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Zusammenfassung
Stationarität ist eine häufige Annahme für den Mobilfunkkanal. Bei Systemen mit einer Empfangsund einer Sendeantenne bedeuted Stationarität, dass sich die Kanalstatistik weder mit der Zeit
noch mit der Frequenz ändert. Reale Kanäle erfüllen diese Voraussetzung leider nie exakt.
Häufig kann aber Quasi-Stationarität angenommen werden. Das bedeuted, dass die Kanalstatistik näherungsweise, innerhalb einer bestimmten Zeit-Frequenz-Region, konstant bleibt.
Wenn diese Stationaritätsregion groß genug ist, kann ein Kommunikationssystem die Kanalstatistik schätzen und das verwendete Übertragungsverfahren dafür optimieren. Die zeitliche und
spektrale Ausdehnung der Stationaritätsregionen ist deshalb für solche Verfahren essentiell. Im
Fall von Mehrfachantennensystemem (MIMO) muß für die Stationarität zusätzlich die räumliche Struktur des Kanals berücksichtigt werden. Wegen der großen Wichtigkeit der räumlichen
Struktur für MIMO Systeme kommt es dabei vor allem darauf an, innerhalb welcher Zeit- und
Frequenzintervalle diese als näherungsweise konstant angenommen werden kann.
Das Ziel dieser Dissertation ist zu untersuchen bis zu welchem Grad MIMO Kanäle innerhalb
von Gebäuden als stationär betrachtet werden können. Als ersten Schritt betrachte ich dabei
verschiedene Metriken, um die Nicht-Stationarität des Kanals zu messen. Dabei zeigt sich das
eine stochastische Beschreibung des MIMO Kanals, basierend alleine auf der räumlichen Struktur des Kanals, eine gute Basis für eine Stationaritätsdefinition für MIMO Kanäle ist. Einerseits
wird dadurch der wesentlichste Parameter eines MIMO Kanals, nämlich die räumliche Struktur,
erfasst, und andererseits ist eine Anwendung auf gemessene Kanäle in einfacher Weise möglich.
Basierend auf diesem Ansatz führe ich die Distanz zwischen Korrelationsmatrizen (CMD) ein, um
die Änderung der räumlichen Kanalstatistik über Zeit und Frequenz zu messen. Obwohl das
ein vereinfachter Blickpunkt ist, betrachte ich dabei Sende- und Empfangskorrelation, d.h. die
räumliche Struktur des Kanals, getrennt bei Sender und Empfänger. Dadurch lässt sich die CMD
gut mit der Leistung von MIMO Übertragungsverfahren vergleichen, welche die Kanalstatistik
berücksichtigen, da diese häufig nur die räumliche Struktur des Kanals auf der Sendeseite
für die Adaption verwenden. Bevor ich dieses Maß auf Meßdaten anwende, analysiere ich es
mittels synthetischer Daten. Dabei zeigt sich für eine CMD unter 0.2, dass sich die räumliche
Struktur des Kanals kaum geändert hat, eine CMD von 0.4 oder darüber deutet hingegen auf
eine signifikante Änderung der räumlichen Struktur hin.
Im Hauptteil meiner Disseratation beschäftige ich mich mit der Analyse gemessener Kanäle.
Ich betrachte dabei Messungen bei 2.45GHz und 5.2GHz Mittenfrequenz in einem BüroraumSzenario und am Wiener Flughafen. Diese Messungen untersuche ich auf Nicht-Stationaritäten
des MIMO Kanals betreffend verschiedener Aspekte. Das inkludiert die Kapazität des Kanals,
die räumliche Struktur und auch den Einfluß auf die Leistungsfähigkeit von einem MIMO
Übertragungsverfahren, welches statistisches Kanalwissen verwendet. Es zeigt sich, dass der
MIMO Kanal innerhalb von Gebäuden a priori nicht als stationär angesehen werden kann.
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Eine Bewegung des Mobilteiles bewirkt tendenziell eine signifikant geänderte Struktur des
Kanals. Diese Änderung zeigt sich sowohl in der Kapazität des Kanals, als auch in einer reduzierten Leistungsfähigkeit von MIMO Übertragungsverfahren. Dabei muß zwischen Abwärtsund Aufwärtsstrecke unterschieden werden. Die räumliche Struktur an der Basisstation, d.h.
am fixen Sender im Fall der Messungen, bleibt relativ konstant, wenn der Mobilteil innerhalb
eines Raumes bewegt wird. Sobald der Mobilteil allerdings in einen anderen Raum gebracht
wird, ändert sich die räumliche Struktur das Kanals an der Basisstation signifikant. Die räumliche Struktur des Kanals am Mobilteil variert hingegen stark, selbst bei kleinen Bewegungen im
Raum. Die Konsequenz für ein MIMO Übertragungsverfahren ist, dass an der fixen Basisstation
Wissen über die räumliche Kanalstruktur angenommen werden kann, am Mobilteil kann diese
Annahme hingegen problematisch sein. Der Einfluß von sich bewegenden Menschen auf den
Kanal ist relativ gering. Menschen scheinen nur als sich bewegende Blocker auf, d.h. sie schatten
Mehrwegekomponenten ab, tragen aber selbst nicht als signifikante Streuer zur Struktur des
Kanals bei.

Abstract
Stationarity is an often used assumption for the mobile radio channel. For a single-input
single-output (SISO) channel this means that the channel statistics does not change with time or
frequency. Unfortunately, real channels never fulfil this exactly. They can only be assumed to be
quasi-stationary, i.e. the channel statistics stays approximately constant within a specific timefrequency stationarity region. If this stationarity region is large enough, a transmission scheme
can take advantage of the channel statistics by estimating it and adapting the transmission
accordingly. For such systems, the performance depends essentially on the extent of this
stationarity region. In case of multiple-input multiple-output (MIMO) systems, the spatial
structure has to be taken into account, additionally. Because of the great importance of the
spatial domain for MIMO systems, especially the time and frequency intervals within which
the spatial statistics stay approximately constant, become essential.
The main goal of this thesis is to investigate to what degree indoor MIMO channels can become
non-stationary. As a first step, I consider different metrics to measure the non-stationarity of the
MIMO channel. It turns out that a space-only stochastic description of the MIMO channel is a
good basis for a stationarity definition for MIMO channels. On the one hand, it covers the main
aspect of MIMO channels, i.e. the spatial structure, on the other hand, it can easily be applied to
measured channels. Based on this approach, I introduce the correlation matrix distance (CMD) to
measure to what extent the channel statistics changes over time or frequency. Although, it is a
simplified viewpoint, I treat correlation, i.e. the spatial structure of the channel, at transmit and
receive side separately. This allows for comparison to MIMO transmission schemes that make
use of the channel statistics, since they often adapt the transmission to the spatial structure at
transmit side only. Before investigating measurements, I analyse the CMD using synthetic data.
It turns out that in case of a CMD below 0.2, the spatial structure of the channel did not change
largely, whereas a value of 0.4 or more means that there were significant changes.
In the main part of the thesis, measured channels are investigated. I analyse measurements
that were taken in an indoor office environment, and on the Vienna International Airport, at
2.45GHz and 5.2GHz centre frequency. I analyse the non-stationarity of the MIMO channel
regarding different aspects including mutual information, variation of the spatial structure,
and the influence of the non-stationarity on the performance of a MIMO transmission scheme.
I will show that the indoor MIMO channel cannot be assumed to be stationary, a priori.
Movements of the mobile tend to significantly influence the spatial structure of the channel,
which shows up as changed mutual information and also as performance degradation of MIMO
transmission schemes. It will turn out that it becomes necessary to distinguish between downlink and uplink for indoor environments where a fixed base station and a moving mobile is
considered. The spatial structure at the base station, i.e. the fixed transmitter in the measurements, is found to be relatively constant if movements of the mobile (the receiver) within one
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office room are considered. As soon as the mobile moves to another office room, the spatial
structure at the base station side changes significantly. The spatial structure at the mobile, however, varies strongly, also for small movements within one office room. The consequence for
MIMO transmission schemes is that knowledge of the spatial structure of the channel may be
assumed at a fixed base station, but at a moving receiver, this assumption is problematic. People
that are moving around, act mainly as blockers, hence they do not significantly contribute to
the spatial structure of the channel. They only shadow multipath components dependent on
their movements.
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Chapter 1

Introduction
One of the most promising future technologies in mobile radio communications is known
under the name MIMO. MIMO stands for multiple-input multiple-output and means multiple
antennas at both link ends of a communication system, i.e. at transmit and receive sides.
Multiple antennas at one link end were already considered for a long time. They can be
used for diversity, for interference suppression or to achieve a beamforming gain. MIMO,
however, allows additionally to achieve huge capacity gains by enabling spatial multiplexing.
This means, with MIMO it is possible to establish in parallel multiple communication channels
between transmit and receive sides that do in the ideal case not interfere with each other.
Thus, the achievable capacity is a multiple of the capacity of a single-antenna system. The
separation of the data streams happens in the spatial domain, which is possible since there are
usually several propagation paths between transmitter and receiver. The antenna array allow
to distinguish between these propagation paths, hence using them allows to transmit several
data streams at the same time and within the same frequency interval.
Because of the tremendous capacity increase that is possible for MIMO systems, they gained a
lot of interest in the mobile communication research. Up to now a large number of transmission
schemes have been proposed that utilise the MIMO channel to different extent. A relatively
simple but robust approach is the BLAST system [1]. There, a separate data stream is transmitted
over each antenna. For each transmitted data block, the data streams are rotated over the
antennas. Therefore, if transmission over transmit antenna i is currently unfavourable, because
of the current channel state, the rotation to the next antenna is likely to improve the performance.
An overall coding scheme with a coding length that goes over several blocks allows then to
recover from errors that resulted due to bad transmission over one antenna. The big advantage
of BLAST is that, without any channel knowledge at transmit side, capacity can be significantly
increased over a SISO system.
If channel knowledge is available at the transmit side, advanced transmission schemes can be
applied, and increased performance for the MIMO system is achievable. Optimum transmission, i.e. instantaneous waterfilling [2] [3], is possible if the channel is totally known at transmit
side, at each time. This is feasible for fixed line MIMO systems, where the channel changes very
slowly [4]. There, the channel can be estimated at the receive side and fed back to the transmitter. In mobile radio systems, however, the channel changes very fast due to small-scale fading.
Knowledge of the instantaneous channel at the transmit side is therefore barely possible.
Instead of instantaneous channel knowledge, often average channel knowledge (knowledge
of the spatial statistics) at transmit side is assumed to be available for MIMO mobile radio
1
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channels. This means that the channel statistics can be estimated by the receiver and fed back to
the transmitter. Although the channel itself may change very fast, the channel statistics do not.
If the channel statistics does stay constant long enough, the receiver can continuously update
the channel knowledge at transmit side. In case of average channel knowledge, transmission
schemes like eigen-beamforming [5] can be applied. It has been shown [6] that even in case of
average channel knowledge nearly the same capacity can be reached as in case of instantaneous
channel knowledge. Therefore, utilising average channel knowledge at transmit is a promising
approach.
Whether having average channel knowledge available at transmit side or not is related to the
question of stationarity. Stationarity has originally been defined for SISO channels, where it
means that the statistics of the channel do not change with time or frequency [7]. Together with
the assumption that the impulse response of the mobile radio channel has zero-mean and is well
described by second order statistics, this means that the time-frequency correlation function of
the time-variant impulse response does only depend on time and frequency ’shift’ but not on
absolute time and absolute frequency. This is known under the term wide-sense stationarity
uncorrelated scattering (WSSUS). WSSUS, in a strict sense, is never fulfilled since this would
require the channel statistics to stay constant for infinite time and frequency intervals. Therefore,
often Quasi-WSSUS (QWSSUS) is assumed, hence within limited time and frequency intervals,
the channel is assumed to be stationary.
Outdoor SISO channels have been shown to fulfil often the QWSSUS assumption [8]. In case
of MIMO channels, however, the antenna domain and therefore the spatial domain has to be
considered, additionally. Not only changes in the delay or Doppler statistics, but also changes
in the spatial statistics are important for MIMO channels. To what extent MIMO channels can
be assumed to be stationary is an open question. There exist some investigations regarding
SIMO systems [9] [10], but MIMO stationarity is not well investigated up to now. Also the effect
of changes in the spatial structure of a MIMO channel, and therefore non-stationarity, on the
performance of corresponding transmission schemes is not well understood.
Exactly this is the starting point for my thesis. The main goal of my work is to analyse stationarity
and non-stationarity of MIMO channels and to find useful metrics for their characterisation.
In my thesis I limit my considerations to indoor channels, but the same concepts can also be
applied to outdoor channels. An outline of my thesis and my major contributions follow.

1.1

Outline and Contributions

Chapter 2 starts with an introduction of MIMO channels and gives a propagation based motivation for the capacity increase that MIMO channels provide. After some general considerations
about normalisation and MIMO capacity, a section on MIMO channel models is included that
become important later in the thesis.
Starting with Bello’s system and correlation functions of the mobile radio channel, Ch. 3 aims at
a full stochastic description on the mobile radio channel. This description is extended to nonstationary SISO channels first. Then the concept is applied to MIMO channels. The complexity
of this approach, however, turns out to be prohibitively complex to apply this concept to
measured channels. Therefore, I reduce the stochastic description of the MIMO channel to a
space-only characterisation, which plays an important role for stationarity considerations in the
following.

1.1. Outline and Contributions
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The characterisation of non-stationarities of the mobile radio channel is the goal of Ch. 4. I
analyse there different metrics for measuring the non-stationarity of the MIMO channel regarding usability with measured channels. As a result I introduce the correlation matrix distance to
measure the change in spatial correlation matrices due to non-stationarities of the channel. I
consider the spatial structure at transmit and receive side, separately, which allows to compare
it directly to MIMO transmission schemes that make use of the spatial structure at one link end
only. Based on synthetic data I will show that this metric provides meaningful results.
Chapter 5 describes the measurement equipment and the measured scenarios this thesis is
based on. I start with general considerations regarding MIMO channel measurements and
introduces the measurement equipment that was used. Also the basic measurement evaluation
procedures are described here.
The results of this thesis are presented in Ch. 6. Non-stationarity of mobile radio channels is
investigated regarding different issues, i.e. capacity, variation in spatial statistics and influence
on MIMO transmission schemes. Additionally, the effect of moving humans on indoor wave
propagation is analysed. I will show here that stationarity cannot be assumed, a priori, for
indoor MIMO channels. It becomes necessary to distinguish between downlink and uplink
transmission. Dependent on the considered scenario, significant changes in the channel statistics can occur also for small movements of the mobile. Whereas in the downlink, knowledge of
the transmit statistics may be assumed at a fixed base station, this assumption becomes problematic for the moving receiver in case of uplink transmission. The effect of moving humans on
wave propagation is limited to shadowing. They do not significantly contribute to the spatial
structure of the channel.
The result section finally leads to Ch. 7, which highlights the content of the thesis and summarises the major results.

Chapter 2

Multiple-Input Multiple-Output
Systems
2.1

Double-Directional Motivation for MIMO Systems

Communications systems that are equipped with more than one antenna at both transmitter and
receiver are called multiple-input multiple-output (MIMO) systems. In contrast to conventional
communications systems that use only a single receive and transmit antenna, so-called singleinput single-output (SISO) systems, MIMO systems allow to use the same frequency band at
the same time to transmit different data streams by utilising the spatial structure of the mobile
radio channel. Actually, it is possible to construct orthogonal spatial channels that allow to
transmit several data streams without any mutual interference between them.
The underlying physical phenomenon is the radio wave propagation between the transmit and
the receive antenna array. Modelling the wave propagation by rays, one can visualise that there
typically exist several paths along which radio waves can propagate from the transmit to the
receive side.
Propagation mechanisms that are common in mobile radio communications are free-space
propagation, reflection (specular and diffuse) and diffraction [11]. In Fig. 2.1, an example with

Transmit
Array

Receive
Array

φDOD

φDOA

Direction of Departure

Direction of Arrival

Figure 2.1: Radio wave propagation between transmit and receive antenna array
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Receive
Array

d

Planar wave front

φ

∆x

Figure 2.2: Receive signal vector at an uniform linear array with one incident path

three scatterers and three paths between transmit and receive side is shown. Depending on
the position of the scatterers, different directions-of-departure (DODs) and directions-of-arrival
(DOAs) occur. In the following I want to give a double-directional motivation for MIMO
systems that will guide the reader to the main advantage of MIMO, increased capacity.
Consider a uniform linear array (ULA) with nR antennas (Fig. 2.2). For a planar impinging
wave, there is a path difference of ∆x between neighbouring antennas. Assuming a narrowband
system, this path difference can equivalently be represented by a DOA dependent phase shift
of
µ=

2π∆x 2πd
=
· sin φ,
λ
λ

(2.1)

where d is the antenna spacing and λ the wavelength. Using the complex path amplitude sp ,
the receive signal vector x can therefore be written as





x = 




1
e−j·µ
e−j·2µ
..
.
e−j·(nR −1)µ






 · s = a(φ) · s ,
p
 p




(2.2)

where a(φ) is the DOA dependent array steering vector. If we consider nDOA DOAs, we can write
this using the (nR × nDOA ) array steering matrix Ar which contains the steering vectors for all
DOAs in its columns. With the complex path amplitude vector sp , the receive signal vector now
becomes
x = A r · sp .

(2.3)

Using a similar (nT × nDOD ) transmit steering matrix At (for nT transmit antennas and nDOD
DODs), this simple model can be extended to the transmit side, too, resulting in the doubledirectional channel as was introduced in [12] [13]:
x = Ar HddAH
t · s = H · s.

(2.4)
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Here, Hdd is here the coupling matrix that contains the complex path gains for all possible
DOD-DOA combinations. If each single DOD couples only into a single DOA, Hdd is diagonal,
otherwise not. Combining the transmit and receive steering matrices and the double-directional
coupling matrix Hdd into a single matrix, we obtain the MIMO channel matrix H, which contains
the complex transfer coefficients for each transmit-receive antenna pair.
Each path given by one DOD-DOA combination adds therefore to the channel matrix with
DOD and DOA dependent phase shifts. It is now possible to distinguish between these phase
shifts and therefore between the different propagation paths. This allows to transmit different
data streams along those paths, hence increase the capacity. It is even possible to decompose
the MIMO channel matrix into orthogonal SISO channels such that they can be considered as
AWGN channels without any interference from the other data streams. This is nicely illustrated
by a singular value decomposition (SVD) of the MIMO channel matrix (see below). Note that
the previous assumption of plane waves is not necessary for achieving high capacity with
MIMO systems.

2.1.1

MIMO System Model

Previously, I showed the relation between wave propagation and the resulting MIMO channel
matrix in a static environment. In reality, however, the MIMO channel is not static but changes
due to movement of receiver, transmitter or the scatterers. The most general representation
of the linear but time-variant MIMO channel is given by its time dependent matrix impulse
response H(t, τ). Using this, the receive vector writes as

x(t) =

Z∞

H(t, τ)s(τ)dτ + n(t).

(2.5)

τ=−∞

x(t), s(t) and n(t) are here the time-varying receive, transmit and noise vectors. Considering
linear time-invariant systems, this simplifies to

x(t) =

Z∞

τ=−∞

H(t − τ)s(τ)dτ + n(t).

(2.6)

If we specialise to frequency flat, i.e. memoryless MIMO channels, the channel matrix is
non-zero only for τ = 0 and the system model therefore becomes
x(t) = H(t)s(t) + n(t).

(2.7)

This simple system model is used in the following to explain the capacity increase due to MIMO
systems. A more comprehensive description of the MIMO channel is given by Bello’s system
functions and the corresponding correlation functions. This will be discussed in Ch. 3 in detail.

2.2. MIMO Capacity and Mutual Information

2.1.2

7

Orthogonal Representation of the MIMO System Model

Using the SVD, the MIMO channel matrix can be written as
H = UDVH

(2.8)

where V and U are the transmit and receive singular vectors, respectively, and D is the diagonal
matrix of singular values. Since V and U are unitary, we can equivalently consider the system
x̃ = Ds̃ + ñ

(2.9)

with the unitary transformed transmit, receive and noise vectors s̃ = VH s, x̃ = UH x and ñ = UH n,
respectively. Because D is diagonal, we have now r = rank{D} = rank{H} orthogonal channels
between transmit and receive side allowing to transmit r independent data streams with the
path gains given by the diagonal elements (D)ii . Note that r ≤ min(nR , nT ), i.e. the number of orthogonal signal streams is upper limited by min(nR , nR ). The noise vector ñ is still uncorrelated,
hence we have r independent AWGN channels.

2.2

MIMO Capacity and Mutual Information

2.2.1

Normalisation of Channel Matrices

For a system as given by equation (2.7), the average receive power Pr,i at each RX antenna i is
given by the diagonal elements (RRX )ii of the receive vector correlation matrix
RRX = E{xxH },

(2.10)

where E{·} stands for the expectation operator. If we assume i.i.d. transmit symbols s j , the
transmit correlation matrix becomes RTX = E{ssH } = Is σ2s and we can write the total average
receive signal power as
n
o
n
o
Pr,tot = tr E{xxH } = tr E{HssH HH } = σ2s · tr{RRX }.

(2.11)

With the noise power σ2n at each RX antenna and the total transmit power Pt = nT · σ2s , the
average receive SNR is therefore given by

ρ=

Pr,i
σ2n

=

Pt · tr{RRX }
.
nR nT σ2n

(2.12)

It is sensible to normalise H such that
tr{RRX } = nR nT ,

(2.13)
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which is equivalent to normalise the average pathloss between all RX-TX antenna pairs, hence
the average SISO pathloss





nR X
nT


X


1

2
PLSISO =
E
|H
|
,

ij



nR nT 

 i=1 j=1

(2.14)

to 0dB. The average receive SNR is now simply given by

ρ=

2.2.2

Pt
.
σ2n

(2.15)

Capacity of MIMO Channels

The Shannon capacity of a conventional SISO system with a transfer coefficient h is given by
the well-known equation [14] [3]
!

Pt
2
C = log2 1 + 2 · |h| = log2 1 + ρ ,
σn

(2.16)

where ρ is the receive SNR. For MIMO systems, the capacity becomes ([2] [15])

C = log2 det InR

1
+ 2 HQHH
σn

!

(2.17)

with the transmit signal correlation matrix Q = E{ssH }, which has to be chosen such that
maximum mutual information is achieved under the power constraint tr{Q} = Pt . As shown in
[2], for i.i.d. complex Gaussian noise, the optimum Q is given by
Q = VQ̃V

H

(2.18)

where V is the matrix of transmit eigenvectors as given by the eigen-decomposition of HH H =
VΛVH (note that V is also equal to the matrix of singular vectors V as defined by equation
(2.8)) and Q̃ is a diagonal matrix, where the elements (Q) jj are the power levels at which the
data streams have to be transmitted over the corresponding transmit eigenvectors. They are
optimally chosen according to the waterfilling principle [2] [3]. This means that using the
eigenvalues λi = (Λ)ii , the optimum power levels are given by
+
Q̃ii = (µ − λ−1
i )

(2.19)

where µ is chosen to satisfy the power constraint tr{Q̃} = Pt and (·)+ indicates max(· , 0), hence
only positive values are taken. This means that the strong eigenmodes are enhanced and the
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weak eigenmodes even more weakened. In the extreme case, data transmission is performed
over the strong eigenmodes only. Using the equivalent orthogonal MIMO channel representation as given in equation (2.9) the MIMO capacity can also be written as

C=

nR
X
i=1

2.2.3

!
Qii λi
log2 1 + 2 .
σn

(2.20)

Mutual Information for Unknown Channel at the Transmitter

If the transmitter does not have any information on the channel, the best choice for the transmit
correlation matrix is
Q=

Pt
· It ,
nT

(2.21)

i.e. to transmit independent data streams with the same power over all transmit antennas. In
this case the mutual information becomes
C = log2 det InR

Pt
HHH
+
2
nT σn

!

