendesignals mit steuerbaren Gewinnen und/oder steuerbaren Phasenverschiebungen, um
die Mehrzahl von verstärkten Sendesignalen zu erhalten;
Steuern der Gewinne und/oder Phasenverschiebungen, so dass die Mehrzahl von Verstärkerschaltungen die
Mehrzahl von verstärkten Sendesignalen mit vordefinierten Amplituden und/oder Phasen bereitstellt;
Transformieren der Mehrzahl von verstärkten Sendesignalen, die an der Mehrzahl von Eingängen der Trans-
formationseinheit vorliegt, in ein kombiniertes Leistungssendesignal; und
Bereitstellen des kombinierten Leistungssendesignals an einem der Mehrzahl von Ausgängen der Transfor-
mationseinheit;
wobei das Transformieren der Mehrzahl von Sendesignalen das Transformieren der Mehrzahl von verstärkten
Sendesignalen in das kombinierte Leistungssendesignal aufweist, so dass der eine Ausgang, an dem das
kombinierte Leistungssendesignal vorgesehen ist, durch Amplituden und/oder Phasen der Mehrzahl von ver-
stärkten Sendesignalen definiert ist; und
wobei das Bereitstellen des kombinierten Leistungssendesignals das Bereitstellen des kombinierten Leistungs-
sendesignals an dem einen Ausgang aufweist, der durch die Amplituden und/oder Phasen der Mehrzahl von
verstärkten Sendesignalen definiert ist.

11. Computerprogramm mit einem Programmcode zum Durchführen eines Verfahrens gemäß Anspruch 10, wenn
dasselbe auf einem Computer oder Mikroprozessor läuft.

Revendications

1. Emetteur (100), comprenant:

une pluralité de circuits amplificateurs (102);
une pluralité d’antennes (104) adaptées pour présenter différentes directions d’émission principales; et
une unité de transformation (106) comprenant une pluralité d’entrées (108) connectées à la pluralité de circuits
amplificateurs (102) et une pluralité de sorties (110) connectées à la pluralité d’antennes (104), où l’unité de
transformation (106) est configurée pour transformer une pluralité de signaux d’émission amplifiés présents à
la pluralité d’entrées (108) en un signal d’émission de puissance combiné et pour fournir le signal d’émission
de puissance combiné à l’une de la pluralité de sorties (110);
dans lequel l’unité de transformation (106) est configurée pour transformer la pluralité de signaux d’émission
amplifiés en signal d’émission de puissance combiné de sorte que l’une sortie à laquelle est fourni le signal
d’émission puissance combiné soit définie par les amplitudes et/ou les phases de la pluralité de signaux d’émis-
sion amplifiés; et
dans lequel la pluralité de circuits amplificateurs (102) sont configurés pour amplifier un signal d’émission à
gains contrôlables et/ou à déphasages contrôlables, pour obtenir la pluralité de signaux d’émission amplifiés,
dans lequel l’émetteur (100) est configuré pour contrôler les gains et/ou des déphasages de sorte que la pluralité
de circuits amplificateurs (102) fournissent la pluralité de signaux d’émission amplifiés à amplitudes et/ou phases
prédéfinies, dans lequel l’unité de transformation (106) est configurée pour fournir le signal d’émission de
puissance combiné à l’une sortie définie par les amplitudes et/ou les phases de la pluralité de signaux d’émission
amplifiés.

2. Emetteur (100) selon la revendication 1, dans lequel l’unité de transformation (106) est configurée pour transformer
la pluralité de signaux d’émission amplifiés en signal d’émission de puissance combiné à l’aide d’une transformation
orthogonale ou d’une transformation de Fourier discrète.

3. Emetteur (100) selon la revendication 1 ou 2, dans lequel l’unité de transformation (106) est une lentille haute
fréquence, une lentille de Rotman ou une matrice de Butler.

4. Emetteur (100) selon la revendication 1 à 3, dans lequel l’émetteur (100) comprend par ailleurs:
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un oscillateur local (128) configuré pour fournir un signal d’oscillateur local; et
une unité de transformation d’oscillateur local (140) comprenant une pluralité d’entrées (142) et une pluralité
de sorties (144), où l’unité de transformation d’oscillateur local (140) est configurée pour transformer le signal
d’oscillateur local présent à l’une de la pluralité d’entrées (142) en une pluralité de signaux d’oscillateur local
déphasés, de sorte que l’entrée à laquelle est présent le signal d’oscillateur local définisse les phases de la
pluralité de signaux d’oscillateur local déphasés et pour fournir la pluralité de signaux d’oscillateur local déphasés
à la pluralité de sorties (144);
dans lequel la pluralité de circuits amplificateurs (102) comprennent des entrées de commande (146) connectées
à la pluralité de sorties (144) de l’unité de transformation d’oscillateur local (140), dans lequel la pluralité de
circuits amplificateurs (102) sont configurés pour obtenir la pluralité de signaux d’émission amplifiés sur base
du mélange d’une bande de base ou d’un signal d’émission de fréquence intermédiaire ou de versions amplifiées
de ce dernier avec la pluralité de signaux d’oscillateur local déphasés présents aux entrées de commande
(146), appliquant ainsi les phases de la pluralité signaux d’oscillateur local déphasés à la pluralité de signaux
d’émission amplifiés.

