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The use of millimeter-wave frequencies is seen as a strong candidate for realizing future, very 

high data-rate radio systems. Millimeter-wave frequencies offer large bandwidths for short-
range indoor communications and outdoor point-to-point radio links. In this thesis, millimeter-
wave antenna solutions and radio wave propagation channels are studied. 

One of the key questions that needs to be answered before millimeter-wave devices can be 
produced profitably in large quantities is how to realize a low-cost antenna that is efficient and  
can be integrated with other parts of the transceiver. In the first part of the thesis, different 
solutions for realizing integrated antennas in the 60-GHz frequency range are presented. In 
this work, several antenna designs utilizing micromachining techniques have been developed 
and evaluated. In addition, beam steering has been demonstrated with the developed antenna 
arrays. 

The goal of the propagation part is to measure and model propagation channels in hospital 
environments, where 60-GHz radio systems can be used to improve the efficiency of medical 
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can be used for last mile access and backhaul of mobile networks. The measured channel data 
is used to derive important propagation parameters, which are then compared to those found 
from the literature. In order to generate a large number of channel realizations, e.g., for system 
simulations, channel models that describe the propagation channel in the delay domain have 
been developed. 

In the last part of the thesis, the performance of millimeter-wave radio systems in indoor 
scenarios is analyzed by means of channel capacity and throughput of the physical layer. At 
first, the performance of different multi-antenna techniques are compared based on 
experimental characterization of the channel capacity. The results of the throughput analysis 
are used to evaluate the feasibility of millimeter-wave radio systems in the defined usage 
scenarios and to validate the developed propagation channel models. The results reveal that the 
60-GHz radio systems are able to provide the required 1.53-Gbps data rate in hospital 
environments. The throughput starts to decline when the distance between the transmitter and 
the receiver exceeds 3 meters. 
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Tiivistelmä 
  
  
Millimetriaaltotaajuuksien käyttöä pidetään vahvana ehdokkaana tulevaisuuden hyvin 

suuriin datanopeuksiin yltävien radiojärjestelmien toteuttamiseksi. Millimetriaaltotaajuudet 
tarjoavat käytettäväksi suuria kaistanleveyksiä lyhyen kantaman sisätilatietoliikenteeseen 
sekä ulkotiloissa käytettäville radiolinkeille. Tässä työssä tutkitaan millimetriaaltoalueen 
antenniratkaisuja sekä radioaaltojen etenemiskanavaa. 

Avainkysymys, johon tarvitaan vastaus ennen kuin millimetriaaltolaitteita voidaan valmistaa 
kannattavasti suuria määriä on, miten edullinen ja suorituskykyinen antenni toteutetaan niin, 
että se voidaan integroida muiden lähetin- ja vastaanotinkomponenttien kanssa. Työn 
ensimmäisessä osassa esitellään erilaisia ratkaisuja integroitujen antennien toteuttamiseksi 
60 GHz:n taajuusalueelle. Työssä on kehitetty useita mikromekaanista prosessia hyödyntäviä 
antenneja ja arvioitu niiden suorituskykyä. Lisäksi antennin säteilykuvion kääntöä on 
havainnollistettu kehitetyillä antenniryhmillä. 

Työn etenemisosan tavoitteena on mitata ja mallintaa etenemiskanava sairaalaympäristöis-
sä, joissa 60 GHz:n radiojärjestelmiä voidaan käyttää parantamaan lääketieteellisten operaati-
oiden tehokkuutta, sekä kaupunkiympäristöissä, joissa millimetriaaltoalueen radiolinkkejä 
voidaan käyttää ns. viimeisen mailin yhteyksiin sekä mobiiliverkkojen runkona. Mitattua 
kanavatietoa käytetään tärkeiden etenemisparametrien johtamiseen, joita verrataan 
kirjallisuudessa esitettyihin arvoihin. Työssä on kehitetty kanavamalleja, jotka kuvaavat 
etenemiskanavaa viivealueessa, jotta esimerkiksi systeemisimulointeihin saadaan luoduksi 
riittävän suuri määrä kanavavasteita. 

Väitöskirjan viimeisessä osassa analysoidaan millimetriaaltoradiojärjestelmien suoritus-
kykyä sisätilaympäristöissä kanavakapasiteetin sekä fysikaalisen kerroksen tiedonsiirto-
nopeuden avulla. Aluksi vertaillaan moniantennitekniikoiden suorituskykyä kokeellisesti 
määritetyn kanavakapasiteetin avulla. Tiedonsiirtonopeusanalyysin tuloksia käytetään 
millimetriaaltoradiojärjestelmien käytettävyyden arviointiin määritellyissä käyttöskenaari-
oissa sekä kehitettyjen kanavamallien validointiin. Tulokset osoittavat, että 60 GHz:n 
radiojärjestelmät mahdollistavat vaaditun 1,53 Gbps:n tiedonsiirtonopeuden sairaalaympä-
ristöissä. Tiedonsiirtonopeus alkaa laskea, kun lähettimen ja vastaanottimen välinen etäisyys 
ylittää 3 metriä. 
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1. Introduction

Our generation has witnessed a revolution of wireless communication sys-

tems. A long time has already passed since the first mobile services were

introduced to the public in the 1980’s and the 1990’s, and nowadays mobile

phones and wireless networks can be found everywhere. People expect to

have a mobile connection and fast Internet access wherever they go. For

this reason, the main challenges for the future wireless system develop-

ers are the growing need for higher transmission rates and the increasing

number of users. One example of the applications that requires very high

data transmission rates of more than 1 Gbps is wireless transmission of

an uncompressed high-definition (HD) video image. The throughputs of

1 Gbps and above are difficult to achieve with conventional wireless sys-

tems using frequencies up to 10 GHz, because of the limited bandwidth

or the transmission power. One option to provide very high data rates

is the use of millimeter-wave (mm-wave) frequencies (30–300 GHz) that

can provide bandwidths of several GHz. In addition to large bandwidths,

mm-waves enable integration of the whole transceiver inside a small chip

due to the short wavelength λ of 1–10 mm. The short wavelength typi-

cally limits the use of mm-wave communication systems for short-range

communications inside one room due to high loss in free space and, e.g.,

wall penetration loss. On the other hand, mm-wave frequencies can also

be used for longer range outdoor point-to-point links when high directive

antennas with larger physical size are utilized.

1.1 Main standards and applications for millimeter-wave
communications

The use of mm-waves for wireless communications has been supported by

recent standardization activities. For example, a frequency band around
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Figure 1.1. Illustration of the thesis content in the area of mm-wave communication sys-
tems.

60 GHz has been allocated for short-range, very high data-rate communi-

cations systems. This frequency range provides 5 GHz of unlicensed band

almost worldwide and enables data rates up to several Gbps [1–5]. The

two main standardization activities are IEEE 802.15 Task Group 3c (TG3c)

[6] intended for 60-GHz high data-rate wireless personal area networks

(WPAN) and IEEE 802.11 TGad [7] for 60-GHz wireless local area net-

works (WLAN). It has been predicted that the 60-GHz band is one of the

most exciting opportunities for circuit, antenna, and communication sys-

tem engineers over the next decade [8]. Another application for mm-wave

frequencies is ultra high capacity point-to-point communications that can

be used for last mile access or backhauls of mobile networks. In this ap-

plication, the high free-space loss is compensated by using very directive

antennas at a transmitter (Tx) and a receiver (Rx) in order to achieve link

distances of up to several hundreds of meters. The frequency ranges 71–

76 GHz and 81–86 GHz, which are included in the mm-wave E band at

60–90 GHz have been allocated for point-to-point communications in the

US by the United States Federal Communication Commissions (FCC) [9]

and in Europe by the European Telecommunications Standards Institute

(ETSI) [10].

1.2 Objectives and contributions of this thesis

The structure of the thesis is illustrated in Figure 1.1. Although the figure

presents the whole radio system, the thesis concentrates only on certain

future applications in the area of mm-wave communications. The contri-
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butions of the thesis can be divided into three main areas: 1) developing

antenna solutions for 60-GHz integrated radio transceivers, 2) performing

propagation channel measurements and developing radio channel models

for certain 60-GHz indoor scenarios and E-band point-to-point applica-

tions, and 3) evaluating the performance and the feasibility of mm-wave

radio systems in the defined usage scenarios.

The first part of the thesis concerns antennas, which are a very impor-

tant part of the radio system and determine how efficiently a radio device

can transfer electromagnetic waves from a transmission line to free space

and vice versa. At mm-wave frequencies the short wavelength enables

integration of the antenna on the same chip as the microwave monolithic

integrated circuits (MMIC). This is very important for realizing radio de-

vices that can be manufactured inexpensively and in large quantities.

However, the main problem of integration is that traditional substrate

materials, such as silicon, are generally not suitable for antennas at mm-

wave frequencies due to high losses and large thickness of the substrate.

In this thesis, integrated antennas for 60-GHz short-range communica-

tions have been developed utilizing micromachining technology to remove

the lossy substrate material under the antenna element. When the sub-

strate is removed, the antenna element sits on top of a thin membrane,

which corresponds nearly to a free-space environment and enables high

efficiency and good radiation properties for the antenna. The results of

the membrane antennas and the antenna arrays, which have been de-

signed and manufactured during the thesis work, are presented in [I, II].

The developed antenna arrays are used for demonstrating beam steering

at 60 GHz.

Radio wave propagation measurements provide information on the prop-

agation channel in a certain environment, and they are an essential part

of the radio system design work. The measured propagation data can be

used for implementing realistic channel models and for evaluating an-

tenna performance in a realistic user environment with antenna evalu-

ation methods, such as the experimental plane-wave-based method [11].

