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Résumé
La bande de fréquence millimétrique autour de 60 GHz est considérée comme l’une des meilleures options pour
l’implémentation des réseaux sans fils à très hauts débits de type WPAN (wireless personal area network). De plus, les
systèmes multi-antennes de type MIMO (multiple-input multiple-output) sont très prometteurs. Ils peuvent augmenter de
manière significative l’efficacité spectrale ou la fiabilité des communications sans fil. De ce fait, l’utilisation de systèmes
multi-antennes à 60 GHz est, théoriquement, très prometteuse. Bien que les performances des systèmes MIMO aient été
étudiées de manière approfondie à la fois théoriquement et expérimentalement à basses fréquences (2 et 5 GHz), il y a
clairement un manque d’évaluation expérimentale de ces systèmes à 60 GHz. De plus, la conception et l’évaluation
d’antennes millimétriques compactes à bas coûts pour des applications de type WPAN sont des sujets sur lesquels
beaucoup de recherches doivent être encore faites.
Dans la première partie de la thèse, le premier sondeur de canal MIMO à 60 GHz est présenté. Ce système, construit à
partir d’un sondeur existant pour 2 et 5 GHz, utilise des réseaux d’antennes virtuelles. Afin d’améliorer la résolution
temporelle, deux autres systèmes de mesure ont été développés. Le premier est construit à partir d’un sondeur ultra large
bande et le second à partir d’un analyseur vectoriel de réseau. Ces systèmes permettent la caractérisation totale du canal
MIMO dans les domaines temporel et angulaire.
Dans la seconde partie, les performances de techniques pour systèmes multi-antennes sont analysées grâce aux mesures
obtenues dans la première partie de la thèse. Les trois techniques étudiées sont: MIMO, MIMO avec sélection d’antennes et
dépointage de faisceau. Les résultats indiquent que la capacité du canal MIMO mesuré est relativement proche de celle
d’un canal idéal. Dans des conditions réalistes, la capacité obtenue grâce à la technique MIMO avec sélection d’antennes
est souvent inférieure à celle obtenue avec la technique MIMO. Par ailleurs, lorsque l’on considère un réseau à déphasage
avec des pertes réalistes, il apparait que la capacité obtenue avec la technique MIMO est presque toujours supérieure à celle
obtenue avec la technique du dépointage du faisceau.
Dans la dernière partie de la thèse, une antenne omnidirectionnelle est présentée. Cette antenne convient parfaitement aux
applications de types WPAN car elle est plane et n’utilise qu’une seule couche de métallisation, ce qui la rend facile à
réaliser et peut coûteuse. De plus, un banc de mesure quasi-3D de diagrammes de rayonnement d’antennes à 60 GHz à été
développé. Ce système a une très bonne répétabilité. Le rayonnement de la pointe elle-même a été mesuré et les résultats
indiquent que c’est la principale limitation de la dynamique d’amplitude de ce système.
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1. Introduction
1.1. Background
The need for short-range very-high data-rate communications systems is growing all the time
and will continue to increase in the future. These wireless connections, usually referred to as
wireless personal area networks (WPANs) [1], are needed in numerous applications such as
high speed internet access, real time streaming and wireless USB [2]. The communications
systems are expected to provide data rate higher than 1 Gbit/s and to cover distances up to 10
m.
Such data rate requires a very wide bandwidth. The 60 GHz frequency band is one of the best
candidates [2]-[4]. First, a 7 GHz license-free bandwidth has been allocated almost all around
the world [1]. Furthermore, due to the short wavelength (about 5 mm) antenna arrays with
large number of elements can be realized in small volume e.g. in a mobile phone, a PDA
(Personal Digital Assistant) or the corner of a laptop computer. Due to the high additional
oxygen absorption rate, about 16 dB/km at 60 GHz, this band is not appropriate for long range
communications but is very suitable for short range which, in practice, means mainly indoor
communications. The high path loss at this frequency can be overcome with high transmit
power since 60 GHz regulation allows much higher transmit power than other existing wireless
local area networks (WLANs) and WPANs [4]. In addition, the fast development of low cost
60 GHz CMOS chips [5]-[10] makes the 60 GHz band a very strong candidate for WPANs.
In order to increase the spectral efficiency, one of the most promising technique is to use
several transmit and receive antennas. This technique, referred to as multiple input multiple
output (MIMO), has been studied extensively for more than two decades theoretically, e.g.
[11]-[14], and at some frequencies also with channel measurements, e.g. [15], [16]. MIMO
systems can take advantage of multipaths by transmitting and receiving signals over several
parallel sub-channels, referred to as spatial multiplexing. MIMO can also be used for transmit
or receive diversity to increase the reliability of the link [17]. Therefore, the use of MIMO
systems in the 60 GHz band is theoretically very promising and is expected to achieve the
needed very high data rates.
Nevertheless, the implementation of such systems raises several challenges in many research
areas including channel modeling, antenna design and antenna characterization. The
implementation of MIMO systems at 60 GHz differs substantially in some aspects (e.g.
propagation channel, hardware performance and cost) from MIMO systems at lower
frequencies (e.g. 2 or 5 GHz bands). Therefore, several issues have to be considered
specifically for the 60 GHz band. First, the achievable capacity of MIMO systems is defined by
the availability of parallel propagation channels in the multipath environment. Then, the
performance prediction of 60 GHz mobile radio links requires thorough investigation of the
delay and angular domains of the channel. Furthermore, the usual techniques to optimize the
use of multiple antennas (e.g. antenna selection, beam steering, etc.) have to be investigated
specifically for 60 GHz indoor radio communications. Moreover, another issue is the design of
proper antennas. In order to be used in mobile terminals, the antennas have to be compact, low
profile and manufactured at very low cost, which is very demanding at 60 GHz. In addition, in
order to fully characterize the antennas and predict their performance, the 3-D radiation pattern
has to be measured. Such measurement is challenging at 60 GHz since traditional measurement

1

systems cannot be used directly. There are still many issues in other areas such as signal
processing and circuit design, but they are outside the scope of this work.
1.2. Objectives of the work
The general objectives of the thesis are: to develop a measurement system which allows the
3-D double-directional radio channel characterization, to provide realistic channel mutual
information expectations for different multi-antenna configurations based on channel
measurements and to give insights into the design and measurement of mobile terminal
antennas at 60 GHz. The thesis has been divided into three parts.
The objective of the first part is to measure the multidimensional 60 GHz MIMO channel.
Since no such measurement system has been found in the literature, the first goal is to design a
measurement system, which allows the characterization of the 60 GHz MIMO radio channel.
Several solutions are studied and implemented (e.g. sounder-based or VNA-based
measurement system). A further aim is to carry out measurement campaigns in different indoor
environments.
The goal of the second part is to use the data from the channel measurements mentioned above
to compare the most promising multi-antenna techniques in real environments, namely MIMO,
MIMO-antenna selection (MIMO-AS), and beam steering.
For the third part, the first objective is to design a low-cost compact monolithic 60 GHz
antenna suitable for mobile terminals and channel measurements. A further aim is to develop a
60 GHz radiation pattern measurement system for probe-fed antennas and to use it to
characterize the antenna designed in the previous stage of the work.
1.3. Contents of the thesis
In the first part of the thesis [P1]-[P3], three MIMO channel measurement systems with
different advantages and drawbacks are presented and compared with each other. [P1]
introduces the first 60 GHz MIMO channel measurement system in the world, based on a
channel sounder. [P2] presents an mm-wave MIMO channel sounder based on an ultra
wideband (UWB) sounder, which exhibits very high delay resolution. A vector network
analyzer (VNA) based measurement system is presented in [P3]. In the second part, [P1], [P4]
and [P5], the performance of MIMO, MIMO-AS and beam steering are compared for different
configurations, considering realistic hardware implementations. The performance of MIMO is
analyzed in [P1]. [P4] and [P5] present the performance evaluation of MIMO-AS and beam
steering, respectively. The third part of the thesis is based on [P6] and [P7]. [P6] describes the
design of a compact 60 GHz antenna for mobile terminals and channel measurements and [P7]
presents the design and reliability of a radiation pattern measurement system for probe-fed
antennas.

2

2. 60 GHz MIMO measurement systems
2.1. Introduction
Channel measurements are essential since they are required to implement realistic channel
models. In addition, those measurements are needed to make realistic antenna performance
evaluation – either by means of antenna evaluation methods such as MEBAT [18] or from
direct measurement [P1], [P4], [P5].
To study the physical propagation phenomena occurring in indoor environments and develop
accurate channel models, a large bandwidth is required. In addition, in order to allow the
analysis of future high data-rate communications systems, the bandwidth of the measurement
system have to be at least equal to the one of the system under evaluation. As proposed in [19],
future systems may have up to 2 GHz bandwidth. The nominal delay resolution DR and spatial
resolution SR are inversely proportional to the bandwidth BW. A first order estimation is:
DR =

1
BW

(2-1)

SR =

c
BW

(2-2)

and

where c is the velocity of the light. The nominal delay range DRa is given by
N −1
DRa =
,
BW

