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1. INTRODUCTION
 

1.1. Background
 

Today, in many countries, most of the available spectrum has been allocated. This results in 
scarcity of the radio spectrum, which poses a serious problem for the development of future 
wireless communications systems. Moreover, the current wireless systems are incapable to 
offer gigabit transmission due to their small bandwidths and their subsequently low capacity. 
Meanwhile, applications with high data rate up to several gigabit WPAN (wireless personal 
area network) applications are emerging. These applications can be wireless A/V (audio/video) 
cable replacements, wireless high speed file transfer applications capable of downloading hour-
long movie files within one minute, etc. Currently, there are two major radio candicates 
enabling wireless interface for such high-rate applications, namely, UWB (ultra-wideband) 
radios in microwave range 3.1-10.6 GHz and in millimeter-wave 60 GHz band.  
 
The specified UWB spectrum and 60 GHz band have been proposed for short-range (<10 m) 
WPAN applications, with data rates of 110- 480 Mbps and >1 Gbps, respectively, conforming 
to the IEEE 802.15.3a and IEEE 802.15.3c standards [1]-[4]. In order to effectively employ the 
UWB and 60 GHz radio systems, channel models featuring the relevant characteristics are 
required. Moreover, the design, testing, and improvement of wireless systems hinge critically 
on our understanding of the propagation channel. Understanding of the propagation channel 
and its interaction with system, can create insights into solutions. One of the key goals of this 
work is to increase our knowledge about the interaction between channel characteristics and 
UWB and 60 GHz radio systems. In addition to publications [P1-P8] of this work, the UWB 
and mm-wave propagation channel measurements and modeling are also presented in [5]-[11].  
 
The indoor propagation channel is complicated and diverse, as different structures cause 
different propagation phenomena, i.e., reflection, refraction, diffraction and scattering which 
result in multipath propagation. Modeling the multipath propagation channel is typically done 
in a theoretical (ray-tracing) or statistical fashion based on propagation channel measurements. 
Statistical models and parameters are useful in describing channel general properties which are 
required in system design. Ray-based models are based on exact computations which make use 
of the information of the physical processes and reliably generated data in characterizing the 
main features of a propagation channel.  
 

1.2. Objectives and contents of the thesis 

Characterization of a propagation channel depends largely on measurement systems. For 
example, polarization (vertical and/or horizontal) measurements are necessarily required in 
ray-based models for comparing the proposed model with measurement data in order to 
validate the accuracy of the model. The 60 GHz channel measurements were performed in 
time-domain by using real-time channel sounder for direction-of-arrival (DOA) and 
continuous-route (CR) measurement campaigns. Therefore, more comprehensive studies on 60 
GHz propagation including large scale and small scale characteristics [P1][P2][P3], statistical 
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models [P1][P2] and ray-based models [P3] are presented and introduced in Chapter 2. 
Moreover, propagation characteristics in 60 GHz and UWB indoor channels are compared in 
[P4] to gain more understanding of the channels’ general properties. 
 
In Chapter 3, UWB channel multipath and clustering characteristics are investigated [P4]. A 
new cluster model is proposed [P5] and compared with the conventional Saleh-Valenzuela 
model (which is proposed in IEEE 802.15.3a and 4a for UWB systems) for providing useful 
information for standardization groups. Moreover, frequency- and bandwidth- dependencies of 
UWB propagation channels are inspected [P6][P7]. The main features of the UWB radio are 
specified to pave the path for analyzing the 60 GHz UWB system later in [P8].  
 
In Chapter 4, studies of the 60 GHz channel also focus on propagation mechanisms [P1], 
multipath power distributions [P3], and propagation interdependencies of path loss, shadowing, 
number of paths, Rice K-factor and cross polarization discrimination (XPD) with channel delay 
spread [P1][P2]. Finally, the unique characteristics of mm-wave propagation signals are 
pointed out. To provide reliable parameters for system design and useful information for 
standardization groups, the performance and capacities of the 60 GHz UWB and MIMO 
(multiple-in and multiple-out) systems [P8] are analyzed in Chapter 5. 
 

1.3. New scientific results 
 
The thesis contains the following new scientific results: 
 
1) Mm-wave 60 GHz band propagation mechanisms, including person block effect, are 

established [P1][P8]. 
 
2) Interdependencies of different propagation characteristics on channel delay spread (DS) are 

established [P1][P2]. 
 
3) Ray-based models in LOS and NLOS indoor corridors are proposed [P3].  
 
4) Multipath power distributions in indoor corridors in 60 GHz band are studied first time 

[P3]. 
 
5) UWB (3-10 GHz) and 60 GHz propagation characteristics are compared [P4][P8]. 
 
6) New cluster models for UWB channels are proposed [P5]. 
 
7) Frequency and bandwidth dependencies of UWB channel propagation characteristics are 

investigated [P6][P7]. 
 
8) Radio link budgets, including path loss and shadow fading models for high throughput 60 

GHz UWB and MIMO systems, are provided [P8].  
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2. PROPAGATION CHANNEL CHARACTERIZATION

2.1   Introduction 
 
Indoor wireless communications have generated a huge interest in recent years. There are more 
and more users gathering in crowded spaces like airports, hotels, conference halls, class rooms, 
and other venues where the applications are likely to include wireless access to local area 
networks (LANs), the successful implementation of which is determined by the propagation 
channel in which the system operates. A detailed understanding of channel and its interaction 
with systems is likely to create insights into possible solutions. Therefore, in this work, the 
UWB (3-10 GHz) and 60 GHz propagation channel characteristics are analyzed and compared 
to gain more understanding into general channel properties and their implications with systems.  
 
The indoor propagation channel is a complicated and diverse entity, as different structures 
cause various propagation phenomena such as reflection, refraction, diffraction and scattering 
which result in multipath propagation. Modeling the multipath propagation channel is typically 
done in a theoretical (ray-tracing) or statistical fashion. Since channel fading degrades the 
system’s performance, it is of major concern for propagation research and system deployment.  
 

2.2   Channel fading 
 
Fading is generally divided into large scale and small scale fading. Large scale fading is often 
characterized by mean path loss PL  and shadowing. PL  denotes the mean signal power loss 
and obeys the power distance law. Due to variations in the propagation environments, the 
signal power observed at a local area will deviate from its mean. This phenomenon is called 
shadowing or large scale fading, as illustrated in Fig. 2-1 [12]. Small scale fading describes the 
rapid fluctuations of the received signal strength over short travel distances or short time 
duration. However, the exact range over which the assumption is valid remains unknown. 
Typically, the local average power is computed by averaging the signal measurements over a 
range of 10�  to 40�  [12][13].   
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2-1. Channel fading effects: path loss, shadowing (large scale fading) and small scale 
fading [12]. 