The propagation part of the thesis concentrates on measuring and model-

ing the radio wave propagation in 1) hospital environments, where the use

of wireless systems can improve the efficiency of medical operations and

2) in urban outdoor environments, where mm-wave point-to-point links

can be used for last mile access and backhaul of mobile networks. Pre-

liminary measurements for medical applications have been performed in
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a shielded room and the results of this work are presented in [III]. The

channel measurements in the hospital environments are reported in [IV]

and the point-to-point E-band measurements in [V].

The measured propagation data has been used for developing statistical

channel models for 60-GHz radio systems in hospital environments [VI].

The models have been developed since the propagtion measurements have

shown different channel characteristics compared to regular indoor sce-

narios. Furthermore, the existing 60-GHz channel models, such as the

IEEE 802.15 TG3c [12] and IEEE 802.11 TGad [13] models do not cover

hospital environments. The E-band radio wave propagation in a street

canyon scenario is characterized in [VII] using a geometry-based stochas-

tic channel modeling approach. The developed channel models have been

verified by comparing the measured and modeled delay spreads.

In the last part of the thesis, the performance of mm-wave radio systems

has been evaluated utilizing previously measured or modeled channel in-

formation. At first, the channel capacity (or, in other words mutual infor-

mation) of the 60-GHz radio system utilizing multi-antenna techniques

is studied in [VIII]. The analysis is based on the measured propagation

channel data in indoor environments, and it aims to describe the perfor-

mance differences between beam steering and multiple-input multiple-

output (MIMO) systems. Finally, the feasibility of 60-GHz radio systems

in hospital environments is studied in [IX] using throughput of a phys-

ical layer as a figure of merit. The physical layer scheme considered

in the simulations is based on the TG3c [6] standard, which supports

both single carrier (SC) and orthogonal frequency division multiplexing

(OFDM) transmissions. The developed channel models for hospital envi-

ronments have been validated in terms of channel capacity and through-

put in [X]. In addition to publications [I–X], the author has authored and

co-authored several other publications in this researh field [14–26].
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2. Antennas for Integrated
Millimeter-Wave Radios

Traditionally, horn, reflector, and lens antennas have been used in mm-

wave devices. These antennas have high gain and efficiency but they are

not suitable for low-cost commercial devices because they are expensive,

heavy, bulky, and they cannot be integrated with solid-state devices. On

the other hand, planar antennas that are printed on top of a dielectric

substrate are lightweight, low-profile, compact, and easy to integrate with

MMICs. The use of planar integrated antennas can also greatly reduce in-

terconnection losses and wireless transceiver costs [27,28]. For these rea-

sons, the antenna part of this thesis is delimited to integrated antennas

only.

When designing antennas for mm-wave devices, the basic antenna the-

ory and design rules that are known from the lower microwave frequen-

cies are usable, but there are also some additional aspects that have to

be taken into account. First of all, due to the short wavelength, manu-

facturing techniques have to be more accurate, which increases costs. In

addition, regular low-cost substrate materials are not generally usable at

mm-wave frequencies. The losses of the substrate and the power trapped

in the substrate due to surface-wave modes can greatly reduce the perfor-

mance of integrated antennas [29].

There are two concepts, known as on-chip (Figure 2.1(a)) and in-package

antennas (Figure 2.1(b)) [29], which have recently gained a lot of attention

for realizing highly integrated low-cost mm-wave devices. On-chip anten-

nas are manufactured on the same substrate and chip as the MMIC of the

transceiver, whereas in-package antennas combine a separate antenna

and the MMIC chip using packaging technologies. The main advantages

of the on-chip antennas are significant cost reduction and improved design

flexibility due to the absence of the inter-connection between the MMIC

and the antenna. On the other hand, on-chip antennas have a low total ef-
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Figure 2.1. Illustrations of (a) an on-chip antenna, (b) an in-package antenna, and (c)
an on-chip antenna using micromachining technology. The dimensions of the
figures are not in scale

ficiency, which is typically only 10 % at 60 GHz and low gain [8]. However,

the efficiency and the gain be improved by using compensating structures,

such as dielectric lenses or by choosing the substrate thickness so that it

is less than the cut off-thickness of the surface-wave modes. The lossy

substrate material can also be removed under the antenna element by us-

ing micromachining techniques as illustrated in Figure 2.1(c). In-package

antennas have higher efficiency and can have higher gain compared to

on-chip antennas but the complexity, size, and expenses of the device are

increased due to the packaging and the use of a separate antenna. For the

in-package antennas, the inter-connection between the MMIC and the an-

tenna is usually implemented by using bond wires, flip chip, or coupling

connections.

2.1 Basic parameters of antennas

The basic antenna parameters are used for evaluating the performance

of antennas and they are usable for all kinds of antennas regardless of

the antenna structure or frequency. The following describes briefly the

parameters that are used later in the thesis.

The impedance matching of the antenna is defined by a voltage reflec-

tion coefficient Γ = ZA−Z0
ZA+Z0

, where ZA and Z0 are the impedances of the an-

tenna and the transmission line, respectively. The square of the reflection

coefficient defines the ratio of the reflected power Prefl to the total incident

power Pt as follows: |Γ|2 = Prefl/Pt. The impedance matching can also be

characterized by the matching efficiency ηm = 1−|Γ|2. Small antennas are
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usually based on a resonance phenomena and hence they have a certain

impedance bandwidth B. The impedance bandwidth is usually defined

as a frequency range, in which the absolute value of the reflection coef-

ficient remains below a certain predefined level. Typically, |Γ|2 ≤ −6 dB

or |Γ|2 ≤ −10 dB are used as a matching criteria for integrated planar

antennas.

One of the parameters defining the radiation properties of the antenna

is the directivity D (θ, φ), which is the power density radiated to a certain

direction (θ, φ) in the standard spherical coordinate system divided by the

average power density. The gain of the antenna G (θ, φ) is a product of

D (θ, φ) and the radiation efficiency ηr, which is a ratio of the radiated

power Prad and the power accepted by the antenna Pin. The realized gain

includes the matching losses as well, and it is defined as [30]

Gr (θ, φ) = ηrηmD (θ, φ) . (2.1)

Probably the most important parameters for evaluating the performance

of mm-wave integrated antennas are the total efficiency ηtot = ηrηm, B,

and Gr.

2.2 On-chip antennas

There are several fabrication processes that can be used to manufacture

analogue MMICs and on-chip antennas for 60-GHz communication sys-

tems. SiGe and GaAs processes provide the best performance, whereas

the complementary metal oxide semiconductor (CMOS) process offers ul-

timately the greatest cost efficiency in large scale mass production. A

CMOS chip consists of several layers. On top of the chip there are 6 to 8

metal layers, as illustrated in Figure 2.1(a), embedded between insulator

layers. The insulator is SiO2, which typically has a relative permittivity εr

from 2.2 to 4. The total thickness of the top part which includes the metal

and insulator layers is usually less than 15 μm. At the bottom of the chip,

there is a 300 to 700 μm thick silicon substrate with εr = 11.9, which is is

doped to exhibit low resistivity ρ ≈ 10 Ω·cm. [29]

CMOS technology has been optimized for digital circuitry and at mm-

wave frequencies the performance of analog MMICs is decreased due to

the resistive losses in the metallization layers and in the doped bulk sil-

icon substrate. The resistive losses affect the antenna performance as

well. Due to the material properties and thickness of the substrate, the
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energy is trapped inside the bulk silicon as surface-wave modes, which re-

duces the gain and efficiency of the antenna. The antenna element is not

radiating efficiently, but the energy is mostly leaking from the edges of

the chip or is transformed to heat inside the substrate. In addition, strict

design rules of the CMOS process make the antenna design difficult. For

example, the metal density has to be maintained above a certain value

for the whole area of the chip. However, metal parts in the vicinity of the

antenna can significantly decrease the antenna performance.

Table 2.1 summarizes the performance of the on-chip antennas that

have been reported in the literature [27, 31–37]. Typical Gr values of the

CMOS on-chip antennas range from −12.5 to −3.5 dBi and the maximum

ηtot = 19%. The performance can be improved by using a thinner sub-

strate and a larger antenna size as in [27] or by using a more expensive

semiconductor process such as the one used for pseudomorphic high elec-

tron mobility transistors (pHEMT) [36]. The typical size of the on-chip

antenna at 60 GHz is less than 1.5 mm2.

2.3 On-chip antennas using micromachining technology

The performance of on-chip antennas can be improved by removing the

substrate material under the antenna element by using micromachining

technology [51]. Usually, a thin membrane layer (e.g. benzocyclobutene

(BCB)) is grown on top of the substrate and the metallization is made

on top of the membrane. After that, the substrate is removed from se-

lected locations where the electric field of the antenna is at maximum by

using wet or dry backside etching. When the substrate is removed the

antenna sits on top of a thin membrane, which corresponds nearly to a

free-space environment. Due to the absence of the dielectric substrate,

the guided wavelength in the antenna structure is increased, and thus

the dimensions of the micromachined antennas are larger compared to

normal on-chip antennas.

The radiation patterns before and after the micromachining process are

illustrated in Figure 2.2 for a slot loop antenna on top of a silicon sub-

strate. In Figure 2.2(a), the radiation pattern is disturbed due to the

surface-wave modes and the energy is also leaking from the edges of the

chip. After removing the substrate material, the radiation pattern is

smoother as shown in Figure 2.2(b) and the efficiency of the antenna is

increased. Typical Gr values of the micromachined antennas are from
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Table 2.1. Summary of integrated antennas for 60-GHz applications. The Gr values refer
to measured values of the maximum Gr if not stated otherwise and the ηtot

values are simulated.