5. Emetteur (100) selon la revendication 1 à 3, dans lequel l’émetteur (100) comprend par ailleurs:

un oscillateur local (128) configuré pour fournir un signal d’oscillateur local; et
une pluralité de déphaseurs contrôlables (150) connectés à l’oscillateur local (128) et configurés pour fournir
une pluralité de signaux d’oscillateur local déphasés présentant des phases prédéfinies;
dans lequel la pluralité de circuits amplificateurs (102) comprennent des entrées de commande (146) connectées
à la pluralité de déphaseurs contrôlables, dans lequel la pluralité de circuits amplificateurs (102) sont configurés
pour obtenir la pluralité de signaux d’émission amplifiés sur base du mélange d’une bande de base ou d’un
signal d’émission de fréquence intermédiaire ou de versions amplifiées de ce dernier avec la pluralité de signaux
d’oscillateur local déphasés présents aux entrées de commande (146), appliquant ainsi les phases de la pluralité
de signaux d’oscillateur local déphasés à la pluralité de signaux d’émission amplifiés.

6. Emetteur-récepteur (300), comprenant:

un émetteur (100) selon l’une des revendications 1 à 5; et
un trajet de réception (200), où le trajet (200) de réception comprend:

une sortie (202); et
une pluralité d’amplificateurs de trajet de réception (204) connectés en série entre la sortie (202) et la
pluralité d’antennes (104), où la pluralité d’antennes (104) sont adaptées pour présenter des directions de
réception principales différentes, pour recevoir une pluralité de signaux de réception des différents directions
de réception principales.

7. Emetteur-récepteur (300) selon la revendication 6, dans lequel la pluralité d’amplificateurs de trajet de réception
(204) sont commutables entre un état d’enclenchement et un état de déclenchement, dans lequel chaque amplifi-
cateur de trajet de réception de la pluralité d’amplificateurs de trajet de réception (204) est configuré pour fournir,
à sa sortie, une impédance qui est, à l’état d’enclenchement, adaptée à une impédance spécifique du trajet de
réception (200) et qui est, à l’état de déclenchement, supérieure d’au moins un facteur de dix à l’impédance carac-
téristique du trajet de réception (200).

8. Emetteur-récepteur (300) selon la revendication 6 ou 7, dans lequel le trajet de réception (200) comprend par ailleurs:

un oscillateur local de trajet de réception (210) configuré pour fournir un signal d’oscillateur local de trajet de
réception;
une pluralité de mélangeurs de trajet de réception (212) connectés en série entre la pluralité d’amplificateurs
de trajet de réception (204) et la sortie (202) du trajet de réception (200); et
un élément de commutation (206);
dans lequel l’élément de commutation de trajet de réception (206) comprend une entrée connectée à l’oscillateur
local de trajet de réception et une pluralité de sorties connectées à la pluralité de mélangeurs de trajet de
réception (212); ou
dans lequel la pluralité de mélangeurs de trajet de réception (212) sont connectés en série entre la pluralité
d’amplificateurs de trajet de réception (204) et la sortie (202) du trajet de réception (200) à l’aide de l’élément
de commutation de trajet de réception (206), de sorte qu’une pluralité d’entrées de l’élément de commutation
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de trajet de réception (206) soient connectées à la pluralité de mélangeurs de trajet de réception et qu’une
sortie de l’élément de commutation de trajet de réception soit connectée à la sortie (202) du trajet de réception
(200).

9. Système (400), comprenant:

un premier et un deuxième émetteur-récepteur (300) selon l’une des revendications 6 à 8;
dans lequel le premier émetteur-récepteur est configuré pour émettre un signal d’émission comprenant un code
d’étalement à la suite de chaque antenne de la pluralité de ses antennes, pour établir une connexion entre le
premier et le deuxième émetteur-récepteur; et
dans lequel le deuxième émetteur-récepteur est configuré pour recevoir simultanément une pluralité de signaux
de réception par la pluralité de ses antennes, pour dériver une direction à partir de laquelle est reçu le signal
d’émission sur base de la pluralité de signaux de réception, et pour sélectionner l’antenne parmi la pluralité
d’antennes présentant les directions de réception principales correspondant à la direction à partir de laquelle
est reçu le signal d’émission, pour établir la connexion entre le premier et le deuxième émetteur-récepteur.