 14

2.2.1 Large scale fading
 

Large scale fading of the channel � �dF  can be modeled as a combination of mean path loss 

� �dPL  and shadowing and expressed as: 

                                                 � � � �
�

shadowing
losspathmean

S
d
dndPLdF 
���
�

�
��
�

�
��

���� ����� �� 0
00 log10 ,                                          (2-1) 

 

where the free space path loss 0PL  at reference distance 10 �d  m (for indoor environments) is 
frequency-dependent, path loss exponent n is environment-dependent, and shadowing standard 
deviation (STD) 
  is mainly system-dependent (e.g. narrow-band or UWB) [P4][P6]. Because 
of shadowing, a fading margin FM is often considered in link budget in wireless systems.  
 
Studies [P1][P4][13] show that the mean values of PL exponent are in ranges of 1.6-1.8 and 
3.0-3.2 for LOS and NLOS indoor environments, respectively. The fading margin 10�FM  
dB for traditional narrow-band channels [P1][14], and is less than 4 dB with 90% link success 
probability for 500 MHz bandwidth UWB channels [P7]. Path loss and shadowing create key 
impacts on the coverage and reliability of radio systems [15]. Let’s assume now that there is a 
coverage range predicted by the mean path loss with satisfactory (or 50% reliability), when a 
fading margin is considered, the system link success probability is increased greatly (typically 
90%) at the fringe of coverage. Clearly, the stronger the signal variations due to fading, the 
larger the fading margin that has to be considered in the system design. 
 

The mean path loss model � �dPL  in Eq. (2-1) is obtained by using least square error fitting 
(LSEF) from the measurement data. However, the indoor propagation channel is quite 
complicated. This means that using the free space 0PL  at the reference distance 0d  is 

inaccurate in some cases (e.g., indoor corridors). Thus, the slope-intercept PL  model is 
employed in literature [16][17] is introduced by extracting the slope and intercept values 
directly from the measurement data: 
   

                                                          � �dnbdPL 10log10)( �� ,                                             (2-2) 
 

where b is the intercept point and n is the slope in semi-log coordinates. The main advantage of 
the PL model of Eq. (2-2) is that it avoids choosing the value of � �00 dPL . However, the 
model does not show the main feature of path loss which is frequency-dependent.  
                                                     
In this work, the PL  model of Eq. (2-1) is used in the 60 GHz propagation channel. 
Specifically, the free space path loss at the reference distance 10 �d  m is frequency-
dependent, or  680 �PL  dB at 60 GHz. In the UWB channel, the difficulty being that the 
attenuation is not linear over the large bandwidth. In another words, using the wave length of 
the center frequency in PL  model of Eq. (2-1) is inaccurate. To avoid this, the slope-intercept 
PL  model of Eq. (2-2) is used in the UWB channel. It has been shown in many measurements 
that shadowing 
S  is well approximated by the log-normal distribution. In this work, 
shadowing is found to be normally distributed, when the power level is expressed in decibels 
for both narrow-band 60 GHz and UWB channels [P1][P7].  
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2.2.2 Small-scale fading
 
Multipath power distribution is important in evaluating the performance of various types of 
diversity, modulation and equalization techniques in wireless communications [13]. The 
Rayleigh and Rice distributions are commonly used to describe multipath distributions in 
NLOS and LOS environments. In LOS channel the Rice K-factor is important when defined as 
the power ratio between the LOS path and the mean of other multipath components: 
 

22 2
AK � ,                                                         (2-3) 
 

where A is the amplitude of the LOS path and 
  indicates the standard deviation of either the 
real or the imaginary parts of the amplitude of multipath components.  
 
It should be noted that the maximum likelihood method (ML) and the method of moment 
(MoM) are often used in the literature [18][19] to estimate the K -factor. In this work, both the 
ML and the MoM methods are used in extracting the K-factor for the 60 GHz channels 
[P2][P3].  
 
Since there is no direct reference to the global statistics of multipaths, a lot of work is carried 
out to search for more accurate multipath distributions to fit with experimental data. Studies 
show that the Rayleigh, Rice [20], Nakagami [21], Suzuki [22] distributions fit well with the 
experimental measurement data for mobile radio channels at lower frequency bands. Recent 
studies show that double-Rayleigh [23] and multiple-Rayleigh [24] distributions agree well 
with measurement data and have a clear theoretical explanation.  
 
It is well known that the magnitude of the complex Gaussian random variable is Rayleigh 
distributed. Furthermore, if there are two independent Rayleigh-distributed random variables 
denoted as x and y, the variable xyz �  will follow the double-Rayleigh distribution with 
probability density function (PDF) [23]:                       
                                                           )2(2)( 0 zKzpz � ,                                                    (2-4)                                      

where )(0 �K  is the modified Bessel function of the second kind and zero order. Signals 
following the distribution of Eq. (2-4) are said to experience double- (or cascade) Rayleigh 
fading. 
 
Similarly, higher order Rayleigh (e.g., triple Rayleigh) signals and their cumulative distribution 
functions (CDFs) can be generated. In [24], by assuming additive propagation processes, the 
multipath Rayleigh fading signal is expressed as: 
 

                                         ������ 654321 HHHHHHKH �� ,                                   (2-5)                    

where K  corresponds to a possible Rice factor, iH  follows the complex Gaussian or Rayleigh 
fading signal, the 3rd and 4th terms refer to the double-Rayleigh and triple-Rayleigh signals, and 
�  and �  are constants, which can be obtained by experimental data fitting. 
 
In this work, the statistics of multipath powers in 60 GHz indoor are studied, but not for the 
UWB channel due to the measurement data being limited for statistical study. It is reported that 
for NLOS UWB channel with 7 GHz bandwidth fading statistics are no longer Rayleigh 
distributed but with the Ricean distribution [12].  
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2.3   Ray-based models 
 
In design and optimization of future wireless systems, channel models featuring the relevant 
characteristics of radiowave propagation are required. Theoretical models are based on exact 
computations making use of information of the physical processes and reliable data of building 
in characterizing the main feature of a propagation channel. Ray tracing, using a high-
frequency approximation of the Maxwell’s equations, is a well-established tool for channel 
modelling. Specifically, ray tracing emits rays from the transmitter and computes the 
interaction of those rays with the environment. In the ray-tracing algorithm, reflection and 
diffraction are the main physical processes in LOS and NLOS environments. Moreover, the 
choice of reflection and diffraction coefficients is crucial in accurately predicting the signal 
power resulting from a physical process. Therefore, many researchers have studied and tried to 
modify the reflection [25]-[27] and diffraction coefficients [25][28]-[29] in ray-based models. 
 
             2.3.1 Reflection  
 
Reflection occurs when a propagating electromagnetic wave is incident onto a boundary 
between two media with different material properties. The incident wave is partially reflected 
back into the first medium. It is well known that the Fresnel reflection coefficients are often 
used for predicting the specular reflection fields from smooth and infinity surfaces. The Fresnel 
reflection coefficient is expressed as a function of complex relative permittivity r�  and angle 
of incidence i�  for different polarization (i.e., vertical or horizontal) states [13].  
 