(2.22)

or, if we use the previously introduced normalisation,


ρ
C = log2 det InR +
HHH .
nT

(2.23)

Note that in this case, C is not the capacity but the mutual information, for unknown channel
at the transmitter. The term capacity refers always to the maximum mutual information for
a given channel, i.e. the mutual information that can be reached when choosing the transmit
statistics optimally.

2.3

MIMO Channel Models

Measuring the MIMO channel requires a lot of effort and allows only to consider specific
scenarios. It is not possible to do an all-embracing MIMO measurement campaign such that
this could be used afterwards for simulation of all scenarios that may happen. For that reason it
is important to have accurate MIMO models that describe the channel according to the current
needs.
Principally, we can distinguish between physical and non-physical models [16]. Physical models
aim at describing the propagation between transmit and receive side itself and are therefore
in principle independent of a specific MIMO system. They are adapted to a specific MIMO
system by assuming antennas and antenna geometries, a system bandwidth and other system
dependent parameters. Using different system parameters they can be adapted to a different
MIMO system but with the same physical radio channel parameters. This means they are very
powerful in modelling the channel but also somehow complex.
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An example for such a physical channel model (although a SIMO model) is the COST 259
geometry based stochastic channel model (GSCM) [17]. This channel model stochastically
generates paths between transmit and receive side based on a selected scenario and transforms
them into channel coefficients using the antenna geometry. The disadvantage of physical
channel models is that they are relatively complex and rather complicated to parametrise. This
is independent on the MIMO system, hence the same modelling complexity is needed for a 2×2
system as for an 8×8 system.
Non-physical channel models, also termed as analytical channel models, aim at modelling the
channel coefficients itself. They are therefore dependent on the considered MIMO system, on
the antenna structure and also on other system parameters as the bandwidth of the system.
If only a specific system with fixed system parameters shall be investigated, this modelling
approach becomes preferable. Non-physical channel models are much easier to parametrise.
Another advantage of such models is that they often allow a deeper insight into how the channel
parameters (of the non-physical channel model) influence the performance of the whole system.
For the purpose of this thesis, I consider only non-physical channel models. I will use them for
analysis of exemplary MIMO transmission schemes and for interpretation of non-stationarities
of the MIMO channel. Specifically, I consider only frequency-flat channel models that were
initially designed for time-invariant MIMO channels.

2.3.1

The Full Spatial Correlation Channel Model

As mentioned above, I will constraint the discussion to frequency-flat and stationary MIMO
channels. When assuming correlated Rayleigh or Rice fading and a zero-mean MIMO channel
that is fully described by second-order statistics, the most general non-physical MIMO channel
model is given by
vec {H} = R1/2
vec {G} .
H

(2.24)

Here, H is one nR × nT channel matrix realisation, created based on one fading realisation of
the (nR · nT ) × (nR · nT ) fading generation matrix G. The entries of G are i.i.d. complex Gaussian
random variables with unit variance. RH is the full spatial channel correlation matrix that defines
the correlation between all channel matrix elements of H. RH is therefore vice versa given by
n
o
RH = E vec{H}vec{H}H ,

(2.25)

This modelling approach becomes increasingly complex if larger systems are considered. For a
2×2 system, RH , has 16 entries, 10 of them can be independently chosen (a correlation matrix is
per definition hermitian, therefore, for a n × n correlation matrix, the number of independent
entries is (n2 + n)/2). For a 4×4 system, there are 256 entries, where 136 can be independently
chosen. If RH is extracted from measurements, this is not a problem but as soon as RH shall
be constructed otherwise one may run into problems. Also, the interpretation of RH is not that
easy. For that reason simpler models have been developed that I will discuss in the following.
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The Kronecker MIMO Radio Channel Model

This channel model is based on the assumption that the receive correlation matrix is independent of the considered transmit weights and vice-versa, the transmit correlation matrix is
independent of the considered receive weights. Using this, the full spatial channel correlation
matrix can be separated into the Kronecker product of the transmit and receive correlation
matrix [18] [19] [20] [21]:
RH =

1
RTx ⊗ RRx ,
tr{RRx }

(2.26)

with the transmit and receive correlation matrices given by
n
o
RTx = E HT H∗

(2.27)

n
o
RRx = E HHH .

(2.28)

and

With this assumption, the channel model introduced before simplifies to


1
1/2 T
R1/2
G
R
HKr = √
,
Tx
tr{RRx} Rx

(2.29)

where G is now an nR × nT i.i.d. complex Gaussian random matrix with unit variance of each
entry.
This channel model has the big advantage that the full channel correlation matrix that contains
(nR nT )2 entries is now simplified to two separate correlation matrices for transmit and receive
side with in total only n2R +n2T elements. Also this channel model allows for separate optimisation
of MIMO transmission and of the antenna arrays at transmit and receive side.
Nevertheless, each simplification of a model results in less accurate modelling of the reality.
For the Kronecker model this means that the separation into single-sided correlation matrices
does not accurately describe measured MIMO channels but results in some deficiencies of
the model compared to measured MIMO channels [22] [23]. These deficiencies become in
particular significant for large antenna arrays (more then two antennas at both link ends). To
overcome these deficiencies a novel channel model was developed that uses an eigenvectorbased approach. This is introduced in the following.

2.3.3

The Weichselberger MIMO Radio Channel Model

In contrast to the Kronecker model, the Weichselberger-model (W-model) does not assume that
the full spatial correlation matrix itself, but only the eigenstructure of the full spatial correlation
matrix can be separated into transmit and receive side [24]. Given the eigenvalue decomposition
of the full spatial correlation matrix
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RH = UH ΛH UH
H,

(2.30)

and of the transmit and receive correlation matrices
RTx = UTx ΛTx UH
Tx ,

(2.31)

RRx = URx ΛRx UH
Rx

(2.32)

and

this means that the eigenvector matrix UH can be separated into transmit and receive eigenvector
matrices:
UH = UTx ⊗ URx .

(2.33)

There is, however, no constraint for the eigenvalues ΛH , except of being zero or positive. The
MIMO channel matrices are now constructed by

HW = URx Ω̃


G UTTx ,

(2.34)

where is the element-wise product, G an i.i.d. complex Gaussian nR × nT random matrix and
Ω̃ the element-wise square root of the eigenmode coupling matrix Ω. This eigenmode coupling
matrix contains the eigenvalues of the full spatial correlation matrix and can be estimated by
n

∗
Ω = E UH
HU
Rx
Tx




o
H
∗ 2
UTRx H∗ UH
=
E
U
HU
Tx
Rx
Tx e ,

(2.35)

where |·|e denotes the element-wise absolute value of the given matrix. The eigenmode coupling
matrix can be interpreted as the average power coupling between the transmit and receive
eigenmodes. In simulations, this channel model shows up to be more accurate in predicting
mutual information of measured channels and joint DOD-DOA angular power spectra [25].

Chapter 3

Characterising the Mobile Radio
Channel
The characterisation of the mobile radio channel is essential for understanding and modelling
it properly. In principle, the mobile radio channel is deterministic, however, due to the huge
number of factors that influence the channel, a deterministic characterisation is not possible.
The only feasible way to characterise the mobile radio channel is to characterise its statistics.
In this chapter I will discuss different methods of characterising the mobile radio channel.
Starting with the Bello’s system functions [7] [26], I will introduce the correlation functions of
the mobile radio channel that are often used as statistical description for SISO channels. Based
on the correlation functions, I will show how the wide-sense stationarity and uncorrelated
scattering (WSSUS) assumption allows to simplify the statistical description and I will also
discuss how to describe non-stationary channels [27] [28].
The statistical description of SISO channels with the correlation functions can also be extended
to MIMO channels [29]. I will show that the concept of WSSUS and also non-stationary channels
can be extended in principle also to MIMO channels. However, a full stochastic description of
MIMO channels turns out to be too complicated to work with, therefore I will show how to
simplify this description in a sensible way.
Apart from a direct characterisation of the channel it is also possible to consider aggregate
statistics that give a more compact description of the channel. An example for an aggregate
statistics is mutual information. How mutual information can be used to characterise the mobile
radio channel is discussed in the last part of this chapter.

3.1

Deterministic Characterisation with Bello’s System Functions

Assuming linearity, the most general description of a mobile radio channel is given by one of
the four system functions also termed as the first set of Bello’s functions [7] [26]. These are
the time-variant impulse response h(t, τ), the time-variant transfer function T(t, f ), the Dopplervariant impulse response also called spread function S(ν, τ), and the Doppler-variant transfer
function B(ν, f ). The Fourier relationship between the system functions is shown in Fig. 3.1.
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Using the time-variant impulse response, the relation between the time-continuous input signal
s(t) and output signal y(t) can be written as

y(t) =

Z∞

−∞

h(t, τ) · s(τ) dτ.

(3.1)

In principle, h(t, τ), or equivalently, B(ν, f ) describes the mobile radio channel fully, but it is not
feasible to give such a description for any given channel. Only the statistics of a radio channel
can be described in a sensible way.

h(t,t)
F
F

-1

F

-1

S(n,t)

F
T(t,f)

F

-1

F

F

-1

F
B(n,f)

Figure 3.1: Fourier relationship between the first set of Bello’s functions

3.2

Stochastic Characterisation with Correlation Functions

A full statistical description of the system functions is only given by the multidimensional pdf’s
of them, which is practically also not feasible. An often used (second-order) approximative
description is to take the mean and the correlation of each of Bello’s system functions. The
mean is usually assumed to be zero since mobile radio channels are purely random, therefore
we end up with
Rh (t1 , t2 , τ1, τ2) = E {h(t1 , τ1)h∗ (t2 , τ2)}

(3.2)

RS (ν1 , ν2, τ1, τ2) = E {S(ν1, τ1 )S∗ (ν2 , τ2)}

(3.3)


RT (t1 , t2, f1 , f2) = E T(t1 , f1)T∗ (t2 , f2)

(3.4)


RB (ν1 , ν2, f1, f2) = E B(ν1, f1)B∗ (ν2 , f2)

(3.5)

According to the Fourier relationship between Bello’s system functions, there is a double Fourier
transform relationship between the correlation functions as shown in Fig. 3.2.
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Figure 3.2: Fourier relationship between the correlation functions of the first set of Bello’s
functions

3.2.1

The WSSUS Assumption

The previously introduced 4-dimensional correlation functions are still too complex to use in
practise. Therefore, further simplifications have been introduced with the wide-sense stationary
(WSS) and uncorrelated scattering (US) assumptions, together WSSUS. WSSUS channels are of
significant importance since they are the simplest channels that exhibit both time and frequency
fading.
3.2.1.1

Wide-Sense Stationary Channels

A process is called wide-sense stationary with respect to time when its first two moments,
the mean and the autocorrelation, are independent of absolute time. This means, the correlation function for a wide-sense stationary channel depends only on the time difference. The
correlation function of the input delay-spread function therefore becomes
Rh (t1 , t2 , τ1, τ2)

WSS

= Rh,WSS (∆t, τ1, τ2)

(3.6)

with ∆t = t2 −t1 . Since the Doppler shift corresponds with the time domain, the WSS assumption
also manifests itself in the Doppler domain, i.e. the correlation function of the delay-Doppler
spread function becomes
RS (ν1 , ν2, τ1, τ2 )

WSS

= RS,WSS (ν, τ1, τ2 )δ(∆ν).

(3.7)

where ∆ν = ν2 − ν1. The correlation function of the delay-Doppler spread function for WSS
channels is only non-zero for equal Doppler-shift, signals arriving with different Doppler shifts
are uncorrelated.
3.2.1.2

Uncorrelated Scattering Channels

Uncorrelated scattering (US) channels are the dual to wide-sense stationary channels. For
these channels, signals arriving with different delays are uncorrelated, and US channels are
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wide-sense stationary in the frequency domain. Considering the correlation function of the
Doppler-spread function we can therefore write
RB (ν1 , ν2, f1, f2)

US

= RB,US (ν1, ν2 , ∆ f )

(3.8)

with ∆ f = f2 − f1 and the time-frequency spread function becomes
RT (t1 , t2 , f1, f2)

US

= RT,US (ν1 , ν2, τ)δ(∆τ).

(3.9)

with ∆τ = τ2 − τ1.
3.2.1.3

Wide-Sense Stationary Uncorrelated Scattering Channels

Often, for mobile radio channels, the WSS and the US assumptions are considered together.
This means that the first and second order statistics are invariant under translation in time and
frequency and therefore much more easy to treat. Applying the WSS and US assumption to the
correlation functions reduces them to two-dimensional functions and the relationship between
them becomes again a single Fourier transform. E.g. the 4-dimensional correlation function of
the input delay-spread function simplifies to
Rh (t1 , t2 , τ1, τ2)

WSSUS

= Ph (∆t, τ)δ(∆τ)

(3.10)

where Ph(∆t, τ) is the cross-power density of h(t1 , τ) and h(t1 + ∆t, τ). The resulting correlation
functions and the Fourier relationship between them is shown in Fig. 3.3.
For WSSUS channels, often the delay-Doppler correlation function
RS (ν1, ν2, τ1 , τ2)

WSSUS

= CS (ν, τ)δ(∆ν)δ(∆τ)

(3.11)

is considered. This function now is only non-zero for equal Doppler and delay and can be
interpreted as average power that is arriving with Doppler shift ν and delay τ. Often, Cs (ν, τ)
is also referred to as scattering function, since it describes where in the Doppler-delay plane
scatterers are located.

3.2.2

Non-WSSUS Channels

Unfortunately, the WSSUS assumption is never fulfilled for existing mobile radio channels,
since this would require that the statistics of the mobile radio channel does not change over
infinite time and frequency intervals. In the real world, however, the channel changes e.g. due
to changing scatterer environment when the mobile moves or due to moving scatterers. To
still benefit from the simplifications given by them, often quasi-WSSUS (QWSSUS) is assumed,
which means that the channel statistics do not change within a specific time and frequency window and therefore the WSSUS assumption is approximately fulfilled. Within these stationarity
regions, an approximate WSSUS characterisation is possible.
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Figure 3.3: Fourier relationship between the correlation functions of the first set of Bello’s
functions for WSSUS channels

A more general description of non-WSSUS channels was introduced by Gerald Matz in [27]
and [28]. There, instead of the WSSUS scattering function CS (τ, ν), a local scattering function
S (t,

f, τ, ν) =

"

RT (t, f, ∆t, ∆ f )e−j2π(ν∆t−τ∆ f ) d∆td∆f.

(3.12)

is introduced (he uses H instead of S ). This definition is consistent with the WSSUS case,
in which S (t, f, τ, ν) becomes CS (τ, ν). Unfortunately, S (t, f, τ, ν) is not necessarily real-valued
and positive. However, under the assumption of doubly-underspread channels, S (t, f, τ, ν)
can be interpreted as the mean power of those signal components that face a delay/Doppler
shift of (τ, ν) at time t and frequency f.
According to the WSSUS case, where the scattering function CS (τ, ν) is in Fourier relationship
with the time-frequency correlation function RT (∆t, ∆ f ), a novel channel correlation function was
introduced


T (∆τ, ∆ν, ∆t, ∆ f )

=

"

RT (t, f, ∆t, ∆ f )e−j2π(t∆ν− f ∆τ) dtdf.

(3.13)

T (∆τ, ∆ν, ∆t, ∆ f ) is the correlation function in all 4 dimensions, time, frequency, delay and
Doppler. According to the WSSUS case (Fig. 3.3), there exists now a double Fourier relationship
between the 4-dimensional correlation functions as was also shown for the general case in
Fig. 3.2. However, replacing each pair of variables for all dimensions by the first value and the
difference, the Fourier pairs are now (t  ∆ν, f  ∆τ, ∆t  ν, ∆ f  τ).


The channel correlation function can be interpreted as correlation between signal components
that are separated in time and frequency and cause different delay and Doppler shift. This
interpretation of the channel correlation function is further corroborated by the following
relations. First


T (0, 0, ∆t, ∆ f )

=

"

RT (t, f, ∆t, ∆ f )dtdf

(3.14)
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shows that, for ∆τ = ∆ν = 0, the channel correlation equals the average (over all t and f)
correlation of transfer function values T(t, f + ∆ f ) and T(t − ∆t, f ) that are separated by ∆t and
∆f.
Accordingly,


T (∆τ, ∆ν, 0, 0)

=

"

RS (∆τ, ∆ν, τ, ν)dτdν

(3.15)

shows that for ∆t = ∆ f = 0, the channel correlation equals the average (over all τ and ν) correlation of the Doppler-variant impulse response values SH (ν + ∆ν, τ) and SH (ν, τ − ∆τ) separated
by ∆τ and ∆ν.

3.3

Extension of the System Functions for MIMO Channels

3.3.1

Double-Directional Extension of Bello’s System Functions

A formal extension of Bello’s system functions to directional time-variant channels is to introduce
an additional dependence on the direction of the incoming or outgoing wave [29]. With this
extension, the time-variant impulse response becomes
h(t, τ) → h(t, τ, φ)

(3.16)

where φ denotes the corresponding direction in e.g. azimuth. This can, of course, be extended
to the spatially three-dimensional case, where the time-variant impulse response becomes
h(t, τ, φ, θ), hence depends on both the azimuth φ and the elevation θ, and also to both transmit
and receive side which then leads to a 6-dimensional time-variant impulse response given by
h(t, τ, φt , θt , φr , θr ). Here, the subscripts t and r stand for transmit and receive side, respectively.
For my considerations, I will limit myself here to the spatially two-dimensional case where I
consider the azimuth at both link ends:
h(t, τ, φt , φr ).

3.3.2

(3.17)

Antenna Domain Extension of Bello’s System Functions

For a single antenna, the far field distribution of the field strength, when the input signal x is
applied to the antenna, is given by [30]
E(r) = x f (θ, φ)

e−jk0 r
4πr

(3.18)

with the free space wave number
k0 =

2π
.
λ

(3.19)
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φ

Figure 3.4: Antenna arrangement of the considered uniform linear array

If we have an antenna array with an infinite number of antennas distributed in the azimuthal
plane and the spatial signal distribution x(l) applied to it, the fields of the antennas superpose
(we neglect the effects of mutual coupling etc) and the far field distribution becomes

E(r) =

∞
X

x(l) f (θ, φ)

l=−∞

=

e−jk0 r+jk0 a~r ·~rl
=
4πr

∞
e−jk0 r X
f (θ, φ)
x(l)e jk0~ar ·~rl =
4πr

(3.20)
(3.21)

l=−∞

=

f (θ, φ)

e−jk0 r
F(θ, φ)
4πr

(3.22)

where ~ar is the unit vector pointing to the observation point, ~rn the distance of the nth antenna
element to the centre point of the antenna array and

F(θ, φ) =

∞
X

x(l) e jk0~ar·~rl

(3.23)

l=−∞

the array factor of the antenna array. In case of an uniform linear array with antenna spacing d,
arranged as shown in Fig. 3.4 (which causes the negative sign in the exponent), the array factor
simplifies to

F(θ, φ) =

∞
X

x(l) e−j

2πd
λ l sin φ cos θ

.

(3.24)

l=−∞

If we assume an elevation angle of θ = 0◦ and the use of omni-directional antenna elements
with f (θ, φ) = 1, the far field, which is 2π periodic in φ, is therefore given by a Fourier transform
of the antenna signals with respect to the spatial frequency
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2πd
sin φ.
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(3.25)

This means, the antenna signals x(n) and the spatial frequency spectrum F(ξ) are related by the
Fourier relations

F(ξ) =

∞
X

x(l) e−jξl dl

(3.26)

l=−∞

x(l) =

1
2π

Z2π

F(ξ)e jξl dξ.

(3.27)

0

The mentioned Fourier relationship between antenna signals and spatial frequency dependent
signals exists only for ULAs. For non-ULA antenna configurations, however, a virtual spatial
frequency ξv can be defined such that a Fourier relationship between the antenna domain and the
virtual spatial frequency domain is given. This allows to keep the concept of Fourier transforms
between the different domains. In case of a limited number of antenna elements, the Fourier
transform becomes a discrete Fourier transform. Note that between the spatial frequency and
the direction of the incoming (or outgoing) wave exists a non-linear but monotonic relationship.
Therefore, it is possible to consider the direction-of-arrival (or direction-of-departure) instead
of the spatial frequency without any loss of information.

3.3.3

Definition of the MIMO System Functions

The previously introduced Fourier relationship allows us to define system functions in a similar
way as Bello has done but with the spatial (or directional) properties of the channel included.
In analogy to Kattenbach [29], we define 4-dimensional system functions that are related to
each other via Fourier transform. In case of the Fourier transform between antenna domain
and directional domain, I consider the non-linear but monotonic transform between spatial
frequency and the direction-or-arrival or departure as being included in the Fourier-transform,
for simplicity reasons. There is no loss in generality when doing this. This leads to the following correspondence (left-to-right means Fourier transform and right-to-left inverse Fourier
transform), where lt is the transmit and lr the receive antenna index:

t  ν

(3.28)

τ 

(3.29)

f

lt  φt

(3.30)

lr  φr .

(3.31)

This leads to 16 possible system functions where the four system functions that are angle-resolved
are the
• h(t, τ, φt , φr ), time-variant transmit and receive angle-resolved impulse response
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• S(ν, τ, φt , φr ), Doppler-variant transmit and receive angle-resolved impulse response
• B(ν, f, φt, φr ), Doppler-variant transmit and receive angle-resolved transfer function
• T(t, f, φt, φr ), time-variant transmit and receive angle-resolved transfer function
and the aperture- or antenna-variant system functions are
• ha (t, τ, lt , lr), time-, transmit and receive antenna-variant impulse response
• Sa (ν, τ, lt , lr ), Doppler-, transmit and receive antenna-variant impulse response
• Ba (ν, f, lt, lr), Doppler-, transmit and receive antenna-variant transfer function
• Ta (t, f, lt, lr), time, transmit and receive antenna-variant transfer function
There are 8 more system functions that are angle-resolved and antenna-variant at either ends
of the link but they are not mentioned here due to their minor importance. Note that the
relation between the angle-resolved and antenna-variant system functions is a double-Fourier
transform for periodic functions (in the spatial frequency domain).

3.4

MIMO Correlation Functions

In accordance to the SISO case, we can define correlation functions of the MIMO system
functions. This leads again to 16 different correlation functions where the angle-resolved
correlation functions are the
• time-delay transmit-receive-angle correlation function
n
o
Rh (t1 , t2, τ1 , τ2, φt,1 , φt,2 , φr,1 , φr,2 ) = E h(t1 , τ1, φt,1 , φr,1 ) h∗(t2 , τ2 , φt,2 , φr,2 )

(3.32)

n
o
RS (ν1, ν2 , τ1, τ2, φt,1 , φt,2 , φr,1 , φr,2 ) = E S(ν1 , τ1, φt,1 , φr,1 ) S∗ (ν2 , τ2, φt,2 , φr,2 )

(3.33)

• Doppler-delay and transmit-receive-angle correlation function

• Doppler-frequency and transmit-receive-angle correlation function
n
o
RB (ν1 , ν2, f1, f2, φt,1 , φt,2 , φr,1 , φr,2 ) = E H(ν1, f1 , φt,1 , φr,1 ) H∗ (ν2 , f2, φt,2 , φr,2 )

(3.34)

• time-frequency and transmit-receive-angle correlation function
n
o
RT (t1 , t2 , f1, f2, φt,1 , φt,2 , φr,1 , φr,2 ) = E T(t1, f1, φt,1 , φr,1 ) T∗ (t2 , f2, φt,2 , φr,2 )
and the antenna-variant correlation functions the

(3.35)
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• time-delay transmit-receive-antenna correlation function

Rha (t1 , t2 , τ1, τ2, lt,1 , lt,2, lr,1 , lr,2 ) = E ha(t1 , τ1, lt,1 , lr,1 ) h∗a(t2 , τ2, lt,2 , lr,2)

(3.36)

• Doppler-delay and transmit-receive-antenna correlation function


RSa (ν1 , ν2, τ1, τ2, lt,1 , lt,2 , lr,1, lr,2 ) = E sa(ν1 , τ1, lt,1, lr,1 ) s∗a(ν2 , τ2, lt,2 , lr,2)

(3.37)


RBa (ν1, ν2, f1, f2 , lt,1, lt,2 , lr,1, lr,2 ) = E Ha (ν1 , f1, lt,1, lr,1 ) Ha∗ (ν2, f2, lt,2 , lr,2 )

(3.38)

• Doppler-frequency and transmit-receive-antenna correlation function

• time-frequency and transmit-receive-antenna correlation function


RTa (t1 , t2 , f1, f2, lt,1 , lt,2, lr,1 , lr,2 ) = E Ta (t1 , f1, lt,1 , lr,1) Ta∗ (t2 , f2, lt,2, lr,2 )

(3.39)

Again, there are 8 more correlation functions that are angle-resolved and antenna-variant at
either end of the links, which are not mentioned explicitly here.