10. Procédé pour faire fonctionner un émetteur, dans lequel l’émetteur comprend une pluralité de circuits amplificateurs,
une pluralité d’antennes adaptées de manière à présenter des directions d’émission principales différentes, et une
unité de transformation comprenant une pluralité d’entrées connectées à la pluralité de circuits amplificateurs et
une pluralité de sorties connectées à la pluralité d’antennes, dans lequel le procédé comprend le fait de:

amplifier un signal d’émission avec des gains contrôlables et/ou des déphasages contrôlables, pour obtenir la
pluralité de signaux d’émission amplifiés;
contrôler les gains et/ou les déphasages de sorte que la pluralité de circuits amplificateurs fournissent la pluralité
de signaux d’émission amplifiés avec des amplitudes et/ou phases prédéfinies;
transformer la pluralité de signaux d’émission amplifiés présents à la pluralité d’entrées de l’unité de transfor-
mation en un signal d’émission de puissance combiné; et
fournir le signal d’émission de puissance combiné à l’une de la pluralité de sorties de l’unité de transformation;
dans lequel la transformation de la pluralité de signaux d’émission comprend le fait de transformer la pluralité
de signaux d’émission amplifiés en signal d’émission de puissance combiné de sorte que l’une sortie à laquelle
est fourni le signal d’émission de puissance combiné soit définie par les amplitudes et/ou les phases de la
pluralité de signaux d’émission amplifiés; et
dans lequel la fourniture du signal d’émission de puissance combiné comprend le fait de fournir le signal d’émis-
sion de puissance combiné à l’une sortie définie par les amplitudes et/ou les phases de la pluralité de signaux
d’émission amplifiés.

11. Programme d’ordinateur ayant un code de programme pour réaliser, lorsqu’il est exécuté sur un ordinateur ou un
microprocesseur, un procédé selon la revendication 10.
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6 Conclusions

In this thesis I presented channel measurement campaigns that were conducted
to investigate the properties of urban outdoor millimeter-wave access channels.
An overlay concept was presented that will allow network operators to gradually
update their access networks using previously unused frequency bands in order
to cater the ever growing user demands for mobile broadband data connectivity.
I showed that using the spectrum in the millimeter-wave bands can be

beneficial compared to the legacy bands from a capacity and energy perspective.
The common assumption that the free space path loss increases with frequency
needs to be put into perspective with the effective antenna gain, which also
increases with the frequency when its absolute aperture size is kept constant.
This leads to a shift of the design paradigm from omnidirectional to directional
signal transmission and reception, implying new requirements for the wireless
communication hardware and protocols. The channel models therefore also
need to be adapted to include the necessary information for the simulation and
design of new systems.
Path loss exponents obtained for typical street canyon and open square

scenarios with free line-of-sight at 10 GHz and 60 GHz carrier frequency were
close to 2, which is well in line with other reported findings. Two characteristic
properties of millimeter-wave access links stood out during the measurements
and might play a crucial role in the design of future communication systems.
One is the existence of strong ground reflections that can lead to severe

flat fading. Depending on the link distance and height of the communicating
stations above ground, even signals with wide bandwidths of multiple gigahertz
can be prune to significant fading losses, imposing an extra penalty on the link
budget and therefore achievable capacity.

The other important finding is the strong and volatile impact of environment
induced shadowing on line-of-sight links. Human bodies and other mobile
or static objects, such as cars and buses, can cause significant temporary
attenuation of multipath components. This makes new physical (PHY) and
medium access control (MAC) layers necessary to guarantee uninterrupted
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communication links. The necessary higher gain and directionality of the
antennas is a new design challenge compared to legacy systems in the sub 6
GHz bands, where omnidirectional transmission and reception has been the
design principle for a long time. Chanel models are widely used in the process
of the development and standardization of such new communication systems
and need to implement these important peculiarities.
The quasi-determinstic channel model was derived based on measurement

results presented in this work. The ground reflection is explicitly modeled
based on the geometry of the environment and the base station and mobile
user position. The shadowing effects can be included by applying the observed
shadowing statistics on the individual path components in the model. The effect
of steerable directional antennas can be applied to the channel model in a post
processing step, as full angular information is available for all components. The
model is therefore a good candidate for the investigation of the performance of
new PHY and MAC layer implementations.
Future steps are planned to proceed beyond the scope of this work. The

frequency dependence of the observed propagation phenomena was only touched
with the simultaneous channel sounding campaign in an urban street canyon at
10 GHz and 60 GHz. A hardware update of the channel sounding equipment is
currently being developed to allow parallel sounding of up to 4 channels. This
update will also increase the resolvable signal bandwidth to 2 GHz per channel,
allowing a better temporal resolution of multipath components and the ground
reflection.

The measurements and models in this thesis are an important building block
towards millimeter-wave access links in future mobile radio networks.

140



Bibliography

[AK40] Andrew Alford and A. G. Kandoian. Ultrahigh-frequency loop
antennas. Electrical Engineering, 59(12):843–848, Dec 1940.