    2.3.2 Diffraction
 

Diffraction explains how radio wave can travel in an environment without the LOS path, i.e., 
when radio wave is obstructed by an impenetrable body. In indoor environments, a signal 
obstructed by a corner is quite usual. Therefore, various diffraction coefficients for right-angle 
lossy wedge (denoted as wedge hereafter unless specified) are studied in this work. 
Specifically, the uniform theory of diffraction (UTD) for perfectly conducting wedge, and 
heuristic diffraction coefficients for lossy wedges proposed by Luebbers and Holm are studied 
and compared with the rigorous Maliuzhinets’ diffraction coefficients [30] which are based on 
Maxwell’s equations.  

2.3.2.1  Uniform theory of diffraction

The uniform theory of diffraction (UTD) method is applied for calculating the diffraction field 
for a perfectly (lossless) conducting wedge. It takes into account the diffraction in both shadow 
and line-of-sight regions, and provides smooth transition fields between these regions. Fig. 2-2 
illustrates the diffraction around a corner of a building. The diffraction field at the observation 
point is calculated by [31]: 
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where k  is the wave number, 0E  is the initial source amplitude, and 1s  and 2s  are the 

distances from the diffracting edge to the source and field points, respectively. '	  and 	  are 
the incident and diffraction angles for the 0-face and the n -face, respectively. D is the 
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diffraction coefficient depending on the polarization state, i.e., TE or TM wave. Note that the 
TE and TM waves refer to electric wave vectors that are perpendicular and parallel to the edge 
of the wedge, respectively. The diffraction coefficient can be expressed as: 
                                                       

� � 4321
',;, DDDDnLDD TETE ����� 		 (2-7a)

and � � 4321
',;, DDDDnLDD TMTM ����� 		 (2-7b)

where the components iD  ( �i 1, 2, 3, 4)  are given by: 
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�n  is the exterior angle of the wedge, )( 2121 ssssL ��  for spherical wave incidence, and 
 

                                                 1�  :  � �� � n2'		� ��  
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                                                 3� :   � �� � n2'		� ��  
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In Eq. (2-8), � �xF  is the transition function and is defined as: 
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���� . (2-9)                                     

                                       Fig. 2-2. Geometry for diffraction by a wedge.     
                                                                                                                                                                                                                     

2.3.2.2  Heuristic diffraction coefficients 

Heuristic diffraction coefficients for lossy wedges have been proposed by Luebbers and Holm. 
In the case of these coefficients, the finite conductivity and the permittivity of the wedge are 
taken into account. The Luebbers’ and Holm’s diffraction coefficients are expressed as 
[32][33]: 
 

                                � � 43021
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and                          � � 430201
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where 0R and  nR  are the plane wave Fresnel reflection coefficients for the 0-face and the    
n-face (see Fig. 2-2), respectively. Note tha,t for perfectly conducting surfaces, nR ,0  is –1 and 1 
for TM and TE boundary conditions, respectively. 
 
Comparison of different diffraction coefficients as a function of the mobile location around a 
corner at 60 GHz is shown in Fig. 2-3, where the wedge is considered to be of brick with 
material permittivity 1.00.4 jr ��� . It can be seen that the UTD diffraction coefficient is 
inaccurate (e.g., far away from Maliuzhinets’ coefficient for TM wave) since it takes perfect 
conducting wedge into calculation. The Holm’s diffraction coefficients are more accurate than 
the Luebbers’ coefficients when comparing with the rigorous Maliuzhinets’ diffraction 
coefficients. Therefore, the Holm’s coefficients are recommended and used in field simulations 
in Chapter 4 of this work. 
 
                

 

 

 

 

 

 

 

 

 

 
 

      
 Fig. 2-3.  Diffraction attenuation by different diffraction coefficients at a corner at 60 GHz.
 
 

2.4  Statistical modeling  

Statistical modelling relies on extensive measurement data for characterizing channel 
properties. Statistical models and parameters can be derived and extracted from the measured 
channel impulse responses (IRs). A convenient MIMO model is the double directional channel 
model [34]. The polarimetric double directional model at time instant t can be expressed as: 
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where N is the number of multipath components, �  denotes excess delay, � � " #iririr t ,,, ,	��  
and � � " #ititit t ,,, ,	��  are the elevation and azimuth angles of arrival (AoA) and departure 

(AoD) of the thi  multipath component, respectively. The ��� i ,  ,		�i  ,	��i  and �	�i  denote the 
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path weights of the co- and cross-polarizations, and the Dirac delta function illustrates the 
plane wave model.  
 

2.4.1  Statistical parameters
 
Statistical parameters are important and useful in system design: e.g., the number of paths (NP) 
greatly impacts time domain transmission techniques, rms delay spread (referred to DS 
hereafter) is used to determine the maximum transmission data rate of channel without 
equalization, and cross polarization discrimination (XPD) strongly affects the system capacity 
(as fading of different polarization is approximately uncorrelated) [13]. It should be noted that 
in this work, the statistical angular parameters are out of scope, due to the measurements for 
these having not been performed. However, the power angle profiles (PAPs) are measured in 
the 60 GHz-band DOA measurements.   
 

2.4.1.1 Number of paths
 
The number of paths (NP) is estimated by counting the number of peaks of each PDP along the 
measurement route for the 60 GHz channel [P1]. For the UWB channel, it is difficult to extract 
the number of paths. Since the main forms of multipaths are single-dominant and diffuse paths, 
and the diffuse paths cannot be separated in practice. In this work, it is found that the 
distribution of the number of paths can be described with the Poisson distribution. Moreover, 
the number of paths in corridor environment is lower when compare with other environments 
like the open hall. This leads to a deviation from the Poisson distribution in the corridor 
environment. Also, this complies with the result in [22] that the distribution of the number of 
paths is governed by the Poisson distribution, and the discrepancy between the Poisson and 
empirical distributions is due to a relatively small number of paths, which increases the 
probability of clustering. 
 

2.4.1.2  Delay spread 

Rms delay spread (DS) is a measure of delay dispersion in the channel. It degrades the 
performance of communication systems and thus is of major concern in system deployment. 
DS is the square root of the second central moment of a PDP and expressed as [13]: 
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where the mean excess delay of multipath components (MPCs) is expressed as: 
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�� , N is the number of multipath delay bins obtained from each continuous 

PDP, and i�  and iP  are the excess delay and corresponding power of the i-th delay bin, 
respectively. 
 