3.4.1

Stationarity of MIMO Channels

According to the WSSUS case of the SISO channel correlation functions, stationarity of the
MIMO correlation functions can be defined. A fully stationary MIMO channel is characterised
by a Doppler-variant delay and transmit-receive-angle correlation function that is white in all
dimension:
RS (ν1, ν2 , τ1, τ2, φt,1 , φt,2 , φr,1 , φr,2 )

WSSUS

= CS (ν, τ, φt , φr )δ(∆ν)δ(∆τ)δ(∆φt )δ(∆φr ).

(3.40)

The corresponding time-frequency and transmit-receive-antenna correlation function therefore
only depends on the shift in all dimensions but no longer on their absolute value

RTa (t1 , t2 , f1, f2, lt,1, lt,2 , lr,1 , lr,2)

3.4.2

WSSUS

= AT (∆t, ∆ f, ∆lt, ∆lr ).

(3.41)

Partial Stationarity of MIMO Channels

Full stationarity of MIMO channels is possible only under special conditions. It makes therefore sense to limit the considerations to the case of partial stationarity, where the channel is not
stationary regarding all four dimensions (t, f, lr, lt). A sensible approach is to consider stationarity regarding time and frequency separated from stationarity regarding the antenna domain,
hence time-frequency stationarity and antenna stationarity, respectively. Time-frequency stationarity means that the channel statistics does not change with absolute time or frequency. For
MIMO channels this includes also the spatial domain, which means that for a time-frequency
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stationary channel, also the spatial structure of the channel does not change. The time-frequency
and transmit-receive-antenna correlation function therefore simplifies to
RTa (t1 , t2, f1, f2, lt,1 , lt,2 , lr,1, lr,2 )

WSSUS(ν,τ)

= RTa ,WSSUS(ν,τ) (∆t, ∆ f, lt,1, lt,2 , lr,1 , lr,2).

(3.42)

Antenna stationarity, in contrast to this, means that the channel statistics does not change with
transmit or receive antenna. This implies that the delay and frequency statistics as well as the
antenna statistics (the correlation between different antennas separated by in general n antenna
indices), does not depend on the selected transmit or receive antenna. In case of antenna
stationarity, the time-frequency and transmit-receive-antenna correlation function becomes
RTa (t1 , t2, f1, f2 , lt,1, lt,2 , lr,1, lr,2 )

WSS(lt ,lr )

= RTa ,WSS(lt ,lr ) (t1 , t2 , f1, f2, ∆lt , ∆lr ).

(3.43)

Antenna stationarity, however, is much more restrictive than time-frequency stationarity. Even
in case of uncorrelated DODs or DOAs, it can happen that the correlation between antennas
separated by a fixed antenna index count, depends on the selected transmit and receive antenna.
This is actually the case for every non-ULA antenna. Consider e.g. a 4×4 uniform rectangular
array. There, the antennas 1-4 and also the antennas 5-8 form a ULA say in x-direction, but
the antennas 5-8 are displaced by the antenna spacing d in y-direction. If we now consider the
correlation between adjacent antennas, e.g. the correlation between antenna n and n + 1, then
this value will be the same for the pairs (1,2), (2,3) and (3,4) (if each antenna is facing the same
incoming waves), but it will most likely be different for (4,5). Antenna-stationarity is therefore
not given for any array that is not a ULA, except for special cases. In addition to this, there
is no longer a Fourier-relationship between the antenna domain and the angular domain (see
Sec. 3.3.2).

3.4.3

Non-Stationary MIMO Channels

For non-stationary MIMO channels, the MIMO correlation functions are no longer white in
the time-frequency and transmit-receive-antenna domain. They depend again on the absolute
time, absolute frequency, transmit and receive antenna.
According to the non-stationary SISO case, I define a MIMO local scattering function
S,MIMO (t,

f, ν, τ, lt , lr, φt , φr ) =

+∆t,−∆ f,+∆lt ,+∆lr




RTa (t, f, ∆t, ∆ f, lt, lr , ∆lt, ∆lr )

(3.44)

where +/−x,.. means nD Fourier (+) or inverse Fourier (-) transform with respect to the variable x etc. Note that this nD Fourier transform covers continuous and discrete Fourier transforms. (see also Sec. 3.3.2). This is again consistent with the MIMO-WSSUS case where
S,MIMO (t, f, ν, τ, lt , lr , φt , φr ) becomes CS (ν, τ, φt , φr ). There exists a Fourier-relationship between
all MIMO correlation functions and the local scattering function, but we do not show all of
them here. Note that in case of non-ULA antennas, the transmit and receive angles φt and φr
are replaced by the virtual transmit and receive angles φtv and φrv .


Also I define here a MIMO channel correlation function that additionally covers the correlation
between different receive and transmit antennas and receive and transmit angles
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T,MIMO (∆ν, ∆τ, ∆ f, ∆t, ∆φt , ∆φr , ∆lt , ∆lr )
+t,− f,+τ,−ν,+lt ,+lr ,−φt ,−φr


n
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=

S,MIMO (t,

o
f, ν, τ, lt, lr , φt , φr )

(3.45)

The MIMO channel correlation function enables the characterisation of non-stationarities in all
four dimensions, time, frequency, transmit and receive antenna domain. It can be interpreted
as correlation between signal components with different delay, Doppler shift and transmit and
receive angle that occur at different times and frequencies and different transmit and receive
antennas. In conformity with the SISO case, non-stationarity in the antenna-domain results in
non-zero correlation between different transmit or receive angles, or, for non-ULA antennas, in
non-zero correlation between different virtual transmit or receive angles.
The drawback of a full stochastic characterisation of non-stationary MIMO channels is its
complexity. It is actually not possible to estimate the whole MIMO channel correlation function.
A full stochastic characterisation of non-stationary MIMO channels is therefore only useful for
theoretic investigations.

3.5

Space-only Characterisation of MIMO Channels

For channels that are fully described by second-order statistics (which is often assumed for
the mobile radio channel), the correlation functions of Bello’s system functions are a complete
statistical description. This characterisation can be used to derive stationarity regions, but
for a direct interpretation, the correlation functions are much too complex. Also it turns out
that estimating the channel correlation functions from measurements, especially for MIMO
systems is very problematic (Sec. 4.3.3). For that reason, it is necessary to consider a simplified
description of the mobile radio channel that covers the main aspects.
For MIMO channels, the most important aspect is clearly the spatial structure of the channel.
Although, the performance of a MIMO system also depends on the temporal and frequency
behaviour of the channel, the main influence on the performance comes from the spatial structure, i.e. the multiplexing possibility. A spatial only characterisation of the MIMO channels is
therefore both sensible and meaningful. Reducing the time-frequency transmit-receive-antenna
correlation function of the MIMO channel (3.39) to zero time and frequency shift, we end up
with
RT,a t, t + ∆t, f, f + ∆ f, lt,1, lt,2, nr,1 , nr,2



∆t=0,∆ f =0


= E T(t, f, lt,1, lr,1 )T(t, f, lt,2, lr,2)∗ ,

(3.46)

the time- and frequency-variant transmit-receive-antenna correlation function. When considering a limited number of antennas (as is of course always the case in reality), we can switch
to MIMO channel matrix notation, where T(t, f, lt, lr ) becomes the time- and frequency-variant
MIMO channel matrix H(t, f ). Instead of the time-frequency transmit-receive-antenna correlation function for zero time and frequency shift, we then use the time- and frequency-variant
full spatial correlation matrix
o
n


RH (t, f ) = E vec H(t, f ) vec H(t, f ) H ,

(3.47)
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compare Sec. 2.3.1. For MIMO channels with a small relative bandwidth compared to the
centre frequency, it can be expected that the spatial structure of the channel does not change
significantly within the bandwidth. Then, it makes sense to consider only the time-variation
of the spatial structure and use the frequency domain as additional realisation domain. The
corresponding correlation function is then the frequency averaged time-variant full spatial
correlation matrix
n n
oo


H
RH (t) = E f E vec H(t, f ) vec H(t, f )
,

(3.48)

where E f {·} means expectation with respect to frequency, within the given bandwidth. This is
the case for the channel measurements this thesis is based on. There, a relative bandwidth of
5% or below is used.
A further simplification that is useful for stationarity considerations is the assumption that the
channel has Kronecker structure (Sec. 2.3). Although, real channels show sometimes significant
deviations from a Kronecker structure [23] [22], this assumption has some advantages here.
First of all, a Kronecker structure simplifies the spatial characterisation largely since not the full
spatial correlation matrix has to be considered but only the much smaller transmit and receive
correlation matrices. Regarding stationarity considerations in combination with MIMO system
performance, the separation into transmit and receive correlation matrix has the advantage
that it fits to the kind of knowledge an advanced transmission scheme can have. Often is
assumed that the long-term spatial statistics, i.e. the transmit and receive correlation matrices
can be estimated at the receive side and fed back to the transmitter. Typically, only the transmit
correlation matrix is fed back. The transmitter then optimises its transmission according to
the known transmit correlation matrix. Stationarity investigations with respect to this transmit
correlation matrix are therefore very useful for such systems.

3.6

Characterising the Mobile Radio Channel by Means of Aggregate
Statistics

Apart from considering the system functions of the mobile radio channel itself, it makes also
sense to consider system-relevant aggregate statistics of the channel instead. They, of course,
contain only limited information but enable to characterise the channel by a small set of parameters, in the extreme case by a single number. Such aggregate statistics are the average mutual
information of a set of MIMO channel matrix realisations or the average bit error ratio of a
simulated system that uses the considered channel.
I will consider both, the mutual information and the bit error ratio that is achieved by a simple
transmission scheme, as aggregate statistics of the channel. Based on metrics that describe the
non-stationarity of the channel itself, I will discuss later the influence of non-stationarity on
these system-relevant aggregate statistics of the channel.

Chapter 4

Measuring the Non-Stationarity of the
Mobile Radio Channel
Real mobile radio channels do, unfortunately, never fulfil the WSSUS assumption strictly, since
this would require that the channel statistics does not change over infinite time and frequency
intervals. However, often, the channel statistics do not change rapidly, which means that within
limited time and frequency intervals, the statistics can be assumed to be constant, hence the
channel is QWSSUS. If this time-frequency stationarity region is large enough, a system can take
advantage of this by estimating the channel statistics and adapting its transmission scheme
accordingly. Here, especially the temporal stationarity region is critical, since the channel is
estimated at the receiver and this information has to be fed back to the transmitter. If the
temporal stationarity region is too small, it is not possible to estimate the channel statistics and
feed it back to the transmitter before the statistics has changed again. In such a case, only a
blind transmission scheme can be used.
Different metrics have been proposed to measure the non-stationarity of the mobile radio
channel. For SISO channels these are e.g. [31] [32] [27] and for SIMO channels [10] [9]. To my
best knowledge, no metrics have been proposed up to now explicitly for MIMO channels.
After explaining sources of non-stationarity of the mobile radio channel, in principle, I will discuss existing metrics for measuring non-stationarity and analyse whether they can be extended
to MIMO or not. This will lead to a detailed discussion of the stationarity-region definition
based on a statistical description of non-stationary channels as it was introduced by Gerald Matz
[27] [28] [33]. Based on this definition, I will show how this concept can principally be extended
to MIMO. However, the estimation of these MIMO stationarity-regions based on measurement
data turns out to be unfeasible, therefore I propose to use a simplified metric for measuring the
non-stationarity of the MIMO channel, the correlation matrix distance (CMD). The CMD takes
the spatial structure of the MIMO channel as basis for measuring the non-stationarity, which
has the advantage of being much simpler while still covering the main property of the channel.
This allows to consider both time and frequency variations of the spatial channel statistics,
where I will focus on the time variation only. The CMD turns out to be specifically useful for
performance considerations of MIMO transmission schemes (that of course make use of the
spatial structure of the channel). This will be investigated in detail in Ch. 6. Here, the CMD
will be analysed using synthetic data to show that it provides meaningful results regarding the
actual non-stationarity of the channel.
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Causes for Non-Stationarity of the Radio Channel

The mobile radio channel is generally non-stationary. This means that the channel statistics change after some time or when considering different frequencies. Causes for this nonstationarity are manifold. In principle, any event that changes the wave-propagation between
transmitter and receiver to a significant amount regarding time, frequency or direction, causes a
non-stationary change of the channel statistics. Typical causes for non-stationarity are a moving
mobile, moving scatterers or moving people.
If a mobile is moving by a significant amount, several effects may occur that cause the channel
statistics to change. Signal components can be shadowed or can appear because the mobile
has moved in or out of a shadowing area. The directions-of-departure and -arrival can change
due to the movement of the mobile, which is also a non-stationary change of the statistics. A
mobile that is rotated changes the directions-of-arrival, and therefore the channel statistics, and
can also cause signal components to vanish or to appear due to a changed shadowing situation
(especially in case of directional antennas). How strong these non-stationarity changes are
depends to a large extent on the considered environment. In an indoor environment, when the
mobile moves from one office room to another, it is likely that the channel changes significantly.
In an outdoor scenario, the mobile can possibly move some ten meters before the channel
statistics change.
Another possible cause for non-stationarities of the mobile radio channel are moving scatterers.
This is more likely to appear for outdoor scenarios, where cars are around. Moving scatterers
are likely to result in a different kind of non-stationarity as a moving mobile. In case of a moving
mobile, all paths are changing according to the movement of the mobile. If, however, the mobile
does not move but some scatterers move, only that signal components are influenced that are
coming from these scatterers. A smaller degree of non-stationarity can be expected in such a
case. This was shown e.g. by Cox et al. [8].
Moving people are another possible cause for non-stationarity [34]. They can act both as moving
scatterers and as blockers that only shadow multipath components. Dependent on the scenario,
moving people may have a significant effect on the channel. In a busy restaurant or a shopping
mall, a lot of people may move around at specific daytimes. Therefore, it can be expected that
significant channel variations occur due to the moving people. In an office scenario, where
the people are mainly sitting in their rooms and working, they may not have a large effect on
wave propagation and may not introduce significant non-stationarities. The effect of human
shadowing on wave propagation will be analysed based on measurements in Ch. 6.

4.2

Review of Existing Metrics for the Non-Stationarity of Mobile
Radio Channels

Stationarity of the mobile radio channel has been investigated since the radio channel is investigated. Different metrics have been proposed to measure the non-stationarity of the radio
channel. Often the correlation between time- or frequency-separated system functions is considered as basis for a stationarity definition. Martin Steinbauer [32] proposed to use the correlation
coefficient between consecutive power delay profiles (PDPs) as metric to define a local region
of stationarity, i.e. a region where the PDP does not change significantly. This metric is particularly useful if a system is considered, where the performance depends to a large account on
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the accurate knowledge of the PDP. However, is not applicable to MIMO channels, where the
spatial domain plays a major role and cannot be left out.
A critical review on estimating the frequency correlation function in conjunction with the
WSSUS assumption was given by Bultitude [35]. He also proposed a metric for measuring the
non-stationarity of a channel [31]. This metric is a distance measure between the structure of
the channel at different times where the mobile was moving in the meanwhile. Based on a
virtual antenna array that is created by sampling the channel continuously along the mobile
trajectory, the wave numbers of the incoming waves are estimated. These wave numbers,
which correspond to specific DOAs, are categorised based on predefined sub-intervals, and the
resulting average power within each sub-interval are compared to each other at different times,
i.e. mobile positions. Although, this metric is in principle also applicable to real antenna arrays,
it incorporates some arbitrariness regarding the chosen sub-intervals for the wave number
categorisation. For that reason, I did not consider this metric for non-stationarity evaluations.
Kattenbach discussed extensively stationarity for SISO radio channels [36] [37] [38]. He considers the consequences of WSSUS, QWSSUS and also the validity of these assumptions. In case
of indoor SISO channels he concludes that for a moving receiver WSS is generally valid and US
can be assumed to be approximately valid for a great number of channels.
Stationarity regarding time and frequency domain has been investigated by Klaus Hugl [10].
He considered SIMO systems, with multiple antennas at the base station and a single antenna
at the mobile and defined different correlation metrics for measuring the time and frequency
variation of the instantaneous channel impulse responses at the base station antenna array and
also time and frequency variation of the base station antenna correlation matrix. Although these
metrics consider the spatial structure of the channel, they focus on SIMO relevant performance
issues like the beamforming gain. For measuring the non-stationarity of MIMO channels they
cannot be directly adapted.
The temporal evolution of the spatial statistics of the SIMO mobile radio channel was also
considered by Utschick et al. in [9]. They defined the F-eigen ratio for a SIMO system that
measures the penalty of using out-dated long-term statistics for spatial processing instead of
the current statistics. The F-eigen ratio, however, is only useful for systems where transmission
is performed over a small set of eigenvectors, in case of a MIMO system where transmission
happens over all or nearly all eigenmodes, the F-eigen ratio becomes meaningless.
As already mentioned above, Gerald Matz proposed a method for defining stationarity-regions
in time and frequency that is based on a novel description of non-stationary SISO channels.
Due to the generality of this approach, I decided to use this as starting point for the definition
of a MIMO non-stationarity metric. In the next section, I will discuss Matz’s method and show
how it can be extended to MIMO channels, in principle.

4.3

Stationarity Region Definition based on the Channel Correlation
Functions

Stationarity in the classical sense means that the statistics of the underlying stochastic process
does not change. When wide-sense stationarity is considered, it refers to the (first- and) secondorder statistics. For mobile radio channels, these are the correlation functions of Bello’s system
functions. In [33], a method for defining stationarity regions based on these correlation functions
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was introduced. It was shown that within these regions, the variation of the correlation functions
is bounded. This means regions can be defined within which the correlation functions of the
mobile radio channel do not change significantly. This method, which originally applies to
SISO channels, will be discussed and then extended to MIMO channels. Unfortunately, this
method turns out to be problematic when applied to measured channels. This is discussed at
the end of this section.

4.3.1

Stationarity Region of SISO Channels

In Ch. 3, methods for describing both stationary and non-stationary mobile radio channels were
discussed. In a completely stationary scenario, it was shown that the mobile radio channel can
be described by a time- and frequency-invariant scattering function CS (ν, τ) that gives the mean
power of the scattered signal components with a Doppler/delay shift of (ν, τ). In the nonstationary case, Gerald Matz [27] [28] [33] showed that this function can be replaced by a local
scattering function S (t, f, ν, τ) that is now time- and frequency-variant. This function can be
interpreted in a similar manner as in the stationary case, as long as the assumption of a doublyunderspread channel is fulfilled. Based on this local scattering function and on the channel
correlation function, he also showed that a time-frequency stationarity region can be derived
within that the local scattering function, i.e. the time-frequency scattering of the input signal,
does only change to a specific amount. I will review this derivation in the following.
Considering the 4D-Fourier relationship between the local scattering function and the channel
correlation function
S (t,

f, τ, ν) =

&


T (∆ν, ∆τ, ∆ f, ∆t) e

j2π(t∆ν− f ∆τ+τ∆ f −ν∆t)

d∆ν d∆τ d∆f d∆t,

(4.1)

a bound can be defined by
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=
≤
=
≤
≤

f, τ, ν) −
&

S (t0 , f0 , τ, ν)

T (∆ν, ∆τ, ∆t, ∆ f )


&



&


&

&

=







e j2π(t∆ν− f ∆τ+τ∆ f −ν∆t) − e j2π(t0 ∆ν− f0 ∆τ+τ∆ f −ν∆t) d∆ν d∆τ d∆f d∆t

T (∆ν, ∆τ, ∆t, ∆ f )

e j2π(t0 ∆ν− f0 ∆τ+τ∆ f −ν∆t) e j2π((t−t0 )∆ν−( f − f0 )∆τ) − 1 d∆ν d∆τ d∆f d∆t

T (∆ν, ∆τ, ∆t, ∆ f )


2 sin π((t − t0 )∆ν − ( f − f0)∆τ) d∆ν d∆τ d∆f d∆t

T (∆ν, ∆τ, ∆t, ∆ f )

2π((t − t0 )∆ν − ( f − f0)∆τ) d∆ν d∆τ d∆f d∆t

T (∆t, ∆ f, ∆τ, ∆ν)



2π |(t − t0 )∆ν| + ( f − f0)∆τ d∆ν d∆τ d∆f d∆t.

(4.2)

Using the normalised first moments of the channel correlation matrix as given by
(∆ν)
sT

=

1
||


T ||1

&


T (∆ν, ∆τ, ∆t, ∆ f ) |∆ν| d∆ν d∆τ d∆f d∆t

(4.3)
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and
(∆τ)
sT

=

1
||

T ||1


&

T (∆ν, ∆τ, ∆t, ∆ f ) |∆τ| d∆ν d∆τ d∆f d∆t


(4.4)

this bound can be written as
S (t,

f, τ, ν) −
||



S (t0 , f0 , τ, ν)
T ||1

i
h
(∆ν)
(∆τ)
≤ s = 2π |t − t0 |sT + | f − f0|sT .

(4.5)

By defining an -level stationarity time and bandwidth

Ts =


(∆ν)
sT

Fs =

,



(4.6)

(∆τ)
sT

we can define an -level stationarity region



s


 

= t0 − Ts , t0 + Ts × f0 − Fs , f0 + Fs

(4.7)

and, using these definitions, the bound in (4.5) can be further bounded as s ≤ 2π and therefore
for small 
S (t,

f, τ, ν) ≈

S (t0 , f0 , τ, ν),

for

(t, f ) ∈



s.

(4.8)

Hence, within the stationarity region, the local scattering function is approximately constant
with accuracy ∼ .

4.3.2

Extension to MIMO Channels

The aforementioned definition of a stationarity region based on the local scattering function can
also be extended to MIMO channels. Instead of the local scattering function of SISO channels,
the local scattering function of MIMO channels has to be used. According to the SISO case, we
consider the time-frequency and transmit- receive-antenna-dependent scattering function that
is related to the MIMO channel correlation function by an 8D-Fourier transform



T,MIMO (∆ν, ∆τ, ∆ f, ∆t, ∆φt , ∆φr , ∆nt , ∆nr )
+t,− f,+τ,−ν,+nt ,+nr ,−φt ,−φr


n

=

S,MIMO (t,

o
f, ν, τ, nt, nr , φt , φr )

(4.9)

The bound given in (4.5) for SISO can now be derived. The first moments of the channel
correlation function are calculated as an 8-dimensional integral over all dimensions of the
channel correlation function.
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Problems in Estimating the SISO and MIMO Stationarity Region

The main problem of using stationarity definitions based on the correlation functions for either
SISO channels or MIMO channels is the correlation function estimation. For SISO channels, the
channel correlation function is given by the 2D-Fourier transform of the time-frequency spread
function


T (∆τ, ∆ν, ∆t, ∆ f )

=

"

RT (t, f, ∆t, ∆ f )e−j2π(t∆ν− f ∆τ) dtdf,

(4.10)

where the time-frequency spread function has to be estimated by

RT (t, f, ∆t, ∆ f ) = E T(t, f + ∆ f )T∗(t − ∆t, f ) .