[ALS+14] M. R. Akdeniz, Y. Liu, M. K. Samimi, S. Sun, S. Rangan, T. S.
Rappaport, and E. Erkip. Millimeter wave channel modeling and
cellular capacity evaluation. IEEE Journal on Selected Areas in
Communications, 32(6):1164–1179, June 2014.

[AMS+12] A.P.G. Ariza, R. Muller, R. Stephan, F. Wollenschlager, A. Schulz,
M. Elkhouly, C. Scheytt, U. Trautwein, J. Muller, R.S. Thoma,
and M.A. Hein. 60 GHz polarimetric MIMO sensing: Architec-
tures and technology. In Antennas and Propagation (EUCAP),
2012 6th European Conference on, pages 2578–2582, March 2012.

[ASC08] A. V. Alejos, M. G. Sanchez, and I. Cuinas. Measurement and
analysis of propagation mechanisms at 40 GHz: Viability of site
shielding forced by obstacles. IEEE Transactions on Vehicular
Technology, 57(6):3369–3380, Nov 2008.

[Bel69] P. Bello. Measurement of random time-variant linear channels.
IEEE Transactions on Information Theory, 15(4):469–475, Jul
1969.

[BHL+14] F. Boccardi, Jr. Heath, R.W., A. Lozano, T.L. Marzetta, and
P. Popovski. Five disruptive technology directions for 5G. Com-
munications Magazine, IEEE, 52(2):74–80, February 2014.

[CBH+14] Youngbin Chang, Sangkyu Baek, Sooyoung Hur, Youngjoong
Mok, and Youngju Lee. A novel dual-slope mm-wave channel
model based on 3D ray-tracing in urban environments. In Per-
sonal, Indoor, and Mobile Radio Communication (PIMRC), 2014
IEEE 25th Annual International Symposium on, pages 222–226,
Sept 2014.

141



Bibliography

[Chu72] D. Chu. Polyphase codes with good periodic correlation properties
(corresp.). Information Theory, IEEE Transactions on, 18(4):531–
532, Jul 1972.

[CHW+08] Yu. J. Cheng, Wei Hong, Ke Wu, Z. Q. Kuai, Chen Yu, J. X.
Chen, J. Y. Zhou, and H. J. Tang. Substrate integrated waveguide
(siw) Rotman lens and its Ka-band multibeam array antenna
applications. Antennas and Propagation, IEEE Transactions on,
56(8):2504–2513, 2008.

[CR96] Luis M Correia and Judite R Reis. Wideband characterisation
of the propagation channel for outdoors at 60 GHz. In Personal,
Indoor and Mobile Radio Communications, 1996. PIMRC’96.,
Seventh IEEE International Symposium on, volume 2, pages
752–755. IEEE, 1996.

[CZZ04] S. Collonge, G. Zaharia, and G. E. Zein. Influence of the human
activity on wide-band characteristics of the 60 GHz indoor ra-
dio channel. IEEE Transactions on Wireless Communications,
3(6):2396–2406, Nov 2004.

[ECM10] Standard ECMA-387 – high rate 60 GHz PHY, MAC and PALs,
2010.

[Fri46] Harald T Friis. A note on a simple transmission formula. proc.
IRE, 34(5):254–256, 1946.

[FZH62] Raphael Frank, S Zadoff, and R Heimiller. Phase shift pulse
codes with good periodic correlation properties (corresp.). IRE
Transactions on Information Theory, 6(8):381–382, 1962.

[Gol05] Andrea Goldsmith. Wireless Communications. Cambridge Uni-
versity Press, 2005.

[GPWK15] Baris Göktepe, Michael Peter, Richard J. Weiler, and Wilhelm
Keusgen. The influence of street furniture and tree trunks in
urban scenarios on ray tracing simulations in the millimeter wave
band. In Microwave Conference (EuMC), 2015 45th European,
2015.

[HBK+15] Sooyoung Hur, Sangkyu Baek, ByungChul Kim, JeongHo Park,
A.F. Molisch, K. Haneda, and M. Peter. 28 GHz channel modeling

142



Bibliography

using 3D ray-tracing in urban environments. In Antennas and
Propagation (EuCAP), 2015 9th European Conference on, pages
1–5, April 2015.

[HCL+14a] Sooyoung Hur, Yeon-Jae Cho, Kyoungtae Lee, Jung-Hoon Ko,
and Jeongho Park. Millimeter-wave channel modeling based on
measurements in in-building and campus environments at 28
GHz. In COST IC1004 TD(14)10053, 2014.

[HCL+14b] Sooyoung Hur, Yeon-Jea Cho, JungAun Lee, Noh-Gyoung Kang,
JeongHo Park, and H. Benn. Synchronous channel sounder
using horn antenna and indoor measurements on 28 GHz. In
Communications and Networking (BlackSeaCom), 2014 IEEE
International Black Sea Conference on, pages 83–87, May 2014.