It is found that DS depends on the size and structure of its environment, and a NLOS scenario 
generally results in increased delay spread in the channel [P1][P2]. The distribution of DS is 
log-normal when DS is expressed in logarithmic-scale. However, it is infeasible to compare 
DSs in the UWB and 60 GHz channels, as different power dynamic ranges as of 40 dB and 20 
dB are chosen for the two channels. Note that a large dynamic range results in a larger DS in 
general [P1]-[P8]. 
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2.4.1.3  Cross polarization discrimination 

The cross polarization discrimination (XPD) is studied by using vertical and horizontal 
polarized antennas in the measurements. In multipath propagation channel, signals can be 
partially depolarized due to the polarization-dependent scattering in the channel. XPD is the 
traditional parameter for characterizing the amount of depolarization state in channel. It is 
defined as the ratio of received signals for co and cross polarizations in the measurements. In 
this work, XPD is studied for the 60 GHz corridor measurements where polarization 
measurements were performed. The notation of polarization is particularly complex in UWB 
channels because the cross polarization of both the channel and antennas can be frequency-
dependent [12]. 
 
              2.4.2  Statistical models 
 
Power delay profile (PDP) is important in characterizing the channels’ general properties. 
However, in practice, measured PDPs keep on varying along the mobile moving route due to 
the variation of the propagation channel for a specific environment. The average power delay 
profile (APDP) is a reliable estimate in characterizing the main features of the channel [35]. 
 

2.4.2.1 Average power delay profile (APDP)
 
The APDP is obtained by averaging the individual PDPs over a small scale area in an 
environment. In this work, APDPs in the UWB channel are obtained by averaging the 
individual PDPs over the 25 grid point at each measurement position, the average range being 
10�  for the APDPs  in  the  60  GHz  channel. A study shows that the single exponential decay 
law and/or power decay law can be used for characterizing general multipath (i.e., single-
cluster) properties of a channel [36][37].  
 

2.4.2.2  Saleh-Valenzuela (S-V) cluster model 
 
The Saleh-Valenzuela (S-V) model [38] is used for characterizing multi-cluster properties of a 
channel generally. In the S-V cluster model there are four defining parameters, i.e., cluster 
decay rate ( ), cluster arrival rate (� ), ray decay rate (� ) and ray arrival rate (� ), as shown 
in Fig. 2-4. The conventional S-V model is expressed as: 
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where L and lK  denote the number of clusters and the number of rays within the thl  cluster, 

lT  represents the arrival time of the lth cluster, and lk ,�  is the arrival time of the kth ray within 
the lth cluster, relative to lT . In the S-V model, both clusters and rays decay, i.e., the received 
signal amplitude kl�  obeys double exponential decay law: 

 

                                                  � � ���� kll ee T
kl

��� 0,022 ,                                                (2-15) 

where � �0,02�  describes the average power of the first arrival of the first cluster,   and �  
being the decay rates of a cluster and a ray, respectively. The cluster and ray arrival times are 
given by the Poisson processes with distributions given by: 
 
 



 21

                                                  � � � �1
1| ����
� �� lTlT

ll eTTp                                                   (2-16) 
 

and                                           � � � �lkkl
lkkl ep ,1

,1| ���
� � ������ ,                                            (2-17) 

 
 

where �  and �  are the cluster and ray arrival rates, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
   
 
    
 
 
 
 

 
                                              Fig. 2-4. The Saleh-Valenzuela (S-V) model. 
 

2.5  UWB and 60 GHz channel measurements and data analysis 
 
In this work, the UWB and 60 GHz channel measurements were performed in frequency and 
time domains, respectively. The frequency domain measurements can be done easily, but the 
measurement time is long. This results in limited measurement data for statistical analysis. The 
time domain sounder measurements are complicated but fast in collecting measurement data. 
Modeling of the propagation channel depends largely on measurement facilities, and this has 
influenced the selection of the characteristics of UWB and 60 channels that are studied in this 
work, as shown in Table 2-1. 
 
             Table 2-1. The UWB and 60 GHz channel characteristics studied in this work. 
 
 
                 

                Fading 
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Channel 
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ments 

Large scale 
(Path loss & 
shadowing) 

Small scale 
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distribution)  

 
Parameters 
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Ray-based  
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UWB 
 

Frequency 
domain 
(VNA) 

            
       Yes 

 
     No 

 
DS, APDP 

 
       Cluster 

 
    No 

 
60 GHz 
 

Time 
domain 
(Sounder) 

           
       Yes 

     
    Yes 

 
 

DS, APDP, 
NP, XPD 

 

Interdependency 
of characteristics  

 
   Yes 
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Channel parameters are affected by the selection of power dynamic ranges (DRs). For 
example, large dynamic range results in larger DS in general. In this work, 20 dB and 40 dB 
DRs are chosen for the 60 GHz and UWB channels. The DR value for the 60 GHz channel is 
very typical in traditional wideband-band systems. However, for the UWB channel the DR is 
not well defined in open literature. It was forced as 20 dB, 30 dB and 40 dB with general 
observation in [39]-[42]. In this work, 40 dB dynamic range (DR) is chosen by using the least 
square error fitting (LSEF) to obtain channel path loss models for the UWB channels [P4]-
[P7]. It should be noted that the antenna gains are eliminated directly from the measurement 
data in processing the measurement data in this work. This is because the directions of paths 
are unknown, and thus it is not possible to remove the antenna pattern effects from the 
measurement data. However, the measurement data clearly includes the effects of antenna 
patterns, e.g. a directive antenna typically limits the number of paths.  
 

2.5.1 UWB measurement setup and environments 
 
In UWB measurements, a vector network analyzer (VNA) was used to sweep a frequency band 
of 3-10 GHz, which was segmented into two pieces of 3-6.5 GHz and 6.5-10 GHz for 
enhancing delay range. Channel impulses were obtained by weighting with a Hamming 
window prior to inverse Fourier transform of the frequency domain measurement data. 
Measurements were performed in a hall (LOS), a meeting room (NLOS) and corridors for both 
the LOS and NLOS scenarios. In each measurement environment, the TX was fixed at a certain 
position while the RX was placed at different positions approximately 1 m apart from each 
other. Spatial averaging was adopted (i.e., at each position the measurement was performed at 
25 grid points with 100 mm spacing) for removing the small scale fading effect of the channel. 
In the measurements, two identical biconical horn antennas (with 1 dB gain) were used at the 
TX and RX, and the antennas were set to the same height of 1.5 m above the ground. Detailed 
information on UWB measurement parameters can be found in Table 1 of [P4] and 
environments in Figs. 1-3 of [P5], respectively. 
 