(4.11)

n
o
RT (t, f ) = E |T(t, f )|2 ,

(4.12)

To estimate RT (t, f, ∆t, ∆ f ) it is necessary to have a sufficient number of realisations of the timedependent transfer function. In a measurement, however, only a single realisation of T(t, f ) is
measured, it is therefore not possible to calculate the necessary expectation to get an estimate for
the time-frequency spread function. Only if major simplifications are made, the time-frequency
spread function and therefore the channel correlation function can be estimated. One approach
is to assume RT (t, f, ∆t, ∆ f ) to be independent of ∆t and ∆ f . In that case RT can be estimated by

which then gives


T (∆τ, ∆ν)

=

"

RT (t, f )e−j2π(t∆ν− f ∆τ) dtdf,

(4.13)

hence T (∆τ, ∆ν, ∆t, ∆ f ) becomes independent of ∆t and ∆ f . This approach can be used if the
true RT (t, f, ∆t, ∆ f ) can be assumed to be monotonically decreasing with increasing ∆t and ∆ f .
In that case, the true first moments as given by (4.3) and (4.3) are overestimated when using
the estimated channel correlation function and therefore the stationarity time and bandwidth
is underestimated. If, however, RT (t, f, ∆t, ∆ f ) does not decrease with increasing ∆t and ∆ f ,
but the channel shows e.g. only correlations between signal components at different times and
frequencies, the stationarity time and bandwidth is overestimated, which makes the use of this
method for estimating a stationarity time and bandwidth problematic.


The problem becomes even worse for MIMO channels. Even if only the azimuth is considered at
both link ends, the MIMO channel correlation function is 8-dimensional. A reliable estimation
of this function based on measurements is therefore not possible.

4.4

Stationarity Region Definition based on the Spatial Structure only

If knowledge of the spatial structure of the channel is available at transmit side, algorithms
can be used that take advantage of this knowledge. These may be beamforming algorithms
that transmit a signal into angular or eigen-directions that promise a larger gain than other

4.4. Stationarity Region Definition based on the Spatial Structure only

32

directions, or multiplexing schemes that transmit more than one data stream but somehow
adapt to the spatial structure. Evidently, such algorithms are sensitive to changes of the spatial
structure of the channel. Consequently, I propose a metric that is solely based on the spatial
structure of the radio channel.

4.4.1

Correlation Matrix Distance as Metric for Measuring Non-Stationarity

To characterise changes in spatial correlation matrices that do not depend on a specific system
I propose to use a correlation matrix distance (CMD) that is based on the inner product of two
matrices.
Consider two spatial correlation matrices R and R̂. The inner product can be defined by

D
E
n o
R, R̂ = tr RR̂

(4.14)

≤ ||R||2||R̂||2,

(4.15)

where || · ||2 denotes the Frobenius norm of the given matrix. The cosine of the angle between
the correlation matrices is given by

cos(φ) =

n o
tr RR̂

||R||2||R̂||2

.

(4.16)

To get a metric that is equal to zero when the correlation matrices are identical (apart from a
scalar factor) and equal to unity if they differ maximally, I define the correlation matrix distance
between R and R̂ as

dcorr = 1 −

n o
tr RR̂

||R||2||R̂||2

.

(4.17)

The advantage of this metric over other metrics is that it measures how the structure of the
correlation matrices differs, independent of changes in power or any system parameter (e.g.
number of used eigenmodes). The meaning of this metric can easily be understood if we
consider a different formulation of it:

dcorr

D n o
n oE
vec R , vec R̂
= 1−
n o
vec {R} 2 vec R̂

.

(4.18)

2

Here, we can see that the CMD is directly related to the inner product between the vectorised
correlation matrices. If the compared correlation matrices are equal, the CMD between them
becomes zero, the more they differ from each other, the larger the CMD becomes. Finally, if
they differ to a maximum amount, the CMD becomes 1.
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There is also another justification for this metric. Using the eigen-decomposition of R = UΛUH
H
and R̂ = ÛΛ̂Û , we find that the product of R and R̂ becomes
H

H

RR̂ = UΛUH ÛΛ̂Û = UDÛ

(4.19)

with
(D)ij = uH
i û j λi λ̂ j ,

(4.20)

where ui and u j are the ith and jth eigenvectors of R and R̂ and λi and λ̂ j are the corresponding
eigenvalues, respectively. We see that D becomes the zero matrix, if for every pair of nonorthogonal eigenvectors ui and û j , either λi or λ̂ j is zero. If D is the zero matrix, then also
n o
tr RR̂ becomes zero and the correlation matrix distance therefore unity. In other words, the
correlation matrix distance becomes unity if the spatial structure of R is orthogonal to the spatial
structure of R̂. However, the more the signal space of R and R̂ overlaps, the higher the values
in D and the lower the correlation matrix distance.
The non-stationarity of the MIMO channel can now be measured by applying this metric
to the time- and frequency-variant full spatial correlation matrix RH (t, f ) as defined in (3.47).

Considering dcorr RH (t, f )), RH (t + ∆t, f + ∆ f ) , it is possible to define stationarity regions in time
and frequency, within that the correlation matrix distance between the correlation matrices at
(t, f ) and (t + ∆t, f + ∆ f ) does not increase over a sensible threshold. The threshold has to be
choses in accordance to the sensitivity of the considered parameter (e.g. the BER a specific
transmission scheme achieves) to variations of the spatial structure of the channel.
For channels that have Kronecker structure, the full spatial correlation matrix can be separated
into transmit and receive correlation matrices (Sec. 2.3.2). This means instead of the full spatial
correlation matrix, the (t, f ) dependent transmit and receive correlation matrix can be considered. Additionally, MIMO transmission schemes often do not make use of an estimated full
spatial correlation matrix but limit to the transmit and receive correlation matrices. This makes
estimation and feedback from one link-end to the other link-end much easier. For that reason,
I will consider the variation of transmit and receive correlation matrices separately. Also, the
interpretation of changes at transmit and receive side, separately, gives more insight into the
radio channel.

4.4.2

Correlation Matrix Distance for Synthesised Scenarios

In this section I will investigate the correlation matrix distance behaves for simulated and
therefore well-known scenarios. If this test turns out positive, I will venture to real-world
channels (see Ch. 6). I consider the receive correlation matrix of a system with 8 receive
antennas arranged as an ULA with 0.5λ spacing. I use scenarios with two or more DOAs,
where each DOA consists of 10 discrete subpaths. The subpaths are Laplace distributed within
a DOA with an angular spread of 5◦ . For each time-instant, 100 realisations of the receive
vector were created to get an accurate estimate of the receive correlation matrix. Altogether, 100
time instants of this receive correlation matrix were created. The DOAs stay constant within
the intervals [1,5] and [95,100], but in the interval [6,94] they change slightly for each sample.
The results are shown in Fig. 4.1. For visualisation of the continuously changing DOAs, I use
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Capon’s beamformer [39]. This beamformer has the advantage of being relatively robust while
having no side-lobes as the Bartlett beamformer. The upper figures show a top view on Capon’s
DOA spectrum. Red indicates very high power and blue very low power. The lower figures
show the corresponding correlation matrix distance between the receive correlation matrices
at time t = 0 and time t = t0 . Three scenarios were investigated, where always equipowered
DOAs are considered.
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Scenario 1 (left) considers two DOAs. The first path stays constant at 45◦ and the second
changes from 20◦ to -20◦ over the considered interval. The corresponding correlation matrix
stays nearly zero for the first 5 samples and increases then fast to a value of 0.5. After sample 40,
the correlation matrix distance stays approximately constant. This means that, after that time,
the signal space spanned by the changing path is already - to a maximum degree - orthogonal
to the original signal space spanned by this path at t = 0.
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Figure 4.1: Time-varying Capon DOA spectra for the considered scenarios (top) and corresponding correlation matrix distance dcorr,RX (t = 0, t = t0 ) (bottom)
Scenario 2 (middle) shows again a situation with two DOAs but both DOAs change. The
second DOA changes in the same way as in Scenario 1, therefore we observe a similar slope
of the correlation matrix distance within the interval [0,40]. After sample 40, the signal space
spanned by the second path is nearly orthogonal to the signal space that this path spanned at
t = 0, therefore it does not contribute more to the correlation matrix distance. However, the
first path is changing much slower, only by 15◦ over the whole time, therefore it takes longer
until the signal space spanned by it becomes orthogonal to the signal space it spanned at t = 0.
This is also the reason for the decreased slope after Sample 40. After 100 samples, we reach a
correlation matrix distance of 0.8, hence the signal space at t = 100 differs to a large extent from
the signal space at t = 0.
The third scenario shows a situation with a crossing point of two DOAs. There are three DOAs,
one stays constant at 45◦, one changes from 20◦ to 10◦ and the third one from -10◦ to 30◦ . This
results in a correlation matrix distance that decreases after 40 samples and increases then again.
The reason is that the correlation matrix at t = 80 has the same similarity to the correlation
matrix at t = 0 as the correlation matrix at t = 30. The correlation matrix at t = 50, however,
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Figure 4.2: Correlation matrix distance between dcorr,RX (t1 , t2 ) for Scenario 4
differs more from the correlation matrix at t = 0. Exactly the same is true for the DOAs, the
spatial structure at t = 30 has about the same similarity to the spatial structure at t = 0 as the
spatial structure at t = 80. The structure at t = 50, differs more from the structure at t = 0.
Figure 4.2 shows a top view of the correlation matrix distance between arbitrary times for
Scenario 3. This illustrates again, that the similarity of the correlation matrix at time t = 80 to
t = 0 is about the same as the the similarity of the correlation matrix at t = 30 to t = 0.
Altogether can be said that the correlation matrix distance reflects changes in the spatial structure
very well. Therefore, I will next turn to measured MIMO channels. Later I will show that
changes in the spatial structure that cause a significantly large correlation matrix distance
compared to the original spatial structure have also a significant effect on the performance of
MIMO systems that make use the original (old) spatial structure of the MIMO channel when
the channel has already changed.

Chapter 5

Measurement Equipment and Scenarios
The key element for investigating real radio channels is the measurement equipment, in case
of MIMO measurements mostly a MIMO channel sounder. The results in this thesis are based
on measurements with two different channel sounders, the RUSK ATM channel sounder from
MEDAV 1 and the PropSound channel sounder from Elektrobit 2 . Starting with a general
overview on MIMO channel sounding, I will introduce the working principle of the MEDAV
and the Elektrobit channel sounder. Then I will discuss in detail the measurements that this
thesis is based on. This includes the used antennas and the scenarios that were measured, as
well.

5.1

General Issues of MIMO Channel Sounding

5.1.1

Measurement parameters

Typically a channel sounder measures the sampled complex transfer function or, equivalently,
the sampled complex baseband impulse response between a specific transmit and receive
antenna within the given measurement bandwidth. For MIMO measurements, one is interested
in the transfer function between each transmit and receive antenna, where the relative phase
between the transfer functions of each transmit receive antenna combination is essential. A
feasible approach is to use a single transmit and receive chain in combination with antenna
switching units at the transmitter and receiver. The advantage of this approach is that no extra
calibration of different transmit and receive chains is necessary. The measurement principle is
illustrated in Fig. 5.1.
Considering the measurement time Tm to measure a single transfer function and a guard
interval to switch between different transmit antennas, the total measurement time for one
MIMO snapshot becomes

1
2

MEDAV GmbH, www.medav.de
Elektrobit AG, www.elektrobit.com



Ttot = nR · Tm + T guard · nT .
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(5.1)
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Figure 5.1: Receive and transmit antenna switching - Principle of MIMO measurements

Here, nR is the number of receive antennas and nT the number of transmit antennas. This
gives one important limitation for measuring MIMO channels: the channel shall not change
faster than the total measurement time of the MIMO channel. With the maximum Doppler
frequency fD,max that occurs in the channel, the maximum measurement time for one MIMO
channel snapshot becomes according to the Nyquist theorem
Ttot,max =

1
2 fD,max

.

(5.2)

As long as the the total measurement time Ttot is much lower than Ttot,max, we can assume
a quasi-static channel and can neglect the changes in the channel when switching between
different TX and RX antennas. If the channel variation becomes larger such that the maximum
Doppler frequency approaches 1/(2Ttot ), we have to consider the channel variation during one
MIMO snapshot in the measurement evaluation.

5.1.2

Receive and Transmit Antennas

The choice of transmit and receive antennas has strong influence on the result of a MIMO
measurement. The antennas transform the physical, antenna independent propagation channel
into an antenna dependent MIMO channel. The most important parameters for measurements
are the antenna patterns of each antenna element and the antenna geometry. The antenna pattern
of the antenna elements determine the sensitivity of the antenna with respect to different receive
directions, in case of a receive antenna, and the relative field strength in different directions
compared to the field strength in the main direction, when using a transmit antenna. This
means, e.g. for a receive antenna that the incoming waves are weighted by the antenna pattern
according to their direction. If a different antenna element pattern is considered, the weighting
changes and therefore the measured MIMO transfer function also. The antenna geometry itself
determines the signal space, which is defined in the antenna domain. Dependent on the antenna
geometry, the incoming waves induce an electrical signal with different phase shifts for each
antenna element. A different antenna geometry leads to different phase shifts of the induced
signals and therefore to a different signal space.
Which antenna and which antenna geometry is optimum for a measurement campaign depends
strongly on the goal. This is discussed in the following
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• Antennas for Characterisation of the Propagation Channel

For characterisation of the propagation channel, a high angular resolution is desirable.
The achievable angular resolution depends directly on the total aperture of the antenna,
the higher the aperture, the higher the resolution. For beamforming techniques, the
antenna aperture limits the achievable resolution. In case of super-resolution algorithms,
the resolution depends on the combination of aperture and SNR, for a given aperture, the
resolution is increased if the SNR is increased. The minimum antenna spacing is given
by the Nyquist theorem. Critical sampling in the spatial domain is performed with an
antenna spacing of 0.5λ. Typically, a lower antenna spacing is chosen since 0.5λ means
that e.g. for an ULA, we already have an ambiguity for directions of −90◦ and 90◦ . This
means for a higher angular resolution without ambiguity between different receive (or
transmit) directions, more antenna elements are necessary.
Unfortunately, there is also an upper limit for the aperture. Typically, direction estimation
algorithms assume plane waves, which means that all scatterers shall be at least at Rayleigh
distance
rRayleigh =

2D2
,
λ

(5.3)

so that the curved wave front can be approximated as a plane wave. Here, D is the
maximum extent of the antenna and λ the wavelength. This is, especially for indoor
scenarios, an important limitation. It is of course also possible to consider non-plane waves
in (some) direction estimation algorithms, this however means a significantly increased
complexity and also increased sensitivity to estimation errors since the curvature has to
be estimated, too.
The antenna geometry to use depends also on the requirements of the evaluations. An
uniform linear array (ULA) has the big advantage that all available direction estimation
algorithms can be applied to it. The disadvantage is the ambiguity between waves
coming from the back side or the front side and the non-constant resolution. The highest
resolution can be achieved in the broadside direction (0◦ ), the lowest resolution from ±90◦ .
An uniform circular array (UCA), has the advantage to have nearly constant resolution
from 0◦ − 360◦ and that also the elevation can be estimated, but does not allow to use
all available direction estimation algorithms. It is also possible to use other antenna
geometries e.g. antennas arranged on a sphere [40], which allows for omni-directional
direction estimation but such antennas have typically other shortcomings like complex
integration into direction estimation algorithms and often also a significantly reduced
resolution.
• Antennas for System-Dependent Channel Characterisation

If the goal of the measurement campaign is to characterise the channel that an already
specified MIMO system is facing, it is necessary to take such antennas as will be used
in the considered MIMO system. Due to the negative effect of antenna correlation on
the achievable capacity [41], this often means non-regular antenna geometries since such
arrays provide the lowest correlation between the antennas. In that case evaluations
regarding the structure of the MIMO channel in the antenna domain are often of interest.
Directional evaluations are still possible but limited to a few algorithms that can also deal
with non-regular antenna geometries.
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Of course, it is always possible to measure the channel with a regular antenna geometry,
make directional evaluations and reconstruct the antenna response for the non-regular
antenna geometry of the considered system [42], but this means much more effort.
Another issue is whether real or virtual antenna arrays shall be used. A virtual antenna array is
a single antenna that is mounted on an xy-positioning table and moved to several positions such
that virtually an antenna array is formed. For each antenna position, the channel is measured
so that afterwards virtually a MIMO channel is created. The drawback of this method is that the
channel has to stay approximately constant for a much longer time as in case of a real antenna
array, since the measurement of the whole channel matrix takes much longer than for a real
antenna array that is used together with a multiplexer. If a static environment can be assumed, a
virtual antenna gives a lot of flexibility. The antenna geometry can be chosen arbitrarily (within
limits) and additionally, there is no mutual coupling between adjacent antenna elements because
there is only one antenna. However, measuring the channel with a virtual array takes a lot
more time than with a switched antenna array because switching can be performed within ms
or even µs, whereas changing the position of the antenna may take up to several seconds.
The big drawback of real antennas is, as already mentioned, first of all the mutual coupling between the antenna elements. If directional evaluations shall be done, it is necessary to account
for the mutual coupling. For that reason, the antenna response, which includes the mutual
coupling, has to be measured beforehand for a number of DOAs, in an anechoic chamber.
This antenna calibration measurement can then be used implicitly by the direction estimation
algorithm or explicitly, to estimate a correction matrix for removing the mutual coupling (approximately) from the measured data. The latter allows to use direction estimation algorithms
that rely on an ideal antenna response without mutual coupling (e.g. Bartlett beamformer [43]
[39], ESPRIT [44] [45], etc. ).

5.2

Measurement Equipment

5.2.1

MEDAV RUSK ATM Channel Sounder

5.2.1.1

Measurement Principle

The MEDAV RUSK ATM channel sounder [46] uses a periodic transmit signal with constant
spectral power density in the measurement bandwidth. Dependent on the channel sounder
settings, several transmit signal periods are transmitted to allow coherent averaging at the
receiver afterwards. At the receiver, the receive signal y is correlated with the transmit signal x
to obtain the channel impulse response. Due to efficiency reasons, the correlation is performed
in the frequency domain. This is performed for each transmit-receive antenna combination as
was explained above. Transmitter and receiver are synchronised either by a fibre cable or by
two Rubidium clocks that have been synchronised beforehand.
The RUSK ATM channel sounder is available in different versions. The version that was
available for us was a SIMO channel sounder with the ability to steer a positioning table for
realisation of a virtual transmit antenna. Thus it was possible to take MIMO measurements in a
static environment. The general features of the RUSK ATM channel sounder that was available
to us are listed in Table 5.1.
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5.2GHz
120MHz
up to 27dBm
≤-87dBm
40dB for -40dBm input level

Table 5.1: Main parameters of the RUSK ATM channel sounder as it was available for us

5.2.1.2

Antennas

As transmit antenna, a single sleeve antenna was used that has an omni-directional pattern in
azimuth and the main beam into the horizontal plane (Fig. 5.2). For the MIMO measurements,
the antenna was mounted on a 2D-positioning table where the position was controlled by
the channel sounder by means of two stepping motors. This configuration allowed us to use
arbitrary virtual TX antenna arrays and to take measurements without mutual coupling at the
transmit side. For the SIMO measurements, we used the transmit antenna as single antenna.
The receive antenna utilised is an 8-element uniform linear array (ULA) of printed dipoles
with two additional dummy elements (Fig. 5.3) 3 . The antenna spacing is 0.4λ at 5.2GHz. The
dummy elements ensure that the antenna pattern of the outer elements is similar to the antenna
pattern of the inner elements since they then have also neighbouring antenna elements at both
sides. Each antenna element has a 3dB beamwidth of 120◦ in azimuth. The antenna elements
are consecutively multiplexed to the single receiver chain. Due to the closely spaced elements,
mutual coupling between them exists which was compensated for by applying a correction
matrix, supplied by MEDAV. The transmit antenna was always mounted at about 1m, the
receiver antenna at about 1.5m height.

Figure 5.2: Horizontally omni-directional TX sleeve antenna for 5.2GHz used with the MEDAV
RUSK ATM channel sounder
At the beginning of the measurement campaign, different configurations of the virtual TX array
have been tested regarding spatial resolution in azimuth and usability for capacity evaluations.
A virtual 20×10 (x × y) array with λ/2 spacing turned out to be the best compromise:
• It allows for 8-element virtual TX arrays in both orientations
3

This antenna was provided by T-Systems Nova GmbH
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Figure 5.3: 8-element uniform linear array for 5.2GHz used with the MEDAV RUSK ATM
channel sounder

• It allows for a large (20-element) aperture in x-direction and therefore high resolution in
the direction of the corridor, since we supposed the majority of paths to have their DOD
around the corridor direction
• It allows to create a large enough number of realisations of an 8×8 MIMO channel by
moving the virtual 8-element TX array over all positions, regardless of its orientation (in
this thesis, however, only an x-aligned TX array is considered)
• It limited the measurement time to a practicable amount, considering 1-2 seconds time
per position (measurement plus movement to next TX position)
This virtual TX antenna array was then used for all MIMO measurements performed with
MEDAV equipment that are considered here.
During stepping through the TX antenna positions, 128 temporal snapshots for each position
were measured. These snapshots were used to enhance the SNR by averaging in a postprocessing step.
5.2.1.3

Data Format and Basic Measurement Evaluation

The measurement data comes in a special data format that has to be imported into Matlab.
There is one measurement file for each TX antenna position. The imported measurement
data for one scenario, i.e. one receive position and direction, is a 4-dimensional data matrix
(time, frequency, RX antenna, TX antenna). As mentioned above, the temporal samples for the
MIMO measurements are used to increase the SNR by averaging. Within the measurement
bandwidth of 120MHz, 193 samples of the transfer function have been measured. This leads
to a (193 × 8 × 200) data matrix containing the spectral samples and the spatial samples at both
link ends.
The aim of the measurements was to make evaluations for a MIMO system with up to eight
antennas at transmit and receive side. The chosen 20×10 TX antenna array allows to create
a set of ‘true’ realisations of such a system. This is done by grouping eight virtual transmit
antennas to a virtual 8-element ULA and moving the virtual array over all 20×10 transmit
antenna positions (Fig. 5.4). This gives 13 possible movements in x-direction and 10 possible
movements in y-direction resulting in 130 spatial realisations of an 8×8 system.
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Figure 5.4: Arrangement for creating spatial 8×8 MIMO channel realisations out of the virtual
20×10 transmit array
This method of creating spatial realisations of the MIMO channel is comparable to making
measurements where the transmitter is moved within a small area. The spatial structure and
the statistics of the MIMO channel can be assumed to stay constant and the resulting realisations
can therefore be considered as ‘true’ fading realisations of the considered MIMO system without
any large-scale fading effects like changed propagation paths, shadowing etc.
When considering narrowband MIMO systems, hence MIMO systems that only face frequencyflat fading, it is possible to use the frequency samples of a wideband MIMO measurements as
fading realisations too. This is possible as long as the statistics of the channel does not change
within the considered frequency band. For the measurements performed, this can be assumed
since the relative bandwidth during the measurement is only 2.3%. Therefore, in addition
to the spatial realisations, also the frequency realisations are used as fading realisations in this
thesis. The total number of realisations available for each scenario are therefore 130×193=25090.
However, due to the small delay spread, the coherence bandwidth is relatively large for the
measurements (according to [47] it was estimated to be larger than 5.8MHz, therefore, within
120MHz, there are only about 20 independent frequency samples), which means that effectively
a smaller number of independent samples is available. The frequency samples alone would not
provide a sufficiently large set of samples fur further analysis.