(2-3)

where N is the number of samples in the code or in the frequency domain.
Single-input single-output (SISO) and MIMO channel measurements can be realized either in
frequency or in time domain. Frequency domain measurements are performed either with a
dedicated sounder (based on direct sequence waveforms, a sliding correlator or a stepping
correlator) [20]-[25] or with VNA [26], [27]. Time domain measurements are performed by
pulse sounding techniques [28]. The main drawbacks of pulse sounding techniques are the
difficulty of calibration and the uneven power distribution in the frequency spectrum. For
these reasons, only frequency domain measurements are considered in this thesis. The main
advantage of dedicated sounders is the very fast measuring time which allows Doppler analysis
and acquisition of very large set of data. Nevertheless, these sounders often have limited
bandwidth or delay range. VNA-based measurement systems offer potentially much wider
bandwidth but have longer measurement duration (due to the sweep time). In frequency
domain sounding, 60 GHz measurement systems are usually based on low frequency systems
with frequency converters.
Basically, MIMO measurement systems are based on SISO systems. At low frequencies, i.e. 2
and 5 GHz bands, several MIMO measurement systems have been developed by university
laboratories [15], [29] or are commercially available [30], [31]. Although several 60 GHz SISO
[26], [21], [27] and single input multiple output (SIMO) [22], [32], [28] channel measurements
have been reported for more than a decade, no MIMO radio channel sounder for 60 GHz has
been found in the literature. Some of the reasons for that are the higher requirements,
complexity and cost of mm-wave systems. To measure accurately the 60 GHz channel, the
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measurement system must have higher phase stability and wider bandwidth. In addition, the
design and realization of switchable antenna arrays, such as those used in the 2 and 5 GHz
MIMO sounders, are much more difficult to construct and expensive at 60 GHz.
2.2. Antenna arrays
At mm-wave range, one of the major issues in the implementation of MIMO measurement
systems is to have a proper antenna array. In order not to increase the complexity of the system
(parallel architecture and calibration of the parallel branches) only one transmit and one receive
antenna must be active at a time. There are basically two solutions to solve this problem, either
to use switched arrays or virtual arrays.
In the first solution, switches are used to select each element of the array independently, as
described in [15]. Nevertheless, at 60 GHz the integration of switches with the antenna array is
difficult. In addition, 60 GHz switches have quite high losses – about 1 dB insertion loss for
single-pole double-throw.
The second solution is based on “virtual antenna arrays” using linear stages (e.g. [23], [25]).
The terms “virtual antenna arrays” or “synthetic arrays” are used because there are no real
arrays. There are only one antenna at the transmitter and one antenna at the receiver. These
antennas are moved in order to get a channel matrix. This solution has been used all along this
work for the following reasons. The first advantage, as compared to switched array, is the
possibility of full reconfiguration: it allows creating any array geometry in one, two or three
dimensions (e.g. square, cube, cylinder or sphere) with any number of elements and spacing
between elements, only with software modification. In addition, the radiating element can be
changed as well, depending on the measurement purpose. Another advantage is the ease of
calibration, since only one transmit and one receive antenna are used. In addition, it leads to
good link budget since there are no losses in switches. The main disadvantage of virtual arrays
is the duration of the measurement, due to the relatively slow moving of the antennas
(mechanical limitation). Therefore, only static channels can be measured. In addition,
measurement duration limits the number of elements per array because of the phase drift and
also for practical reasons.
2.3. Narrow band system
2.3.1. Measurement system
The narrow band MIMO measurement system [P1], based on a modified 5.3 GHz channel
sounder previously developed at Helsinki University of Technology (TKK) [33], [24], uses
direct sequence waveforms. The center frequency is 61.3 GHz with a 3 dB bandwidth of 60
MHz. The frequency converters (to convert from 5.3 GHz to 61.3 GHz and vice versa) [34]
were added as described in [35], see Fig. 2-1. According to (2-1) and (2-3) the delay resolution
and the delay range are 16.7 ns and 8.5 μs, respectively. The frequency converters are small
enough so that they can be moved together with the antenna using the linear stages to create
virtual antenna arrays, see Fig. 2-2. The phase continuity is a major concern when defining the
direction of arrival [36]. In order to synchronize the transmitter and the receiver and avoid
phase drifts, the same 14 GHz LO (local oscillator) synthesizer is used. Then a 25 m low loss
cable is used to connect the receiver to the synthesizer. The output power of the up converter is
17 dBm, which enables also non line of sight (NLOS) measurements. Two identical omni4

directional biconical antennas are used at the transmitter and the receiver. The half power
beamwidth (HPBW) is 11 ° in the elevation plane, and the gain of each antenna is 5 dBi. The
accuracy of the linear stages, given by the manufacturer [37], is 1 μm, corresponding to
2.10-4 λ (= 0.072 º of the phase) at 60 GHz.
61.3 GHz

MMW unit
TX
5.3 GHz

x2

Up converter

x2
14.0 GHz

Control unit
61.3 GHz

MMW unit

5.3 GHz RX
10MHz
Rubidium
standard

Down converter

x2

x2

Sampling unit

10 MHz
14 GHz

R&SSMR60

Fig.2-1. Schematic of the RF part of the measurement
setup.

Fig. 2-2. Picture of the frequency
converter and the 60 GHz antenna
on the linear stages.

In the sounder architecture, the differences as compared to the system described in [33] and
[35] are that an external automatic gain control (AGC) board is used for a better reliability of
the system, and the same 10 MHz rubidium standard is used as a reference for both transmitter
and receiver in order to keep the phase drift as low as possible. The RMS value of the phase
drift between transmitter and receiver was 2 º over 90 s, which is good enough to calculate later
the capacity of the radio channel [38]. Therefore the measurement duration is restricted to
about 90 s. Since this system was designed for 2 and 5 GHz outdoor measurements, the
bandwidth is narrow and does not allow resolving most of the multipaths occurring in indoor
environment. Nevertheless, this system is very useful since it allows the calculation of the
mutual information of the channel. In addition, it is the first 60 GHz MIMO sounder reported
in the literature.
2.3.2. Measurement campaign
The measurements were performed in NLOS condition in order to calculate the mutual
information of the channel [P1], [P4],[P5], see Chapter 3. The 2-D 25-element antenna arrays
depicted in Fig. 2-3 were used with 1 λ (free space wavelength) spacing between consecutive
elements, in order to reduce the correlation between the elements. Since λ is only 4.9 mm, it is
realistic to assume that such spacing can be used in future mobile devices. The array geometry
is similar at TX and RX. The antennas were positioned 1.5 meter above the floor level. In order
to decrease the measurement duration, the linear stage at TX was moving continuously along
the x axis over the five measurement positions. The measurements were performed at the
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Department of Radio Science and Engineering of TKK. The walls are 13 cm thick and made of
bricks. The receiver was kept in a room, while the transmitter was moved to 24 different
positions in a corridor (Fig. 2-4). The room is used for laboratory experiments and is occupied
by many metallic objects such as computers, measurement systems and metal shelves.

TX

y
RX

x

1

Fig. 2-3. Antenna array configuration.

5

10 m

Fig. 2-4. Measurement location.

2.4. Wide band systems
In order to overcome the main drawback of the measurement system presented in Section 2.3
(narrow bandwidth), two other systems were developed. The UWB sounder based system and
the VNA-based system presented in this section have very wide nominal bandwidth, 7 and
3.5 GHz, respectively. Therefore, they are very suitable to characterize accurately the 60 GHz
indoor MIMO channel.
2.4.1. UWB sounder based system
2.4.1.1. Measurement system
The system presented in [P2] is based on an UWB SISO sounder developed in the Electronic
Measurement Research Laboratory of Ilmenau University of Technology (Germany) [39] and
the mm-wave MIMO sub-system consisting in the frequency converters and virtual antenna
arrays described in section 2.3.1. The UWB sounder uses a direct sequence waveform with
broadband real-time sampling, which enables fast measurements. The nominal sounder
bandwidth extends from 3.5 to 10.5 GHz which leads to a measurement frequency band of 59.5
- 66.5 GHz. The code contains 511 samples. According to (2-1) the nominal delay resolution
is about 142 ps, which leads to a nominal spatial resolution of about 42 mm (2-2). The nominal
delay range given by (2-3) is about 73 ns. A description of the RF part of the measurement
setup is given in Fig. 2-5.
Without calibration, the actual bandwidth of the system is narrower than 7 GHz. The frequency
converters are the limiting components. The actual 3 dB bandwidth of the back to back
frequency response of the whole setup is about 2.5 GHz, as shown in Fig. 2-6.
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Fig. 2-5. Schematic of the RF part of the measurement setup.
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Fig. 2-6. Back to back frequency response of the measurement setup.
After warming up, the RMS value of the phase drift of the whole system is about 1º per hour.
Therefore, the measurement duration was not restricted by the phase drift, and it has been
possible to reduce the speed of the linear stages to achieve high spatial accuracy. Contrary to
the measurement reported in Section 2.3.2, the antenna was stopped at each measurement point
inside the array. The measurement time of one snapshot (625 channels) was 14 min. The
standard deviation of the errors in the beam pointing, calculated from 10 successive line of
sight (LOS) measurements, is less than 0.3 ° at RX and TX.
2.4.1.2. Measurement results
A set of measurements has been performed at Ilmenau University of Technology. The walls
between the room and the corridor are 280 mm thick, and are made of concrete. The distance
between TX and RX is 3.8 m. The geometry of the antenna arrays is similar to the one
presented in Section 2.3.2, except that the spacing between adjacent elements is 1.8 mm instead
of 4.9 mm. This spacing corresponds to 0.4 λmin, where λmin is the free space wavelength of the
highest frequency (66.5 GHz). This is done in order to reduce the level of the spurious
responses in direction of departure (DoD) and direction of arrival (DoA) estimations. The array
geometry is similar at TX and RX. Both antennas were positioned 1.5 m high above the floor.
Fig. 2-7 shows the DoD and DoA of the three strongest paths from the NLOS measurement
(scenario depicted in Fig 2-8). They are calculated using the traditional beam forming
algorithm independently at each end of the radio channel. The processing is based on the
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phasing of adjacent elements and weighting of the element signals. The DoD and DoA
estimations reported in the thesis have the same mathematical basis as in [40] but in 2-D and
with only one polarization (vertical). Based on the DoD, DoA and the delay domain
information obtained from the power delay profile (PDP) (plotted in Fig. 2-9), the three
strongest multipaths are investigated. An estimation of the signal paths is plotted in Fig. 2-8.