Process Antenna type Gr [dBi] ηtot Size [mm2] Ref.
On-chip antennas
90 nm CMOS Gangbuster artificial mag-

netic conductor antenna

−2.1 simul.

−6 meas.

19% 1.3× 1.1 [31]

130 nm CMOS Inverted-F 10% 0.7× 1 [32]

130 nm CMOS Meandered dipole 3% 0.6× 1 [32]

180 nm CMOS Rhombic antenna (thinned

substrate)

−0.2 85% 5× 5 [27]

180 nm CMOS 2-element Yagi −3.5 15.8% [27]

180 nm CMOS Dipole −6.7 9% [27]

180 nm CMOS Triangular monopole −7.2 12% 1× 0.81 [33]

180 nm CMOS CPW-fed Yagi −14 1.1× 1.34 [34,35]

150 nm pHEMT Dipole + two tilted and

slotted dipole elements

3.6 0.9 [36]

Low res. silicon Inverted-F −19 3.5% 2× 0.1 [37]

Low res. silicon Quasi-Yagi −12.5 5.6% 1.3× 1 [37]

On-chip antennas using micromachining technology
BCB membrane 5-element monopole array 9 simul. 87% 10.5× 3.3 [I]

BCB membrane Slot loop antenna 6 5× 5 [II]

BCB membrane 2-element slot loop array 2.9 12× 5 [II]

BCB membrane 2-element patch array 9.5 [38]

BCB membrane Patch 6.5 [38]

BCB membrane Tapered slot antenna 75–

110 GHz

4.6 [39]

BCB membrane 4-element patch array 4.5 [40]

Membrane Yagi-Uda 10 [41]

Membrane Yagi-Uda 43 GHz 9 [42]

Membrane Slot loop antenna 29.5 GHz 1.5 3.6× 3.6 [43]

In-package antennas
RO4003 εr = 3.38 4× 3 patch array 14.2 [44]

RO4003 εr = 3.38 2× 2 patch array 8.2 [44]

RO4003 εr = 3.38 Folded dipole 5.5 [44]

Fused silica εr = 3.8 Folded dipole 8 85% [45]

Fused silica εr = 3.8 Dual folded dipole 8 85% [45]

Ferro A6-S LTCC Aperture-coupled microstrip-line-fed

patch antenna (ACMPA)

Gr = 4.5 dBi [46]

Ferro A6-S LTCC 16-element ACMPA 15.7 [46]

Ferro A6-S LTCC Uniplanar-compact electromagnetic

band-gap (UC-EBG) ACMPA

Gr = 9.0 dBi [46]

Ferro A6-S LTCC UC-EBG 16-elem. ACMPA 18.0 [46]

DuPont DP943 LTCC 2× 2 dual pol. patch array 7.5 [47]

Alumina substrate Microstrip array antenna 13 [48]

RT/duroid 5880 Switched-beam patch 8.9 9.75× 13.1 [49]

εr = 2.2 antenna array

RT/duroid 5880 2× 2 patch array 13.1 5.6× 5.5 [50]

RT/duroid 5880 2× 2 patch array 10.1 3.8× 4.0 [50]
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Figure 2.2. Radiation pattern of an antenna (a) before and (b) after the substrate mate-
rial is removed under the antenna element. The figures are screenshots from
the 3D full-wave electromagnetic field software HFSS.

+3 to +10 dBi at 60 GHz [I, II] [38–43] as presented in Table 2.1. A de-

tailed description of the micromachining process is presented, e.g., in [52].

2.4 In-package antennas

The main motivation for using in-package antennas is the improved per-

formance compared to on-chip antennas. As shown in Table 2.1, Gr of

the in-package antennas range from 5.5 to 18 dBi and ηtot can exceed

80 % [44–50]. The efficiency is increased because the antenna can be

placed on top of a low loss substrate. On the other hand, the manufac-

turing costs of the in-package antennas are higher compared to on-chip

antennas in large scale production. In addition, there are challenges in

the manufacturing process, which can decrease the performance of the

antenna. It can be difficult to fulfill the electrical and mechanical relia-

bility requirements and the antenna can be detuned due to the packaging

materials [53]. The most popular packaging technologies include low tem-

perature co-fired ceramic (LTCC), εr = 5.9−7.7, fused silica, εr = 3.8, liquid

crystal polymer (LCP), εr = 3.1, and PTFE (Teflon R©), εr = 2.2 [54]. The

highest performance in terms of gain and bandwidth is achieved using

materials with low εr. Currently LCP is considered as a good low-cost

process for manufacturing in-package antennas due to its good electrical

and mechanical characteristics [53, 55]. Since the substrate material is

flexible, it is also possible to realize conformal antennas with LCP.
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2.5 Contributions of the thesis

In [I], a five-element monopole antenna array which can be manufactured

by using micromachining technology has been designed for 60-GHz beam

steering applications in cooperation with M.Sc. Diane Titz from the Uni-

versity of Nice-Sophia-Antipolis, France. The array is presented in Fig-

ure 2.3(a) and it is composed of five equally spaced planar monopole an-

tennas realized on a 20 μm thick BCB membrane, which is surrounded by

a 500 μm thick silicon substrate. The design includes a feeding network

from 1 to 5 ports and a phase shifter based on micro-electro-mechanical

systems (MEMS) switches and switched transmission lines. The phase

shifter which is used for steering the beam of the antenna array enables

a 160◦ phase shift in 20◦ steps. Each element of the antenna array has a

simulated Gr of 3.2 dBi and the maximum Gr of the array is 9.0 dBi, as

shown in Table 2.1. The simulated radiation efficiency of the developed

antenna array is 87 % and it fulfils the impedance matching requirement

of |Γ|2 ≤ −10 dB at the desired frequency band from 57 to 64 GHz. The

array has been designed using the 3D full-wave electromagnetic field soft-

ware HFSS and realistic material parameters of the micromachining pro-

cess [52]. The same process could be used to manufacture MEMS switches

and phase shifters as well.

The next step of the work was to manufacture the designed prototype

antennas and measure them. The prototypes were manufactured in a

research laboratory LAAS-CNRS, Toulouse, France using the microma-

chining process and the BCB membrane. Unfortunately, due to a mis-

take in the manufacturing process none of the monopole-based antenna

arrays were operational, and for that reason, the simulation results pre-

sented in [I] were not verified by measurements. The specific reason why

the monopole-based antenna arrays were not operational was because the

thick silicon substrate was not removed under these prototypes. However,

the manufactured wafer includes other prototypes as well and one of those

antenna solutions, a two-element slot loop antenna array, is presented in

[II]. A photo of the slot loop antenna element is shown in Figure 2.3(b)

with the dimensions of the antenna. The publication includes the perfor-

mance results of the single antenna element and the two-element antenna

array. The manufactured prototypes fulfil the |Γ|2 ≤ −10 dB matching cri-

terion over the 57–64-GHz frequency range and the maximum measured

Gr values are 2.9 and 6.0 dBi, as shown in Table 2.1. Beam steering has
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Figure 2.3. Examples of the antennas developed during the thesis work: (a) a monopole
array [I] (note that in the side view the layer thicknesses are not in scale)
and (b) a slot loop antenna [II].

been demonstrated experimentally by using a passive 180◦ phase shifter.

The radiation properties of the manufactured prototypes have been mea-

sured using a 3D radiation pattern measurement system for 60-GHz on-

chip antennas. The author has participated in the development of the

system and is a co-author in the related publications [15,16,21,23].
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3. Experimental Characterization of
Radio Wave Propagation

Radio wave propagation is a complex phenomenon since waves can propa-

gate from the Tx to the Rx in several different ways. In addition to direct

free-space propagation, the waves can reflect, scatter and diffract from ob-

jects or propagate through them in some cases. The direct path is called

a line-of-sight (LOS) path and the other components are delayed multi-

paths. The delay of the multipath component is defined by the length of

the path and depending on the phase of the path it can interfere construc-

tively or destructively in the Rx causing rapid fluctuation of the received

power within a small distance. This phenomenon is called small scale

fading, whereas large scale fading describes the attenuation of the signal

when the distance from the Tx is increased or due to shadowing obstacles.

At mm-wave frequencies reflections from smooth surfaces are usually

considered as the main multipath propagation mechanism in the LOS

scenario [56]. Scattering occurs when a radio wave hits a rough surface or

an object that is in the order or smaller compared to the wavelength. The

energy is spread to many different directions from the scattering object

and for that reason scattering is the most difficult propagation mechanism

to predict and model. Diffraction has a small effect on the received power

compared to direct, reflected or scattered components due to the short

wavelength at mm-wave frequencies but, e.g., in [56] it has been stated

that diffraction can also be a significant propagation mechanism in non-

line-of-sight (NLOS) environments . Due to the short wavelength, the

propagation loss through walls and other objects is usually very high at

mm-wave frequencies.