5.2.2
5.2.2.1

Elektrobit PropSound Channel Sounder
Measurement Principle

The Elektrobit PropSound Channel Sounder uses a loadable rectangular chip sequence as
transmit sequence that is band-limited to the measurement bandwidth. Due to the rectangular
shape of the chip sequence, the power spectral density of the transmit signal is not constant but
decreases towards the band-limits with nulls exactly at the band-limits.
At the receiver side, the receive signal is correlated with the known transmit sequence in order to
recover the impulse response. Due to the non-flat spectrum of the transmit signal, the resulting
(matched-filtered) impulse response is equal to the channel impulse response folded with the
system impulse response. To get the true channel transfer function, it was therefore necessary
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to transform the matched-filtered impulse response as it was provided by the channel sounder,
into frequency domain and divide by the system transfer function. Because of to the resulting
noise enhancement at the band-limits I restrict the data evaluation to the inner 120MHz for
most of the measurements. For some measurements I even consider only the inner 100MHz
due to occasional interference at the 120MHz band-limits.
The impulse response between all transmit and receive antennas is measured in time multiplex.
The synchronisation between transmitter and receiver is done by two Rubidium clocks.
The main parameters of the channel sounder are shown in Table 5.2.
Centre frequency
Bandwidth
TX power
RX noise figure
Spurious Impulse Response free dynamic range (SIFDR)

2.45GHz
200MHz, null-to-null
up to 27dBm
≤3dB
35dB

Table 5.2: Main parameters of the PropSound channel sounder from Elektrobit as it was available
for us

5.2.2.2

Antennas

At transmit side a horizontally omni-directional 7+1 element monopole circular array was used
(Fig. 5.5). The antenna is vertically polarised. At the receiver, a 4×4 patch array (Fig. 5.6
and an 8+8 element antenna consisting of two 8-element uniform linear patch arrays were
used. The 8+8 array consists of two 8-element ULAs, one with horizontal and one with vertical
orientation. Both receive arrays are dual polarised such that the first polarisation is −45◦ and the
second +45◦ . For all antennas, the antenna spacing is λ/2 at the upper limit of the measurement
bandwidth at 2.55GHz. In the evaluations presented in this thesis, only measurements with
the 4×4 patch array are used (which is the major part of the measurements) where I limit my
considerations to polarisation 1 (−45◦ ). The transmit antenna was always mounted at about
2m, the receive antenna at about 1.6m height.
For the Elektrobit antennas, there is calibration data available but no correction matrix to
compensate for the mutual coupling. Therefore, it was not possible for me to make directional
evaluations.
5.2.2.3

Data Format and Basic Measurement Evaluation

The measurement data of the Elektrobit measurements come in Matlab format. There are
one or more Matlab files per measurement that contain the matched-filter estimated impulseresponses for each MIMO measurement cycle and other measurement information. The impulse
responses are stored within a structure so that one impulse response structure contains the
impulse responses for all transmit-receive antenna combinations. Additionally, the system
transfer function is provided as it was measured within the back-to-back calibration procedure
before the actual measurement.
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Figure 5.5: 7+1 circular monopole array used at the transmit side of the Elektrobit PropSound
channel sounder

For evaluation purposes, I used a Matlab script for reading selected parts of the measurement
data and correcting for the non-flat system response. The resulting data is stored again in a
structure, where one element of the structure contains the 4-dimensional data matrix (time x
frequency x RX antenna x TX antenna). The number of temporal and frequency samples and
also antennas to load are selected by some parameters. Typically, an 8×8 system is considered.
A large part of the measurements were performed with the 7+1 element circular array at the
transmitter and the 4x4 rectangular array at the receiver. This means all transmit antennas and
the receive antennas that correspond to the first two rows of the rectangular array are used for
the evaluation. At the receive side, always polarisation one (−45◦ ) is considered.
As mentioned above, directional evaluation of the Elektrobit measurement data is not possible
for me, therefore I consider the receive, transmit or full channel correlation matrix as basis for
further evaluation.
For nearly all Elektrobit measurements, the receiver was moved along a predefined path
whereas the transmitter was fixed. However there are exceptions where the transmitter or
both transmitter and receiver were moved. Due to the movement, the channel changes and we
get different realisations of the channel impulse response or equivalently the channel transfer
function between each transmit and receiver antenna. As long as the channel statistics does not
change we can collect these snapshots into a set of snapshots and estimate the statistics of them.
For analyses of the spatial statistics I use therefore a window of nt snapshots for estimation
of the spatial correlation matrices. This window is moved over all temporal snapshots so that
according to the considered time t, the right set of snapshots is used. Additionally, I use n f
frequency snapshots as realisations of the signal vector. These snapshots are grouped together
into the na × (nt · n f ) data matrix X such that each column represents a different snapshot. na is
here the number of antenna elements of the considered antenna.
The time-dependent correlation matrix Rxx(t) can then be estimated by
Rxx(t) =

1
XXH .
nt · n f

(5.4)

This time-dependent data matrix is the basis for further evaluations. If not mentioned specifically, I used a set of 10 temporal snapshots and all available frequency snapshots for correlation
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Figure 5.6: 4×4 patch antenna used at the receive side of the Elektrobit PropSound channel
sounder

estimation. This turned out to be a good choice since the channel statistics can be assumed
to stay constant over 10 temporal snapshots (for nearly all measurements this means a period
of about 0.4s, assuming an average movement speed of 0.5m/s, this corresponds to an area
of 0.2m), and both the temporal and frequency snapshots are sufficient to allow an accurate
estimate of the correlation matrices.
5.2.2.4

Distance Logging

For all Elektrobit measurements that were performed at the institute, we additionally logged
the actual distance to one of the walls when moving the receiver. This was done using the
laser distance meter LD90-3100HS from Riegl Laser Measurement Systems GmbH (Fig. 5.7).
This laser distance meter was programmed such that it supplied every 10th second the current
distance via an RS232 interface. Using a laptop we logged this distance for each measurement.
The starting time of logging was chosen such that it was equal to the starting point of the
measurement. This is important afterwards to separate those parts of the measurement where
the receiver was still standing (because the measurement had started but not so the movement),
from those where the receiver was moving.

5.3

Scenarios

The measurements considered in this work took place in different indoor environments. The
most important scenarios are the Institute of Communications and Radio Frequency Engineer-
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Figure 5.7: Laser distance meter LD90-3100HS from Riegl Laser Measurement Systems GmbH
that was used to log the current position of the receiver for measurements with moving receiver
ing at the Vienna University of Technology and the Vienna International Airport.
At the institute measurements were taken at 5.2GHz using the MEDAV channel sounder and at
2.45GHz using the Elektrobit channel sounder. The scenarios were quite similar but since the
measurements with both channel sounders did not take place at the same time, there is no exact
match of the scenarios. Additionally the centre frequency is totally different, which means it is
not possible to make direct comparisons of both channel sounders.
The MIMO measurements with the MEDAV channel sounder were done with a real uniform
linear array at the receive side as described before and a virtual array at the transmitter. To
ensure that the channel stays static, which is necessary for a virtual array, the measurements
were taken at night. Apart from this, we made also SIMO measurements with the MEDAV
equipment to consider effects of human shadowing on indoor wave propagation.
The MIMO measurements with the Elektrobit channel sounder were done with switched antenna arrays at both ends. This means we could measure also non-stationary MIMO channels.
Apart from this, also SIMO measurements with the MEDAV channel sounder were performed
to analyse the (non-stationary) influence of humans on indoor wave propagation. A detailed
description of all measurements is given in the following.

5.3.1

MIMO Measurements with the MEDAV RUSK ATM Channel Sounder

These measurements were performed at the 3rd floor of the Institute of Communications and
Radio-Frequency Engineering, Vienna University of Technology (Fig. 5.8). The transmitter
was always located in the middle of the corridor that connects all office rooms on this floor,
whereas the receiver was positioned at one of 24 different receive positions (Rx1 - Rx26; Rx8
and Rx11 are nonexistent), 23 of them in several office rooms with NLOS to the transmitter
and one in the hallway with LOS. For each receive position, the receiver was rotated to three
different directions, angularly spaced by 120◦ (D1, D2 and D3). This results in, in total, 72
different measurement scenarios. Most office rooms are amply furnished with wooden and
metal furniture and plants. In the evaluations section, a measurement scenario is always
referenced by receive position and receive direction, i.e. Rx5-D3 means receive position Rx5
when using receive direction D3. Pictures from the measurement scenario are shown in Fig. 5.11.
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Figure 5.8: TX and RX positions for the
MEDAV measurements
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Figure 5.9: TX positions and RX routes
and positions for the Elektrobit measurements

MIMO Measurements with the Elektrobit PropSound Channel Sounder

The Elektrobit PropSound measurements were performed at the Institute of Communications
and Radio-Frequency Engineering, Vienna University of Technology and at the Vienna International Airport. The measured scenarios at the institute are shown in Fig. 5.9. The transmitter
was located at one of three different positions on the corridor. Transmit position Tx1 is nearly
identical to the transmit position for the MEDAV measurements to enable comparisons between them. The receiver was moved along specific routes within several offices and also
on the corridor. Measurements with three different receive directions were made, where the
same directions were used as for the MEDAV measurements. The movement directions of the
receiver are shown in the floor plan as v1, v2, v3 and v4.
With Elektrobit equipment we measured the MIMO channel also with fixed transmit and receive
positions when people are moving in the environment. For these measurements we used the
receive positions Rx50 and Rx51 (Fig. 5.9).
At the airport we performed measurements with a fixed transmitter and either a moving or a
fixed receiver. The transmit and receive positions are depicted in Fig. 5.10, measurements with
a moving receiver have been performed by moving between selected receive positions. I limit
my considerations in this thesis to measurements with a moving receiver. Pictures from the
measurement scenarios considered with Elektrobit equipment are shown in Fig. 5.12.
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Figure 5.10: TX positions and RX positions for the Elektrobit measurements at the airport

5.3.3

SIMO Measurements with the MEDAV RUSK ATM Channel Sounder

In addition to the MIMO measurements, we performed also SIMO measurements with the
MEDAV equipment. The main goal was to investigate the non-stationarity introduced by
moving people and to analyse the influence of humans on indoor wave propagation. For that
purpose we used the single sleeve antenna at the transmitter without any positioning table and
measured continuously snapshots of the receive vector at the 8-element ULA. The transmitter
was located either two or four rooms away in an office room (see Fig. 5.13).
The channel was measured with a snapshot interval of Ts =5ms and one measurement run
took about 50 seconds. This resulted in about 10.000 temporal snapshots per measurement.
During each measurement, two people were walking simultaneously along a specific route
between transmitter and receiver. The starting point was always at the receive position under
consideration. From there they walked out of the laboratory to the end of the corridor and
again back to the receiver. Using a stopwatch, we took time stamps when specific points were
passed, e.g. the RX antenna or the room with the transmitter, to compare them afterwards with
the measurement. In Fig. 5.13 the walking route for measurement Rx34/Tx3 is shown.

5.4

Algorithms for Measurement Evaluation

Apart from the basic preparation of the measurement data, further algorithms were used
throughout the thesis to evaluate the measurements regarding different aspects. One important
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a)

b)

c)

d)

e)

f)

Figure 5.11: Pictures from the MEDAV measurements at the Institute of Communications and
Radio-Frequency Engineering: a) TX table positioned on the corridor, b) TX antenna mounted on
the xy positioning table with microwave foam absorbers, c) view from the end of the corridor
to TX and into the office with the RX (Room 2), d) the RX array mounted on a tripod at an
exemplary RX position (Room 2), e) view from inside of the room with the same RX position, f)
another RX position (Room 5)
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Figure 5.12: Pictures from the Elektrobit measurements at the Institute of Communications
and Radio-Frequency Engineering (INTHF) and at the Vienna International Airport (VIA):
a) INTHF: TX in the middle of the corridor, b) INTHF: RX at an exemplary position at the
institute within Room 2, c) Measurement team (left to right): Hüseyin Özcelik1 , Markus Herdin1 ,
Andreas Stucki2 , Helmut Hofstetter1, Edmund Stanka1 (1 Institute of Communications and
Radio-Frequency Engineering, Vienna University of Technology, 2 Andreas Stucki, Elektrobit,
d) VIA, departure hall, e) VIA, view into the shopping area, left TX f) VIA, view from the end
of the shopping area, right RX
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Figure 5.13: TX and RX positions for the SIMO measurements at the Institute of Communications
and Radio-Frequency Engineering, 6th floor

aspect is the spatial structure of the channel, i.e. the DOAs and DODs. I used in my thesis
mainly Capon’s beamformer to analyse the spatial structure of the channel.
Capon’s beamformer [48] [39], also known as minimum variance method, is a beamformer that
is based on the optimisation problem

min(P(w))
subject to

wH a(Θ)

(5.5)
= 1,

with the weighting vector w and the direction Θ. The output power given by
n
o
P(w) = E wH xxH w = wH Rw.

(5.6)

where R the correlation matrix of the vector x. For the receive side this is the receive antenna
correlation matrix and the angle Θ the direction-of-arrival. The solution for this optimisation
problem is the weighting vector

wcapon =

R−1 a(θ)
.
aH (Θ)R−1 a(Θ)

(5.7)
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a)

b)

Figure 5.14: Pictures from the SIMO measurements with MEDAV equipment, a) RX array at
Rx34, direction D1, b) view out of the laboratory to the corridor
This leads to the following ‘spatial spectrum’
Pcapon(Θ) =

1
.
a(Θ)R−1a(Θ)

(5.8)

The performance of Capon’s beamformer compared to other algorithms is shown e.g. in [39].
It outperforms the Bartlett beamformer but has the advantage that it does not need the model
order (i.e. the number of incoming waves) as input parameter like other algorithms do (MUSIC
[49] [50] [39], ESPRIT [44] [45] etc. ).
An important issue is the estimation of the spatial correlation matrix. Basically, R can be
estimated using a set of N samples of the signal vector x

R̂ =

N
1 X H
xx .
N

(5.9)

i=1

For coherent sources, however, this results in a poorly conditioned correlation matrix meaning
that the ability of resolving closely spaced directions is largely decreased [39]. Two methods
can be applied to overcome this problem, forward/backward averaging and spatial smoothing.
The idea of forward/backward averaging is as follows. The ULA steering vector remains invariant,
up to a scaling, if its elements are reversed and complex conjugated. This means using an n × n
exchange matrix L that has zeros everywhere except on the anti-diagonal, the following remains
true:
La∗ (Θ) = ka(Θ)

(5.10)

with a complex weighting factor k. With this method it is therefore possible to generate a second,
to some extent independent, realisation of the signal vector x by reversing and conjugating its
elements. Using a data matrix X that contains all realisations of the signal vector x in its columns,
the forward/backward averaged correlation matrix becomes
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ULA antenna array
Subarray 1
Subarray 2
Subarray 3
Figure 5.15: Spatial smoothing: The array is split into several identical subarrays which are
then used as different signal vector realisations

Rfb =


∗ 
1  H
XX + L XXH L .
2N

(5.11)

This method can be used in scenarios with two coherent sources, but fails if more than two
coherent sources are present.
A more general solution to this problem is spatial smoothing. This method generates different
realisations of the signal vector by selecting a subarray that is then moved over the whole array.
This is illustrated in Fig. 5.15.
Each subarray is used as signal vector realisation with a reduced aperture. This method allows
to decorrelate coherent sources and to increase the number of available realisations but, on
the other hand, decreases the aperture and therefore the spatial resolution. However, coherent
sources that are originally hidden in the estimated correlation matrix, can be made visible if
they are not to closely spaced.

Chapter 6

Non-Stationarity of Measured MIMO
Channels in Indoor Environments
In this chapter, the non-stationarity of measured indoor mobile radio channels is evaluated. The
measurements considered here were performed with MEDAV and Elektrobit equipment (see
Ch. 5). The measurements took place at the Institute of Communications and Radio-Frequency
Engineering, Vienna University of Technology and also at the Vienna International Airport,
detailed information regarding the scenarios can also be found in the previous chapter.
Different issues of non-stationarity are considered here. I start with general considerations
regarding mutual information. For that purpose I analyse to what extent mutual information is
changing when moving between different positions within a single and within different office
rooms. This gives a first indication to what kind of change in the channel can be expected.
These investigations are extended to measurements with a moving receiver.
As a next point I consider the spatial structure of the MIMO channel. For that purpose I evaluate
the change in spatial structure due to movement between different receiver positions or along
a specific movement route. The change in spatial structure is measured using the previously
introduced correlation matrix distance.
As a further step I then simulate the performance of a simple MIMO transmission scheme that
makes use of the spatial structure of the channel. Results from the correlation matrix distance
of different receive positions are than matched with the system simulation results to analyse
the impact of changed spatial structure and also out-dated spatial structure knowledge on the
performance of a realistic system.
As a last point, I consider non-stationarity due to moving humans. This is analysed regarding
fading and the influence on the spatial structure of the MIMO channel.

6.1

Non-Stationary MIMO Channels and Mutual Information

A very simple metric for characterising a MIMO channel is the mutual information at a specific
receive SNR. In case of an ergodic channel, the mutual information of a fading channel is given
by averaging the mutual information of the instantaneous channel over time. This is then called
ergodic mutual information. For a non-stationary channel, as it may result from a moving receiver,
54
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Figure 6.1: Average mutual information of each of the 72 measured scenarios at a receive SNR
of 10dB
a sensible approach is to average only over temporal intervals within these the channel statistics
can be assumed to stay constant. I call this in the following average mutual information. For the
following evaluations, I consider always the average mutual information for a predefined set
of channel realisations.
The average mutual information is an aggregate metric for characterising the MIMO channel,
which means that actually very different channels may have the same ergodic mutual information. However, for non-stationary channels, the average mutual information can be used as
indicator for how strong the channel statistics change.

6.1.1

Mutual Information in an Indoor Office Environment

In the following, I consider the average mutual information that is achieved at different receive
positions within an office environment, which is typical for brick buildings in Vienna built
around 100 years ago. This is done with the measurement data from the MEDAV measurement
campaign, hence at 5.2GHz centre frequency. In Sec. 5.2, the details for the measurement and
the basic measurement data preparation are described. The result of this basic processing are
25090 realisations of an 8×8 MIMO channel for each given scenario. There are 72 scenarios,
resulting from 24 different receive positions with 3 different receive directions measured for
each position. The transmitter was always located in the centre of the corridor (see Sec. 5.3,
Fig. 5.8). For each scenario, the average mutual information is calculated which results from
averaging the mutual information over all realisations. The channel realisations are normalised
such that the average SISO pathloss as defined in (2.14) is equal to 0dB, which means that
the pathloss is normalised out. This corresponds to a system with power control that allows
to adjust the transmit power such that the average receive SNR is constant [51]. The mutual
information (with the pathloss normalised out) vs average SISO pathloss is shown for each
scenario in Fig. 6.1.
Basically, we see that the mutual information varies relatively large for the considered scenarios. The minimum value of 10.5bit/s/Hz is nearly half of the maximum of 19.9bit/s/Hz. The
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Figure 6.3: a) Transmit and b) receive correlation matrices for scenario Rx13-D1 - where the
lowest mutual information is reached
maximum for uncorrelated Rayleigh fading would be 21.8bit/s/Hz (estimated from simulated
Rayleigh channel). There is a slight trend of increased mutual information with increased
pathloss observable in the linear regression line. This can be explained by the fact that receive positions where dominant components exist are likely to have less pathloss than receive
positions without dominant components. Dominant components, on the other hand, tend to
increase correlation and therefore decrease mutual information [41]. However, since the antenna or channel correlation cannot be described by a single number, there is no simple linkage
between correlation and mutual information.
Scenario Rx22-D2 shows the highest and Scenario Rx13-D1 the lowest mutual information of
19.9bit/s/Hz and 10.5bit/s/Hz, respectively. The reason for this can be found in the transmit
and receive antenna correlation. Figure 6.2 shows a surface plot of the transmit and receive
correlation matrices for Rx22-D2 and Fig. 6.3 for Rx13-D1. They were calculated according to
(2.27) and (2.28) and normalised such that the values on the main diagonal, which correspond
to the average transmit and receive power of each antenna, respectively, are equal to unity. The
off-diagonal elements give the correlation between the corresponding antennas.
We can see that in case of Rx22-D2, the antennas show very low correlation at transmit and
receive side (evident by the ridge across the diagonal), therefore mutual information is high. In
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contrast to this, for Rx13-D1, the antennas are strong correlated, at receive side, the correlation
even does not decrease below a value of 0.8 between the outer elements, which still means high
correlation. This is in line with our expectations and also with [41], i.e. that increased correlation
leads to decreased mutual information. Although increased mutual information was typically
observed in our measurements when correlation was decreased, not all scenarios are that clear.
From the correlation matrices we can see another effect that is related to the measurement
principle. The values on the main diagonal of the correlation matrix are not equal to one but
vary. Only on average they are forced to be one, due to the normalisation. Since the values on
the main diagonal correspond to the average antenna power, we see that the average antenna
power is not equal for each antenna. This is especially observable at receive side. The reason is
that we generate realisations by moving a virtual TX array over all available virtual TX positions
and average over these realisations during correlation estimation. Since the movement is only
performed at TX side, the averaging effect is much better at transmit side than at receive side.
In Fig. 6.4 the mutual information values are plotted directly into the floor plan for a better
overview on the result. Typically, scenarios where the receiver is looking to the transmitter have
lower mutual information than scenarios where the receiver looks into a different direction. This
shows up if we average the mutual information additionally over all receive positions with the
same receive direction. For direction D1 this gives 15.8bit/s/Hz, for direction D2 17bit/s/Hz
and for direction D3 15.9bit/s/Hz. Direction D1 and D3 point sometimes to the transmitter,
sometimes away from it, however, direction D2 points always away from the receiver, therefore
using receive direction D2 leads to a higher average mutual information.
Considering the mutual information for neighbouring receive positions and also for different
receive directions, we see that there are sometimes significant changes. For example in Room
2, scenario Rx3-D1 and Rx5-D1 have much lower mutual information than all other scenarios
with receive position D1 in this room. Also, rotating the receiver changes mutual information
a lot. This indicates that changes in position and direction, even within one office room, may
lead to significant changes in the spatial structure of the channel, resulting in changed mutual
information. In other words, small changes in position and direction can actually lead to
non-stationarity of the MIMO channel.
The spatial structure can be analysed by considering the DOA spectrum for these positions.
Figure 6.5 shows the Capon’s DOA spectrum (the spatial structure of the channel at receive
side) for some exemplary scenarios in Room 2. Between scenario Rx4-D1, Rx5-D1 and Rx6D1 is always a movement of the receiver by 1.5m, scenario Rx5-D3 means a rotation of the
receive antenna by 120◦ compared to Rx5-D1. This means all these scenarios correspond to only
small changes of the position/direction of the receiver compared to each other. Nevertheless,
there are significant differences between these scenarios, as was already seen from the mutual
information results. Scenario Rx4-D1 and Rx6-D1 have a similar DOA spectrum and do also
not differ that much in mutual information. Both scenarios have a broad DOA spectrum, hence
a large number of multipath components coming from different directions are impinging on the
receive array. Scenario Rx5-D1, however, shows a very different DOA spectrum, there exists
only one dominant direction. This explains the reduced mutual information and also the high
receive correlation for this scenario (Fig. 6.6). This means that in such an office environment it
may happen that small movements lead to large changes in the spatial structure of the MIMO
channel and also large changes in mutual information. Hence, also for movements of only 1.5m,
the MIMO channel may become non-stationary. A similar result is obtained when considering
the DOA spectrum for Rx5-D3, where the receive antenna was only rotated. The resulting DOA
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Figure 6.5: Capon DOA spectrum for some scenarios in Room 2
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Figure 6.6: Receive correlation matrices for Scenario Rx4-D1 (a) and Rx5-D1 (b)
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spectrum changes dramatically. This, of course, is caused by the directional azimuth pattern of
the receive antenna.