Fig.2-7. TX and RX beam forming responses for the 3 strongest paths. Independent logarithmic
scale for each path.
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Fig. 2-8. Estimation of the 3 strongest paths Fig. 2-9. Normalized power delay profile
using ray tracing method.
averaged over 625 channels.
It can be seen that the first path (17.4 ns) contains one reflection from the edge of the door
frame. The second path (34.1 ns) contains two reflections and the third path (40 ns) contains
three reflections. It is clearly seen that no signals go through the wall. Due to the short code
length, inter-code interferences occur. The peak visible in Fig. 2-9 at about 2.5 ns is due to this
phenomenon.
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2.4.2. VNA based system
2.4.2.1.Measurement system
A VNA based MIMO measurement system operating in the 60 GHz band has been developed
[P3]. The frequency converters and radiating elements are similar to those described in section
2.3.1. This sounder has a bandwidth of 3.5 GHz, operating from 60.5 to 64 GHz. The 3.5 GHz
bandwidth corresponds to the 5dB bandwidth of the setup, as shown in Fig. 2-6. According to
(2-1) and (2-2) the nominal delay resolution is 0.29 ns and the spatial resolution is 8.6 cm,
respectively. The RMS phase drift of the whole setup is less than 1º over more than 10 hours.
Therefore the phase drift is not a limitation for the measurement duration. The number of
frequency points is set to 501. According to (2-3) the delay range is 143 ns, which is about
twice the delay range obtained with the system described in Section 2.4.1. The difference
between the antenna arrays used in this setup and those reported in Sections 2.3.2 and 2.4.1.1 is
that a third axis has been added at TX and RX so that there are two 3-D arrays.
2.4.2.2.Measurement results
A preliminary set of measurements has been performed in two environments at the Department
of Radio Science and Engineering of TKK. In the first environment, the same room as in
Section 2.3.2, two scenarios are considered: LOS and obstructed line of sight (OLOS). The
distance between the antennas is 4.3 m. For the OLOS measurement a 50 cm x 50 cm mmwave absorber is placed between the antennas. For an application such as WPAN, the OLOS
case is a realistic scenario, where the absorbing material represents a person blocking the direct
path between two communicating devices. In the second environment, a meeting room in the
same building, the LOS case is considered. The geometry of the antenna arrays is a cube with
16 elements per side as depicted in Fig. 2-10. The spacing between the elements is 0.5 λmin,
where λmin is the free space wavelength of the highest frequency (64GHz). The array geometry
is similar at TX and RX. Both antennas are positioned 1.5 m high above the floor. Similarly to
the measurement reported in Section 2.4.1.2, the antenna was stopped at each measurement
point inside the array. The measurement time of one snapshot (4096 channels) is about 21
minutes. Most of the measurement time (about 17 minutes) is used to move the linear stages to
form the arrays. Therefore, the use of VNA does not make the measurement significantly
longer as compared to measurements performed with dedicated channel sounders.
Figs. 2-11 and 2-12 show the PDP from the measurements in the meeting room and in the
laboratory room, respectively. It can be noticed from those figures that there are many
multipath components in all cases. The absorber decreases by about 30 dB the direct path
signal. In both environments, it can be noticed from the LOS cases that the second path (first
multipath) signal is only 10 dB below the direct path signal. In addition, in both LOS cases, it
is shown that there are at least three multipath signals which are within 25 dB from the direct
path signal.
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Comparison of the measurement systems

The comparison of the three measurement systems described in Sections 2.3 and 2.4 is
summarized in Table 2-1. System 1 refers to the narrow band system presented in Section 2.3.
System 2 and system 3 refer to the wideband systems based on UWB sounder and VNA,
respectively. The cost criterion is defined as the extra cost required for building up the system
in addition to usual laboratory equipment such as signal generator and VNA.
Cost

Hardware
complexity

Bandwidth

Sampling
rate

Phase drift

Ease of
reconfiguration

System 1

high

high

narrow

high

high

low

System 2

high

high

wide

high

low

low

System 3

low

low

wide

low

low

high

Table 2-1. Comparison of the three mm-wave MIMO measurement systems.
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Dedicated UWB sounders can be used for the characterization of time varying channels but
they are expensive and the parameters (e.g. bandwidth and center frequency) can usually not be
changed easily. VNA based systems are less expensive, since most of laboratories own VNAs,
they can be easily reconfigured, but they cannot be used for time varying channel
characterization. To conclude, when using virtual antenna arrays, VNA based system is the
most suitable solution since it is less expensive, easier to reconfigure and, in any case, only
static environments can be analyzed because of the limitation of the arrays. However, when
using switched arrays, the use of UWB sounder is a much better solution since then, time
varying channels can be measured.
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3. Performance evaluation of multi-antenna systems
3.1. Introduction
The mutual information of a MIMO system [12], [13], [41] having nt uncorrelated sources
with equal power and nr receivers is given by
⎡ ⎛
ρ ⎞⎤
C = log 2 ⎢det ⎜⎜ Ι + R ⎟⎟⎥
nt ⎠ ⎦
⎣ ⎝

bit/s/Hz

(3-1)

where I is the identity matrix, ρ is the average signal-to-noise-ratio (SNR) at the input of each
receiving antenna, and R is defined by
R = ΗΗ H

(3-2)

where H is the nt x nr channel matrix and (.)H stands for the complex conjugate transpose. It
has been demonstrated [12], [41] that the mutual information increases linearly with m = min
(nt, nr) for no additional power or bandwidth expenditure when the coefficients in H are
uncorrelated. Nevertheless, non-idealities of real channel such as finite inter-element spacing,
which increases the correlation between elements, and limited scattering, can drastically affect
the mutual information [17]. Therefore, measurement data analyses are needed to evaluate the
gap between the mutual information of an ideal channel and the one of a real environment.
Many measurement-based analyses have been performed for low frequency channels [42]-[45]
but, to the knowledge of the author, the only analysis done for the 60 GHz MIMO channel is
reported in [P1].
In order to allow fair comparison of results from different measurement scenarios, the effects
of the path loss and slow fading have to be removed. This procedure has been used by many
researchers and was first introduced in [13]. In this thesis, the capacities of the MIMO channels
are calculated as in [45] except that the normalization is done over one snapshot (625 channels)
instead of a sliding window. Then, the capacity is given by

⎡ ⎛
⎞⎤
ρ
C = log 2 ⎢det ⎜⎜ Ι + R norm ⎟⎟⎥
nt
⎠⎦
⎣ ⎝

bit/s/Hz

(3-3)

R norm is calculated according to

R norm =

HH H
⎫
1 ⎧ nt nr ∗
Ε⎨∑∑ H r ,t H r ,t ⎬
nt nr ⎩ t =1 r =1
⎭

(3-4)

where (·)H is complex conjugate transpose, (·)* is complex conjugate and E is the expectation
operator over one snapshot. H is a narrowband complex channel matrix obtained from impulse
responses by at first removing noise and then using coherent summing in the delay domain.
Wideband MIMO capacity, which has been analysed theoretically in [46] and experimentally
in [47] is not considered in this thesis.
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3.2. MIMO Systems
Due to the high computational burden and hardware complexity required by MIMO systems, it
is quite unrealistic to expect 25 element arrays in future mobile terminals. Therefore, the
channel mutual information has been calculated only for 2x2, 3x3, 4x4 and 5x5 MIMO
configurations with linear arrays, which are more likely to be implemented in future mobile
devices. In addition this allows increasing the number of samples in the mutual information
calculation.
3.2.1. Comparison of measured and iid MIMO Rayleigh channels
The mutual information of 2x2, 3x3, 4x4 and 5x5 MIMO configurations is plotted in Figs. 3-1,
3-2, 3-3 and 3-4, respectively. These figures differ from those presented in [P1] because
different normalizations are applied: in [P1] the normalization is done over the whole 24
measurement points, but here the normalization is done over one snapshot, as described in
Section 3.1, which removes the slow fading and path loss effects more efficiently. In addition,
the mutual information plotted in [P1] is at SNR = 10, 20 and 30 dB whereas it is plotted at
SNR = 0, 10 and 20 dB here, because the latter values are more realistic. In order to compare
those results to the theoretical limit, the mutual information of independent and identically
distributed (i.i.d.) complex Gaussian variables with zero mean and unit variance have been
plotted on the same figures. These variables will be referred to as iid MIMO Rayleigh channel
in the following of the thesis.
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Fig. 3-1. Mutual information of the 2x2
measured channel and the iid MIMO
Rayleigh channel.

Fig. 3-2. Mutual information of the 3x3
measured channel and the iid MIMO
Rayleigh channel.