The propagation channel has a large influence on the radio system per-

formance due to the large and small scale fading. Since the number of in-

teracting objects in the propagation environment is very large, analytical

modeling of the channel is very difficult. Furthermore, the channel can be
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Figure 3.1. An example of the measured averaged PDP from the angiography room.

time-variant due to the mobility of users or moving objects in the channel

environment. For these reasons, it is important to perform propagation

measurements in realistic usage environments. The simplest way to mea-

sure the propagation channel is to record the received power by using a

narrowband receiver. However, this method does not give information of

the delay dispersion of the radio channel. Multipath components can be

resolved by measuring a channel impulse response (CIR), which defines

the channel characteristics in the delay domain. A square of the abso-

lute value of the CIR is called a power delay profile (PDP). The PDP can

be averaged over time or space, when it gives information of the average

channel characteristics. An example of the averaged PDP, which has been

measured in an angiography room of a hospital in the 60-GHz frequency

range is presented in Figure 3.1. The X-axis of the figure is normalized

so that the excess delay τ of the LOS component is 0 ns. Sometimes also

the angular characteristics of the multipath components are of interest. A

direction of departure (DoD) and a direction of arrival (DoA) can be esti-

mated by rotating directive antennas or by applying beam forming using

a MIMO measurement system as presented in [57].

3.1 Propagation parameters

Radio system design and optimization require information on the received

power for link budget calculation and the delay dispersion properties of

the radio channel, which are important, e.g., for determining the symbol
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length and the design of an equalizer. Large scale fading is typically char-

acterized by path loss PL(d), which is defined as a local average of the

received signal power as a function of Tx–Rx distance d. The variation of

the averaged received power is called shadowing and it is often modeled

as a zero mean Gaussian random variable Xσ with a standard deviation

σ. The formula for modeling PL(d) is typically expressed in dB scale as

follows:

PL(d) = PL(d0) + 10n log

(
d

d0

)
+Xσ, (3.1)

where n denotes the path loss exponent and PL(d0) is the initial path loss

at a reference distance d0, which is usually 1 m for indoor systems.

Some important and generally known parameters can be extracted from

the PDP and used to evaluate the delay dispersion of propagation chan-

nels. The maximum excess delay τmax is simply the maximum delay value,

after which all the power levels of multipath components are below some

threshold value. In Figure 3.1, τmax = 19.6 ns when the threshold is

−20 dB compared to the LOS component and τmax = 49 ns when the

threshold is set to −30 dB. The mean excess delay τ is the first central

moment of the PDP and it represents the average excess delay of the chan-

nel. In the example PDP, (Figure 3.1) τ = 11.1 ns. The square root of the

second central moment of the PDP is called the root mean square (RMS)

delay spread τRMS, which can be expressed as:

τRMS =

√√√√∑N
i=1 (τi − τ)2 Pi∑N

i=1 Pi

, (3.2)

where τi and Pi are the excess delay and the power level of ith multipath

component of the PDP, respectively. Typical values of τRMS for indoor en-

vironments at 60 GHz are in the order of 10 ns or less, as shown, e.g.,

in Table 3.2. This rule of thumb is also confirmed in Figure 3.1, where

τRMS = 7.45 ns.

3.2 Measurement equipment for millimeter-wave propagation
measurements

3.2.1 Narrowband measurements

There are several ways to perform propagation measurements and the

most suitable measurement equipment can be selected based on the re-

quired propagation channel information and the intended usage scenar-
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ios. The simplest measurement set-up for field strength measurements

and path loss evaluation can be implemented by using a narrowband Tx

and Rx. The transmitted continuous wave (CW) signal can be detected

at the Rx with a spectrum analyzer or other narrowband power detector.

This measurement set-up does not provide information about the phase

of the received signal. On the other hand, the narrow band measurement

system is fairly simple and it does not require a cable connection between

the Tx and the Rx. Narrowband measurement systems have been used

in several mm-wave propagation measurement campaigns [58–63]. If the

frequency dependency of the received power needs to be known, the fre-

quency of the CW signal can be swept with a signal generator as presented

in [59].

3.2.2 Measurements based on wideband channel sounding

Usually it is not enough to know only the received power of the signal but

also the delay and angular dispersions of the propagation channels are

of interest for radio system designers. The CIR can be measured directly

in the delay domain using wideband channel sounding techniques. Usu-

ally the measurement is done by transmitting a short pulse or a train of

pulses and sampling the received signal in the delay domain. The sam-

pling unit, which is usually based on a sliding correlator or a fast A/D

sampling unit needs a very short sample length to enable sufficient delay

resolution. When the transmitted signal is known, the CIR can be derived

from the cross convolution of the transmitted and the received signals. Di-

rect delay domain measurements enable very fast measurements, which

are required if the channel is time variant. For example, the effect of fast

moving mobiles on the propagation channel can be measured using this

measurement technique. The main disadvantages of the wideband chan-

nel sounding techniques are the limited delay resolution due to available

speed of the sampling unit and the complexity of the measurement sys-

tem. Channel sounder measurements at mm-wave frequencies have been

presented in [57, 64–70]. If there is no cable connected reference signal

between the Tx and Rx as presented in [64, 70], the synchronizing of the

system can be challenging and requires high-precision reference oscilla-

tors.
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3.2.3 Vector network analyzer based measurements

The delay dispersion of the propagation channel can also be examined by

measuring the wideband frequency response of the channel and trans-

forming it to the delay domain through the Fourier transform. The trans-

formation requires both the amplitude and the phase information of the

received signal. The wide bandwidth is required because the delay resolu-

tion is inversely proportional to the bandwidth of the system. In the prop-

agation environments, the required delay resolution is usually less than

a nanosecond, which corresponds to spatial resolution of 0.3 m and means

that the frequency bandwidth of the system needs to be larger than 1GHz.

One way to measure the complex wideband frequency response is to use

a vector network analyzer (VNA) that uses a stepped frequency sweep to

measure a channel transfer function. The VNA enables very wideband

measurements but due to the stepped sweep the measurement time is

increased when the number of frequency points is increased. For this rea-

son, VNA measurements are restricted to static or slowly changing chan-

nels. The measured frequency range can be selected flexibly and the struc-

ture of the measurement setup is simpler compared to wideband channel

sounders. However, since the Tx and the Rx usually need to be connected

with cables, VNA measurements are typically limited to short-range in-

door measurements. VNA-based measurement systems have been used

for mm-wave propagation measurements in [III,IV,V], [24,71–76].

3.2.4 Angular distribution estimation

The angular characteristics of the propagation channel can be measured

by rotating directive antennas as presented in [61–63, 70, 76–78]. Rotat-

ing the Tx and Rx antennas increases the measurement time significantly

and limits the channel measurements to static channels only. On the

other hand, the set-up is simple and fairly easy to implement. Another

way to estimate the DoA and the DoD is to use MIMO measurements and

beamforming or other estimation methods. In MIMO measurements, sev-

eral antennas are used at both ends of the link. At mm-wave frequencies

MIMO measurements are usually performed with virtual antenna arrays

as presented in [24,57]. A virtual antenna array consists of one antenna,

which is moved using very accurate scanners to form the desired antenna

array. Moving the antenna with scanners leads to long measurement time

because the number of samples becomes very large if a small angular res-
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olution is required. However, the system is more versatile compared to

systems using antenna rotation because the shape of the antenna array

and the number of antenna elements can be selected freely.

3.3 Indoor propagation measurements at 60 GHz

Propagation measurements in the 60-GHz frequency range have been per-

formed in various indoor environments. Table 3.1 summarizes the path

loss parameters from the literature that have been derived from mea-

surement results. The measurement scenarios represent typical user en-

vironments for 60-GHz short-range communications. In some of the LOS

scenarios the measurement results predict smaller path loss compared to

free-space propagation, where n = 2 and PL(d0) = 68 dB at 60 GHz. This

is due to multipaths, which can increase the total received power. Small

values of n can also be due to a guided-wave effect in the environment.

This is typical, e.g., in corridors. If the path loss is larger compared to

free-space propagation in a LOS scenario, it indicates that there are some

shadowing objects in the environment. In the NLOS scenarios n ranges

from 2.1 to 5.4, which indicates that the signal attenuates generally faster

as a function of Tx–Rx distance in the NLOS scenarios compared to the

LOS scenarios. Due to the variation of the parameters in different envi-

ronments it is difficult to draw conclusions, e.g., how the volume of the

room affects the path loss. For this reason, it is important to perform

measurements in realistic user environments for link budget analysis and

interference prediction.

The mean measured τRMS values in different indoor scenarios are pre-

sented in Table 3.2. The reported delay spread values at mm-wave fre-

quencies range from 3 to 18 ns in the LOS environments. The results

indicate that τRMS increases by a factor of about 1.5 if the LOS does not

exist. The use of directive antennas such as open-ended wavequides or

horn antennas generally decreases τRMS compared to measurements with

omnidirectional antennas. The directive antennas filter away some of the

received multipaths, which leads to smaller τRMS. In addition, the room

size affects τRMS so that typically delay dispersion is larger when the size

of the room is increased.
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Table 3.1. Measured path loss parameters in different indoor scenarios in the 60-GHz
frequency range.

Environment Scenario n PL(d0) [dB] σ [dB] Ref.
Angiography Tx Set 1 LOS 1.34 68.1 2.96 [IV]

Angiography Tx Set 2 LOS 1.86 66.7 1.7 [IV]

Ultrasonic inspection room LOS 2.23 67.1 1.94 [IV]

Large room LOS 1.2 68.3 2.7 [75]

Large room LOS 1.3 82 [58]

Office LOS 1.33 70 5.1 [65]

Office LOS/NLOS 2.1 70 7.9 [64]

Residential LOS 1.53 75.1 [79]

Corridor LOS 1.6 68 2.5 [56]

Corridor LOS 1.9 74 [58]

Small room, furnished LOS 1.7 65 [73]

Kiosk LOS N/A 68 [80]

Hall LOS 2.2 68 0.9 [56]

Hall NLOS 3.0 68 1.6 [56]

Residential NLOS 2.44 86.0 [79]

Large room NLOS 5.4 34.8 3.9 [75]

Table 3.2. Mean RMS delay spread in different indoor environments in the 60-GHz fre-
quency range. The measurements have been performed in LOS environments
if not otherwise stated.