[IEE09] IEEE standard for information technology– local and metropoli-
tan area networks– specific requirements– part 15.3: Amendment
2: Millimeter-wave-based alternative physical layer extension.
IEEE Std 802.15.3c-2009 (Amendment to IEEE Std 802.15.3-
2003), Oct 2009.

[IEE12] IEEE standard for information technology–telecommunications
and information exchange between systems–local and metropoli-
tan area networks–specific requirements-part 11: Wireless LAN
medium access control (MAC) and physical layer (PHY) specifi-
cations amendment 3: Enhancements for very high throughput
in the 60 GHz band. IEEE Std 802.11ad-2012 (Amendment to
IEEE Std 802.11-2012, as amended by IEEE Std 802.11ae-2012
and IEEE Std 802.11aa-2012), Dec 2012.

[JP99] Dieter Jungnickel and Alexander Pott. Perfect and almost perfect
sequences. Discrete Applied Mathematics, 95(1):331–359, 1999.

[Kai62] T. Kailath. Measurements on time-variant communication chan-
nels. IRE Transactions on Information Theory, 8(5):229–236,
September 1962.

[Kak11] Michio Kaku. Physics of the Future: How Science Will Shape
Human Destiny and Our Daily Lives by the Year 2100. Doubleday,
2011.

143



Bibliography

[KKK+11] W. Keusgen, A Kortke, L. Koschel, M. Peter, R. Weiler, H. Zirath,
Marcus Gavell, and Zhongxia He. An NLOS-capable 60 GHz
MIMO demonstrator: System concept amp; performance. In New
Circuits and Systems Conference (NEWCAS), 2011 IEEE 9th
International, pages 265–268, June 2011.

[KKPW13] W. Keusgen, A Kortke, M. Peter, and R. Weiler. A highly
flexible digital radio testbed and 60 GHz application examples.
In Microwave Conference (EuMC), 2013 European, pages 740–
743, Oct 2013.

[KMH+07] P Kyösti, J Meinilä, L Hentilä, X Zhao, T Jämsä, C Schneider,
M Narandzić, M Milojević, A Hong, J Ylitalo, et al. WINNER
II channel models D1.1.2 V1.1, european commission, deliverable
IST-WINNER D. Technical report, IST-4-027756 WINNER II,
2007.

[Koz97] W. Kozek. On the transfer function calculus for underspread ltv
channels. IEEE Transactions on Signal Processing, 45(1):219–223,
Jan 1997.

[KP05] W. Kozek and G. E. Pfander. Identification of operators with
bandlimited symbols. SIAM Journal on Mathematical Analysis,
37(3):867–888, 2005.

[KWP+14] Wilhelm Keusgen, Richard J. Weiler, Michael Peter, Mike
Wisotzki, and Baris Göktepe. Propagation measurements and
simulations for millimeter-wave mobile access in a busy urban
environment. In 39th International Conference on Infrared, Mil-
limeter, and Terahertz Waves, 2014.

[Lie89] Hans J Liebe. MPM—an atmospheric millimeter-wave propa-
gation model. International Journal of Infrared and Millimeter
Waves, 10(6):631–650, 1989.

[Lük88] Hans Dieter Lüke. Sequences and arrays with perfect periodic
correlation. IEEE Transactions on Aerospace and Electronic
Systems, 24(3):287, 1988.

[MDS+14] R. Müller, D.A. Dupleich, C. Schneider, R. Herrmann, and R.S.
Thomä. Ultrawideband 3D mmWave channel sounding for 5G.

144



Bibliography

In General Assembly and Scientific Symposium (URSI GASS),
2014 XXXIth URSI, pages 1–4, Aug 2014.

[MHD+14] R. Müller, R. Herrmann, D.A. Dupleich, C. Schneider, and R.S.
Thomä. Ultrawideband multichannel sounding for mm-wave. In
Antennas and Propagation (EuCAP), 2014 8th European Confer-
ence on, pages 817–821, April 2014.

[MMH+02] G. Matz, A. F. Molisch, F. Hlawatsch, M. Steinbauer, and I. Gas-
pard. On the systematic measurement errors of correlative mobile
radio channel sounders. IEEE Transactions on Communications,
50(5):808–821, May 2002.

[MMS+99] G. Matz, A. F. Molisch, M. Steinbauer, F. Hlawatsch, I. Gaspard,
and H. Artes. Bounds on the systematic measurement errors
of channel sounders for time-varying mobile radio channels. In
Vehicular Technology Conference, 1999. VTC 1999 - Fall. IEEE
VTS 50th, volume 3, pages 1465–1470 vol.3, 1999.