2.5.2 The 60 GHz propagation measurements 
 
The radio channel sounder of the Helsinki University of Technology (the Aalto University 
School of Science and Technology currently) has been developed for a large range of 2, 5.3 
and 60 GHz frequency bands [43]-[45]. The 60 GHz radio channel sounder [45] measurements 
were performed for continuous-route (CR) and direction-of-arrival (DOA) measurement 
campaigns, for channel statistical modeling and for propagation mechanism studies. The CR 
measurement locations chosen were typical indoor spaces, such as a hall and a corridor for both 
the LOS and NLOS scenarios. Both directional horn (gain 22.7 dB) and omnidirectional 
biconical horn (gain 5 dB) antennas were used in the CR measurements. The DOA 
measurements were performed in a room (LOS) and a corridor (NLOS). In the DOA 
measurements, the TX antenna was an omnidirectional biconical horn, and the RX antenna was 
a direct horn, which was rotated in the azimuth plane from 00  to 0360  at each measurement 
position. The TX and RX antennas are set at the same height in the range of 1.25-1.65 m above 
the ground. The transmission bandwidths are 60 MHz and 100 MHz in the measurements. 
Detailed information on 60 GHz measurement parameters and campaigns can be found in 
Table 1 of [P1].  
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3. ULTRAWIDE-BAND (UWB) RADIOS IN THE MICROWAVE RANGE (3-10 GHZ) 

3.1   Introduction 
 

The UWB propagation channel has been studied for several years [46]-[51]. The UWB radios 
in the microwave frequency range of 3.1-10.6 GHz were proposed for commercial applications 
by FCC in February 2002. Since the specified UWB spectrum overlaps with other radio 
systems operating  in  its  range and obeying different rules, low transmission power spectral 
density (PSD) of -41.3 dBm/MHz was specified by FCC in order to reduce interference with 
other existing radio services. However, the low PSD poses design challenges for UWB system 
because the other services sharing the same band are likely to have a much higher transmission 
power than the UWB systems. Multiband (MB) approach is an attractive solution for 
preventing the potential interference problem in the UWB systems [51]. In this work, UWB 
channel frequency dependency properties are studied by examining propagation characteristics 
in the MB channels [P6][P7].  
 

3.2   Clustering channel characterization 
 
For system design, especially in the context of system standardization, site-independent models 
are often required. The S-V cluster model is proposed in IEEE 802.15.3a and 4a 
standardizations for UWB systems [12]. In this work, the indoor UWB channels are classified 
as single- and multi- cluster channels. This is because a single-exponential decay function and 
a modified multi-cluster model can be used for characterizing the two cluster channels [P5].

3.2.1 Single-cluster channel
 
The measurement hall (LOS) and meeting room (NLOS) represent general propagation 
environments, where the azimuthal angular distribution of MPCs is fairly uniform over the 
range of � #�2,0 . It is found that the LOS hall and NLOS room can be classified as single-
cluster channels, since single exponential power decay function (PDF) can be used for 
characterizing channel properties [P5].  
 
       3.2.1.1  Single-exponential power delay profile 

Fig. 3-1 shows an example of a PDP in the LOS hall. It is seen that the LOS component is 
about 20 dB higher than other paths. This indicates that the LOS path dominates over the other 
MPCs and radiowaves propagate like in free space. Note that in the NLOS case the signals 
propagate with a larger decay rate, which indicates severe fading in the environment. The 
single-exponential power decay function can be modelled as: 

                                                       � � ��� ��� 100PP ,                                                          (3-1) 
where 0P  denotes the initial power and �  is the power decay rate. 
 
        3.2.1.2 Forms of multipath components 

The main forms of the multipath components (MPCs) are single dominant and diffuse paths, 
which are associated with specular and diffuse (scattering) reflections in the environments. 
This is because scattering produces lots of relative weak MPCs results in diffuse paths (due to 
roughness of walls and effects of furniture) in the UWB channel. The single dominant paths 
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can be easily identified from both power level and width as shown in Fig. 3-1. Specifically, the 
power level of the single dominant paths reaches at least 5 dB higher than the surrounding 
diffuse paths, and the width is about several nanoseconds (3-8 ns). This is due to the fine 
resolution of UWB systems. For example, over a spatial distance of 300 mm the position of a 
single echo may move up to 300mm 1/ 0 �c  ns ( 0c  is the speed of light in free space), which is 
several times of the width of a single echo (the resolution of the measurement system) of about 
140 ps in the UWB channel. 
 
 
 
 

 
 

     
 
 
 

                            Fig. 3-1. Single-cluster channel characterization for the LOS hall. 
 

    3.2.2  Multi-cluster channel
 
Multiple clusters are observed in the corridor environment for different measurement scenarios. 
Note that in the corridor environment, the MPCs are associated with a limited angular spread 
since reflections can be mainly occurred on the two sides of the walls and doors of the corridor.  
 

    3.2.2.1  Multi-cluster specification
 
Identification and specification of clusters is the first step and a very crucial one in extracting 
cluster parameters. In this work, multiple clusters are specified as the groups of multipaths, 
with power range 20%  dB and separation 25%  ns, for extracting the multi-cluster parameters 
and for comparing with the single-dominant paths (power and delay ranges of 5 dB and 3-8 ns) 
in single-cluster channels. Clusters can be identified based on the changes of amplitude and 
delay in PDPs at different RX positions in the LOS corridor for closed-door measurements. 
Fig. 3-2 shows the measured clusters in the LOS corridor for the closed-door case when the 
TX-RX separations are of 9 m and 13 m (plotted with a -40 dB offset).  
 
The A cluster is regarded as the direct-path since at the two RX positions the delays are of 30 
ns and 43 ns which coincide with the real environment. Clusters B and C are the reflected 
waves from the two corridor doors, i.e., the C-door and W-door, respectively. For instance, 
when the RX moves from 9 m to 13 m, the delay of cluster B decreases and the delay of cluster 



 25

30 60 90 120 150 180

-80

-60

-40

-20

0

Delay [ns]

R
el

at
iv

e 
re

ci
ev

ed
 p

ow
er

 [d
B

]

LOS corridor door-closed

TX-RX separation 9 m
TX-RX separation 13 m

o

oB

Ao

o
o

Co

C increases both by 13 ns, which coincides with the real propagation path lengths. Moreover, 
the structures of the clusters are quite similar, i.e., each cluster comprises one dominant path 
followed by some other dominant paths and/or diffuse paths. Thus, a heuristic approach to 
clusterization applies: a cluster is formed by direct or reflected waves from one piece of 
reflector with a large size and smooth surfaces. This observation naturally leads to a result that 
the number of clusters is constant over all positions for the same measurement scenario in the 
corridor measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-2. Clusters in the LOS corridor in the closed-door case when the TX-RX separations are  
9 m and 13 m (plotted with -40 dB offset). 
 
          3.2.2.2 A modified multi-cluster model 
 
Clusters do not necessarily follow exponential-decay (i.e., the classical S-V mode), but can be 
better fitted with a power-decay law. This is the so-called modified multi-cluster model 
hereafter for the corridor measurements in this work. For the purpose of comparison, Fig. 3-3 
shows the measured clusters fitted with the S-V model (upper curve) and the modified multi-
cluster model (lower curve, plotted with -80 dB offset) in the LOS corridor for the closed-door 
case when the TX-RX separation is 9 m. The modified multi-cluster model is expressed [P5]: 
 

                                                                 � � � � n
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!
�

��
1

,                                                        (3-2) 
 

where N is the number of clusters, and nP ,  n� , n denote the power, decay rate and starting 
point of the nth cluster, respectively. 
 