Fig. 3-5 shows the mean mutual information of the measured channel as well as that of the iid
MIMO Rayleigh channel, as a function of the number of elements at SNR = 0, 10 and 20 dB. It
is found that the difference between the experimental results and the theoretical values
increases as the number of elements increases. At SNR = 20 dB, the mean mutual information
of the measured channel is 1.9%, 4.7%, 5.8% and 8.6% lower than the one of the iid MIMO
Rayleigh channel, for 2x2, 3x3, 4x4 and 5x5 MIMO configurations, respectively. This
difference is due to the fact that there is some correlation between the signals (because of the
finite distance between the elements) and that there is a finite number of multipaths in the
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environment. At 10% probability, at SNR = 20 dB, the difference between the two cases is
slightly higher. It is 5.4%, 7.1%, 8.9% and 11.6% for 2x2, 3x3, 4x4 and 5x5 MIMO
configurations, respectively. Nevertheless, it is seen that the mutual information of the
measured channel increases almost linearly with the number of selected elements.
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Fig. 3-4. Mutual information of the 5x5
measured channel and the iid MIMO
Rayleigh channel.
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Fig. 3-5. Mean mutual information of the measured channel and iid MIMO Rayleigh channel,
as a function of the number of elements.
3.2.2. Comparison of mutual information in the 2, 5 and 60 GHz bands
As it as been shown in [48] from outdoor measurements and [49] from indoor measurements,
the mutual information of MIMO channels can slightly vary as a function of frequency.
Although the results in [48] indicate that the MIMO mutual information is slightly higher in the
5 GHz band than in the 2 GHz band (6% difference), the results presented in [49] indicate the
opposite: MIMO mutual information is slightly lower in the 5 GHz band than in the 2 GHz
band (about 2% difference). This divergence may come from the environments. Here, the
results presented in Section 3.2.1 are compared with the mutual information obtained at 2.4 and
5.8 GHz in indoor environment. Although tens of MIMO measurements have been reported in
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the 2 and 5 GHz frequency bands, only two sets of measurement based mutual information
results reported in the literature were found to be suitable for comparison with the data
presented in Section 3.2.1, because only measurements with the same values of parameters
(e.g. antenna pattern, spacing between antennas and environments) can be compared. It is
found that at SNR = 20 dB the mean mutual information results of 2 x 2 and 4 x 4 MIMO
systems at 2.4 GHz presented in [50] are slightly higher than those presented in section 3.2.1
(less than 2% difference). The mean mutual information of the 4 x 4 MIMO system at 5.8 GHz
presented in [51] for SNR = 0 dB, 10 dB and 20 dB is slightly higher than the one presented in
Section 3.2.1 (4% to 5% higher). These results indicate that the frequency dependence of the
MIMO mutual information is small, as observed in [48] and [49] for lower frequencies. The
novel result of this work is that the frequency dependence remains very low even between
frequencies with a ratio of about 25:1.
3.2.3. Effect of the antenna array orientation on the mutual information
To analyze the effects of the orientation (in the horizontal plane) of the antenna arrays on the
mutual information, the elements are selected separately along the x or y axis (according to
Fig. 2-4) as follows: “xx”, “xy”, “yx”, “yy”. The first letter refers to the transmitter orientation
and the second one to the receiver orientation. For example, “xy” means that the elements are
selected at the transmitter along the x axis and at the receiver along the y axis (see Fig. 3-6). It
can be seen from Fig. 3-7 that the mean mutual information of the 3x3 MIMO system can vary
up to 5% (0.8 bit/s/Hz). This variation can be up to 6% for the 5x5 MIMO system. It is seen
that the variations appear when the orientation of the elements at the transmitter (in the
corridor) are changed. The highest mutual information is found when the elements at the
transmitters are selected along the y axis (perpendicular to the corridor), regardless of the
orientation of the elements at the receiver. This comes from the fact that the laboratory room
has many scatterers and therefore, the angular distribution at the receiver is much more
uniform than the one at the transmitter. As a result, it can be stated that the antenna array
orientation can have an effect on the mutual information, and this effect is highly dependent on
the environment. Therefore, the results presented in this section are valid only for the
environment presented in Section 2.3.2.
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Fig. 3-6. Example of selection of sub-array, Fig. 3-7. Channel mutual information of the
“xy”.
3x3 MIMO configuration, as a function of the
orientation of the elements.
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3.3. MIMO systems with antenna selection
Although MIMO systems can significantly enhance the data rate as compared to conventional
SISO systems, they have several drawbacks: increase of hardware complexity, cost and
computational burden. Since antenna arrays can be manufactured at relatively low cost, a
solution which consists of selecting only a restricted number of antennas among the whole
antenna array has been studied [52]-[56], and is referred to as MIMO-AS or hybrid
selection/MIMO (H-S/MIMO). This technique reduces the computational burden as well as the
number of RF chains - including low-noise amplifiers (LNA), power amplifiers, up- or downconverters and analog-to-digital converters. By using MIMO-AS, significant efficiency
improvement in terms of mutual information unit per RF chain has been shown, as compared to
MIMO. However, most of the published research works use theoretical channel models for the
mutual information calculations. No measurement-based MIMO-AS study at 60 GHz is found
in the literature. Furthermore, as it was suggested in [52] and has been shown in [P4], one of
the most limiting factors of antenna selection are the losses in the switching network, but no
thorough investigation on the effect of this is found in the literature. In this section, the mutual
information of MIMO-AS in a real propagation environment at 60 GHz considering both ideal
and realistic switching networks is studied. The data used in this section are extracted from the
measurement campaign reported in Section 2.3.2.
3.3.1

Selection of antennas in sub-arrays

The best antennas were chosen in subsets of the original 25 element arrays. Several sub-array
configurations were investigated: 4 consecutive elements in a line (row or column), 4 elements
in a square, 5 consecutive elements in a line (row or column), and 9 elements in a square. For
each sub-array configuration, the selections of two elements out of N and three elements out of
N are studied, where N is the number of available elements in the sub-array (i.e. 4, 5 or 9). As
an example, the selection of 3 elements out of 9 is shown in Fig. 3-8. The antenna selection is
done only at one end of the link at a time, either at TX or RX. The number of elements at the
other end of the link is the same as the one of selected elements, two or three. Therefore, the
mutual information was calculated either for 2x2 or 3x3 MIMO systems. When the selection is
done at TX, the channel state information (CSI) is assumed to be perfectly known at the
transmitter but the power is evenly distributed among the selected elements. The total number
of selected channels is between 270 and 800 for each of the 24 measurement points, depending
on the configuration.
Sub-array

Selected element

Fig. 3-8. An example of 3 selected antennas out of a sub-array of 9 elements in a square.
To select the “best” antennas in an array, several criteria and algorithms have been studied
[53]-[56]. In this work, the mutual information for all the configurations is analyzed using the
signal to noise ratio criterion (SNRC) and the optimum capacity criterion (OCC) [53], [55],
[56]. The SNRC, which consists of selecting the antennas which lead to the highest SNR,
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requires the lowest complexity scheme but leads to the maximum mutual information only at
low SNR [55]. The OCC consists of calculating the mutual information of all possible
combinations within the sub-arrays and selects the antennas that maximize the mutual
information. It leads to the maximum mutual information but is computationally very
expensive [53]-[56]. The total number of channels to be analyzed is between 1,920 and 22,680,
depending on the configuration, for each of the 24 measurement points. Since the mutual
information of each channel has to be calculated for the OCC, it is unrealistic to expect that
such criterion could be used with the processing power available today in hand-held devices,
but it is an interesting criterion since it gives the upper bound for the mutual information.
As mentioned in [52], the switching network is a limiting factor in the antenna selection gain.
This is especially important at 60 GHz since the losses of switches and transmission lines are
higher than at lower frequencies. For this reason, both ideal and realistic switching networks
were considered when calculating the mutual information. Realistic switching networks refer to
switching networks with realistic losses in the following. For low loss switches, insertion
losses of 1 dB was found for a single-pole double-throw (SP2T) in [57] and 1.6 dB was found
for a single-pole triple-throw (SP3T) in [58]. Those values were chosen as representative
values in this work. To take into account the losses due to the extra length of the transmission
line (TL), an additional loss of 0.4 dB / wavelength was applied. This value was found by
simulating a traditional 50 Ω coplanar waveguide (CPW) TL on high resistivity silicon
substrate at 60 GHz. The number and type of the switches together with their total insertion
loss, the estimated extra length of the TL and the total loss of switching networks are presented
in Table 3-1 for the four sub-array configurations. Since the total loss depends on many
parameters such as switching network topology, substrate properties, as well as the technology
used to fabricate the switches and the whole network, the values given below are only
estimates of realistic losses.