6.1.2

Mutual Information for a Moving Receiver

The previous section showed that mutual information can change by a large amount if different
receive positions and directions in the considered environment are chosen. This means that
it can be expected that the channel changes to a significant amount. Even in a single office it
was shown that the mutual information can change significantly from one position to another
position, also if the same receive direction is considered.
Here, I will analyse measurements where the receiver was actually moved along specific measurement routes. Scenarios at our institute as well as measurements at the Vienna International
Airport are considered. These measurements were performed with Elektrobit equipment at
2.45GHz centre frequency (see Sec. 5.2).
For the measurements at our institute, distance data was recorded by a laser distance logger.
For these measurements it is therefore possible to consider the capacity variation vs distance.
During the start and stop phase of a measurement, the receiver was slowly accelerated, hence in
these phases we do not have a constant speed. To eliminate effects from these phases, only the
part of the measurement is used for the evaluation where the receiver has reached the average
speed that was achieved during the measurement. The average speed was typically between
0.3 and 0.5m/s.
For the analysis, I used always groups of 10 temporal snapshots and estimated the average
mutual information by averaging over the mutual information resulting from these 10 temporal
snapshots and all frequency bins. This means each temporal snapshot and each frequency bin
was considered as a realisation of the MIMO matrix. Each group of snapshots was beforehand
normalised to 10dB average receive SNR, hence the pathloss was normalised out.
6.1.2.1

Indoor Office Environment

The measurements I consider in the following, were performed within two office rooms (Room
2 and Room 5), where the transmitter was located either at Tx1 or Tx2 on the corridor that
connects all office rooms. Tx1 is very similar but not exactly equal to the TX position used for
the measurements at 5.2GHz.
First, I consider the mutual information variation with movement distance for receiver movement routes in Room 5 (Fig. 6.7). Figure 6.8 shows the results for TX position Tx1 and Fig. 6.9)
for Tx2. Note that Tx1 is in the middle of the corridor and Tx2 at the end of it, which means
that Tx2 is further away from Room 5 than Tx1. The results are ordered by movement route
and receive antenna direction so that the same line styles correspond to the same movement
route. For each measurement, additionally the movement directions is given by the parameter
vdir. For a detailed description of the scenario see Sec. 5.3.
Generally, we can see that the variation of the mutual information is not very high. However,
similar to the measurements at 5.2GHz, there are specific movement routes where significantly
larger variation of the capacity exists. An example for this is Route 5 with receive direction
RxDir 1. There, we have a significant drop in mutual information within the last meter of the
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Figure 6.8: Mutual information vs distance for a moving receiver for several movement routes
in Room 5, transmitter at Tx1 - normalisation to 10dB average receive SNR for each data point
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Figure 6.9: Mutual information vs distance for a moving receiver for several movement routes
in Room 5, transmitter at Tx2 - normalisation to 10dB average receive SNR for each data point
measurement (from 15bit/s/Hz to 12bit/s/Hz). This occurs for both transmit positions, Tx1 and
Tx2, however, for Tx2 this is less significant. This is likely to result from reduced multipath
scattering at the end of the measurement since the receiver is then directly at the door to the
corridor. This means that probably a large number of multipath components is coming directly
from the transmitter at the corridor, without being spread largely in the angular domain.
Therefore, the signals at the antennas will be more correlated than at the beginning of the
measurement, where the receiver is standing at maximum distance to the corridor.
Comparing Tx1 and Tx2, we do not see a big difference in the variation of the mutual information
for different receiver routes. Of course, the mutual information at a specific receive position is
different for both transmit positions, but the mutual information varies within about the same
range for both transmit positions.
The results are slightly different for Room 2 (Fig. 6.11 and 6.11). There, the mutual information
changes by a significant amount when a different transmit position is used. Receiver Route 7,
RxDir 2 shows a very high and nearly constant mutual information for Tx1, whereas for Tx2,
the mutual information changes largely with distance. The same is true for receiver Route 7,
RxDir 3. The reason lies in the relative position of the transmitter in respect to Room 2. Tx1 is
on the middle of the corridor, and therefore relatively far away from Room 2. Tx2, however, is
at that end of the corridor, at that Room 2 is located, hence much closer to Room 2. Considering
the floor plan, we can see that some positions in Room 2 have nearly LOS to Tx2. This means
that dominant components are propagating through the door leading to high correlation and
low mutual information. Route 7, RxDir3, e.g. shows a minimum in the mutual information
at about 0.5m distance from the starting point, and exactly there, we had nearly LOS to the
transmitter.
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Figure 6.10: Movement routes in Room 2

20
18

Capacity, bit/s/Hz

16
14
12
10
8
6

Route 6, RxDir 1, vdir 1
Route 6, RxDir 3, vdir 1
Route 7, RxDir 1, vdir 4
Route 7, RxDir 2, vdir 3
Route 7, RxDir 3, vdir 3

4
2
0
0

0.5

1

1.5
Distance, m

2

2.5

3

Figure 6.11: Mutual information vs distance for a moving receiver for several movement routes
in Room 2, transmitter at Tx1 - normalisation to 10dB average receive SNR for each data point
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Figure 6.12: Mutual information vs distance for a moving receiver for several movement routes
in Room 2, transmitter at Tx2 - normalisation to 10dB average receive SNR for each data point
6.1.2.2

Vienna International Airport

A totally different scenario is the Vienna International Airport (VIA). The VIA is mainly characterised by large halls and a corridor-like shopping arcade. In the following, I present selected
measurements that were performed in this environment.
In Figure 6.14, I consider LOS measurements that were performed in the shopping arcade of the
VIA. The transmitter was fixed at the end of the shopping arcade and the receiver was moved
through it at either side or the arcade. The movements were performed from Rx9 to Rx10, which
is away from the transmitter and from Rx11 to Rx12, which means to the transmitter. To make
the results comparable, I reversed the second measurement in time so that now the distance
between transmitter and receiver is also increasing with time (see red markers in Fig. 6.13).
In both measurements, the mutual information decreases with increased distance. A similar
behaviour, hence decreased mutual information with increased distance in a hallway, was
observed by Porrat et al. [52]. There, they explained this effect by coupling between waveguide
modes. There is also another possible explanation for this effect: If we assume a constant
scattering area around both transmit and receive side, then the angular spread at transmit and
receive side is more or less constant for every distance between them. However, the coupling
between these scattering areas changes with distance. Lets consider a simple MIMO channel
model that consists of three matrices
H = HRx Hc HTx,

(6.1)

where HTx describes the coupling between transmit antennas and transmit scatterers, Hc the
coupling between transmit and receive scatterers and HRx . If the scattering area at transmit and
receive side stays constant, HTx and HRx will also stay constant. But if the distance changes, Hc
will loose rank due to the decreased angular spread of the transmit scatterers seen from receive
side and the receive scatterers seen from transmit side. Due to the multiplicative model, this
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Airport, red corresponds to the RX routes and TX position of the LOS measurements and blue
to the NLOS measurement
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Figure 6.14: Mutual information vs distance of two LOS measurements at the airport with the
receiver moved through the shopping arcade - normalisation to 10dB average receive SNR for
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Figure 6.15: Receiver movement route for the LOS measurement in the departure hall of the
Vienna International Airport
decreases also the rank of the channel matrix H and leads to less mutual information. Gesbert et
al. [53] used a similar explanation for outdoor channels, where decreased mutual information
was observed for increased distance between transmit and receive side, although the angular
spread at both link ends was constant.
It can also be seen that in the considered measurements, the mutual information is generally
low and that significant small-scale variations of it occur (e.g. from 16bit/s/Hz down to about
12bit/s/Hz and up again). This indicates that at some points there are significant changes in the
structure of the channel, e.g. paths that appear and disappear again after a short distance.
The mutual information for an NLOS scenario in the shopping arcade and also for a LOS scenario
in the departure hall (Fig. 6.15) behaves totally different (Fig. 6.16). There are still significant
variations but on average it stays constant in these scenarios. This means a decreased mutual
information for increased distance can neither be observed in the NLOS hallway scenario nor
in the LOS scenario in the departure hall.
In the NLOS case, an explanation for this behaviour could be the absence of the dominant LOS
component and dominant first-order reflections at the walls of the hallway. Because of this,
the other components that correspond to higher-order reflections and propagation through the
walls may have become the dominant wave propagation mechanism, which leads to a large
angular spread at both link ends, and, additionally, a large number of different paths between
transmit and receive side. In such a case, a model as suggested in (6.1) may not be applicable any
more, because the propagation cannot be separated any more into the mentioned three areas,
transmit antenna - transmit scatterer coupling, transmit scatterer - receive scatterer coupling
and receiver scatterer - receiver antenna coupling.
The LOS scenario in the departure hall, however, is not hallway scenario, but it is actually a
scenario within a large room. This means that, again, a separation into three coupling areas
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Figure 6.16: Mutual information vs distance, a) NLOS with the receiver moved in the shopping
arcade, b) LOS with the receiver moved through the departure hall - normalisation to 10dB
average receive SNR for each data point
as suggested previously, is not possible. Also, there are a large number of scatterers in the
departure hall, hence, although we have LOS, a large number of paths exists, which contributes
significantly to mutual information.
Basically, I have shown in this section that significant variations in mutual information exist
for indoor scenarios, even when only small movements are considered. This means that a
noticeable change in the spatial structure can be expected when the receiver is moved. How
strong these changes are, is analysed in the next section by means of the correlation matrix
distance.

6.2

Spatial Non-Stationarity of Indoor MIMO Channels

One of the most important properties of the MIMO channel is its spatial structure. This
structure is basically given by the wave propagation between transmitter and receiver. Often
the spatial structure plays the major rule for the performance of real MIMO systems, therefore
it makes sense to focus on this instead of considering all properties of the MIMO channel
together. Methods for characterising the spatial properties of the channel only, have already
been introduced in Sec. 3.5. There, it was shown that the full spatial channel correlation matrix
contains the full spatial information if the channel coefficients are complex Gaussian distributed,
which is often assumed.
Although RH contains the complete description, it is often to large to be used, especially if
communication schemes shall be developed that make use of the channel statistics. An often
used simplification is the to called ‘Kronecker’ assumption, which means that the full spatial
channel correlation matrix RH is assumed to be the Kronecker product of the receive and the
transmit correlation matrix (see also channel models, Sec. 2.3). This is typically not fulfilled
exactly, but often a good approximation. The big advantage of this assumption is that transmit
and receive side can be separated and therefore optimisation methods can be applied separately
for transmitter and receiver. Due to the Kronecker assumption that is used in several MIMO

6.2. Spatial Non-Stationarity of Indoor MIMO Channels

68

algorithms, it makes sense to also consider the change of the transmit and receive correlation
matrices, separately.
I start with several stationary scenarios obtained from the 5.2GHz measurements performed at
our institute. There, I will analyse the change in the transmit and receive correlation matrices
when changing from one scenario to another. The analysis is done based on the correlation
matrix distance (CMD) (Sec. 4.4.1). Then I will consider scenarios with a moving receiver and
analyse the change in the correlation matrices with the movement.

6.2.1

Variation in Spatial Structure for Different but Fixed Receive Positions

To analyse the variation in spatial structure for different receive positions, I consider the measurements at 5.2GHz (MEDAV) and at 2.45GHz (Elektrobit) that were performed at our institute. For the 5.2GHz measurements that were performed in a static environment using a virtual
transmit antenna, I estimated the transmit and receive correlation matrices RTx and RRx for
each given measurement scenario based on the realisations of the channel matrix. Then the
correlation matrix distance as defined in (4.17) between the correlation matrices of all scenarios
is calculated.
For the 2.45GHz measurements I used always the first 10 temporal snapshots after the receiver has started moving and all frequency samples of the channel matrix as channel matrix
realisations for correlation matrix estimation. I restrict the discussion to measurements that
were performed with two different transmit and receive positions within two different office
rooms. They are representative for all performed measurements. Details regarding the basic
measurement evaluation can be found in Sec. 5.2.
Figure 6.17 shows the correlation matrix distance between the transmit correlation matrices for
all 5.2GHz measurement scenarios. Each pixel corresponds to the correlation matrix distance
between the transmit correlation matrices of the considered scenarios. The scenarios are ordered
by the room in which the receiver was positioned and by receive direction. This means after
Rx1-D1 (RX position 1, receive direction 1), comes Rx1-D2, Rx1-D3, Rx2-D1 and so on (see
also Sec. 5.3). As a major result can, it be seen, that there is a clear structure in the figure
that corresponds directly to the room structure, hence the CMD between transmit correlation
matrices obtained from scenarios within the same room is low and for scenarios within different
rooms high. This means that the spatial structure at transmit side is similar for receive positions
within the same room and noticeably different for receive positions within a different room.
This is true for nearly all positions, however there are also single exceptions.
This results fits nicely to expectations if we consider the different scenarios in detail. If we stay
within the same room, it is rather likely that the waves propagating from the transmitter to
the receiver have similar DODs. This means that the spatial structure at the transmit side is
relatively constant. However, if we move the receiver to a different room, the ‘mean’ DOD will
change. Especially, if the transmitter is located in the middle of the corridor, as was the case
for these measurements, this effect is observable. Dependent on the office room in which the
receiver is located, i.e. at one end of the corridor, in the middle of the corridor or at the other
end of the corridor, the DOA will be different and therefore the spatial structure at transmit
side.
This behaviour suggests that movements within a room do typically not lead to large changes
of the transmit correlation matrix. If now a transmission scheme makes use of the transmit
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Figure 6.17: Correlation matrix distance between the transmit correlation matrices for all 72
scenarios of the 5.2GHz measurements
correlation matrix, only, such movements may not influence the scheme significantly. Whether
this can really be observed in reality will be analysed further below, where I consider the
variation in the correlation matrices for a moved receiver.
The results for the receive side are different. Figure 6.18 shows the CMD between the receive
correlation matrices of different scenarios, but now the scenarios are ordered first by direction
and then by receive position. This means the first 24 scenarios belong to receive position Rx1 to
Rx26 with receive direction D1, the next 24 scenarios to receive direction D2 and the last ones to
receive direction D3. It becomes clear that the receive correlation matrix changes significantly,
also for small movements of the receiver. Even a movements from one position in a room the
the next leads to high values in the CMD for the considered receive correlation matrices. This
behaviour can easily be explained by the fact that the scattering in the immediate proximity
changes also by small movements. As I will discuss later, this can have a significant impact on
the performance of MIMO systems in the uplink.
Again, the question can be raised, whether the same is observed for 2.45GHz. The simple
answer is yes. Figure 6.19 shows the correlation matrix distance between the transmit correlation
matrices of a number of scenarios and Fig. 6.20 the results for the receive correlation matrices. I
considered measurements with the receiver either in Room 5 or in Room 2 and the transmitter
at either Tx1 or Tx2. We can see that, when the receiver is in Room 5, it does not make a big
difference whether the transmitter is at Tx1 or at Tx2. This can easily be explained by the fact
that the waves have to propagate into the same DOD to reach the receiver, hence the spatial
structure at transmit side is, necessarily, more or less the same. This is different when the
receiver is located in Room 2. There, using transmit position Tx1 or Tx2 means the have a
different direction to the receiver and therefore the paths propagate with a different DOD.
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Figure 6.20: Correlation matrix distance between the receive correlation matrices of some
2.45GHz measurements at the institute
Summarising the results, I can say that no significant differences occurred for the considered
centre frequencies of 2.45GHz and 5.2GHz. Although, there is a factor of two between the centre
frequencies, this is what can be expected because wave propagation follows the same mechanisms as long as the wavelength is small compared to the major structures of the environment.
This is fulfilled at both frequencies.

6.2.2

Variation in Spatial Structure for a Moving Receiver

Previously, the variation in spatial structure at transmit and receive side was analysed, when
changing the receive position and direction within an office environment. The results suggested
that movements of the receiver only influence the spatial structure at transmit side if they are
from one office room into another, for movements within an office room, the spatial structure
at transmit side stays more or less constant. The spatial structure at receive side, however,
changes always to a significant amount if a different receive position or direction is considered.
In this section, I analyse this behaviour in detail by considering real movements of the receiver.
Measurements at our institute and at the Vienna International Airport are considered. All these
measurements were performed with Elektrobit equipment at 2.45GHz. For the estimation of
the time-varying correlation matrices I again used groups of 10 temporal snapshots, where I,
additionally, used all frequency bins as realisations of the MIMO channel matrix. The evaluation
was restricted to that part of the measurement, where a constant movement speed has been
reached. This means the starting and stopping phase were left out.
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Figure 6.21: Correlation matrix distance between transmit correlation matrix at given distance
compared to starting point, scenarios with large distance
6.2.2.1

Indoor Office Environment

In this environment, I analyse the variation of the spatial structure for movements within an
office room. I consider two office rooms and two different transmit positions. The variation in
spatial structure of transmit and receive side, respectively, is measured by the CMD, where I
show the CMD between the correlation matrix at time t = 0 and at any other time. This means I
use the starting point as reference and consider the spatial variation compared to this reference.
Figures 6.21 and 6.22 show the results for the transmit side. The first figure shows scenarios,
where the transmit correlation matrix changes relatively strong, the second, where it does not
change strongly. As threshold, I use an average CMD of 0.2 to divide the scenarios with strong
variation from the scenarios with small variation. This threshold was chosen since it separates
nicely the scenarios with high values of the CMD from those that have low CMD values.
We can see that for a relatively large number of scenarios (33 of 41 considered scenarios), the
transmit correlation matrix does not change largely if the receiver is moved within an office
room in that way it was done during the measurements (no rotation of the receive antenna).
There, the correlation matrix distance stays below 0.2 in average, for a number of scenarios it
actually is below 0.1. However, for some scenarios, the transmit correlation matrix changes
significantly if the receiver is moved. This change leads to a correlation matrix distance of up to
0.6, which is a large change in spatial structure (see synthetic scenarios, Sec. 4.4.2). This means
that having accurate knowledge of the transmit correlation matrix at a fixed transmitter (e.g.
a base station) available may be a sensible assumption. Only a few scenarios show a strong
change of the transmit correlation matrix when the receiver is moved within a single office.
At the receive side (Fig. 6.23 and 6.24), the situation is different. There, the majority of measurements (23 of 41) show a large variation in the receive correlation matrix and therefore a
large correlation matrix distance between the correlation matrix at the starting position and at
a certain distance to the starting position. This is in line with the results from the previous
section, where also the spatial variation on receive side was much higher than on transmit
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Figure 6.22: Correlation matrix distance between transmit correlation matrix at given distance
compared to starting point, scenarios with small distance
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Figure 6.23: Correlation matrix distance between receive correlation matrix at given distance
compared to starting point, scenarios with high spatial variation
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Figure 6.24: Correlation matrix distance between receive correlation matrix at given distance
compared to starting point, scenarios with low spatial variation
side. The reason for this is that the scatters in the immediate proximity of the receiver change
significantly if the receive is moved, hence the spatial structure has to change, also.
6.2.2.2

LOS and NLOS at the Airport

A totally different scenario is the Vienna International Airport. I consider there LOS and NLOS
measurements in the shopping arcade and in the departure hall (Fig. 6.13 and 6.15).
Figure 6.25 shows the result for two LOS measurements performed in the shopping arcade of
the airport. Subfig. a) and b) correspond to measurement one (movement from Rx9 to Rx10),
Subfig. c) and d) to measurement two (movement from Rx12 to Rx11. The left subfigures show
the correlation matrix distance for temporally spaced transmit correlation matrices, the right
side for the receive correlation matrices.
In measurement one, the spatial structure at transmit side is relatively constant, there are
positions, where, for a short interval, the spatial structure changes noticeably, however, in
general there are no significant variations. The receive side shows again a higher change in the
spatial structure. For measurement two, the spatial structure at transmit side is significantly
different for the intervals [0s, 10s] and [15s, 60s]. This means, within these intervals, the channel
stays stationary, regarding the spatial domain. For both scenarios, the variation on receive side
is higher.
The NLOS measurement in the shopping arcade and the LOS measurement in the departure
hall (Fig. 6.26) show nearly no variation in spatial structure at transmit side and moderate
variation in spatial structure at receive side.
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a) Movement from
Rx9 to Rx10, transmit side

b) Movement from
Rx9 to Rx10, receive side
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Rx12 to Rx11, transmit side

d) Movement from
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Figure 6.25: Correlation matrix distance between temporally spaced transmit (left) or receive
(right) correlation matrices for measurements in the shopping arcade (LOS)
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Figure 6.26: Correlation matrix distance between temporally spaced transmit or receive correlation matrices for measurements in the shopping arcade (NLOS) and in the departure hall (LOS)
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Relevance of Changes in the Spatial Structure for MIMO Systems

I consider in the following a scenario with a fixed base station and a moving receiver. This
corresponds to the fixed transmitter and the moving receiver in the measurements. In such a
scenario, it is necessary to distinguish between downlink and uplink transmission. For downlink transmission, the stationarity of the spatial structure at the base station, which corresponds
to the transmit correlation matrix in the measurements, is essential for the performance. As
we have seen previously, the transmit correlation matrix stays relatively constant for a large
number of measured scenarios where the receive was moved within a single office. Only if the
receiver was moved to a different office or for a few exceptional movement routes, a significant
variation in the transmit correlation matrix could be observed. This means that in such a situation, the assumption of having accurate knowledge of the transmit correlation matrix available
at transmit side, seems sensible.
In case of uplink transmission, however, the situation changes. There, the stationarity of the
spatial structure at the moving mobile becomes important. This corresponds to the receive
correlation matrix in the measurements. As was observed, the receive correlation matrix
changes relatively fast with a moving receiver. This means that assuming to have accurate
knowledge of the channel statistics available at the moving mobile becomes questionable.

6.3

Non-Stationary Channels and the Performance of MIMO Transmission Schemes

An important question when considering changes of the mobile radio channel is, what parameters do really influence the performance of a realistic MIMO system. Are the stationarity
parameters and metrics that were introduced useful to judge whether a specific MIMO system
is influenced by changes of the mobile radio channel? This cannot be answered generally but
depends strongly on the utilised transmission scheme. Nevertheless, an analysis of exemplary
transmission schemes makes sense to get an idea how strong such MIMO systems can suffer
from changes in the channel statistics.
In this section, I will consider a prefiltering transmission scheme for frequency-flat fading MIMO
channels that makes use of channel statistics to improve the transmission. It is therefore sensitive
to changes of the spatial statistics only. This transmission scheme was originally developed by
Kiessling et al. [54] [55]. I will also show that the CMD (Sec. 4.4.1) is an appropriate metric for
characterisation of channel stationarity for the considered transmission scheme.

6.3.1

Statistical Transmit Prefiltering for MIMO Systems

The transmission scheme introduced by Kiessling et al. [54] [55] uses a matrix prefilter F at the
transmitter that is adapted to the current spatial statistics:
y = HFs + n.

(6.2)

Here, s is the transmit symbol vector, H the MIMO channel, n additive white Gaussian noise and
y the received signal vector (Fig. 6.27). The assumptions necessary to derive the TX prefiltering
scheme are:
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Figure 6.27: Transmit prefiltering scheme as proposed by Kiessling et al. [54]
• The MIMO channel can be well modelled by the Kronecker model (see Sec. 2.3.2):


1/2 T
H = R1/2
G
R
RX
TX

(6.3)

• The noise at the receiver is assumed to be additive white Gaussian (AWGN) and independent
• Uncoded QPSK transmission on the subchannels with unity power and statistically independent transmit symbols is assumed
• Rayleigh fading is assumed for the channel (see above) with constant transmit and receive
correlation matrices.
6.3.1.1

Short-Term Transmit Prefilter

Using the eigen-decomposition of the transmit symbol correlation matrix
Rss = E{ssH } = Ψ∆ΨH

(6.4)

and the modified instantaneous spatial transmit correlation matrix
∗
H
RTX,mod = HT R−1
nn H = VΛV

(6.5)

the optimum short-term transmit prefilter can be derived as
F = VΦf ΨH.