It is seen that the proposed multi-cluster model (lower curve) fits better with the measurement 
data when compared with the S-V model (upper curve) with eye-inspection in Fig. 3-3. Fig. 3-
4 shows the parameters of the modified cluster model for the same measurement data (of        
Fig. 3-3). The parameters in the proposed cluster model of Eq. (3-2) physically indicate 
clustering properties in channel. Specifically, the mean power 12�P  dB indicates the average 
reflection loss from corridor doors. The cluster decay rate is almost constant ( 2�� ) indicating 
that the clusters are formed by the same propagation phenomenon (i.e., reflection from corridor 
doors) in the environment. The cluster arriving time is about 70 ns corresponding to 21 m, 
which is about the length of the LOS corridor. Note that in the NLOS corridor the parameters 
of the modified cluster model have larger delay and decay rate. However, explaining the cluster 
parameters as the propagation phenomena is not clear in this case. 
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Fig. 3-3. Comparison of the S-V model (i.e., exponential power decay, upper curve), and the 
proposed multi-cluster model (lower curve, plotted with -80 dB offset) for the closed-door 
LOS corridor measurement data when the TX-RX separation is 9 m. 
 
It should be noted that in the S-V model, only the two parameters of clusters  and � , (but 
not the two parameters of rays �  and � ) can be extracted from the measurement data,  since 
the diffuse paths (the main form of multipaths) cannot be separated from measurement data in 
practice. It can be shown that the two cluster parameters,  and � are almost the same in the 
LOS corridor for the open- and closed- door measurements. This indicates that the two cluster 
parameters depend mainly on the building structure (e.g., corridor) of the environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-4. The modified cluster model used for characterizing the multiple clusters in the LOS 
corridor for closed-door measurements when the TX-RX separation is 9 m. 
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3.3   Frequency dependence of UWB channel 
 
Due to the large bandwidth of the UWB channel, the characteristics may exhibit frequency 
dependency. In this work, the frequency dependency of the UWB channel is investigated by 
examining propagation characteristics in the multi-band (MB) channels. The MB approach is 
accomplished by dividing the single-band (SB, the entire band 3-10 GHz) into 14 different 
frequency bins, as shown in Fig. 3-5.  
                                                                                                                                                                    

                        3 GHz    3.5            4             4.5             5                                          10 GHz

.  .  .

    
                                            Fig. 3-5.  The multiband radio channels. 
 
Frequency dependencies of channel delay spread, path loss exponent and shadowing STD are 
investigated [P6][P7]. It can be shown that DS can either increase or decrease in the multiband 
channels: the PL exponent does not depend on frequency, but shadowing STD has a clear 
tendency of increasing with frequency in general. As an example, Fig. 3-6 shows the frequency 
dependency of the shadowing STD in the LOS hall and corridor environments. Comparisons of 
multipath components in the MB and SB channels are shown in Fig. 3-7, where only the lowest  
 
 
                                                          
 
 
 
 
 
 
 
       Fig. 3-6. Frequency dependencies of the shadowing STD in the LOS hall and corridor.  
                                                            
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3-7. Comparison of PDPs in the single-band and multi-band channels in the NLOS room.   



 28

and highest frequency bins with the center frequencies at 3.25 GHz and 9.75 GHz are selected, 
since the PDPs are quite similar for the 14 different multi-band frequency bins. It can be seen 
that the more visible dominant multipaths in the case of SB are more visible than in the case of 
MB. The dominant multipaths also appear at different delays and have different attenuations. 
This indicates that scattering depends on the different center frequencies of channels.     
                                                            

3.4   Bandwidth dependence of UWB channel 
 
Bandwidth dependence of the UWB channel is also examined for channels having a common 
center frequency 5.6�cf  GHz, when the bandwidths are incrementally increased around cf  
in 500 MHz steps as shown in Fig. 3-8. As an example, the bandwidth dependencies of the PL 
exponent and the shadowing STD of the UWB channels are shown in Fig. 3-9. It is seen that 
the path loss exponent is almost constant and the shadowing STD decreases with bandwidths. 
This indicates that signals with large bandwidth exhibit less variation in the received signal 
power than those in the smaller bandwidth channel. Note that this result is used for modeling 
the channel fading margin in 60 GHz UWB systems in Chapter 5.
 

        6.5 GHz

BW=500 MHz
BW=1 GHz
BW=1.5 GHz

. . .

                                
                       
                                      Fig. 3-8.  The channels with different bandwidth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Fig. 3-9. Path loss exponent and shadowing STD in the channels with different bandwidths. 
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         3.5  Fading robustness of UWB signals 

Ultra wide bandwidth leads to frequency or multipath diversity, or UWB signal is robustness  
to multipath fading. This is indeed seen in the measurements and shown in Fig. 3-10, where the 
slope of the UWB signal (NLOS room data) is comparable with 8-branch diversity distribution 
of standard Rayleigh narrowband signal with maximal ratio combining. Whereas, UWB 
channel provides a shadow fading improvement relative to narrow-band channel (or shadowing 
STD decreases with bandwidth as already shown in Fig. 3-9). For example, the shadow fading 
margin is less than 4 dB with 90 % link success probability for a 500 MHz UWB channel [P7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-10. Comparison between the UWB signal and the standard Rayleigh narrowband signal 
with different diversity order and maximal ratio combining. 
 
      3.6.   Findings about UWB propagation channels in this work 

Previous studies on UWB propagation channels are mainly on analysis of statistical parameters 
[46]-[51]. Cluster parameters for the conventional S-V model in the UWB channel are 
extracted in [53][54].  
 
In this work, UWB channel statistical parameters are analyzed, and some new scientific results 
are presented in addition. Specifically, frequency and bandwidth dependencies of propagation 
in the 3-10 GHz UWB range are investigated [P6][P7]. The UWB propagation characteristics 
are modeled as functions of frequency, which are useful for the design of radio systems. A 
modified cluster model of the UWB channel is proposed [P5]. The model fits better with the 
measurement data, and the parameters in the model physically indicate cluster properties of the 
propagation channel. The general properties of UWB and 60 GHz channels are compared 
based on the experimental channel measurements [P4]. The findings about UWB propagation 
channels [P4]-[P7], enable analysis of a high throughput 60 GHz UWB radio system [P8] later 
in Chapter 5.  
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4. MILLIMETER-WAVE (60 GHZ) BAND

4.1   Introduction 
 
The 60 GHz band has emerged as one of the most promising candidates for gigabit indoor 
wireless communication systems. The band has been proposed for  > 1 Gbps and < 10 m range 
WPAN applications in the IEEE 802.15.3c [55]. The 60 GHz-band technology offers various 
advantages over current or existing communications systems: 1) it can be viewed as a shift 
version of the UWB radio due to the large available bandwidth (as a rule of thumb, the 
available bandwidth is about 10% of centre frequency), 2) small size antenna arrays or MIMO 
systems can be developed. Moreover, the current state-of-the-art 60 GHz circuit technologies 
enable the development of low cost radio devices for the market [56][57].  
 