[MMS+09] A. Maltsev, R. Maslennikov, A. Sevastyanov, A. Khoryaev, and
A. Lomayev. Experimental investigations of 60 GHz WLAN
systems in office environment. Selected Areas in Communications,
IEEE Journal on, 27(8):1488–1499, October 2009.

[MMS+10] A. Maltsev, R. Maslennikov, A. Sevastyanov, A. Lomayev, and
A. Khoryaev. Statistical channel model for 60 GHz WLAN
systems in conference room environment. In Antennas and Prop-
agation (EuCAP), 2010 Proceedings of the Fourth European Con-
ference on, pages 1–5, April 2010.

[MPB+14] Alexander Maltsev, Andrey Pudeyev, Ilya Bolotin, Gregory Mo-
rozov, Ingolf Karls, Michael Faerber, Isabelle Siaud, Anne-Marie
Ulmer-Moll, Jean-Marc Conrat, Richard Weiler Michael Peter,
and Wilhelm Keusgen. Deliverable D5.1: Channel Modeling
and Characterization, WP5: Propagation, Antennas and Multi-
Antenna Techniques. MiWEBA (FP7-ICT-608637), 2014.

[MPK+14] Alexander Maltsev, Andrey Pudeyev, Ingolf Karls, Ilya Bolotin,
Gregory Morozov, Richard J. Weiler, Michael Peter, and Wil-
helm Keusgen. Quasi-deterministic approach to mmwave channel
modeling in a non-stationary environment. In GLOBECOM 2014

145



Bibliography

Workshop on Emerging Technologies for 5G Wireless Cellular
Networks, Dec. 2014.

[MSR15] G.R. Maccartney, M.K. Samimi, and T.S. Rappaport. Exploiting
directionality for millimeter-wave wireless system improvement.
In Communications (ICC), 2015 IEEE International Conference
on, pages 2416–2422, June 2015.

[MZNR13] George R. MacCartney, Junhong Zhang, Shuai Nie, and
Theodore S. Rappaport. Path loss models for 5G millimeter wave
propagation channels in urban microcells. In Global Communica-
tions Conference (GLOBECOM), 2013 IEEE, pages 3948–3953,
Dec 2013.

[OBB+14] A. Osseiran, F. Boccardi, V. Braun, K. Kusume, P. Marsch,
M. Maternia, O. Queseth, M. Schellmann, H. Schotten, H. Taoka,
H. Tullberg, M.A. Uusitalo, B. Timus, and M. Fallgren. Scenarios
for 5G mobile and wireless communications: the vision of the
METIS project. Communications Magazine, IEEE, 52(5):26–35,
May 2014.

[Par00] J.D. Parsons. The Mobile Radio Propagation Channel. Wiley,
2000.

[Pas14] Panagiotis Paschalidis. The development of a wideband multiple-
input multiple-output (MIMO) channel sounder and the measure-
ment of the vehicular channel. PhD thesis, TU Braunschweig,
2014.

[PDT91] J.D. Parsons, D.A. Demery, and A.M.D. Turkmani. Sounding
techniques for wideband mobile radio channels: a review. Commu-
nications, Speech and Vision, IEE Proceedings I, 138(5):437–446,
Oct 1991.

[PK11] Z. Pi and F. Khan. An introduction to millimeter-wave mobile
broadband systems. IEEE Communications Magazine, 49(6):101–
107, June 2011.

[PKW15] Michael Peter, Wilhelm Keusgen, and Richard J. Weiler. On
path loss measurement and modeling for millimeter-wave 5G.
In Antennas and Propagation (EUCAP), 2015 9th European
Conference on, April 2015.

146



Bibliography

[Por97] B. Porat. A course in digital signal processing. John Wiley, 1997.

[PW06] G. E. Pfander and D. F. Walnut. Measurement of time-variant
linear channels. IEEE Transactions on Information Theory,
52(11):4808–4820, Nov 2006.

[PWK+16] Michael Peter, Richard J. Weiler, Wilhelm Keusgen, Taro Eich-
ler, Meik Kottkamp, and Alexander Nähring. Characterization
of mm-wave channel sounders up to W-Band and validation of
measurement results. In The 10th European Conference on An-
tennas and Propagation (EuCAP 2016), pages 2866–2870, Davos,
Switzerland, April 2016.

[PWRM+12] Michael Peter, Mike Wisotzki, Miruna Raceala-Motoc, Wilhelm
Keusgen, Robert Felbecker, Martin Jacob, Sebastian Priebe, and
T Kurner. Analyzing human body shadowing at 60 GHz: System-
atic wideband MIMO measurements and modeling approaches.
In Antennas and Propagation (EUCAP), 2012 6th European Con-
ference on, pages 468–472. IEEE, 2012.

[QL06] Z. Qingling and J. Li. Rain attenuation in millimeter wave ranges.
In 2006 7th International Symposium on Antennas, Propagation
EM Theory, pages 1–4, Oct 2006.