(6.6)

This means that each data stream is transmitted into a separate eigenmode where additionally
an eigenmode-specific weighting is performed. The optimum power allocation matrix can be
derived as
1/2

Φf = µ−1/2Λ−1/2 − Λ−1 ∆−1
,
+

(6.7)

with the constant µ chosen according to the power constraint
tr{FRss FH } ≤ Pt
which gives

(6.8)
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(6.9)

Note that the power of each eigenmodes has to be positive, this means that iteratively zero
power has to be assigned to the weakest eigenmodes until all eigenmodes get a positive power
assignment (this is indicated by the plus subscript in (6.7)).
Minimising the MSE does not simultaneously minimise the overall BER averaged over all
subchannels. The subchannel with the worst BER dominates the overall BER. To minimise
the BER while keeping the MSE constant, it is necessary to force the BER to be equal for each
subchannel. With uncorrelated unity power transmit symbols, equal BER can be achieved
by distributing the transmit symbol vector via a discrete Fourier transform (DFT) over all
eigenmodes of the MIMO channel. With D, the normalised DFT matrix of size L×L (for L
utilised subchannels), the modified transmit prefilter becomes
F = VΦ f DL .

(6.10)

Since the transmit symbols are statistically independent, the eigenvector matrix of the transmit
symbol correlation matrix becomes the identity matrix. Therefore, it is left out here. In addition to the transmit statistics given by the transmit correlation matrix, the modified transmit
correlation matrix in (6.5) includes the noise correlation matrix at the receiver, hence this has to
be fed back too. For sake of simplicity, we assume in the following that the received noise is
uncorrelated.
6.3.1.2

Long-Term Transmit Prefilter

If only long-term statistics is available, the previously shown prefiltering scheme cannot be
applied since the short-term correlation matrices are not known. However, when considering
a simple lower bound of the MSE, it is possible to derive a long-term transmit prefilter that is
actually equal to the short-term transmit prefilter with the short-term parameters exchanged
by the long-term parameters [55].
This means, the short-term matrices V and Λ are replaced by their long-term equivalents given
by
∗
H
RTX,LT,mod = E{HT R−1
nn H } = VLT ΛLT VLT .

(6.11)

The long-term transmit prefilter is no longer optimal but it still significantly reduces the BER
compared to blind transmission.

6.3.2

Performance of Transmit Prefiltering for Measured MIMO channels

In order to generally evaluate the performance gain due to the described transmit prefiltering
method I consider in the following measured channels and compare the performance of blind
transmission with the performance when using transmit prefiltering.
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The MIMO system considered is given in Fig. 6.27. For sake of simplicity, the noise is assumed
to be uncorrelated, hence Rnn and therefore also R̂ are identity matrices. L independent data
streams are transmitted where L ≤ nT and L ≤ nR . Each data streams is QPSK modulated such
that the transmit symbols have unit power. This results in a symbol correlation matrix Rss
that is equal to the identity matrix. The channel matrices are normalised such that the average
SISO pathloss is equal to 0dB (see Sec. 2.2.1). At the receive side, a minimum mean square
error (MMSE) receiver is used to separate the data streams and then a separate hard-decision is
employed. As systems I consider a 4x4 MIMO system with 4 data streams and an 8x8 MIMO
system with 6 data streams. For the prefiltering scheme, of course always all transmit antennas
are used. However, for the blind transmission, only as many transmit antennas as data streams
are transmitted, can be used. This means for the 8x8 MIMO system with 6 data streams that
actually only 6 transmit antennas are used. For a fair comparison with the prefiltering system I
use the outer 6 transmit antennas, hence antenna 1-3 and 6-8 for the blind system. This gives a
lower correlation between the transmit antennas as if 6 adjacent antennas would be used.
The measurements used in the following are the 5.2GHz MIMO measurements performed with
MEDAV equipment at the third floor of the Institute of Communications and Radio-Frequency
Engineering, Vienna University of Technology, as described in Sec. 5.2.1. According to the
measurement preparation (see Sec. 5.2.1.3), there are 25090 realisations of an 8×8 MIMO channel
matrix available for each measurement scenario. Over each channel realisation, I transmit 10
symbols for each data stream. For a system with 6 data streams, this results in 120 transmitted
bits per channel realisation and therefore in about 3 million bits for the whole simulation of one
SNR point. This turns out to be enough for BERs down to 10−3 .
In addition to the measured data, I also used two different MIMO channel models for creating
channel realisations: The Kronecker model and the Weichselberger model (see Sec. 2.3). In the
following I will consider two selected scenarios, Scenario Rx9-D3 and Scenario Rx13-D1. The
first scenario shows low correlation at transmit and receive side and high mutual information
(compare with Sec. 6.1) whereas the second scenario shows, in contrast, high correlation at both
sides and low mutual information. This gives an idea what can be gained by the considered
transmission scheme for the two extreme cases.
Figure 6.28 shows the result for a 4x4 MIMO system with 4 data streams. The solid lines
correspond to blind transmission over all 4 transmit antennas whereas the dashed lines represent
the result for transmit prefiltering. Additionally, the results for the measurement (black), the
Kronecker model (blue) and the W-model (red) are shown. The clear result for Rx9-D3 is that
there is no significant difference for all schemes. Neither the models, nor the results with or
without prefiltering differ largely. This fits to intuition, because when the channel does not
show significant correlations, there is not a lot to gain from knowing the correlations.
A different result can be seen for Scenario Rx13-D1. There, strong correlation exists at both sides
(transmitter and receiver), therefore there should be a remarkable advantage of making use of
that knowledge. This is exactly the result of the simulation. Dependent on the underlying data
(measurement or one of the MIMO models), a gain of 0.5dB to 1dB at a target BER of 10−2 is
obtained. Additionally, we can see that the W-model fits much better to the measurement data
than the Kronecker model. This, of course, does not come as surprise either: the Kronecker
model fails particularly then when high correlation exists [56].
The results for an 8x8 MIMO system with 6 data streams are shown in Fig. 6.29. We see a similar
behaviour, but now also a significant gain for the weakly correlated case of Scenario Rx9-D3
can be observed. This is due to the limitation to only 6 data streams, which means that the two
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Figure 6.28: Performance of transmit prefiltering compared to blind transmission for a 4x4
MIMO system with 4 data streams, two exemplary scenarios
weakest eigenmodes are not used. The gain is in the order of 1.5dB and we see no significant
differences between the two models and the measurements. The reason is simply that all three
models perform very well if the channel is actually uncorrelated.
In the strong-correlated Scenario Rx13-D1, we can see again a significant difference between
the channel models and the measurement and also the gain that can be achieved by prefiltering
differs largely (at a target BER of 10−2 about 1.3dB for the measured channel, 1.5dB for the
W-model and nearly three dB for the Kronecker model).
To get an overview about the possible prefiltering gain and also the validity of the channel
models, I analysed the prefiltering gain for all 72 measurement scenarios from the MEDAV
measurements. The SNR gain is evaluated at a BER of 10−2 for the 4×4 system and at a target
BER of 10−3 for the 8×8 system. The results are shown in Fig. 6.30. To get the SNR value at which
the target BER is reached I interpolated log(BER) linearly. The difference between the SNR at
target BER for blind transmission and prefiltered transmission is then the SNR or prefiltering
gain.
Each blue cross represents the prefiltering gain achieved when using the Kronecker model, each
red circle the prefiltering gain achieved with the W-model. These values are plotted against the
SNR gain that is achieved when using the measurement data itself. Figure 6.30a shows here
the results for the 4x4 MIMO system with 4 data streams and Fig. 6.30b the results for the 8x8
MIMO system with 6 data streams.
For the 4x4 system, the prefiltering gain is between about 0 and 1.5dB, for the 8x8 system it
reaches values of up to 4.5dB. This means, there is a significant gain over blind transmission
possible. Additionally, we can see that the estimated gain when using the two different channel
models fits the results from the measurements quite good, however the W-model shows a
slightly tighter fit than the Kronecker model.
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Figure 6.29: Performance of transmit prefiltering compared to blind transmission for an 8x8
MIMO system with 6 data streams, two exemplary scenarios
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6.3.3

Performance of Transmit Prefiltering for Wrong Long-Term Statistics

As was seen in the previous section, a rather significant gain can be achieved if long-term
statistics knowledge at the transmitter is available. Here, I will show to what extent long-term
statistics can negatively influence the performance if it is out-dated. This is related to the
questions, how often is it necessary to update the long-term statistics and what is the gain if the
long-term statistics is not perfectly known.
In Fig. 6.31, the prefiltering loss due to wrong transmit statistics is shown. Here, again an
8×8 MIMO system with 6 data streams is considered. For this evaluation I considered all
measurement scenarios within one room (receive positions Rx1-Rx9, with all three receive
directions) and evaluated the SNR loss at a target BER of 10−3 when using a wrong transmit
correlation matrix for the prefilter design. This means for each scenario I estimated the SNR loss
when using a transmit correlation matrix given by any of the other measurements compared to
the case of correct prefilter design based on the correct transmit correlation matrix. For example
Element (4,4) corresponds to correct prefiltering and has therefore 0dB SNR loss, Element (4,12)
corresponds to prefiltering based on the transmit correlation matrix of scenario 12 but when
having scenario 4. We get an SNR loss of 0.4dB.
It turns out that when using a wrong or out-dated transmit correlation matrix (e.g. when the
receiver would be moved from one to another receive position), an SNR loss of up to 4dB is
the result, even if we compare only scenarios with the receiver in the same office. However,
typically the SNR loss is not great, only exceptional scenarios show such a large SNR loss if
wrong prefiltering is performed. These scenarios are Rx2-D1, Rx3-D1, Rx3-D3, Rx5-D1 and
Rx7-D1. When comparing this to the capacity results in Sec. 6.1, it becomes clear that exactly
these scenarios have lower capacity and higher correlation and are therefore more sensitive to
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Figure 6.32: Loss due to wrong prefiltering for some exemplary receive positions within different
office rooms
a wrong transmit correlation matrix.
Comparing the prefiltering loss in Fig. 6.31 with the correlation matrix distance between the
transmit correlation matrices of the considered scenarios in Fig. 6.17, we see that combinations
of scenarios that have a large transmit correlation matrix distance also show a significant
prefiltering loss. This is especially pronounced if for a scenario with high correlation a wrong
transmit correlation matrix is used for prefilter design. In that case, the prefilter tries to transmit
data over weak eigenmodes. This means that the overall BER is significantly increased. In case
of a scenario with low correlation, there are not that weak eigenmodes, therefore a wrong
prefilter does not decrease the performance that much.
The performance loss due to wrong transmit statistics is significantly larger if scenarios with the
receiver positioned in different office rooms are considered. In that case, the transmit correlation
matrices differ much more (e.g. Fig. 6.17). The results for some exemplary positions are shown
in Fig. 6.32.
The first nine scenarios correspond to receive positions Rx1, Rx2 and Rx3, that are all located in
Room 2, the second nine scenarios correspond to Rx13, Rx14 and Rx15 in Room 3. Although,
these are neighbouring rooms, the structure of the MIMO channel at TX side has changed
largely. This results also from the relatively near Tx position. Therefore, the performance loss
due to prefiltering based on a transmit correlation matrix from Room 2 but applied to a scenario
in Room 3 is very high, up to 7dB. In the opposite case, even a maximum loss of up to 10dB
is reached. Noticeable is that also the average loss for prefiltering based on the wrong room is
about 5dB, hence very large.
For prefiltering based on the wrong scenario but within the same room as the considered
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scenario, the loss is much lower. It only becomes significant for some single positions with high
correlation at one link end. This is similar to the results obtained from the measurements in
Room 2.

6.3.4

Performance of Transmit Prefiltering for Out-dated Long-Term Statistics

In this section I will analyse how non-stationary MIMO channels influence the performance
of the considered transmit prefiltering scheme. The measurements are analysed regarding the
SNR gain compared to blind transmission. The simulations are performed for an 8×8 MIMO
systems with 6 data streams. Again, the blind reference system is a 6×8 system where the
antennas 1-3 and 6-8 are used at transmit side to have a fair comparison. For evaluation of the
SNR gain I use a target BER of 10−3.
The simulations are based on the 2.45GHz measurements at the institute. I estimated the timevarying transmit and receive correlation matrices of each measurement and used them to create
synthetic channel realisations with the Kronecker model. This is necessary to have enough
channel realisations for the simulation. For correlation estimation I again use 10 successive
temporal snapshots and all frequency realisations within the considered measurement bandwidth. Again I restricted to that part of the measurement, where the movement has already
reached constant speed, hence the starting and stopping phases were left out. The result of
these simulations is a time-varying prefiltering gain or SNR loss due to out-dated prefiltering
for each measurement scenario.
Figure 6.33 shows the BER performance for prefiltering with perfect knowledge of the transmit correlation matrix, prefiltering with an out-dated transmit correlation matrix and blind
transmission for an exemplary scenario (RX movement route R1, receive direction D3). The
performance at the beginning, in the middle and at the end of the movement is shown. Outdated transmit correlation matrix knowledge at transmitter means that the transmit correlation
matrix at t = 0 is known and used for the whole measurement route. The figure shows clearly
that, in the middle and at the end of the movement, using the out-dated transmit correlation
matrix as basis for prefilter design reduces the performance noticeably. We still have an advantage over blind transmission but compared to exact knowledge of the transmit correlation
matrix, we loose 0.8dB in the middle and 1.1dB at the end of the movement.
The temporal evolution of the prefiltering gain, the out-dated prefiltering gain and the loss due
to out-dated prefiltering for this scenario is shown in Fig. 6.34. We see that a loss of 1dB is
reached quickly for out-dated prefiltering. The loss stays then more or less constant.
On overview on all considered measurement scenarios is given in Fig. 6.35. There, the prefiltering gain, the gain due to out-dated prefiltering and the gain of out-dated prefiltering compared
to correct prefiltering, which is of course always negative, is shown. It can be seen that a loss
of 0.5 up to 1dB results from using the out-dated correlation matrix. Although this sounds
not much, it has to be taken in account that this is the average loss for the considered routes.
The loss at specific positions of the route can be much higher. In a real user scenario, the loss
may also be higher because the user could change the position relatively fast and then stay at a
position with a high loss. This would then result also in a high average loss.
The loss due to out-dated prefiltering instead of prefiltering based on the current transmit
correlation matrix is clearly related to the change of the transmit correlation matrix. Considering
the correlation matrix distance between the old transmit correlation matrix from t = 0 and the
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Figure 6.33: BER performance with prefiltering, prefiltering based on an out-dated correlation
matrix and blind transmission, an exemplary scenario at three different times
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Figure 6.35: Average prefiltering gain with prefiltering, prefiltering based on an out-dated
transmit correlation matrix and loss due to out-dated prefiltering

6.3. Non-Stationary Channels and the Performance of MIMO Transmission Schemes
3

Prefiltering gain
Prefiltering gain, out−dated
Loss for out−dated prefiltering

3

88

Prefiltering gain
Prefiltering gain, out−dated
Loss for out−dated prefiltering

2.5
2
1.5
SNR gain/loss, dB

SNR gain/loss, dB

2

1

0

1
0.5
0
−0.5
−1

−1

−1.5

−2
0

0.5

1

1.5
2
Distance, m

2.5

a) Route 5, RxDir 3, Tx1

3

−2
0

0.5

1

1.5
Distance, m

2

2.5

b) Route 6, RxDir 3, Tx2

Figure 6.36: Temporal evolution of the SNR gain due to prefiltering, out-dated prefiltering and
SNR loss due to out-dated prefiltering, exemplary scenarios for large loss
current one, the question arises to what extent this relates with the performance loss due to
out-dated prefiltering. In Fig. 6.36, I show two exemplary scenarios, where a significant loss in
performance was observed and Fig. 6.37 shows the corresponding correlation matrix distance
for both scenarios. It is obvious that increased CMD translates into decreased performance for
out-dated prefiltering. Especially for Route 6, RxDir 3, Tx2, this is observable. There, the CMD
increases first relatively fast and so does the loss due to out-dated prefiltering. Then the CMD
decreases again, which leads also to decreased loss and finally, as the CMD goes up again, the
loss also becomes higher. From this exemplary scenario can be seen that the CMD is a useful
metric, also for performance estimation of MIMO transmission schemes.
Summarising the results in this section, we see that the observed variations in spatial structure
actually influence the performance of MIMO transmission schemes. If knowledge of longterm statistics is assumed for the transmit side, it is essential that the long-term statistics is
updated often enough. Otherwise, the advantage of having this knowledge may be lost totally.
I considered only the performance degradation for the downlink, where the variation in spatial
structure is relatively low for a moving mobile. Even for the downlink, however, there is a
noticeable performance degradation observable, when using out-dated channel knowledge at
transmit side.
For the uplink, the performance loss will become significantly higher. Due to the much higher
variation of the spatial structure of the channel at the mobile, a significantly higher loss due to
out-dated prefiltering can be expected. This makes the use of a MIMO transmission scheme
that optimises the transmission according to estimated channel statistics questionable.
The important conclusion is:

Stationarity cannot be a priori assumed for indoor
scenarios, especially not for MIMO channels.

The performance degradation due to out-dated prefiltering showed well agreement with the
correlation matrix distance between the out-dated and the current transmit correlation ma-
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Figure 6.37: Correlation matrix distance between the transmit correlation matrix at t and t = 0
for the the scenarios Route 5, RxDir 3, Tx1 and Route 6, RxDir 3, Tx2
trix. This means that the CMD provides meaningful results also regarding the performance
degradation that a MIMO transmission scheme faces.

6.4

Influence of Human Shadowing on Wave Propagation

Apart from conventional scatterers in indoor environments like walls, computer monitors and
big metal objects like fire extinguishers, also humans influence wave propagation in indoor
environments. For SISO systems, there exist a lot of publications that analyse the influence
of humans on different parameters of the mobile radio channel. Bultitude [57] [58] analysed
measured indoor radio channels at 800/900MHz and also at 910MHz and 1.75GHz with fixed
transmit and receive positions when persons were moving in the environment. He found that
the fading statistics is in general non-stationary for such a scenario but to stay stationary within
limited temporal intervals.
A detailed analysis of the effect of moving people on the channel was done by Hashemi [59]
[60]. He analysed different degrees of movement be considering 1, 2, 3 or 4 moving people
around either the mobile or the base station or both.
Hafezi et al. has made investigations regarding the influence of humans on received signal
strength, RMS delay spread and the Ricean K-factor in [61]. They found significant change in
the mentioned parameters and also increased short term variations of the channel, when people
were moving in the environment.
Howard et al. [62] analysed the Doppler spread in an indoor environment when people are
moving around.
Although, this topic has already been investigated to a large extent, it is still open how humans
actually interact with propagating waves in such environments. Are they moving scatterers or
do they just shadow multipath components? In this section, I want to give some answers to
this question.
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Measurement Scenarios

At 5.2GHz centre frequency, we performed SIMO measurements, using MEDAV equipment.
The measurements were done in a laboratory/office environment at the 5th floor of our institute.
(see Sec. 5.3). The receiver was located at different positions in a laboratory and the transmitter
two rooms further away in an office room that is connected to the same corridor as the laboratory.
During the measurements, two people were walking along a predefined route. The walking
route was chosen such that they started walking at the receive antenna, walked out of the
laboratory into the corridor, to the end of the corridor and then back again. This means they
always passed the receive antenna and the office room with the transmitter.
We also performed MIMO measurements at the third floor of our institute in an office environment (see Sec. 5.3) at 2.45GHz centre frequency with Elektrobit equipment. There, the
transmitter was located in the middle of the corridor and the receiver in two different office rooms connected to this corridor. Up to four people were walking around during these
measurements.

6.4.2

Measurement Evaluation

The evaluation of the measurement data was different for the SIMO and MIMO measurements.
In case of the SIMO measurements, I could estimate both delay and DOA due to the availability
of an antenna correction matrix to remove the mutual coupling effects. For the MIMO measurements, such a correction matrix was not available, hence I limited my investigations to the
correlation matrices.
The measurements were investigated with two methods:
• Estimation and analysis of the time-varying antenna correlation matrices
• Estimation of the directions of arrival and delays using SAGE (only SIMO measurements)
The time-varying correlation matrices were considered for both, the SIMO and the MIMO
measurements. In case of the SIMO measurements only regarding the receive side, for the
MIMO measurements regarding transmit and receive side. Generally, I used for correlation
matrix estimation 10 temporal snapshots and all available frequency snapshots as realisations.
Putting all these realisations into the data matrix X, so that each column contains one realisations
of the signal vector, the corresponding correlation matrix is estimated as follows:
Rxx(t) =

1
X(t)XH (t).
Ns

(6.12)

where Ns is the number of available realisations. The time-varying correlation matrix was then
used to analyse the spatial non-stationarity introduced by the moving people by means of the
correlation matrix distance (Sec. 4.4.1).
The SIMO measurements were additionally used to make directional evaluations. I estimated
the DOAs with Capon’s beamformer ([39] and Sec. 5.4) and additionally the DOA amplitude.
For that purpose I used the signal model
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(6.13)

x(t)= Ars(t).

Here, Ar is the (nr × nDOA ) receive steering matrix consisting of nDOA different receive steering
vectors, s(t) the time-varying signal amplitude and nr = 8 the number of receive antennas. The
receive steering matrix is build up according to the estimated DOAs. The complex amplitudes
of each path are then estimated by applying the pseudo-inverse of the steering matrix to
the measured receive vector for each snapshot. The result is the estimated time-dependent
amplitude vector ŝ(t):
ŝ(t) = Â#r x(t).

(6.14)

Apart from this, I also analysed the temporal variation of the DOA-delay clusters for the SIMO
measurements using SAGE [63]. The 2D-SAGE implementation by Sven Semmelrodt was used
for this purpose. This implementation is freely available from the website of the Department
of RF-Techniques/Communications Systems, University of Kassel [64]1 . The joint estimation of
DOAs and delays with SAGE allowed a higher resolution and therefore a better resolvability
of different paths.
Although, SAGE supplies also the amplitude of each path, I used a different method to estimate
the average signal power for each path that provides more stable results. A similar signal model
is used as above, but extended to the frequency or delay domain, respectively. Similar to the
angular domain, we can build delay dependent frequency steering vectors






a f = 





1
e−i2π∆ f τ
e−i2π2∆ f τ
..
.
e−i2π(N f −1)∆ f τ







 .





(6.15)

This is the frequency response due to a single path with delay τ, where ∆ f is the frequency
sampling interval. The vector was normalised such that the first element has zero phase. If we
consider a spatial steering vector ar at the receive side, the steering matrix for this path is given
by
Ap = ar · aHf .

(6.16)

This means each path contributes to the antenna-dependent (frequency x RX antennas) transfer
function T with an amplitude weighted steering matrix Ap . The total antenna-dependent
transfer function becomes therefore

T=

Np
X
i=1

1

http://ww.uni-kassel.de/fb16/hfk/neu/toolbox

si · Ap ,

(6.17)
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where si is the complex amplitude for the ith path and Ap the corresponding steering matrix.
For path amplitude estimation, the channel matrix and the steering matrices are stacked so that
the system model in (6.17) can be rewritten as

vec{T} =

Np
X
i=1

=

h

si · vec{Ap }

vec{Ap,1 } vec{Ap,2 } . . . vec{Ap,Np }

= Atot · s

(6.18)
i

·s

(6.19)
(6.20)

The vectorised steering matrices in the squared bracket form a big steering matrix Atot where
each column corresponds to one path and s is the amplitude vector with the complex amplitudes
for each path. The amplitudes for each channel realisation are again estimated using a pseudoinverse:
ŝ = A#tot vec{T}.