The 60 GHz  propagation  channel  has  been  studied  for  many  decades [58]-[61].  Previous 
studies of the 60 GHz propagation channel mainly focused on channel statistical parameters 
and the measurements were done in the frequency domain [62]-[68]. Moreover, little 
information on the direction-of-arrival (DOA) measurements is available [68]. Thus, the role of 
different radio-wave propagation mechanisms is not very well known in the 60 GHz band. In 
this work we investigate the propagation issues of: 1)  radiowave  propagation  mechanisms, 2) 
interdependencies of different characteristics with channel delay spread, 3) ray-based models 
and 4) multipath power distributions in indoor corridors in the 60 GHz band. The investigation 
of these issues is based on experimental channel measurements performed in various indoor 
environments for direction-of-arrival (DOA) and continuous-route (CR) campaigns [P1].  
 

4.2   Mm-wave propagation mechanisms 
 
The DOA measurements can clearly demonstrate a strong relation between multipath channel 
structure and propagation environments [P1]. Fig. 4-1 shows the DOA measurement campaign
of 60 GHz propagation channel measurements. It is worth to note that person blocking effect 
was also measured in the DOA measurements [2] when a person blocked the LOS path (the 
path between TX and RX when it was placed at position 1 in Fig. 4-1). From the DOA 
measurements, the following conclusions can be made:  
 
& Direct path and the first-order reflected waves from smooth surfaces form the main   

contributions in LOS propagation environments. 
  
& Diffraction is a significant propagation mechanism in NLOS cases.  

 

& Transmission loss through concrete or brick walls is very high. Person blocking effect is   
about 20 dB in the 60 GHz frequency band. 

 
4.3   Ray-based models in indoor corridors 

Ray-based models are proposed for the LOS and NLOS corridors where polarization 
measurements were done [P3]. Note that both horn (22.7 dB) and omni-directional biconical 
horn (5 dB, denoted as omni hereafter) antennas were used in the corridor measurements.  
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                                  Fig. 4-1. The DOA measurement campaign.
 

4.3.1 LOS corridor 
 
The proposed multi-ray models for the LOS corridor measurement data for vertical polarization 
(VP) are shown in Fig. 4-2, where the 5 rays are associated with the LOS path plus four first-
order reflections, and the 9 rays refer to the five rays plus four second-order reflections from 
the two walls, ground and ceiling, respectively. It can be seen that the 9-ray model fits better 
with the measurement data than the 5-ray model. It is worth noting that using more than 9 rays 
does not improve the result. In other words, there is a convergence for number of rays. This is 
expected, since each reflection decreases the power of the ray essentially, and the high-order 
reflections with less grazing angles of incidence have stronger attenuation.  

    
                 
                                                   
 
 
      

 
 
 
                                        
                                              

  
 
                 Fig. 4-2. Ray-based models in the LOS corridor for VP measurements.                                 
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4.3.2 NLOS corridor 
 
The Holm’s diffraction coefficient is used in the field simulation, since the Luebbers 
diffraction coefficient overestimates signal strength in the deep shadow region [69]. For the 
NLOS corridor different ray structures are proposed as shown in Fig. 4-3. Specifically these are 
the one-ray (diffracted from each of the two wedges), two-ray (diffracted from the two 
wedges), four-ray from one wedge (diffracted, diffracted-reflected, reflected-diffracted and 
reflected-diffracted- reflected), and eight-ray (doubled from the four rays) from the two wedges 
structures. As an example, four rays from the inner-wedge (close to TX) are shown at the top 
of Fig. 4-3. It should be noted that the diffraction from the inner-wedge is very small. Thus the 
curves of the two diffracted rays and that of the single diffracted ray for the outer wedge are 
practically the same. It is seen that the eight-ray model is in good agreement with the 
measurement data in both the average power level and signal variation. However, the model of 
diffracted rays (the two-ray model in Fig. 4-3) is accurate in characterizing the average power 
decay of a signal in the environment. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Fig. 4-3. Comparison of the proposed models and measurement data in the NLOS corridor. 
 

  4.4  Multipath power distributions 
 
A key assumption in the implementation of Rayleigh and Rice distributions is that the channel 
itself does not change over small local area. However, in practice, the mobile radio channels 
are varying significantly. The channel seems to be directly related to the transitions from the 
Rayleigh or Rice distribution in local areas to other distributions in global areas. This is 
illustrated by selecting three LOS mobile routes in this work: the LOS corridor route (horn-
omni), and two LOS routes (TX1 and TX2) in the hall environment as shown in Fig. 4-4. The 
three LOS routes are denoted as varying, dynamic and static channels, respectively. Since both 
the LOS path (decreases) and other multipaths (increase at further distances where paths with 
nearly grazing angle of incidence) are changing along the LOS corridor route. In the hall 
measurements, the LOS path decreases (power-distance law) along the TX1 route, and the 
other multipaths remain unchanged: the TX2 route is almost symmetric (both the LOS path and 
the mean of the scattered multipaths have essentially constant powers along the route).  
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  Fig. 4-4. The dynamic (TX1) and static (TX2) LOS routes and NLOS (TX3) route in the hall. 
 

4.4.1  Distributions in mobile radio channels  
 
Fig. 4-5 shows the multipath power distributions for the three LOS mobile channels. It is 
interesting to see that the static, dynamic and varying LOS mobile routes can be described by 
weak-Rice ( 3�K dB), Rayleigh and negative-Rice K distributions, respectively. Therefore, 
the following conclusions are made: 1) the mobile radio channel suffers from very severe 
fading (e.g., weak Rice K-factor is used for describing the static LOS channel), 2) Rice 
distribution may degrade to Rayleigh distribution when the LOS signal becomes weaker and/or 
the local mean of the multipath components becomes stronger, 3) negative Rice K-factor is 
used for describing the varying LOS mobile channel.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 Fig. 4-5. Multipath power distributions in three LOS mobile radio channels. 
 

4.4.2 Rayleigh and double-Rayleigh distributions 
 

Rayleigh and double-Rayleigh distributions form the bounds for both the LOS (horn-onmi) and 
NLOS corridor data [P3] as shown in Fig. 4-6 (a). This implies that a combination of Rayleigh 
and double-Rayleigh signals can characterize the measurement data. This is indeed seen in 
computer simulations with different values of � , which is also shown in Fig. 4-6 (a). 
Therefore, we can conclude that the Rayleigh fading and double-Rayleigh fading are the most 
dominant ones compared to high-order Rayleigh fading. Note that the particular phenomenon 
that the LOS corridor data falls between the Rayleigh and double-Rayleigh distributions, can 
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be explained by the proposed multi-ray models in the environment. The signal consists of 
several multipaths like in the normal Rayleigh fading case, but due to narrow angular 
distribution at far distances in the LOS corridor the fading (or correlation) is clearly larger than 
in the normal case. 
 