4 in line
4 in square
5 in line
9 in square

Switches in
series
2 x SP2T
2 x SP2T
SP2T + SP3T
2 x SP3T

Total loss due to
switches (in dB)
2
2
2.6
3.2

Extra length of TL
(in wavelengths)
2
2.5
2.5
3

Total loss of switching
network (in dB)
2.8
3
3.6
4.4

Table 3-1. Number, type and total insertion loss of switches, estimated extra length of TL and
total loss of switching networks.
3.3.2. Results
There are altogether 16 options for each sub-array shape: either two or three selected antennas,
either with ideal or realistic switching network, either with SNRC or OCC and either with
antenna selection at TX or RX. The mutual information of the 16 options is calculated using
(3-3) and (3-4). The results of the three most relevant cases are presented in this section:
Case 1: 2 RX out of N with OCC and the ideal switching network, which represents the most
favorable case (in terms of mutual information ). Case 2: 2 RX out of N available antennas
with SNRC and the ideal switching network. The effect of the selection criterion will be
analyzed by comparing this case to case 1. Case 3: 2 RX out of N available, with the SNRC
and the realistic switching network, which represents the worst case (in terms of mutual
information ), but also the most realistic one, among the cases of 2 elements out of N. By
comparing this case to case 2, the influence of the switching network will be discussed. In
addition, general comments about all the 16 options will be given at the end of this section.
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Case 1. The mutual information obtained by selecting 2 RX out of N with OCC and the ideal
switching network is compared to the mutual information of 2x2 and 3x3 MIMO at SNR = 0,
10 and 20 dB in Fig. 3-9. The maximum mutual information increase at 10% probability, as
compared to 2x2 MIMO, is 127.8%, which is the highest mutual information increase among
all 16 options. It can be noticed that at 10 % probability, at SNR = 0 and 10 dB, the selection of
the 2 best antennas in the 9 element sub-array leads to higher mutual information than 3x3
MIMO.
Case 2. The mutual information obtained by selecting 2 RX out of N available antennas with
SNRC and the ideal switching network as well as the mutual information of 2x2 and 3x3
MIMO are plotted at SNR = 0, 10 and 20 dB in Fig. 3-10. Similarly to the results reported in
[52] and [55], it is seen that the SNRC leads to about the same mutual information as OCC at
low SNR but its performance decreases when the SNR increases.
Case 3. Fig. 3-11 shows the mutual information obtained by selecting 2 RX out of N available
antennas, with the SNRC and the realistic switching network together with the mutual
information of 2x2 and 3x3 MIMO at SNR = 0, 10 and 20 dB. It can be seen that at most of the
probability levels, for all sub-array shapes, the mutual information of antenna selection
configurations is lower than the one of 2x2 MIMO. The maximum mutual information increase
at 10% probability, as compared to 2x2 MIMO, is only 11.5%.
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Fig. 3-9. mutual information obtained by
selecting 2 RX out of N, with OCC and the
ideal switching network.
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Fig. 3-10. mutual information obtained by
selecting 2 RX out of N, with the SNRC and
the ideal switching network.
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Fig. 3-11. mutual information obtained by selecting 2RX out of N, with the SNRC and the
realistic switching network.
General comments about the 16 options.
It is found that the antenna selection performed at TX leads to about the same mean mutual
information as antenna selection at RX.
With the ideal switching network:
The sub-array which leads to the maximum increase of the mutual information is the 9
elements in square, followed by the 5 elements in line, the 4 elements in square and the 4
elements in line. The mean mutual information obtained with ideal switching network is close
to the one reported in [6] for iid MIMO Rayleigh channel. This was expected since the mean
mutual information of the MIMO configurations used in this work is close to the one of iid
MIMO Rayleigh channel [P1].
With the realistic switching network:
At 10% probability, the maximum increase of the mutual information obtained by selecting 2
and 3 antennas, as compared to MIMO with the same number of elements, is only 18.3% and
1%, respectively. In a large majority of cases the mutual information obtained with antenna
selection is lower than the mutual information of MIMO. In most of the cases, at low SNR, the
sub-array which maximizes the mutual information is 4 elements in line, followed by 5
elements in line, 9 elements in square and 4 elements in square. At high SNR, the order is the
same as with the ideal switching network.
3.4

Beam steering systems

Another well-known multi-antenna technique is beam steering, also referred to as a phased
array. The idea is to form beams pointing in different directions and to select the beam that
maximizes the SNR. This technique is popular since it requires less computational burden than
traditional MIMO technique [59] and it can reduce the interference level. Beam steering has
been considered for 60 GHz short range communications [60] and several 60 GHz beam
steering antennas have been developed over the last years [61]-[63]. Nevertheless, the
comparison between MIMO and beam steering technique has been studied only theoretically,
e.g. [64], [65], or empirically at a lower frequency [66]. No experimental comparison at 60
GHz is found in the literature. Furthermore, as it has been shown in [P4], the performance of a
multi-antenna technique can be significantly decreased, when considering its use at 60 GHz
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with realistic losses. In this section, beam-steering technique is compared with MIMO
technique, considering both lossless phase shifters and phase shifters with realistic losses. The
data used in this section are extracted from the measurement campaign reported in Section
2.3.2.
3.4.1

Selection of the beam

In order to allow fair comparison with the traditional 5x5 MIMO system analyzed in Section
3.2, the arrays at TX and RX are also here formed with 5 elements in line. We are considering
the downlink case (from base station to mobile terminal), which is usually the main limitation
in bi-directional communications. Beam steering is performed only at one end (RX in the
measurement scenario), which represents the mobile terminal. This scenario is quite realistic
because it reduces the number of RF chains as compared to the MIMO case, and therefore
decreases the price and power consumption of the mobile device. Therefore, the system under
investigation is a 5x1 multiple input single output (MISO) system. Since the antenna elements
are omnidirectional and the inter-element spacing is 1 λ, there are high grating lobes and only 5
beams are needed to cover the full 360° azimuth range with a maximum variation of 4 dB, as
depicted in Fig. 3-12a. The angle φ = 0 is pointing along the array as shown in Fig. 3-12b. The
beams are directed by adding phase shift to the received signals and combining these five
signals together. Since the direction of the array in mobile terminal is random, the elements
forming the array are selected alternatively along the x and y axis, according to Fig. 2-4.
Hence, the direction φ = 0 is alternatively along the x and y axis.
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Fig. 3-12a. Normalized radiation patterns of the 5 element
linear array with inter-element spacing of 1 λ.
3.4.2

φ= 0

90 deg
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66 deg
360

Fig. 3-12b. Definition of the
direction of the maximum.

Ideal case

Here, the phase shifters and power combiner that are needed to steer the beam are assumed to
be lossless. In this Section and in Section 3.4.3 the mutual information is calculated using (3-3)
and (3-4) with nt = 5 and nr = 1. The mutual information obtained by selecting the best beam
out of five is plotted in Fig. 3-13, together with the mutual information of 5x5 MIMO, at
SNR = 0, 10 and 20 dB. It is found that at almost all probability levels, beam steering leads to
lower mutual information than 5x5 MIMO.
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Fig. 3-13. Mutual information obtained by selecting the best beam out of five (lossless phase
shifters and power combiner), together with the mutual information of 5x5 MIMO, at SNR = 0,
10 and 20 dB.
Fig. 3-14 shows the mean mutual information obtained by selecting the best beam out of five,
together with the mean mutual information of 2x2, 3x3, 4x4 and 5x5 MIMO, as a function of
SNR. It is seen that beam steering outperforms 2x2, 3x3 and 4x4 MIMO, at SNR below 15 dB,
6 dB and 1 dB, respectively. Fig. 3-15 shows the mutual information at 10% probability level
obtained by selecting the best beam out of five, together with the mutual information of 2x2,
3x3, 4x4 and 5x5 MIMO, as a function of SNR. It is seen that at 10% probability level all
MIMO systems outperform beam steering.
3.4.3

Realistic case

In this section, the losses of the RF phase shifters as well as the losses of the five-to-one power
combiner are taken into account. Insertion losses of 3 dB were found for a distributed analog
MEMS phase shifter [67] and 2 dB for the power combiner. The latter value was obtained by
simulating a five-to-one power combiner on high resistivity silicon substrate at 60 GHz. Those
values are chosen as representative in this work. Since the total loss depends on many
parameters such as phase shifter topology, substrate properties, as well as the technology used
to fabricate the whole circuit, the values given above are only estimates of realistic losses. It
can be seen from Fig. 3-14 that at 50% probability level beam steering outperforms only 2x2
MIMO at SNR below 6 dB. Due to the losses of the components, the mean mutual information
decreases by about 41% and 17% at SNR = 0 dB and 20 dB, respectively. From Fig. 3-15, it is
seen that at 10% probability level MIMO outperforms beam steering with a larger margin than
in the case with lossless components.
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Fig. 3-14. Mean mutual information obtained by selecting the best beam out of five, together
with the mean mutual information of 2x2, 3x3, 4x4 and 5x5 MIMO, as a function of SNR.
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Fig. 3-15. Mutual information at 10% probability level obtained by selecting the best beam out
of five, together with the mutual information of 2x2, 3x3, 4x4 and 5x5 MIMO, as a function of
SNR.
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4.

Planar omnidirectional antenna for 60 GHz applications

4.1. Introduction
Omnidirectional antennas are required in applications such as wireless communications (e.g.
WLAN or WPAN) or for more specific purposes like radio channel sounding. In wireless
communications antennas have to be as compact as possible and fabricated with low cost, i.e.
with a simple manufacturing process. This is particularly important at mm-wave range where
manufacturing antennas is much more difficult and expensive than at microwave frequencies.
In addition, the antenna should have wide beam in the planes where the pattern is not
omnidirectional since receivers and transmitters are not necessary located at the same height.
At 60 GHz the antennas do not need to be ultra wideband (at least 25% bandwidth) to cover the
7 GHz bandwidth allocated for short range communications. Many omnidirectional antennas
have already been designed and presented, but most of them are not planar, [68]-[70].
Therefore, these antennas will be complicated and expensive to fabricate at mm-wave
frequency. Planar omnidirectional antennas already reported are also using sophisticated
manufacturing processes as in [71]-[74] where specific shapes for the ground plane are needed.
The antenna presented in this chapter uses shaped metal layer only on one side of the substrate,
which decreases the complexity of the manufacturing process and therefore significantly
decreases the cost.
4.2.Antenna design and fabrication
It is well known that in printed antennas with single metal layer the radiated power is directed
toward the substrate, and the thicker the substrate is, the more significant this effect becomes.
Ideally, to get a perfect omnidirectional pattern, an antenna should be suspended in air or any
homogeneous medium. For this reason, the antenna was first designed on thin substrate:
150 μm thick quartz substrate. The structure is a coplanar patch antenna (CPA) on finite
ground plane and substrate with single metal layer as shown in Fig. 4-1. This type of antenna is
based on the concept of open-ended coplanar waveguide resonator [75]. The structure was
designed and simulated with the finite element method software HFSS [76]. The metal part is
drawn in dark grey and the substrate in light grey. The length of the slot LSlot was designed to
be half guided wavelength in the slot. The shape of the patch in the centre of the slot is a
square. The width and length of the substrate as well as the width and length of the ground
plane affect significantly the radiation pattern. Wground and WSub mainly define the x-z plane
radiation pattern - where the antenna is desired to be omnidirectional. The dimensions of
Wground and WSub were optimized for WTotal = 4.3 mm. It has to be noticed that if one wants to
use this antenna as an elementary radiating element in an array, which means that the antenna
is on a much wider substrate, the width of the ground plane Wground has to be re-optimized.
HTop, HBot and HSub, which control the pattern in the y-z plane, have been designed such that the
antenna will have wide beam in this plane. The length of the patch LPatch together with the
width of the slot GSlot mainly determinate the return loss. The coplanar waveguide (CPW)
transmission line was designed to be 50 Ω with the smallest gap G that can be acceptable for
manufacturing, in order to minimize the effects of the line, and also in order it can be measured
with a standard 150 μm pitch ground-signal-ground (GSG) probe. The value of each parameter
is given in Table 4-1.
Because of practical limitations in the manufacturing process, the antenna had to be fabricated
on 300 μm thick quartz substrate, although the use of 150 μm substrate is possible in several
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manufacturing places. For this reason, the structure has been re-optimized for 300 μm thick
substrate. Nevertheless, this altered slightly the omni-directionality as it can be seen in the
simulation results presented in the next section.