[RASM12] Sridhar Rajagopal, Shadi Abu-Surra, and Mehrzad Malmirchegini.
Channel feasibility for outdoor non-line-of-sight mmwave mobile
communication. In Vehicular Technology Conference (VTC Fall),
2012 IEEE, pages 1–6. IEEE, 2012.

[RBDMQ12] Theodore S Rappaport, Eshar Ben-Dor, James N Murdock, and
Yijun Qiao. 38 GHz and 60 GHz angle-dependent propagation
for cellular & peer-to-peer wireless communications. In Commu-
nications (ICC), 2012 IEEE International Conference on, pages
4568–4573. IEEE, 2012.

[RGBD+13] T.S. Rappaport, F. Gutierrez, E. Ben-Dor, J.N. Murdock, Yijun
Qiao, and J.I. Tamir. Broadband millimeter-wave propagation
measurements and models using adaptive-beam antennas for out-
door urban cellular communications. Antennas and Propagation,
IEEE Transactions on, 61(4):1850–1859, April 2013.

147



Bibliography

[RKH+09] S. Ranvier, M. Kyro, K. Haneda, T. Mustonen, C. Icheln, and
P. Vainikainen. VNA-based wideband 60 GHz MIMO channel
sounder with 3-D arrays. In Radio and Wireless Symposium,
2009. RWS ’09. IEEE, pages 308–311, Jan 2009.

[RMSS15] T.S. Rappaport, G.R. Maccartney, M.K. Samimi, and Shu Sun.
Wideband millimeter-wave propagation measurements and chan-
nel models for future wireless communication system design.
Communications, IEEE Transactions on, 63(9):3029–3056, Sept
2015.

[RP92] E. O. Rausch and A. F. Peterson. Theory and measurements of
a compact high dielectric microstrip Rotman lens. In Microwave
Conference, 1992. 22nd European, volume 2, pages 876 –881, sept.
1992.

[RPW97] E. O. Rausch, A. F. Peterson, and W. Wiebach. Electronically
scanned millimeter wave antenna using a Rotman lens. In Proc.
Radar 97 (Conf. Publ. No. 449), pages 374–378, 1997.

[RQT+12] Theodore S Rappaport, Yijun Qiao, Jonathan I Tamir, James N
Murdock, and Eshar Ben-Dor. Cellular broadband millimeter
wave propagation and angle of arrival for adaptive beam steering
systems. In Radio and Wireless Symposium (RWS), 2012 IEEE,
pages 151–154. IEEE, 2012.

[RSM+13a] T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang,
G. N. Wong, J. K. Schulz, M. Samimi, and F. Gutierrez. Mil-
limeter wave mobile communications for 5g cellular: It will work!
IEEE Access, 1:335–349, 2013.

[RSM+13b] Theodore S Rappaport, Shu Sun, Rimma Mayzus, Hang Zhao,
Yaniv Azar, Kevin Wang, George N Wong, Jocelyn K Schulz,
Mathew Samimi, and Felix Gutierrez. Millimeter wave mobile
communications for 5G cellular: It will work! IEEE Access, pages
335–349, 2013.

[RT63] W. Rotman and R. Turner. Wide-angle microwave lens for line
source applications. Antennas and Propagation, IEEE Transac-
tions on, 11(6):623–632, 1963.

148



Bibliography

[SC97] PFM Smulders and LM Correia. Characterisation of propaga-
tion in 60 GHz radio channels. Electronics & communication
engineering journal, 9(2):73–80, 1997.

[SR15] M.K. Samimi and T.S. Rappaport. 3-D statistical channel model
for millimeter-wave outdoor mobile broadband communications.
In Communications (ICC), 2015 IEEE International Conference
on, pages 2430–2436, June 2015.

[THR+01] Reiner S Thomä, Dirk Hampicke, Andreas Richter, Gerd Som-
merkorn, and Uwe Trautwein. MIMO vector channel sounder
measurement for smart antenna system evaluation. European
Transactions on Telecommunications, 12(5):427–438, 2001.

[Wis07] Mike Wisotzki. Entwicklung und Test eines Synchronisation-
sgerätes für Funkkanalmessungen. Studienarbeit, TU Berlin,
2007.

[WK15] Richard Weiler and Wilhelm Keusgen. Combined power trans-
mission. European Patent 2 624 475, 2015. filed January 31, 2012,
and issued January 28, 2015.

[WKFC14] Richard J. Weiler, Wilhelm Keusgen, Ilario Filippini, and Antonio
Capone. Split control plane functionality in millimeter-wave over-
lay access. In 1st International Conference on 5G for Ubiquitous
Connectivity, Levi, Finland, 2014.