Environment τRMS,mean σ Antenna Ref.
Angiography room 6.7 ns Tx-Wavequide, Rx-Omni [IV]

Angiography room 6.3 ns Tx-Omni, Rx-Omni [IV]

Ultrasonic inspection room 3.8 ns Tx-Omni, Rx-Omni [IV]

Aircraft cabin 2.2 ns Tx-Horn, Rx-Horn [67]

Aircraft cabin 5 ns Tx-Wavequide, Rx-Waveq. [67]

Private home 3 ns Tx-Omni, Rx-Omni [65]

Conference room 4.7 ns Tx-Omni, Rx-Horn [71]

Conference room 18 ns Tx-Omni, Rx-Omni [71]

Large room, furnished 4.89 ns Tx-Omni, Rx-Omni, [59]

Large room 8.8 ns 2.0 Tx-Omni, Rx-Omni [75]

Office 6.5 ns Tx-Omni, Rx-Omni [65]

Office, empty 9 ns Tx-Horn, Rx-Omni [74]

Office, furnished 9 ns Tx-Horn, Rx-Omni [74]

Office 11 ns Tx-Omni, Rx-Omni [72]

Workshop 7.81 ns Tx-Omni, Rx4-Omni [59]

Library and laboratory 8.5 ns Tx-Omni, Rx-Omni [65]

Laboratory room 13.6 ns Tx-Horn, Rx-Omni [66]

Corridor 13.4 ns Tx-Horn, Rx-Omni [66]

Corridor 15 ns 5.4 ns Tx-Horn, Rx-Omni [56]

Hall 16 ns 3.4 ns Tx-Omni, Rx-Omni [56]

Large room NLOS 13.2 ns 3.3 Tx-Omni, Rx-Omni [75]

Laboratory room NLOS 20.5 ns Tx-Horn, Rx-Omni [66]

Hall NLOS 22 ns 2.3 ns Tx-Omni, Rx-Omni [56]
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Figure 3.2. Street canyon usage scenario for E-band point-to-point radio links.

3.4 Outdoor point-to-point propagation measurements in
the E band

Most of the outdoor propagation measurements at mm-wave frequencies

have been performed to evaluate the attenuation of the received signal

due to rain and other meteorological phenomena. In the mm-wave fre-

quency range, heavy rain can cause additional attenuation of tens of deci-

bels per kilometer and destroy the operation of the radio link. Accord-

ing to [81] the rain attenuation limits the maximum link distance in the

E band to 1.6 km if 99.999% uptime or 5 min downtime per year is re-

quired. This rule of thumb is calculated by assuming 20 dBm Tx power,

50 dBi antenna gains at both ends of the link, and rainfall rates exceeding

10 cm/h occurring 5 min/year. The rain attenuation and the rain inten-

sity prediction methods are defined in International Telecommunication

Union recommendations P.838-3 [82] and ITU-R P.530-12 [83]. The recom-

mendations have been verified with measurements in [84, 85] and, e.g.,

in [86] it is shown that the ITU-R model is close to the observed data, but

it gives slightly optimistic results. In addition, the effect of wet radomes

should be taken into account when using the rain attenuation models [87].

When longer link distances are required, also the atmospheric attenu-

ation needs to be taken into account. The attenuation by atmospheric

gases can be modeled based on ITU-R P.676-6 recommendation [88] and,

e.g., in hot and humid conditions, atmospheric attenuation can be several

dB per kilometer.

Although the weather characteristics are well defined at mm-wave fre-

40



Experimental Characterization of Radio Wave Propagation

quencies, the influence of environment and multipath components on the

performance of the E-band radio links is mostly unknown. Traditionally,

radio links are used on rooftops, high elevated masts and other close to

free-space environments, where very directive antennas filter away the

effect of the delayed multipath components. However, the E-band radios

could be used in other urban environments as well, such as street canyons.

Figure 3.2 illustrates one very interesting new usage scenario, where the

E-band link is used for providing high speed internet connection to access

points, which are located along the street. These high speed access points

can utilize Long Term Evolution (LTE)-Advanced or other future tech-

nologies. In the street canyon, reflections from walls and scattering from

traffic signs etc. can occur and affect the performance of the E-band radio

link when large bandwidths and complex modulation schemes are used

for transmission. For this reason, it is important to investigate the delay

domain properties of the propagation channel as well. In [V], a wideband

measurement system for long range propagation measurements in the

81–86-GHz frequency band is proposed. The system can be used to record

the CIR of the propagation channel with a delay resolution of 0.2 ns. A

measurement campaign has been performed in roof-to-street and street

canyon scenarios. More discussion about the results is found from Section

3.5.2.

3.5 Contributions of the thesis

3.5.1 Propagation measurements in hospital environments

Initial measurements for investigating the potential and the feasibility

of 60-GHz radio systems for very high data-rate short-range communi-

cations in medical applications have been performed in a shielded room

[III]. The measurements in the shielded room are meaningful for study-

ing propagation characteristics in medical applications, since real surgery

rooms are typically shielded. In the measurements, one particular usage

scenario, i.e., real-time video streaming for ultrasonic imaging has been

considered. The patient side antenna was used to emulate several typical

movements of the physician performing the ultrasonic inspection and the

other antenna was mounted on a tripod and placed on 16 different posi-

tions around the table where the patient was laying. Link budget and
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(a)

(b)

Figure 3.3. Photos of (a) the angiography room and (b) the ultrasonic inspection room.

delay domain multipath characteristics have been analyzed and modeled

based on the measurement results. The results show that the path loss

varies as much as 6 dB even with a small circular movement of the an-

tennas within 0.2 m. Furthermore, it is observed that the PDPs in the

shielded room are modeled better by power law rather than conventional

exponential decay.

Propagation measurements in hospital environments are presented in

[IV] for two possible applications of 60-GHz radio systems: real-time video

streaming for angiography and for ultrasonic inspection. The measure-

ments in the angiography room (Figure 3.3(a)) were intended to acquire

radio channel responses from an X-ray machine to a movable screen. In

the measurements, the Tx antenna was attached to one of the X-ray ma-
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chines in two different locations and the Rx antenna was moved to 39

different positions around the room in order to cover areas where the

screen could be placed. The ultrasonic inspection room (Figure 3.3(b)) was

equipped with four ultrasonic imaging systems and beds, separated with

curtains. The Tx and Rx antennas were placed on the beds and at differ-

ent locations around the beds during the measurement. In [IV], the chan-

nel characteristics measured in the hospital environment are compared to

those observed in other indoor environments. As shown in Table 3.1, the

path loss in the angiography room is lower compared to free-space prop-

agation. This can be due to metal walls and metallic medical equipment,

which produce a large number of reflected waves and increase the received

power. On the other hand, the path loss in the ultrasonic inspection room

is very close to free-space propagation because of the power absorption to

lossy materials like walls, curtains and hospital beds. In addition, it is

found that in the ultrasonic inspection room τRMS is lower compared to

that in the angiography room and in most indoor environments reported

in the literature. Reasons for the low τRMS can be the small room size

and large absorption of the walls. These conclusions are also supported

by the room electromagnetics theory [89], which proposes that the rever-

beration time in a certain environment is proportional to the room volume

and inversely proportional to the surface area and the absorption coeffi-

cient. According to the theory, if the average PDP decays exponentially,

the reverberation time equals τRMS.

The author has also participated in the measurement system develop-

ment in [24]. The system is based on a VNA and frequency converters. In

the hospital measurements [III], [IV], the bandwidth of the system has

been set to 4 GHz from 61 to 65 GHz leading to 0.25 ns resolution in the de-

lay domain and 75 mm path length resolution. The frequency sweep was

performed with the VNA 5 times per second as long as the desired number

of samples was obtained for path loss averaging and PDP derivation.

3.5.2 Point-to-point propagation measurements in urban
environments

The measurement system for wideband outdoor point-to-point measure-

ments has been presented in [V]. The system operates in the 81-–86-GHz

frequency range and it has been successfully tested with link distances of

more than one kilometer. The signal is transmitted using a synthesized

sweeper and received after a mixer with a VNA. Due to the large link dis-
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Figure 3.4. Photos of (a) the parabolic antenna and (b) the street canyon measurement
scenario.

tance, cables cannot be used to connect the Tx and the Rx, which prevents

the phase measurement by using the VNA. Instead, the system utilizes

the Hilbert transform to calculate the phase of the received signal for the

CIR derivation. This method has been used for propagation channel mea-

surements already in [90]. The 5-GHz system bandwidth leads to 0.2-ns

delay resolution, which is equivalent to 60 mm path length difference. The

resolution is small enough to characterize the main features of the propa-

gation channel such as reflections from the walls and the ground in urban

environments. The propagation measurements have been performed in

roof-to-street and street canyon scenarios, which are examples of very in-

teresting possible new usage environments for E-band radio links. There

was a LOS connection between the Tx and the Rx in all the measure-

ments. The roof-to-street measurements were performed in two different

locations, where the Tx–Rx distances were 175 and 105 m. In the measure-

ments, parabolic antennas (see Figure 3.4(a)) were attached to a 2 m high

mast on the rooftop and to a 4 m high mast on the street level. The an-

tennas were selected according to the specifications for the E-band radio

links [91] having the maximum gain of 45 dBi and the half power beam

width of 0.8◦. In the street canyon measurements, the antennas were at-

tached to 4 m high masts in order to distinguish the ground reflection in

the delay domain and the Tx–Rx distances were 685 and 1100 m. A photo

of the street canyon scenario is presented in Figure 3.4(b). The measure-
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ment system and scenarios are presented in [V] as well as the prelim-

inary analysis of the measurement results. The measured CIRs reveal

that the LOS component is dominant in all the measurements scenarios

as expected. However, multipath components exist even when using very

directive antennas. It is found that the strongest multipath component is

attenuated at least 20 dB compared to the LOS component. This is due

to the radiation patterns of the antennas and the reflection loss of the

building materials and the ground.
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4. Millimeter-Wave Propagation
Channel Modeling

Realistic channel realizations are needed for the design, optimization and

evaluation of the performance of wireless communications systems. For

example, in system simulations the required number of channel realiza-

tions can be very large and infeasible to measure. In addition, channel

measurements cannot be performed in all possible usage scenarios be-

cause they are very time-consuming. For these reasons, models that can

be used to reproduce realistic channel conditions are needed. Typically,

the radio channel is characterized in the delay domain by the CIR and

since the radio propagation channel is a linear time-variant system [92],

the effect of the channel on the input signal can be derived by taking a

convolution between the input signal and the time-variant CIR. Some of

the developed channel models can also be used to describe the angular

distribution of the propagating waves that is needed especially for evalu-

ating multi-antenna systems.