Parameters
LTotal
WTotal
HSub
WSub
HTop
HBot
WGround
LSlot
GSlot
LPatch
W
G

Fig. 4-1. Layout of the antenna.

Value (in mm)
4.5
4.3
0.5
1.15
1.12
1.27
0.195
1.61
0.18
1.25
0.15
0.018

Table 4-1. Antenna parameters.

In order to allow measuring the performance of the antenna (return loss and radiation pattern),
an additional transmission line has to be added to the structure - otherwise the feeding probe
would be too close to the radiating element and interfere with it. Since the ground plane around
the patch acts as a part of the radiator, an 8 mm long finite width coplanar waveguide (FCPW)
was inserted between the radiating element and the antenna port, see Fig. 4-2.

Fig. 4-2. Picture of the measured antenna with part of the feed line.
The antenna was manufactured using standard photolithography process, sputtering 1 μm
aluminium layer on 300μm quartz wafer. This technique is very cost efficient, especially in
mass production when only one mask is needed and tens of antennas can be made on a wafer.
In the following, the original structure on 150 μm thick substrate, the same structure on
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300 μm thick substrate and the fabricated antenna with additional transmission line of 8 mm on
300 μm thick substrate are referred to as antennas 1, 2 and 3, respectively.
4.3. Antenna characteristics
Fig. 4-3 shows the simulated return loss of the three antennas and the measured return loss of
antenna 3. The return loss was measured on a probe station using a traditional GSG probe. It is
shown that the difference of substrate thickness as well as the addition of transmission line
does not significantly affect the return loss. One can also notice that the simulated antennas
fully cover the 57-64 GHz band. Although some additional resonances are visible in the
measured S11, there is a quite good agreement between the simulated and measured S11 for
the main resonance. The additional resonances are most likely due to standing waves between
the antenna and the probe.
The antenna radiation pattern was measured at 60.5 GHz using the advanced on-wafer
measurement system [P7] presented in chapter 5. The antenna was fed by the GSG probe. The
reference angle theta = 0 is pointing upward, in the z direction. Fig. 4-4 shows that the gain of
antenna 1 in the x-z plane is 1.4 dBi ± 0.5 dBi, which is more omnidirectional than the
measured patterns reported in [68], [70] and [71] and the simulated pattern reported in [69].
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Fig.4-3. Simulated and measured return loss.
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Fig. 4-4. Simulated and measured gain in the
x-z plane at 60.5 GHz.

From Table 4-2 it can be seen that, over the 57-64 GHz band, the gain of antenna 1 is nearly
constant and the omnidirectional property is kept. This is due to the fact that only one mode is
excited over the frequency band, and that 7 GHz is only about 12 % of the resonance
frequency.
Frequency (GHz)

57

58

59

60

61

62

63

64

Mean gain (dB)

1.4

1.4

1.4

1.4

1.4

1.3

1.3

1.2

Variation (dB)

± 0.6

± 0.6

± 0.5

± 0.5

± 0.5

± 0.5

± 0.5

± 0.5

Table 4-2. Simulated gain of antenna 1 in the x-z plane as a function of the frequency.
It can be noticed from Fig. 4-4 that the omni-directionality of the antenna deteriorates when
using 300 μm instead of 150 μm thick substrate. One can also see that the additional
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transmission line does not decrease significantly the performance of the antenna. The simulated
gain of antenna 3 in the x-z plane is 1.4 dBi ± 1.4 dBi and the measured one is 1.5 dBi ± 1.4
dBi, which shows good agreement between the two results. The gain of the antennas in the y-z
plane is shown in Fig. 4-5.
The simulated half power beam width (HPBW) of antennas 1, 2 and 3 is about 75 º, 70 º and
65 º respectively. Due to practical limitations, the gain of antenna 3 in the y-z plane was
measured only in one half plane. Good agreement between simulated and measured gain of
antenna 3 can still be observed. Finally, one can notice that the additional transmission line
affects the radiation pattern mainly in the y-z plane whereas the thicker substrate affects the
pattern in both x-z and y-z planes. The simulated total efficiencies of antennas 1, 2 and 3 are
99%, 99% and 83 % respectively. This reveals that the additional transmission line introduces
about 0.8 dB losses.
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Fig. 4-5. Simulated and measured gain in the y-z plane at 60.5 GHz.
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5. Antenna measurements at 60 GHz
5.1.

Introduction

It is very important to know the 3-D radiation pattern of mobile terminal antennas since it is
needed to evaluate their performance, e.g. with the help of test beds such as MEBAT [18].
Nevertheless, 3-D pattern measurement at 60 GHz is not trivial. There are basically two
options for feeding 60 GHz antennas: either by using coaxial V connectorTM [77] or mm-wave
probe. The advantage of using a V connector is that the antenna can be measured in standard
anechoic chamber. One of the main problems is that due to the geometry of the V connector
adaptor, the end of the transmission line of the antenna has to be tapered to fit the adaptor,
which can affect significantly the return loss and radiation pattern of the antenna. Moreover,
due to the very small dimensions of the connector on the antenna side, it is very difficult to
connect it to the antenna. Furthermore, V connectors can only be used up to 67 GHz. For these
reasons, probe-feed-based antenna-pattern measurement techniques are of great interest and
have been studied in the 60 GHz band [78]-[80] and at lower frequencies [81]-[83]. The
advantages of this method are that it reduces the cost as well as the measurement and design
time of integrated antennas. The main issue is that the antenna under test (AUT) cannot be
moved since the probe has to be placed very accurately and any vibration may affect the
alignment and therefore affects the results (or may even damage the probe and the AUT).
Another issue is that, traditionally the AUT is measured on a probe station surrounded by many
metal parts and a microscope which limits the measurement to a very narrow scan angle. So
far, no on-wafer measurement system has been proposed to measure more than a hemisphere.
In [78] the gain is measured only in a single angular direction. In [79] and [81] the pattern is
measured in a few 2-D cuts over a 180 deg range. In [80], [82] and [83] only one half of the
antenna pattern can be measured. In addition, among all the referred articles, only in [79] some
comments are given about the radiation of the probe itself, which was seen as one of the main
limitations of on-wafer radiation-pattern measurements. Nevertheless the exact effect of the
probe has not been studied. In this chapter, a quasi-full 3-D on-wafer radiation-pattern
measurement is presented, with a rigorous analysis of the effects of the probe [P7].
5.2.

Design of the measurement system

5.2.1. RF part
A Picoprobe 150 μm pitch ground-signal-ground (GSG) probe (model 67A-GSG-150-DP)
[84], was used to feed the AUT. This probe was connected to the up-converter with a V
connector and a semi rigid 60 GHz cable, as shown in Fig. 5-1.
Since the probe is not moving, a waveguide fed probe could be used without modification. The
AUT was measured with a standard 20 dBi gain horn antenna connected to an Agilent 11970V
mixer. The LO signals going to and IF signal coming from the mixer were at lower
frequencies, 4.3 GHz and 310 MHz respectively, and therefore were transferred with flexible
coaxial cables which allowed moving the mixer during the measurement. The received signal
was measured with an Agilent 8564EC spectrum analyzer controlled via GPIB. The whole
system, mechanical part and RF part, was controlled using a custom made Labview [85]
program on a PC. The measured average and maximum noise level of the spectrum analyzer
were -71 dBm and -69 dBm respectively. If one would need to measure the amplitude and
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phase, the same principle could be used, only the spectrum analyzer has to be replaced with a
vector network analyzer (VNA) and coherent frequency conversion has to be ensured.
60 GHz
Semi-rigid cable
Waveguide to
V connector
adapter

z
GSG mm-wave
probe

x
y

Receive
horn
antenna

HP 83557A
Mm-wave source module
+ coupler / detector
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Amplifier

(x 4 frequency multiplier)
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LO + IF
felxible
cables

Agilent 11970V
Mixer

Agilent 8564EC

R&S SM60

Spectrum analyser

Signal
generator
15.125 GHz

Trigger + Data
Arm 2
Axis 1

Axis 2
Rotary joint

Set
frequency
and power

Linear
stage
controller

Arm 1

DC-Motor
controllers
for rotation
stages

GPIB card

Control computer
Serial port

Fig. 5-1. Schematic of the whole system (mechanical and RF parts).
5.2.2. Mechanical part
Since it is not possible to measure below and on the side of the antenna using a traditional
probe station, a custom made carrier for the AUT was constructed from rigid polyurethane,
based on the usual 3-D positioner used in probe stations. It left almost all the space free around
the antenna, see Fig. 5-2. The receive antenna was connected directly to the mixer and both
were moved along a sphere using two rotation arms as shown in Figs. 5-1 and 5-2.