[WKM+16] Richard J. Weiler, Wilhelm Keusgen, Alexander Maltsev, Thomas
Kühne, Andrey Pudeyev, Liang Xian, Joongheon Kim, and
Michael Peter. Millimeter-Wave outdoor access shadowing miti-
gation using beamforming arrays. In Antennas and Propagation
(EuCAP), 2016 10th European Conference on, pages 1900–1904,
Davos, Switzerland, April 2016.

[WKNP14] Richard J. Weiler, Wilhelm Keusgen, Hung-Anh Nguyen, and
Michael Peter. On the choice of carrier frequency and bandwidth
for 5G small cell deployments. In Personal Indoor and Mobile
Radio Communications (PIMRC), 2014 IEEE 25rd International
Symposium on, Washington D.C., USA, 2014.

149



Bibliography

[WPK+14a] Richard J. Weiler, Michael Peter, Wilhelm Keusgen, Emilio
Calvanese-Strinati, Antonio De Domenico, Ilario Filippini, An-
tonio Capone, Isabelle Siaud, Anne-Marie Ulmer-Moll, Alexan-
der Maltsev, and Thomas Haustein and Kei Sakaguchi. Enabling
5G backhaul and access with millimeter-waves. In Conference
on Networks and Communications (EuCNC), 2014 European,
Bologna, Italy, 2014.

[WPK+14b] Richard J. Weiler, Michael Peter, Wilhelm Keusgen, Hidekazu
Shimodaira, Khanh Tran Gia, and Kei Sakaguchi. Outdoor
millimeter-wave access for heterogeneous networks - path loss
and system performance. In Personal, Indoor and Mobile Radio
Communications (PIMRC Workshops), 2014 IEEE 25th Interna-
tional Symposium on, Washington D.C., USA, 2014.

[WPK+15a] Richard J. Weiler, Michael Peter, Wilhelm Keusgen, Andreas
Kortke, and Mike Wisotzki. Millimeter-wave channel sounding of
outdoor ground reflections. In Radio and Wireless Symposium
(RWS), 2015 IEEE, San Diego, USA, Jan 2015.

[WPK+15b] Richard J. Weiler, Michael Peter, Thomas Kühne, Mike Wisotzki,
and Wilhelm Keusgen. Simultaneous millimeter-wave multi-band
channel sounding in an urban access scenario. In Antennas and
Propagation (EUCAP), 2015 9th European Conference on, Lisbon,
Portugal, April 2015.

[WPK+16a] R. J. Weiler, M. Peter, W. Keusgen, K. Sakaguchi, and F. Undi.
Environment induced shadowing of urban millimeter-wave access
links. IEEE Wireless Communications Letters, 5(4):440–443, Aug
2016.

[WPK+16b] Richard J. Weiler, Michael Peter, Wilhelm Keusgen, Alexan-
der Maltsev, Ingolf Karls, Andrey Pudeyev, Ilya Bolotin, Is-
abelle Siaud, and Anne-Marie Ulmer-Moll. Quasi-deterministic
millimeter-wave channel models in MiWEBA. EURASIP Jour-
nal on Wireless Communications and Networking, 2016(1):1–16,
2016.

[WPKW14] Richard J. Weiler, Michael Peter, Wilhelm Keusgen, and Mike
Wisotzki. Measuring the busy urban 60 GHz outdoor access radio

150



Bibliography

channel. In Ultra-Wideband (ICUWB), 2014 IEEE International
Conference on, Paris, France, 2014.

[WRC15] Ting Wu, T.S. Rappaport, and C.M. Collins. The human body
and millimeter-wave wireless communication systems: Interac-
tions and implications. In Communications (ICC), 2015 IEEE
International Conference on, pages 2423–2429, June 2015.

151


	Title
	Contents
	Abstract
	Zusammenfassung
	Danksagung
	List of Publications
	Abbreviations
	1 Introduction
	1.1 Why millimeter-wave access links?
	1.2 The millimeter-wave wireless outdoor channel
	1.3 State of the art and research gaps
	1.4 Contributions and structure of this thesis
	1.5 Notation

	2 Channel sounder design and implementation
	2.1 Measurement principle and system model
	2.2 Calibration
	2.3 Channel sounder implementation
	2.3.1 Sounding sequences
	2.3.2 Timing reference and synchronization
	2.3.3 Transmit signal generation
	2.3.4 Received signal sampling
	2.3.5 Antennas

	2.4 Measurement protocols

	3 Millimeter-waves for mobile data communication
	3.1 Overlay concept
	3.2 Choice of carrier frequency in small cell context
	3.3 Mobility support and functional localization

	4 Measurement campaigns and modeling approaches
	4.1 Ground reflection measurement
	4.2 Street canyon path loss measurement
	4.3 Dual-frequency path loss measurement
	4.4 Instantaneous path loss model
	4.5 Quasi-deterministic channel model
	4.6 Dynamic shadow fading
	4.7 Human body shadowing mitigation

	5 Hardware aspects
	6 Conclusions
	Bibliography