Radio channel models can be classified in various ways. One approach

is to make the division between deterministic and stochastic modeling, as

proposed, e.g., in [93]. Deterministic channel models characterize the ra-

dio wave propagation in a certain physical environment based on assump-

tions of the propagation mechanisms. These models require a detailed ge-

ometry of the environment as well as electromagnetic parameters of the

materials. The radio wave propagation is calculated by using ray-based

methods or by solving Maxwell’s equations [94] with full-wave methods

such as the method of moments [95] or the finite difference time domain

method [96]. The full-wave methods have high accuracy but they are com-

putationally very demanding. In ray-based methods, rays are launched

covering the full sphere (3D) or circle (2D) around the Tx and traced un-

til they reach the Rx, as proposed, e.g., in [97]. Stochastic models, on the

other hand, aim to describe the behaviour of the propagation channels sta-
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tistically without assuming the geometry of the environment. In stochas-

tic modeling, the parameters of the radio channel are defined by probabil-

ity distribution functions, which can be tuned based on channel measure-

ments or deterministic modeling. An example of stochastic models is the

Saleh-Valenzuela model [98], which assumes that radio waves arrive to

the Rx in concentrated groups of multipath components, called clusters.

In geometry-based stochastic channel modeling (GSCM) the propagation

channel from the Tx to the Rx is characterized deterministically but the

locations and properties of the scatterer objects are chosen in a stochastic

way. This approach has gained a lot of attention at lower microwave fre-

quencies and several reference models, such as COST273 [99] and WIN-

NER [100], are based on GSCM.

4.1 Channel models for 60-GHz short-range indoor scenarios

In the 60-GHz frequency range, deterministic channel modeling has been

performed using ray-based methods since the use of full-wave methods is

extremely time consuming and would not be feasible at mm-wave frequen-

cies because the details of the physical environment should be described

in the order of the wavelength. The full-wave methods can by used for ex-

amining the effect of a corner or other simple objects on radio wave propa-

gation but, e.g., simulating fields inside a furnished room is computation-

ally too demanding. Ray-tracing results in different indoor environments

are presented for instance in [78, 101–103]. The results have been vali-

dated with mm-wave channel measurements, and they indicate that the

received power can be predicted more or less accurately with ray-tracing.

However, by taking a closer look at the structure of the averaged PDP

or spatial fading characteristics reveals fundamental differences between

the measurements and the ray-tracing results [103]. In addition, ray-

tracing overestimates cross-polarization discrimination when only spec-

ular reflections and wedge diffractions are considered [104]. Generally,

ray-tracing underestimates the power and the number of multipath com-

ponents because it does not take into account scattered multipaths orig-

inating from objects that are small compared to the wavelength, have

rough surfaces, or consists of multiple layers having different material

parameters.

Probably the two most well known measurement-based stochastic chan-

nel models for 60-GHz radio systems are the IEEE 802.15 TG3c [12] and
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IEEE 802.11 TGad [13, 105] models. Both of these models are based on

the previously mentioned Saleh-Valenzuela cluster model [98] and they

can be used to simulate both large scale and small scale fading statis-

tics. The TG3c model supports steerable antennas at the Rx by enabling

spatial scanning in the azimuth plane. The spacial characteristics of the

TGad model include both azimuth and elevation angles at both ends of

the link. The environmental specific parameters of the TG3c model cover

residential, office, library, desktop, and kiosk environments, whereas the

TGad model covers conference room, living room, and cubicle environ-

ments. The parameters for these environments have been derived based

on measured channels in the given environments. In the TGad model

development, ray-based methods have been used to increase the number

of channel realizations and to generate the inter cluster characteristics

such as cluster time of arrival, DoA and DoD. More measurement-based

stochastic channel models for 60-GHz indoor environments can be found

from [65,66,76,106].

4.2 Channel models for E-band point-to-point radio links

As described in Section 3.4, most of the channel measurements in the

E band have been performed to analyze the received power of the sig-

nal and the attenuation due to rain and other meteorological phenom-

ena. One reason why measurement-based delay domain models have not

been presented for the E band is that complex wideband channel mea-

surements are difficult to perform when cables cannot be used to connect

the Tx and the Rx. This is a typical case in outdoor point-to-point mea-

surements, where the Tx–Rx distance can be several hundreds of meters.

However, one example of complex wideband channel measurements at

38 GHz is presented in [107]. In this article, multipath properties and

time varying behaviour of the radio channel have been measured during

various weather events. A geometry-based channel model is proposed for

modeling the multipath characteristics of point-to-multipoint radio links.

Another approach to model multipath propagation such as scattering from

buildings and ground in an urban propagation environment has been pro-

posed in [63]. The model has been validated at 40 GHz using measured

directional channel data without delay information.

Ray-tracing based deterministic channel modeling in urban environ-

ments has been reported in several publications [108–110]. However,
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these simulation results have not been verified by channel measurements.

In deterministic modeling, it is important to know the material parame-

ters of different building materials. Measured reflection coefficients for

different wall materials in the 60-GHz frequency range have been pre-

sented in [111,112].

4.3 Contributions of the thesis

4.3.1 Channel modeling in hospital environments

Statistical channel modeling of the delay domain multipath characteris-

tics in hospital environments is presented in [VI]. The modeling is based

on 60-GHz propagation measurement campaigns presented in [IV]. Due

to different shapes of the PDPs, two separate models have been devel-

oped for the angiography and ultrasonic inspection scenarios. The models

have been developed because the previously reported channel models for

60-GHz radio systems do not cover medical scenarios. In addition, it was

noted from the measurement results that the shapes of the PDPs were sig-

nificantly different from those reported, e.g., in TG3c [12] and TGad [13]

models. In the angiography room, PDPs consist of a set of discrete spec-

ular components and the diffuse components having continuous exponen-

tially decaying power spectrum over the delay. On the other hand, the

PDPs in the ultrasonic inspection room consist of one or several clusters

starting from a distinguishable peak followed by a sharp decaying tail

having a power-law slope. The steep decay of the power seems to be at-

tributed to the small volume of the room since it has also been observed

in the shielded room, which has similar small room dimensions as the

ultrasonic inspection room.

Figure 4.1 presents an example of the CIR derivation from the modeled

PDP that is generated according to the implementation guidelines of the

channel model and the statistical distributions presented in [VI]. The

Tx–Rx distance is set to 3 m and the system bandwidth is 4 GHz leading

to delay resolution of 0.25 ns. The channel transfer function is derived

from the modeled PDP by applying the Fourier transform, and fading is

generated by allocating random phases to the paths of the modeled PDP

and letting them interfere with each other. The resulting modeled CIR

is obtained by performing the inverse Fourier transform to the channel
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Figure 4.1. Example of the modeled CIR derivation in the angiography scenario.

transfer function.

The developed channel models have been validated by comparing the

channel model outputs and the measurement results. The validation pa-

rameter is τRMS because it has not been used in the modeling and also

because τRMS is an important parameter for the system performance eval-

uation. In the angiography scenario, the median modeled τRMS is 6.8 ns,

whereas the measured value is 6.1 ns. In addition, it has been observed

from the model and the measurements that τRMS increases as a function of

Tx–Rx distance. These findings show that the channel model is in agree-

ment with the measurements. In the ultrasonic inspection scenario, 80 %

of the samples are very well modeled and the median value of τRMS for the

channel model and the measurements are 2.7 and 3.4 ns, respectively.

4.3.2 Channel characterization for point-to-point radio links in
a street canyon scenario

The mm-wave propagation in a street canyon scenario has been charac-

terized in [VII] based on measured channel data from [V] and the geome-

try of the measurement locations. The modeling of the channels has been

done in the delay and angular domains. Before developing the model, sim-

ple ray-tracing simulations and a simplified geometry of the street canyon
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measurement scenario have been used to increase understanding of the

propagation phenomena and to estimate the possible angular character-

istics of the multipath components. It is noted from the simulations that

the propagation phenomena cannot be explained by specular reflections

alone and since the ray-tracing tool cannot model, e.g., the scattering of

the signal, a geometry-based stochastic model has been developed for re-

producing the CIRs. The geometry-based approach was selected as a ba-

sis of modeling also because there was a limited number of measurements

available, and thus no statistical modelling of the delay domain charac-

teristics could be achieved based on the measurement data alone. The

model assumes that in the radio propagation channel there exists a LOS

component and all the multipath components are reflections from ran-

domly placed scatterers. The excess delay of the multipath components

is defined by the length of the path, and the locations of the scatterers

are determined by a two-dimensional Gaussian distribution. The model

takes into account multiple reflections by setting the standard deviation

of the scatterer location equal to half of the street width so that the scat-

ters can locate outside the street as well. Multiple reflections increase the

attenuation of the signal, which has been taken into account by weight-

ing the probability of the scatterer location in the middle of the link. The

reflected signals are attenuated by the radiation patterns of the Tx and

Rx antennas and the reflection loss of the walls. In the simulations, the

reflection loss has been set to 3 dB, which is a typical estimate at large

incident angles based on the measurement results found, e.g., from [112]

for different building materials. Implementation guidelines and examples

of the channel model outputs are also presented in [VII].