Fig. 5-2a. Picture of the measurement setup.
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Fig. 5-2b. Close view on the probe and AUT
holders.

The mixer and the horn antenna can be rotated 90 deg in order to measure both polarizations.
The distance between the AUT and the receive horn was 195 mm, which satisfies the far-field
criterion [86] at 60GHz for antennas with maximum dimension smaller than 22 mm. The
reference angles Axis 1 = 0 º and Axis 2 = 0 º are defined at the angular position where the
horn antenna is above the AUT, vertically oriented (along z axis). The positive directions are
indicated with arrows in Fig. 5-1. The system can measure from -35 º to 215 º around the first
axis and from -120 º to 120 º around the second axis, which leads to the measurement range
shown in Fig. 5-3.

Fig. 5-3. Angular range of the measurement system.
The first arm was turning step by step, rotating 5 º each time the second arm reached the limit.
The second axis was rotating continuously from -120 º to 120 º and vice versa, avoiding any
vibration, with a measurement grid of 2 º. The two rotation arms were positioned accurately
with the 3-D linear stages with the help of a laser pointer so that the origins of the two rotation
axes were crossing exactly at the centre of the AUT. The resolution and repeatability given by
the manufacturer are 0.1 μm and 1 μm for the linear stages and 3.5 μrad and 230 μrad for the
rotation stages, respectively [37]. A movable arm for carrying a microscope above the AUT
and the probe was tailor-made for this measurement system. One important practical issue was
to avoid the twisting of the IF and LO cables connected to the mixer. For that, rotary joints
were used through the axis of the second rotation stage. For 5 º steps, the measurement
duration of one polarization is 48 min. The measurement system is very compact: the whole
setup fits into a volume of about 1 m3. Instead of placing the whole measurement system in an
anechoic chamber, absorbers were placed around the AUT and the measurement arms, as
shown in Fig. 5-2a.
5.3.

Test measurements

5.3.1. Radiation of the probe
As mentioned above, the microwave probe itself radiates. Therefore the measured radiation
pattern is actually the combination of the radiation pattern of the AUT and the radiation pattern
of the probe. For that reason, it is very important to know the radiation pattern of the probe.
Unlike the method used in [79] which gives only a rough approximation of the radiation of the
probe when it is feeding the AUT, in this work the radiation pattern of the probe was measured
when loaded with a 50 Ω load. Since AUTs are usually well matched – return loss more than
10 dB, it can be assumed that the probe radiates the same way as when it is feeding the AUT.
The 3-D pattern of the loaded probe is plotted in Fig. 5-4. The average gain was -28 dBi with a
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maximum peak at -22 dBi. This means that the actual sensitivity of the system was -22 dBi. It
can be seen from Fig. 5-4 that the strongest power was radiated in the direction Axis 1 = -30 º
and Axis 2 = -30 º to 30 º. In order to decrease the noise floor, absorbing material was placed to
cover the probe on the top and on the side. To avoid shadowing, the absorber material was
chosen to be thin and was, therefore, not very efficient. However, it decreased the strongest
peaks by 3 dB. Then, the average gain with the absorber was -29 dBi with a peak value of -24
dBi, which improved by 2 dB the sensitivity of the system. Fig. 5-5 shows the 3-D radiation
pattern of the loaded probe with absorber surrounding the probe.

Fig. 5-4. Measured radiation pattern of the
loaded probe without absorber covering the
probe.

Fig. 5-5. Measured radiation pattern of
the loaded probe with absorber covering
the probe.

It can be seen that with the absorber the strongest radiated power was then in the lower
hemisphere, below the AUT. These peaks cannot be attenuated since it is not possible to place
absorbers there. It should be noticed that, since the limitation comes from the radiation of the
probe, the dynamic range cannot be improved by adding an amplifier between the up-converter
and the AUT or a LNA between the mixer and the spectrum analyzer.
5.3.2. Measurement of test antenna
The omnidirectional antenna described in chapter 4 was used as a test antenna. The radiation
pattern measurement was performed at 60.5 GHz with the absorber material placed around the
probe. Fig. 5-6 shows the 3-D radiation pattern of this antenna. For comparison, Fig. 5-7 shows
the radiation pattern of the antenna simulated with HFSS.

Fig. 5-6. Measured radiation pattern of the
test antenna.
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Fig. 5-7. Simulated radiation pattern of the
test antenna.

Good agreement between the two figures can be seen. The x-z plane cuts (axis 1 = 0º) of the
measured and simulated patterns are plotted in Fig. 5-8. The asymmetry of the measured
pattern most likely comes from the non-ideality of the fabricated AUT. Since Axis 2 ranges
from -120 º to 120 º, the x-z pattern is not measured in once, but it is obtained by combining
two subsets of the measured 3-D pattern. Therefore there is twice a 60 º overlap in this plane.
From Fig. 5-8 it can be seen that the repeatability over the overlapping area is very good: there
is less than 0.2 dB difference between the two subsets of data.
3
2.5

Gain (dBi)

2
1.5
1
0.5
1st subset of data
2nd subset of data
Simulation

0
-0.5
-180

-135

-90
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0
45
Axis 2 (deg)

90

135

180

Fig. 5-8. Cut of the measured and simulated patterns of the test antenna in the x-z plane.

31

6.

Summary of publications

[P1] Mm-wave MIMO radio channel sounder
In this paper, the first 60 GHz MIMO channel measurement system is presented. The system is
based on a 2 and 5 GHz channel sounder and frequency converters. 2-D virtual antenna arrays
are used at both ends of the link. Measurements in NLOS using a 25-element square array at
TX and RX are reported. The measurement duration of the 25x25 channel matrix is 90 s. From
those measurements, the channel mutual information is calculated for 2x2, 3x3, 4x4 and 5x5
MIMO configurations and compared to the iid MIMO Rayleigh channel. It is found that the
mutual information of the measured channel is slightly lower than the one of the theoretical
channel, and that the difference between the experimental results and the theoretical values
increases as number of elements and the SNR increases. Furthermore, the effects of the
orientation of the elements on the mutual information are reported. In addition, measurements
in LOS and obstructed LOS with a 16-element square array at both ends of the link are
reported, from which the DoA and DoD of the radio waves are estimated. The measurement
results of LOS and obstructed LOS are not discussed in the summary part of the thesis since
more relevant analysis of DoD and DoA estimation is presented in Section 2.4.1.2, based on
[P2].
[P2] Mm-wave wideband MIMO channel sounding
This paper presents a mm-wave ultra-wideband MIMO measurement system based on the
combination of two sub-systems: an UWB sounder and a mm-wave MIMO sub-system
consisting of frequency converters and virtual antenna arrays. The nominal frequency band of
the system is 59.5 GHz - 66.5 GHz and the respective spatial resolution 43 mm. Preliminary
measurements are performed using a 25-element square array at both ends or an 18 element
circular array at TX and a cylindrical array made of three 18 element circular arrays at RX (54
elements). The measurement duration of the 25x25 channel matrix is 14 min. LOS and NLOS
measurements are reported, from which DoA, DoD and propagation paths are estimated. Only
the most relevant results are presented in the summary part of the thesis.
[P3] VNA-based wideband 60 GHz MIMO channel sounder with 3-D arrays
This paper presents a wide band 60 GHz MIMO channel sounder based on VNA. Virtual
antenna arrays are used at both ends. The geometry of the arrays is a cube with 16 elements per
side. The measurement duration of one snapshot (4096 channels) is about 21 min. The
measurement frequency is from 60.5 to 64 GHz, which leads to a nominal spatial resolution of
86 mm. This fine resolution allows the characterization of dense multipaths in indoor
environments. Preliminary results are shown and it is seen that even with obstructed line of
sight, a significant part of energy is transmitted from TX to RX through several multipaths.
[P4] Measurement-based mutual information analysis of MIMO antenna selection in the
60 GHz band
In this paper, the performance of several MIMO antenna selection configurations with 2 and 3
selected elements out of N available antennas are analyzed, based on 60 GHz MIMO channel
measurement data. In addition, they are compared to the traditional 2x2 and 3x3 MIMO. With
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a lossless switching network the mean mutual information is close to that found in the literature
for antenna selection with iid MIMO Rayleigh channel. In the best case the mutual information
obtained by selecting 2 elements out of N can be even higher than the mutual information of
traditional 3x3 MIMO system. However, when considering a realistic switching network, the
performance decreases drastically: in a large majority of cases the mutual information obtained
with antenna selection is lower than the mutual information of traditional MIMO configuration.
The results indicate that the losses of the switching network are a crucial issue in the
implementation of antenna selection at 60 GHz.
[P5] Measurement based mutual information analysis of beam steering in the 60 GHz
band
This paper presents the comparison, based on measurement data, between beam steering and
MIMO techniques, in terms of mutual information. Beam steering technique is applied at RX,
using 5 elements in line with inter-element spacing of 1 λ. Similar array geometry is used at
TX so that the mutual information is calculated for a 5x1 MISO system. Five different phase
shifts are applied at RX in such a way that the full 360° azimuth range is covered with
maximum variation of 4 dB. With lossless phase shifters and power combiner, the mean mutual
information obtained by selecting the best beam out of 5 is higher than the one of 2x2, 3x3 and
4x4 MIMO configurations at low SNR, but at 10 % probability level MIMO technique
outperforms beam steering technique at all SNR. When considering realistic components, the
mean mutual information obtained by selecting the best beam out of 5 is only higher than the
one of 2x2 MIMO configuration at low SNR, and at 10% probability level MIMO technique
outperforms beam steering technique with a larger margin than in the case with lossless
components, at all SNR.
[P6] Low cost planar omnidirectional antenna for mm-wave applications
A planar omnidirectional antenna structure with a wide beam for applications in the 60 GHz
band is presented in this paper. The antenna was designed so that only one metal layer is
needed, and therefore it can be manufactured at low cost. The optimal structure, on 150 μm
thick substrate, has been simulated and shows very good characteristics: the 10 dB bandwidth
covers the 57 – 64 GHz band. The variation of the gain is ± 0.5 dB. The good omnidirectional
property is observed over the full frequency band. Due to manufacturing limitations, the
antenna was fabricated on 300 μm thick substrate, which decreases reasonably the performance
of the structure. The measurement results of this antenna are presented and good agreement is
found with the simulation results. The influence of an additional transmission line has been
studied and it can be concluded that it does not affect significantly the radiation pattern.
[P7] Compact 3-D on wafer radiation pattern measurement for 60 GHz antennas
This paper presents a 3-D on-wafer radiation pattern measurement system for 60 GHz
antennas. The whole setup is very compact and fits into a volume of about 1 m3. The results
indicate that the limitation in the dynamic range comes from the radiation of the probe itself.
Good agreement is found between the measurement and simulation results of a test antenna.
Very good measurement repeatability was observed. The use of a V connector to feed the
antenna was investigated and significant differences were found between probe-fed and
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connector-fed antennas both in return loss and radiation pattern. Only the most relevant
measurements and results are presented in the summary part of the thesis.
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7.