6.4.3

(6.21)

A Laboratory/Office Environment (5.2GHz)

I first show the results for the laboratory/office environment measured at 5.2GHz centre frequency. This measurement gives insight into what channel behaviour can be expected when
people are moving. The receiver was located in a laboratory at receive position Rx34 looking
into receive direction D1 and the transmitter two rooms away at transmit position Tx3 in an
office room that is connected to the same corridor as the laboratory. A detailed description of
the scenario and also a floor plan can be found in Sec. 5.3.3.
6.4.3.1

DOAs and Amplitudes of Estimated Paths

Figure 6.38 shows the time-varying Capon’s DOA spectrum estimated from the time-varying
receive correlation matrix. Each estimate of the correlation matrix was used to calculate a
Capon’s DOA spectrum and from all realisations of the Capon’s DOA spectrum a surface plot
is shown.
The clear result is that the two dominant DOAs do not change. There is some power variation
in the 60◦ DOA, but for both paths, there is no noticeable variation in the direction. This
means that for the considered scenario, there seems to be only shadowing due to the people
but the people do not seem to be significant scatterers. If the people would act as significant
scatterers, then changing DOAs would have been expected, especially at the beginning of the
measurement, where the people walk within the laboratory.
The estimated amplitude for both DOAs is shown in Figure 6.39. There is a large variation in
amplitude for the 60◦ path (DOA1 ) whereas the −20◦ path (DOA2 ) has constant power most of
the time. DOA1 shows strong variation in amplitude for the intervals [7s, 15s] and [34s, 42s]
whereas DOA2 only fades strongly between [6.5s, 7.2s] and [42.2s, 42.8s]. This fits very good
to the scenario. At the beginning, after the people started walking, they first passed the receive
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Figure 6.38: Capon DOA spectrum for Rx34/Tx3 vs time

antenna at t ≈ 7s. Therefore, both paths show a strong fade, first DOA2, then DOA1 , because
DOA2 was passed first. After that, the amplitude of DOA2 stays constant until at the end of the
measurement, when the people walk back to the receiver. Then they shadow this path again.
Between these two fades, there is no interaction between the people and DOA2 because DOA2
propagates through the walls.
DOA1 , in contrast to this, is strongly influenced by the moving people. After the people passed
the receive antenna, there is an increased variation in the amplitude. When they go through
the open door of the laboratory, there is again a deep fade (about 10.5s after start) obviously
again because of shadowing and then we observe a strong variation of the amplitude, as long
as the people do not pass the room with the transmitter. As soon as they passed the room
with the transmitter, the amplitude becomes stable and stays nearly constant until they pass the
transmitter room again when walking back to the receiver. This means again, that the people on
the corridor, when they passed the room with the transmitter, do not act as significant scatterer,
because they do not influence the channel any more. Additionally, we see that waves that
propagate along the corridor are strongly influenced by moving people on that corridor by
shadowing them partly.
Figures 6.40 and 6.41 show the amplitude variation in detail. We can see that during the
shadowing phase where the people pass the receiver (Fig. 6.40), the amplitude fades by about
5dB. In Fig. 6.41, the amplitude for the interval [12s, 15s] is shown, where the people already had
left the laboratory and move between the door to the laboratory and the door to the transmitter
room. There, DOA1 shows a power variation of up to 9dB, whereas DOA2 stays nearly constant
in amplitude. The variance of the amplitude in dB is 4.2dB for DOA1 and only 0.03dB for
DOA2 . Also, we can see that the power does not only decrease but increases also above the mean
level. This can be explained by by shadowing of some multipath components of DOA1 . Not all
multipath components of DOA1 interfere constructively at the receiver, therefore, if components
are shadowed that interfere destructively, the amplitude at the receiver will increase due to the
shadowing. This is exactly what is happening. Additionally, we want to note that, as can easily
be seen, there is no correlation between the (absolute) amplitudes of both DOAs.
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Figure 6.39: Power of estimated DOAs for Rx34/Tx3

The large amplitude variation of both DOAs is also remarkable because of the large measurement bandwidth of 120MHz. This means that although we consider the wideband DOA power
(averaged over the whole 120MHz bandwidth), we have strong variations in the rms amplitude
of the affected DOAs when people are walking along a corridor or passing an antenna.
A more detailed analysis is possible using SAGE. With SAGE it is possible to estimate DOAs
and delays jointly and achieve therefore significantly higher resolution. The results of the SAGE
analysis are shown in Fig. 6.42, 6.43 and 6.44. Each figure shows the results at four different
times: at the beginning of the measurement (t1 ), where the people are still standing, so the
channel is more or less static, at t2 = 6.6s, where the walking people pass the receive antenna
and shadow the −20◦ path as we will see later, at t3 = 7.88s, where they still pass the receive
antenna but shadow a different path and at t4 = 10.5s, where they walk along the corridor.
Figure 6.42 shows the DOA-Delay plane of the estimated paths. Each blue cross corresponds
to an estimated path. I used a model order of 14 for SAGE, i.e. 14 paths are estimated for
each snapshot. For a better cluster identification, I grouped the estimates for 10 SIMO channel
snapshots together. If a number of estimates are located within a small DOA-amplitude region,
then there exist one or more paths with the corresponding parameters. Single SAGE estimates
without any neighbouring estimates are likely to be either estimation errors or spurious paths
that can be regarded as insignificant.
The red circles in Fig. 6.42 show the manually identified clusters. In this laboratory/office
environment, a relatively large number of clusters can be separated. The clusters stay pretty
stable over time, there are no new clusters at the considered times. It can also be observed that
some clusters disappear, they are obviously sometimes shadowed. E.g. cluster 1 and cluster 2
disappear for t3 and t4 . This means that, as was seen already before, moving people do mainly
shadow multipath components, they do not act as significant scatterers.
Figures 6.43 and 6.44 show the DOA-amplitude and the delay-amplitude plane of the estimated
paths. The cluster identification (including the amplitude) was done for t = t1 , so if clusters
are shadowed at different times, the DOA or the delay should stay the same but the amplitude
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Figure 6.40: Power of estimated DOAs for Rx34/Tx3, zoom into time interval [6s, 10s]

changes. This happens e.g. for cluster 10 at t = t2. This is exactly the time where the people pass
the receive antenna so that the −20◦ cluster is shadowed. We can see that there are a number
of estimated paths at −20◦ that have significantly less power than the −20◦ cluster had before.
This are obviously components of this cluster that are now partly shadowed, partly diffracted
around the human body. All other paths with a different DOA have about the same power, so
they are not significantly influenced.
At t = t3 , the same happens to cluster 3 and 5. There are still a number of paths at a similar
DOA and in the DOA-delay plane we can still see the clusters, but they are attenuated. Also
cluster 1 and 2 vanish (which can more clearly be seen in the delay-amplitude plane). For t = t4 ,
where the people start walking on the corridor, we see a similar effect on the clusters that come
from the corridor. They are all attenuated.
Only cluster 15 shows a different behaviour. It appears for t3 and t4 , which suggests that it
is due to scattering caused by the moving people. If we, however, consider the small signal
energy that is carried by this cluster, it becomes clear that it does not significantly contribute to
the channel. These results may become different if a large number of people are moving around
the transmitter or receiver, hence nearly all paths are shadowed. Then, scattering caused by the
people may become significant.
6.4.3.2

Variation in Spatial Structure - Correlation Matrix Distance

A different, more qualitative view on the correlation matrix variation allows the correlation
matrix distance (Sec. 4.4.1). I consider here the correlation matrix distance between the estimated
receive correlation matrices at different times. Figure 6.45 shows the top view of a surface plot
of the correlation matrix distance between the receive correlation matrices at different times.
The left figure shows an overview on the whole measurement, the right figure shows the detail
with the highest variation.
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Figure 6.45: Correlation matrix distance for measurement Rx34/Tx3 between RRX (t1 ) and
RRX (t2 ), (left) the whole measurement, (right) selected detail
Noticeable changes occur only in the intervals where the power of the DOAs changed. However,
the changes are not very large since the correlation matrix distance between arbitrary time
instances mostly below 0.3, also for the areas for the maximum change. Only at selected time
instances, where one dominant path is nearly totally shadowed, the correlation matrix distance
reaches values of up to 0.44.
The correlation matrix distance between RRX (0) and RRX (t) is shown in Fig. 6.46. There one
can see that the difference between the RX correlation matrix before the people were starting to
move (at t=0) and any other time instance is always even below 0.2. This means that compared
to the start of the measurement, there is actually very little variation in spatial structure of the
channel. Also regarding the CMD, moving people do not act as significant scatterers.
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Figure 6.46: Correlation matrix distance for measurement Rx34/Tx3 between RRR (0) and RRR (t2 )
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Variation of Eigenvalues and Eigenvectors

In a MIMO system, the eigenvalues and the signal space of the system have great impact on
the achievable performance. Although, we analyse only SIMO measurements, we can draw
conclusions relevant for MIMO systems, too, by analysing one side of the link, here in particular
the receive side. In the following, I consider the eigenvalues and the eigenvectors of the timevariant receive correlation matrix.

Figure 6.47: Eigenbeam pattern of the eigenvector corresponding to the strongest eigenvalue
vs time for Rx34/Tx3

In Fig. 6.47, a surface plot of the eigenbeam pattern of the first eigenvector is shown. It can
be seen that there is nearly no variation with time, which is also true for the second and the
third eigenvector, i.e. the eigenvectors and therefore the signal space stay fairly constant when
humans are moving in the scenario.
Figure 6.48 shows the temporal evolution of the eigenvalues for measurement Rx34/Tx3. There
are two dominant and a third significant eigenvalues. The two dominant eigenvalues correspond obviously to the dominant DOAs that were observed in this measurement. Interestingly,
the temporal amplitude evolution of the dominant eigenvalues appears to be strongly correlated
although the complex eigenvalues themselves are, per definition, uncorrelated. The reason for
this correlation between the absolute value of the two dominant eigenvalues lies in the structure
of the eigenvectors.
Figure 6.49 shows the angular pattern of the three strongest eigenvectors when used as antenna
weights. This shows to which extent these eigenvectors collect power from different directions.
We can clearly see that both eigenvectors have main lobes into the direction of the dominant
DOAs namely into 60◦ and −20◦ . This means that both eigenvectors collect signal energy from
the same directions, only because of the phase difference the resulting eigenmode signals are
orthogonal. However, because they both collect signal energy from the same directions, they
also suffer both from fades of the DOAs. This means if DOA1 fades due to human shadowing,
the signal in both eigenmodes suffer from these fades and show a reduced amplitude and
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therefore correlated amplitude. Nevertheless, the complex eigenmode-signals are orthogonal
due to their phase difference.
The absolute value of the third eigenvalue is uncorrelated to the first and the second eigenvalue.
This can again be explained by the pattern of the eigenvectors. The third eigenvector has its main
lobe simply into a different direction, into 0◦ and −60◦ , where the two dominant eigenmodes are
relatively insensitive. Therefore, the signal amplitude of the third eigenvalue is uncorrelated to
the signal amplitude of the first two eigenmodes.

6.4.4

An Office Environment (2.4GHz)

In this section, I consider the MIMO measurements that were performed in an office environment at 2.45GHz centre frequency, using Elektrobit equipment. The transmitter was located in
the middle of the corridor, the receiver in an office room. People were walking around during
the measurements. In addition, the movement of the people was recorded on video so that it
was possible to compare the evaluation results with the movement of the people. For details
on the measurements see Sec. 5.3.
First, I consider a measurement where four people are walking along the corridor, up and
down. The receiver is in an office room at the end of the corridor (Rx50-D4). Figure 6.50 shows
the average SISO pathloss, the correlation matrix distance between the transmit and receive
correlation matrices at time zero and at time t and a sample photo of the measurement. We can
see much less power variation than in the laboratory/office environment considered previously.
The power varies only by about 5dB peak-to-peak, whereas previously we observed up to
9dB peak-to-peak variation. The reason for this difference, however, is not the environment,
but the used antenna heights. In the laboratory office environment, the transmit antenna was
mounted at about 1m height, here we have a transmit antenna height of about 2m. Also the
receive antenna was mounted higher, at about 1.8m compared to 1.5m for the laboratory/office
environment. Therefore, a significant part of the signal components can propagate above the
people and is therefore not influenced.
The variation in the spatial structure at both transmit and receive side is very low. The maximum
distance for both receive and transmit side is about 0.1 at the end of the measurement. For the
SIMO measurements it was about 0.15 somewhere in the middle of the measurement.
Figure 6.51 shows the results for a measurement where no people were moving in the scenario
but only doors were opened and closed. Transmit and receive positions are the same as before.
There are now nearly no power fluctuations and also the power variation over longer times is
smaller. The correlation matrix distance stays below 0.1. This means that opening and closing
doors does not significantly influence the channel statistics in the considered environment.
In Fig. 6.52 a different case is considered. Here, the people are moving mainly within the office
room with the receiver (Rx51-D3). The influence of the people on the channel is even less then
before. This can also be seen from the correlation matrix distance.

6.4. Influence of Human Shadowing on Wave Propagation

102

a) Sample photo from the video, people walking on the corridor
1
Transmit side
Receive side

−65

Correlation matrix distance

Average receive power, dB

−64

−66
−67
−68
−69
−70
0

0.8

0.6

0.4

0.2

Frequency average
Frequency average, temporally smoothed
5

10

15
20
Time, s

25

30

b) Average receive power

35

0
0

5

10

15
20
Time, s

25

30

c) Correlation matrix distance between
RRX,TX (0) and RRX,TX (t)

Figure 6.50: Scenario with walking people on the corridor, transmitter at Tx1, receiver at Rx50D4 (in the room at the end of the corridor, on the right side, NLOS)
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a) Sample photo from the video, opening and closing doors
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Figure 6.51: Scenario with opened and closed doors, transmitter at Tx1, receiver at Rx50-D4 (in
the room at the end of the corridor, on the right side, NLOS)
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a) Sample photo from the video, people walking within the room with the receiver
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Figure 6.52: Scenario with people walking within the room with the receiver, transmitter at Tx1,
receiver at Rx51-D3 (the room on the right side before the end of the corridor, NLOS)

Chapter 7

Summary and Conclusions
Wide sense stationarity and uncorrelated scattering are often used assumption in mobile communications. This means that the time-frequency correlation function, hence the second-order
statistics, does not depend on absolute time or frequency. In that case it is possible to define
a scattering function that gives the average Doppler and delay shift that the transmit signal
faces. However, real channels only fulfil these assumptions within limited time and frequency
intervals, which means they are quasi-WSSUS (QWSSUS). An important question is now how
large these time and frequency intervals are, i.e. how large the stationarity regions are.
The concept of stationarity can be extended to MIMO channels, where the spatial structure
has to be taken into account, additionally. This leads to a time-frequency and transmit-receive
antenna correlation function. If stationarity is assumed in all dimensions, this correlation
function becomes again independent of absolute time and frequency and, additionally, of the
selected transmit and receive antenna pair. Although the extension of stationarity to the MIMO
case is straight forward, it has several drawbacks. First of all, the characterisation of the channel
becomes far too complex to be useful. Second, the definition of an overall stationarity region
makes often no sense, because stationarity in the antenna domain can sometimes never be
reached. If antennas other than ULAs are used, the correlation between adjacent antennas
becomes dependent on the selected antenna pair. Therefore, stationarity in the antenna domain
is not given. For that reason it makes sense to use a different concept for stationarity definition
of MIMO channels.
The major requirements for a stationarity metric are: It has to be simple in use and practicable for
measurement data but it shall also cover the essential properties of a MIMO channel. According
to these requirements, I proposed to use a space-only stationarity metric that disregards the
temporal and frequency statistics; the spatial structure is surely the most important property
of MIMO channels. A sensible way to analyse stationarity of MIMO channels is therefore the
spatial correlation matrix, either the full spatial correlation matrix that covers the joint (transmit
and receive) statistics or the separate transmit and receive correlation matrices. For reasons
of simplicity and because it enables interpretation separately at transmit and receive sides, I
considered in my thesis the transmit and receive correlation matrices and not the full spatial
correlation matrix.
The metric I introduced is the correlation matrix distance (CMD) that measures the distance
between two correlation matrices by means of an inner product. Applying this to correlation
matrices that occur at different times or frequencies it is possible to investigate to what extent
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the spatial structure has changed. I consider always relatively small bandwidths, significant
frequency changes in the spatial structure of the channel can not be expected. Therefore, and
because of their higher importance, I focus on temporal changes of the spatial structure, only.
The major part of my thesis is based on measurements. We measured at 2.45GHz with Elektrobit
equipment and at 5.2GHz with MEDAV equipment. The measurement sites were the Institute
of Communications and Radio-Frequency Engineering, Vienna University of Technology and
the Vienna International Airport. We performed measurements with fixed transmit and receive
positions, with a moving receiver, and with people moving between the link-ends. In my
evaluations, I considered the influence of non-stationarity of the MIMO channel on mutual
information, on the spatial structure and on the performance of a MIMO transmission scheme.
I showed that mutual information for a channel unknown at transmit side changes significantly
with different receive positions and directions (with a directional receive antenna) at our institute, i.e. in an indoor office environment. The average mutual information varied between
10.5bit/s/Hz and nearly 20bit/s/Hz for a normalised channel (10dB average receive SNR). A
general trend of increased capacity with increased pathloss (but normalised channel matrices,
which corresponds to transmit power control) was observable. For a moving receiver, i.e.
continuously changed receive position but fixed receive direction, I found different average
mutual information values of about 15bit/s/Hz in one room and 17.5bit/s/Hz in another room.
The average variance in mutual information was between 0.5 and 1bit/s/Hz for a movement
through one office room. There are exceptional positions where a significant drop in MIMO
capacity can be observed. The observed variations in mutual information suggest that even
for small movements within one office room, significant changes in the spatial structure of the
channel can occur, hence that the channel can become non-stationary.
The spatial structure of the MIMO channel was analysed with the CMD, where I considered
transmit and receive sides separately. The spatial structure at transmit side was found to be
relatively constant if the receiver stays within one office room and significantly changed if
the receiver was moved to another room. But, according to the observed variation in mutual
information, I found that also for changes in the receive position within a single office, there
occurred sometimes significant changes in the spatial structure of the channel at transmit side.
The spatial structure of the channel at receive side was found to change generally fast with
receive position.
In case of a moving receiver, I found a large number of scenarios where the transmit structure
changes very little, leading to a CMD between the correlation matrix at start position and
any other position of the movement route of below 0.2, on average. A significant number of
scenarios, however, show a CMD of up to 0.5 at specific points of the movement route. This
means, stationarity regarding the spatial domain cannot be generally assumed, even not for
small movements within an office room. At the receive side, I found again relatively high
variation of the spatial structure when considering a moving receiver. The CMD reached here
values of nearly 0.7.
What are the conclusions for a real MIMO system? Typically, a MIMO transmission system
that makes use of the spatial statistics will only consider the transmit statistics. On the receive
side, the channel statistics is known, since the receiver always has to estimate the channel,
hence there the estimated statistics is always up to date (if we limit to channels that do not
change faster than the estimation process takes). The transmit statistics, however, has to be
fed back from the receiver. It contains information about which transmit directions or transmit
eigen-directions are promising for transmission and which are not. The accuracy of the transmit
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statistics knowledge at transmit side is often a crucial point for the performance of a MIMO
system. The estimation and feedback of it means much effort, sometimes, it is questionable
whether the transmit statistics can be fed back fast enough.
Considering the results obtained with a moving receiver, we can now draw some important
conclusions. If data is transmitted from the base station, which corresponds to the transmitter
in the measurements, to the mobile, i.e. the receiver, the variation of the transmit statistics
is essential for performance, since this has to be fed back from the receiver. As mentioned
previously, we found there that, typically, the transmit statistics does not change largely for
movements within a single office but there are exceptional routes where significant changes
occur. Considering the uplink, hence transmission from the mobile to the base station (in our
case the reverse link, i.e. transmission from the receive side to the transmit side), the variation
of the receive correlation matrix is essential since this becomes the transmit correlation matrix
for the uplink. In our measurements we found that, for a moving receiver, the spatial channel
structure varies actually relatively strong. The practicability of an advanced transmission
scheme that makes use of the spatial statistics is therefore questionable for the uplink.
What exactly is the influence of a changed spatial structure of the channel on the performance of a
MIMO transmission scheme? I considered TX prefiltering as it was proposed by Mario Kiessling
et al. with 6 data streams transmitted over 8 transmit antennas, with 8 antennas at receive side.
The performance of this transmission scheme was compared with blind transmission over 6
transmit antennas. The simulations showed a prefiltering gain between 0 and 4dB for different
fixed receive positions and directions. If wrong prefiltering, i.e. with a wrong TX correlation
matrix, was performed, a loss of up to 10dB was observed. This indicates that it is essential
to have at least an approximate transmit correlation matrix available at transmit side to gain
something. For a moving receiver, the prefiltering gain and the loss due to out-dated prefiltering
was analysed. Out-dated prefiltering was realised by using the transmit correlation matrix from
the start of the movement for prefilter design and keeping it constant instead of updating it
subsequently. I considered only downlink transmission, i.e. from a fixed base station to a
moving receiver. With prefiltering, an average gain of about 2dB was achieved. In case of
out-dated prefiltering, a loss of on average 1dB compared to correct prefiltering was observed.
However, there are exceptional measurement routes where the loss increased to up to 2dB,
meaning that there was no more gain over blind transmission. For the uplink, this will become
worse. Due to the faster changing spatial structure at the mobile station, the performance loss
due to out-dated prefiltering can be expected to be significantly higher. The consequence for
MIMO transmission schemes is that knowledge of the spatial structure of the channel may be
assumed at a fixed base station, but at a moving receiver, this assumption becomes questionable.
As last part of my thesis, I considered the influence of moving humans on wave-propagation.
To what extent do humans introduce non-stationarity in the mobile radio channel? I found
humans to mainly shadow radio paths but not to act as significant scatterers.
The important conclusion of my thesis is that stationarity cannot be assumed a priori for
indoor MIMO radio channels. Dependent on the scenario, significant changes in the channel
statistics may occur over time that also lead to a noticeable performance degradation of MIMO
transmission schemes.

Notation and Acronyms
Time-continuous variables are written like x(t), time discrete variables like x, lowercase bold
like x denote vectors, uppercase bold like H matrices. The expectation operator is denoted by
E{·}, (·)∗ means conjugate complex, (·)T transpose and (·)H complex conjugate transpose. ||y||2
is the Euclidean norm of the vector y and ||H||2 the Frobenius norm of the matrix H. The trace
of a matrix is denoted by tr{D}, rank{D} means the rank of the matrix D, diag{D} the diagonal
elements of D arranged in a column vector and diag{d} a diagonal matrix build up from the
elements of the vector d. (R)ij stands for the element in the ith row and jth column of R and rij
for a matrix build up from the elements rij . (·)+ means max(0, ·). The Kronecker matrix product
is denotes by ⊗ and the element-wise matrix product by .
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Abbreviations
AWGN
BER
BLAST
CMD
COST
DFT
DOA
DOD
FDD
i.i.d
GSCM
GSM
LOS
MIMO
MISO
ML
MSE
MMSE
NLOS
PDP
QPSK
QWSSUS
RMS
RX
SAGE
SIMO
SISO
SNR
SVD
TX
UCA
ULA
UMTS
US
WSS
WSSUS

Additive White Gaussian Noise
Bit Error Ratio
Bell Labs Layered Space Time
Correlation Matrix Distance
COoperation européenne dans le domaine de la recherche Scientifique
et Technique
Discrete Fourier Transform
Direction of Arrival
Direction of Departure
Frequency Division Duplex
Independent Identically Distributed
Geometry based Stochastic Channel Model
Global System for Mobile Communications
Line-Of-Sight
Multiple-Input Multiple-Output
Multiple-Input Single-Output
Maximum Likelihood
Mean Square Error
Minimum Mean Square Error
Non-Line-Of-Sight
Power Delay Profile
Quadrature Phase Shift Keying
Quasi-WSSUS
root mean square
Receiver
Space Alternating Generalised Expectation Maximisation
Single-Input Multiple-Output
Single-Input Single-Output
Signal-to-Noise Ratio
Singular Value Decomposition
Transmitter
Uniform Circular Array
Uniform Linear Array
Universal Mobile Telecommunications System
Uncorrelated Scattering
Wide Sense Stationary
Wide Sense Stationary Uncorrelated Scattering
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