The validation of the model has been performed by comparing τRMS from

the measured and the modeled channels. The results show that τRMS

is larger for longer link distances if the width of the street is the same.

The measured and modeled mean τRMS values are in the range of 0.089 to

0.125 ns, revealing that the model corresponds well to the measurement

results. The small values of τRMS are due to the very directive antennas

and the geometry of the measurement locations.
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5. Performance Analysis of
Millimeter-Wave Radio Systems

In the final part of the thesis, the feasibility of mm-wave communications

systems is evaluated for the proposed usage scenarios. Moreover, the

developed channel models are validated by comparing the performance

characteristics derived from the measured and the modeled channel real-

izations. Before going into the performance analysis, the figures of merit

and the system specifications which are used in the analysis are briefly

introduced.

5.1 Figures of merit for the performance analysis

In this work, the performance of the radio systems is evaluated by means

of channel capacity and throughput of the physical layer. The channel ca-

pacity defines the maximum achievable throughput in the specified chan-

nel conditions and it can be derived for different transmission and recep-

tion schemes of the physical layer specifications. The channel capacity

formulas that are used in this work for different transmission and recep-

tion schemes are listed below [19].

1. Capacity for a matched filter (MF) reception CMF, where all the multi-

path components are ideally detected and combined is defined as

CMF = B · log2 (1 + γSNR) , (5.1)

where B is the available bandwidth of the system and γSNR is the signal-

to-noise ratio at the receiver that can be obtained by

γSNR =
PTxGRx

PL(d)N0NF
, (5.2)

where PTx is the equivalent isotropic radiated power, GRx is the receiver

antenna gain, PL (d) is the path loss, d is the Tx–Rx distance, NF is the
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noise figure of the receiver and N0 = kBBT is the thermal noise, where

kB is the Boltzmann’s constant and T is an absolute temperature. CMF

is equivalent to the channel capacity in additive white Gaussian noise

channel and it defines the maximum capacity of the system [113].

2. Capacity for a transmission using a receiver equipped with an ideal

decision feedback equalizer (DFE) CDFE, where only the strongest mul-

tipath is detected and others are ideally cancelled is defined as

CDFE = B · log2 (1 + γSNR ·max (PDP )) , (5.3)

where max (PDP ) refers to the strongest component of the PDP .

3. Capacity for a transmission using a guard interval (GI) CGI, where a

Gaussian approximation of the interference is assumed for multipaths

exceeding the GI can be derived by

CGI = B · log2
{
1 +

1

(γSNR ·max (PDP ))−1 + γ−1SIR

}
, (5.4)

where, γSIR is the signal-to-interference ratio given by the multipath

from the previous symbol.

The throughput of 60-GHz radio system can be computed by using a sim-

ulator that models the physical layer specified by IEEE 802 standards.

In the simulations, the received signal is obtained by a convolution be-

tween the transmitted signal and the CIR. The source data is transmitted

in packets over the individual channel realizations, and then it is deter-

mined at the Rx, whether the packet is correctly decoded or not. After

performing the packet transmission simulations for a large number of

channel realizations, the packet error ratio, PER, can be calculated. The

throughput is derived by T = (1− PER)Rb, where Rb is the bit rate de-

termined by a combination of the modulation scheme and a coding rate

Rc.

5.2 System specifications

The physical schemes considered in the performance analysis are based

on the IEEE 802.15 TG3c [6] and the IEEE 802.11 TGad [7] specifications

intended for 60-GHz WPAN and WLAN, respectively. The physical layer

supports both the SC and OFDM transmissions with quadrature phase
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Figure 5.1. MIMO and beam steering systems utilizing four Tx and four Rx antennas.

shift keying (QPSK) and 16 quadrature amplitude modulation (QAM).

11 TGad also includes specifications for 64 QAM to provide higher data

transmission rates in high γSNR region. As the channel coding, struc-

tured low-density parity check (LDPC) codes with Rc of 1/2, 3/4, and 7/8

are used. The selection between SC and OFDM depends on the situation

because both transmission schemes have their own advantages and draw-

backs at 60 GHz [5]. The use of OFDM provides high spectral efficiency,

flexible frequency allocation and low complexity of equalization at the re-

ceiver side. On the other hand, the SC system is more robust against

phase noise and it can be implemented with fairly simple Tx and Rx ar-

chitectures. The performance of 60-GHz high data-rate radio systems has

been evaluated according to the TG3c and TGad specifications in regular

indoor environments in [114–118]

5.3 Improving the performance of radio systems by means of
multi-antenna techniques

Spectral efficiency and the performance of radio systems can be increased

by using multi-antenna techniques such as beam steering or spatial mul-

tiplexing, which is one option to utilize MIMO techniques. The basic dif-

ference between MIMO techniques and beam steering is illustrated in

Figure 5.1. A MIMO system with spatial multiplexing can utilize mul-

55



Performance Analysis of Millimeter-Wave Radio Systems

tipath components to carry independent streams of the data. In ideal

conditions, the channel capacity of the MIMO system increases propor-

tionally to the minimum number of Tx and Rx antennas. However, in

realistic propagation conditions the channel capacity is lower compared

to the ideal case [119]. In a beam steering system, an antenna array and,

e.g., phase shifters are used to direct the beam of the array towards the

desired direction. The gain of an antenna array is larger compared to

that of a single antenna, which improves the link budget. This is an im-

portant feature at mm-wave frequencies, since the free-space loss is large

due to the short wavelength and the achievable transmit power is rela-

tively low [5]. Beam steering can also be used for adaptation to changes in

channel conditions. For example, if the LOS is temporarily obstructed, the

beam can be steered towards the strongest multipath component. Beam

steering is included in IEEE 802.15 TG3c [6] and IEEE 802.11 TGad [7]

specifications as well.

5.4 Contributions of the thesis

In many cases, radio engineers who develop channel models for system

designers finish their work when the model is ready for use. However,

in order to assure the applicability of the channel model, there should

be more interaction between the model developers and the end users of

the model also when the model is used, e.g., for system simulations. In

this thesis, capacity analyses and system simulations using the measured

and modeled channel data are used for realistic performance analyses and

final validation of the developed channel models.

5.4.1 Performance evaluation of multi-antenna techniques

In [VIII], the performance of beam steering and MIMO techniques are

compared in terms of channel capacity. The performance analysis is based

on the measured MIMO channel data in the 60-GHz frequency band pre-

sented in [57]. Beam steering is realized with a 5 × 1 multiple-input and

single-output (MISO) system, implemented by using five independent an-

tenna elements at the Tx and a five-element linear antenna array with

a steerable beam at the Rx. The achievable capacity of the system has

been calculated by combining the radiation patterns of the antennas and

the measured 60-GHz channel data. The measured channels are from a
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NLOS environment, where the Tx was located in a corridor and the Rx

was placed in a room next to the corridor. The beam steering system

utilizes phase shifters and a power combiner, which can have losses of

several dBs at 60 GHz decreasing the performance of the system. The

capacity analysis has been performed for both lossless ideal components

and realistic components with losses included. When the ideal compo-

nents are used, the mean channel capacity of the beam steering system is

higher than the capacity of the 2× 2, 3× 3 and 4× 4 MIMO systems at low

γSNR values. However, when considering the realistic phase shifters, the

mean channel capacity obtained by selecting the best beam exceeds only

the capacity of the 2 × 2 MIMO system at low γSNR values. It can be con-

cluded that in this scenario the capacity of the MIMO system is generally

higher compared to that of the beam steering system.

5.4.2 Performance of 60-GHz radio systems in hospital
environments

The feasibility of 60-GHz radio systems in the angiography scenario is

studied in [IX] by evaluating the throughput of the physical layer. The

throughput of the system should be maintained above 1.53 Gbps, which

is required for uncompressed HD video image transmission with an over-

head of 30 %. The throughput has been calculated using a system simu-

lator and realistic channel data from the measurements and the channel

model. The parameters of the physical layer are based on the TG3c spec-

ification, which supports both SC and OFDM transmissions with two dif-

ferent modulations, namely, QPSK and 16 QAM. In the simulations, the

OFDM Rx has been equipped with a frequency domain channel equalizer

for reducing the intersymbol interference. In the SC systems, equalization

is performed in the time domain, which is more difficult to implement in

practice, and for that reason, the equalizer has not been used in the SC Rx

in order to maintain the simplicity of the circuitry and reasonable power

consumption.

The results of the system simulations reveal that in most cases the re-

quired throughput can be maintained with both transmission schemes

until the Tx–Rx distance exceeds 3 m. This is a typical coverage range for

60-GHz radio systems when omnidirectional antennas are used at both

ends of the link. The OFDM transmission scheme is generally more tol-

erant against the effect of multipaths, whereas the SC transmission pro-

vides higher peak throughput. In addition, it is observed that the lower
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coding rates are important for providing stable performance at the ex-

pense of reducing the maximum throughput.