Conclusions and future work

The work done in this thesis can be divided into three parts. In the first part, the objectives have
been to develop a measurement system which allows the 3-D double-directional radio channel
characterization and to perform measurements in indoor environments. The goal of the second
part has been to compare three of the most promising multi-antenna techniques in real
environments, namely MIMO, MIMO antenna selection and beam steering, based on the
measurement data obtained in the first part. The aim of the third part has been to design a low
cost 60 GHz planar omnidirectional antenna as well as a measurement system which allows the
on-wafer characterization of 60 GHz antennas.
The first step was to develop measurement systems which allow the characterization of the 60
GHz MIMO radio channel. The first system was developed based on an existing 2 and 5 GHz
sounder and frequency converters. 2-D virtual antenna array, formed by moving an
omnidirectional antenna with linear stages, was used at both ends. The advantages of virtual
arrays, as compared to switched arrays, are the ease of reconfiguration, the free choice of the
array geometry as well as the ease of calibration. The drawback is that only static environments
can be measured. A measurement campaign was performed in NLOS with 25 element square
array at both ends of the link. One of the main limitations was the phase drift, which limited the
number of elements per array. Due to the limited bandwidth, the data obtained with this
sounder were used only for mutual information evaluation. To the knowledge of the author,
this was the first 60 GHz MIMO channel sounder reported in literature.
Then, two wide band systems were developed. One was based on an existing UWB sounder.
The frequency converters and virtual arrays were the same as those used in the first system.
The other wide band system was based on a VNA, with the same frequency converters but the
virtual arrays were formed with 3-D scanners at both ends. The phase drift of those wide band
systems was very low so that it did not limit the number of elements per array. With the VNA
based system LOS and obstructed LOS measurements were performed with 4x4x4 cube array
at both ends (4096 channels per snapshot). Due to their high time resolution, the wide band
systems can characterize accurately the indoor 60 GHz MIMO channel. The square arrays used
in the two first systems and the cube arrays used in the third one were chosen since they allow
the direction of departure (DoD) and direction of arrival (DoA) estimation in 2 and 3
dimensions, respectively, which can be used for channel modeling or to implement antenna test
bed such as MEBAT. In addition, they allow mutual information evaluation directly from the
measurement data as reported in [P1], [P4] and [P5].
In the second part of the thesis, novel information on the performance of multi-antenna
techniques in real environments at 60 GHz is provided. The mutual information of traditional
2x2, 3x3, 4x4 and 5x5 MIMO systems was compared to the mutual information of iid MIMO
Rayleigh channel. It is found that the mutual information of the measured channel is slightly
lower than the one of the theoretical channel. The difference between the experimental results
and the theoretical values increases as the number of elements and the SNR increases. This
result indicates that at 60 GHz, in a NLOS scenario with TX in a corridor, the number of
available sub-channels (due to spatial multiplexing) is limited, and this effect can be visible
already with a small number of elements (e.g. 3x3 MIMO). Nevertheless, the mean mutual
information obtained with the measured 5x5 MIMO is only about 10% lower than the one
obtained with iid MIMO Rayleigh channel, which indicates that MIMO systems can operate
well at 60 GHz. Furthermore, the effect of the orientation of the arrays on the mutual
information is analyzed. It was found that, in an environment with a relatively uniform angular
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distribution the orientation has no effect, but in an environment with a quite narrow angular
distribution the mutual information of a 5x5 MIMO can vary up to 6%.
Then, the performance of several MIMO-AS configurations with 2 and 3 selected elements out
of N available antennas were analyzed and compared to the performance of traditional MIMO
configurations. With lossless switching network the mean mutual information are close to
those found in the literature for antenna selection with iid MIMO Rayleigh channel. In the best
case the mutual information obtained by selecting 2 elements out of N can be even higher than
the mutual information of traditional 3x3 MIMO configuration. However, when considering a
realistic switching network, the performance decreases drastically: in a large majority of cases
the mutual information obtained with antenna selection is lower than the mutual information of
traditional MIMO. Therefore, for the same number of RF chains, it can be more beneficial, in
terms of mutual information, to use traditional MIMO than MIMO-AS. The results indicate
that the loss of the switching network is a crucial issue in the implementation of antenna
selection at 60 GHz.
The mutual information obtained by performing beam steering technique at RX with 5 element
array has been compared to the one of traditional MIMO technique. It is seen that when
considering lossless phase shifters, beam steering technique exhibits higher mean mutual
information than 2x2, 3x3 and 4x4 MIMO at low SNR, but when considering realistic
components, the mean mutual information obtained by selecting the best beam out of 5 is only
higher than the one of 2x2 MIMO at low SNR. In all cases, at 10% probability level, MIMO
technique outperforms beam steering technique. The results indicate that, similarly to MIMOAS, the losses of the components affect significantly the performance of the system.
Although the analysis reported in Chapter 3 is done only for NLOS scenario, it gives very
useful information since this scenario is very probable in real environments (a person or a
furniture can block the LOS signal). In addition, the results presented in Chapter 3 are based on
measurements with 1 λ inter-element spacing. This is quite realistic for MIMO and MIMO-AS
since this spacing reduces the correlation between the elements (as compared to traditional 0.5
λ spacing) and, due to the short wavelength (5 mm), such spacing can be used in future mobile
devices. Although 1 λ spacing is not optimal for beam steering technique, the presented results
give valuable knowledge on the trends.
In the third part of the thesis, a planar omnidirectional antenna structure for applications in the
60 GHz band is presented. The antenna was designed so that only one metal layer is needed,
which leads to low manufacturing cost. An optimal structure has been simulated and shows
very good characteristics. The good omnidirectional property and impedance matching are kept
over the full 57-64 GHz band. After the re-optimization of some parameters, this structure can
be used as an element of a multi-element antenna. This antenna is very suitable for 60 GHz
MIMO communications since it is compact, low profile, and inexpensive to fabricate.
An advanced compact 3-D radiation pattern measurement system has been developed to
evaluate probe-fed antennas. The advantages of this method are that it reduces the cost as well
as the measurement and design time of integrated antennas. To the knowledge of the author,
this is the first on-wafer measurement system which can measure more than one hemisphere,
and therefore, allows measuring omnidirectional antennas. The radiation of the probe have
been analysed and it was found that the dynamic range of the whole setup is limited by the
radiation of the probe itself. A test antenna has been measured and good agreement was found
between the measurement and simulation. In addition, very good measurement repeatability
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was observed. From this work, it can be conclude that the on-wafer antenna characterisation
technique is a cost-effective and reliable alternative to the traditional radiation pattern
measurement in anechoic chamber.
In summary, the performance of multi-antenna techniques has been analysed using the data
obtained with novel 60 GHz MIMO measurement systems. A radiating element which can be a
part of a multi-element antenna is presented, together with the measurement system which can
characterise this antenna.
As future work, more extensive measurement campaigns in several environments should be
performed with the MIMO measurement system reported in [P3]. A radiating element with
wider beam width in elevation, such as the one presented in [P6], could be used as elementary
element in the virtual arrays. The data from this measurement campaign should be used to
confirm the results presented in this thesis, and extend the validity of the analysis. In addition,
the data should be utilized to optimize the implementation of multi-element antennas. The DoD
and DoA should be extracted from those measurements and used to implement an antenna test
bed, such as MEBAT, for 60 GHz multi-element antennas. Furthermore, those data should be
utilized to build a 60 GHz MIMO channel model. Based on the radiating element presented in
[P6], multi-element antenna should be designed. In order to improve the on-wafer radiation
pattern measurement system, the phase should be measured, e.g. using a VNA instead of
spectrum analyser. This would allow, with the help of the spherical wave expansion theory,
increasing virtually the measured angular range.
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