The developed 60-GHz channel models for the medical scenarios have

been initially validated by comparing the measured and modeled τRMS in

[VI]. In addition, the model for the angiography scenario has been vali-

dated in terms of throughput in [IX]. The validation work has been ex-

tended in [X] to cover both usage scenarios by using the channel capacity

and the throughput of the physical layer as figures of merit. The chan-

nel capacity is used in the analysis to estimate the upper bound of the

throughput and it has been calculated according to Equations (5.1)–(5.4)

for different signal formats of the transmission schemes. The maximum

and minimum measured capacities in the angiography room are 13.8 and

4.3 Gbps, respectively. The channel model is in agreement with the mea-

surements since 98 % of the measurement results fall within 2σ of the

capacity calculated from the channel model. In the ultrasonic inspection

room, the minimum measured capacity is 3.6 Gbps and 97 % of the mea-

surement results are within 2σ of the modeled results.

The throughput comparison between the measured and modeled chan-

nels reveal that the channel models for the angiography and ultrasonic in-

spection rooms are able to reproduce the peak throughput. Moreover, the

coverage for various modulations and coding rates is reasonably well pre-

dicted by the channel models. At higher coding rates the mean throughput

from the channel models is lower compared to that of measured channels.

This can be due to the interpolation of the small scale fading in the sta-

tistical channel models. Because the models characterize the small scale

fading using the measured PDPs in a statistical manner, random chan-

nels reproduced by the models pose the same small scale characteristics

as the measurements. However, because of the randomness of the fading

process, the models can generate worse small scale fading realizations

than the ones observed in the measurements. This can be interpreted

as interpolation of the measured channels. In contrast to measurements,

the number of channel realizations is not limited in the channel models,

which can be assumed to enable more realistic outage analysis of the sys-

tem. Based on the findings presented in [IX] and [X], the applicability of

the channel model for system design and evaluation is confirmed.
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Antennas

In [I], a five-element monopole array designed for 60-GHz beam steer-

ing applications is presented. The array consists of five equally spaced

planar monopole antennas that are realized on top of a thin membrane

layer. A micromachining technique is utilized in the design to remove

the thick substrate underneath the antenna elements and to improve the

performance of the antenna array. Another antenna array design, a two-

element slot loop antenna array, is presented in [II]. The beam steering

effect is experimentally demonstrated with manufactured prototypes by

using a passive 180◦ phase shifter.

Propagation channel measurements

The initial measurements for 60-GHz propagation channel characteriza-

tion in hospital environments have been performed in a shielded room

[III]. A measurement campaign in the shielded room is meaningful since

some hospital rooms are also shielded. It is found that the propagation

characteristics in the shielded room are different from those in conven-

tional indoor environments, and it is necessary to conduct more measure-

ments in a real hospital. The propagation measurements for the feasibil-

ity study of 60-GHz radio systems in hospital environments are presented

in [IV]. The measurement results are used for evaluating path loss and

multipath characteristics of the propagation channel in angiography and

ultrasonic inspection rooms.

A measurement system for E-band point-to-point propagation measure-

ments in urban environments is presented in [V] together with the pre-
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liminary analysis of the measurement results. The first set of the mea-

surements is performed in a street canyon and another series in a roof-to-

street environment.

Propagation channel modeling

Statistical channel models for 60-GHz radio propagation in hospital envi-

ronments are presented in [VI]. The models have been developed since

the shape of the PDPs in hospital environments cannot be modeled with

the conventional 60-GHz channel models. Statistical descriptions of the

channel model parameters are derived based on the measurement results

and implementation guidelines of the models are provided. The models

are successfully validated by means of RMS delay spread.

E-band propagation in a street canyon environment is experimentally

characterized in [VII]. It is assumed that the propagation channel con-

sists of a LOS component and multipaths from randomly placed scatter-

ers. The propagation channel characterization and the statistical param-

eters of the scatters are based on the measurement results and the geom-

etry of the measurement locations.

System performance analysis

In [VIII], the performance of MIMO systems is compared to that of beam

steering in terms of channel capacity. The performance analysis is based

on measured propagation data, and it is found that MIMO techniques

outperform beam steering in most of the studied cases. The feasibility of

60-GHz high data-rate radio communications in hospital environments is

evaluated in [IX] by means of throughput of the physical layer. The re-

sults are used, e.g., for evaluating the coverage range and the applicability

of different transmission schemes and signaling methods. In [X], the de-

veloped statistical channel models in hospital environments are validated

by using the channel capacity and the throughput of the physical layer as

figures of merit. It is found that the channel models are able to reproduce

realistic radio channels in hospital environments.

60



7. Conclusions

In this thesis, antennas and propagation channel characteristics have

been studied in the mm-wave frequency range. The first part of the work

deals with integrated antennas for 60-GHz short-range high throughput

communications systems. In this work, a five-element antenna array con-

sisting of planar monopole antennas and a two-element slot loop antenna

array have been designed for 60-GHz beam steering applications utilizing

micromachining techniques. The developed antenna solutions achieve a

good performance, and the realized gain of the antennas is higher com-

pared to the regular on-chip antennas, which have been reported in the

literature. Phase shifters, that are needed for steering the beam of the ar-

ray, have been designed as well. The phase shifters are based on MEMS

technology, and they can be manufactured with the same manufactur-

ing process as the antennas. Manufacturing and testing the performance

of the whole beam steering system with integrated antennas and phase

shifters are part of future work. The next antenna designs could also en-

able the use of both polarizations in order to enhance the performance of

the radio link.

In the second part of the thesis, propagation channel characteristics at

mm-wave frequencies have been investigated experimentally. Radio prop-

agation measurements have been performed in hospital environments for

60-GHz medical applications and in urban outdoor environments for E-

band point-to-point applications. The measured channel data has been

used to model important propagation parameters such as path loss and

RMS delay spread in the angiography and ultrasonic inspection rooms.

A comparison between the channel measurement results in hospital envi-

ronments and normal indoor environment reveals that in the angiography

room the RMS delay spread corresponds to that measured in a large fur-

nished room and in the ultrasonic inspection room the RMS delay spread

61



Conclusions

corresponds to that in a private home environment. It is found that gen-

erally a smaller room volume leads to smaller delay spread as well. In

this work, also a measurement system for E-band propagation measure-

ments has been developed. The long measurement distance posed an ad-

ditional challenge for the development work because the phase of the sig-

nal could not be measured directly. This problem was resolved by uti-

lizing the Hilbert transform in the post-processing of the measurement

data. The measurements have been performed in roof-to-street and street

canyon environments, which are interesting new usage scenarios for the

E-band radio links. The measurement results reveal that multipath com-

ponents that can have an effect on the system performance when using

very wideband signals and complex modulations occur in realistic propa-

gation environments even when using very directive antennas.

The measured propagation data has been used to model the delay do-

main multipath characteristics in order to reproduce channel responses,

e.g., for system simulations. In hospital environments, separate statis-

tical channel models have been developed for the angiography and ul-

trasonic imaging rooms because the shapes of the measured PDPs in

these rooms are significantly different from each other. In the angiog-

raphy room, the measured PDPs consist of discrete specular components

and an exponentially decaying diffuse part, whereas in the smaller ultra-

sonic inspection room, the PDPs are modeled by one or several clusters,

starting from a distinguishable peak followed by a sharply decaying tail

having a power-law slope. In the E band, the propagation characteriza-

tion is based on the measured channel data and the geometry of the mea-

surement locations. It is assumed that the propagation channel consists

of a LOS component and reflected multipath components from randomly

placed scatterers. The multipath components are attenuated by the ra-

diation patterns of the antennas and interactions with the walls. The

validation of the developed channel models is performed by comparing

the RMS delay spreads from the measured and modeled channels. The

results show that the models are in agreement with the measurements.

In the future, the channel models for hospital environments can be ex-

tended to give information on different polarizations and the angular dis-

tribution of multipath components as well. Polarization information could

be used to evaluate the applicability of dual-polarized antennas and the

angular information would enable, e.g., performance evaluation of multi-

antenna techniques in hospital environments. In the E band, the effect of
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scattering on the received multipath components should be verified with

directional channel measurements.

In the third part of the thesis, the performance of mm-wave radio sys-

tems has been evaluated in terms of channel capacity and throughput

of the physical layer. At first, the performance of different multi-antenna

techniques has been evaluated by comparing the channel capacities calcu-

lated from the measured channels. It is found that, in the specified prop-

agation environment, the MIMO technique outperforms beam steering in

most of the studied cases. However, due to the gain of the antenna ar-

ray, beam steering is useful at mm-wave frequencies in order to maintain

the required signal-to-noise ratio for the data transmission. Finally, the

performance of 60-GHz radio systems in hospital environments has been

evaluated. In the throughput analysis, the parameters of the physical

layer are based on the IEEE 802.15 TG3c specification for 60-GHz com-

munications systems that supports both SC and OFDM transmissions

with different modulations and coding rates. The required throughput

is generally maintained with both transmission schemes and omnidirec-

tional antennas until the Tx–Rx distance exceeds 3 m. With lower coding

rates, also longer distances could be covered. The system simulation re-

sults have been used for validating the developed channel models as well.

The models are found to be able to predict the maximum throughput ac-

curately, and due to larger number of samples they can be assumed to

enable more rigorous outage performance analysis compared to the mea-

sured propagation data alone. In the future, the performance analysis

of 60-GHz radio systems in hospital environments could be extended to

cover multi-antenna systems if the directional propagation data is avail-

able. Also, the effect of human body shadowing on the system performance

should be studied.
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