4.4.3 Multiple-Rayleigh distribution 

As for the LOS corridor case, the vertical polarization (VP) and horizontal polarization (HP) 
measurement data show more variations than the horn- omni measurement data as shown in 
Fig. 4-6 (b). The reason might be that in the former case fewer paths were received than in the 
latter. Here it should be noted that the measurement data includes the effects of antenna 
patterns and a directive antenna typically limits the number of paths. However, as the 
directions of the paths are unknown, so it is difficult to remove the antenna pattern effects from 
the measurement data. The multiple-Rayleigh distribution can fit measurement data very 
accurately. It is encouraging to use this type of distribution, as it does not require details of the 
material properties and physical processes of propagation, and has a very good prediction 
accuracy. Moreover, the multiple-Rayleigh distribution has a clear theoretical explanation and 
is easy to implement in computer simulations. 

              

 
                                    (a)                                                                                    (b) 
 

Fig. 4-6. (a) Rayleigh and multiple-Rayleigh distributions form bounds for both the LOS and 
NLOS corridor data, (b) Multiple-Rayleigh distribution vs. VP and HP measurement data in 
the LOS corridor. 
 

4.5   Interdependence of channel characteristics 
 

The interdependencies of different channel characteristics with delay spread (DS) are important 
in wireless communications systems [70]. In this work, the interdependences of path loss, 
shadowing, number of paths, Rice K-factor and cross polarization discrimination (XPD) with 
channel rms delay spread (DS) are investigated. As an example, Fig. 4-7 shows the relationship 
between the path loss and DS for the LOS corridor and hall. It is seen that an upper-bound 
model of delay spread and path loss can be developed. The model is useful in estimating the 
worst case of DS at a given path loss. In this work, the following general conclusions are made 
[P1][P2]:  
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& An upper-bound exponential model of path loss and delay spread can be developed. 
& There is a negative cross-correlation between shadow fading and delay spread is found. 
& A linear relationship between the number of paths and delay spread exists. 
& The Ricean K-factor increases with the increase of DS in the channel.  
& A low correlation property exists between the XPD and delay spread.            

 
 
 
 
 
 
  
 
 

 
 

Fig. 4-7.  Relationship between the path loss and the delay spread in the LOS corridor and hall.     
                                                                                                                                                                         
       4.6    Characteristics of mm-wave propagation signals 
 
Mm-wave propagation signals suffer from very severe fading: e.g., in an environment for the 
same TX-RX separation distance there is always a 22 dB higher PL at 60 GHz than for 
example at the lower band of 5 GHz. Fig. 4-8 shows the path loss models in the 60 GHz 
propagation channels [P1]. It is interesting to note that shadow fading is increasing along the 
LOS corridor route. This can be explained by the proposed multi-ray models. At small 
distances, the significant LOS signal suppresses the effect of multipaths. At large distances, 
more strong multipaths with nearly grazing angle of incidence are received leading to larger 
variation of signal power or shadow fading in the LOS corridor [P3]. 

 
 
 
 
 
 
 

                          
 
                        Fig. 4-8.  Path loss models in the 60 GHz propagation channels. 
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Mm-wave signals are traceable. This can be illustrated with the received powers in NLOS 
corridors shown in Fig. 4-9, where two NLOS corridors denote the NLOS corridor route and 
the NLOS route in the hall. When denoting LP  as the received power along a LOS route Ld ,

tranL  as the transition loss in the cross corner, m as the decay exponent of the diffracted power 
along the NLOS corridor route NLd , the received power can be expressed as [P3]: 
 

� � � � )log(10 NLtranLLr dmLdPdP ��� . (4-1) 

It is seen that the decay exponents of power in the two NLOS corridors of the corridor and hall 
environments are 8.0�corm  and 5.0�hallm , which are much smaller than the path loss 
exponent in free space ( 2�n ). This indicates that diffraction is the main propagation 
phenomenon and that radio waves propagate in a guided fashion in the NLOS corridors. Note 
that the transition loss depends on the wedge size, structure, environment and frequency [71]. 

 
 

 
 
 

 
    
 
 
 
 
 
 
 
 
 

 
 
 

                                   Fig. 4-9. Empirical models in the NLOS corridors. 
 
           4.7   Findings about 60 GHz propagation channels in this work 
 
Previous studies of 60 GHz propagation channel are mainly focused on statistical parameters, 
and the measurements in those studies were performed in the frequency domain [58]-[67].  
 
In this work, the 60 GHz propagation channel’s statistical parameters are analyzed, 
additionally, some new scientific results are presented. More specifically, the 60 GHz 
propagation mechanisms are studied based on DOA measurements. An important finding is 
that diffraction can be a significant propagation mechanism in the NLOS propagation 
environments [P1]. This is different from the prediction in other literature according to which 
diffraction is generally ignored in the millimeter-wave frequency range [72][73]. From the 
continuous-route (CR) measurements, the interdependencies of different channel 
characteristics with delay spread were investigated [P1][P2]. They are important in predicting 
channel parameters from one another. Ray-based models in LOS and NLOS indoor corridors 
are proposed [P3] and multipath power distributions in indoor corridors are studied first time 
[P3]. The findings about 60 GHz propagation channels [P1][P2][P3] are useful for analysing 
the high data rate of 60 GHz UWB and MIMO radio systems in Chapter 5 [P8].  
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5. PERFORMANCE AND CAPACITY ANALYSIS OF 60 GHZ UWB AND MIMO SYSTEMS

5.1   Introduction 

The large available bandwidth makes the 60 GHz-band UWB system attractive for gigabit 
indoor wireless communications [74]. However, path loss is high in the 60 GHz-band, and 
increasing of bandwidth will lead to high noise power in the system. For example, noise power 
is 18 dB higher with a 7�B GHz UWB channel than with a 100�B  MHz narrowband 
channel (when antenna noise temperature is 290�T  K). Though it is possible to use high gain 
antennas to compensate for the high loss at mm-waves, the drawbacks of such antenna systems 
are obvious: 1) they suffer from poor flexibility and limited mobility, 2) the narrow-beam 
signal of a high gain antenna can be easily blocked, which is a common concern in design of 
indoor multipath environments. MIMO systems are the key towards future gigabit wireless 
systems [75]. They provide the parallel channels in which independent information streams can 
be transmitted between TX and RX in the same frequency band without extra power. Thus the 
system capacity is increased greatly. 
 
            5.2  Channel capacities

For a SISO or an UWB channel, the maximum capacity (C) can be computed from the 
Shannon capacity theorem, which is expressed as a function of channel bandwidth (B) and 
signal-to-noise ratio (S/N) as: 
 

                                                  � �NSBCSISO �� 1log2 .                                                     (5-1) 
 

In MIMO the spatial multiplexing (SM) is one natural potential for providing high channel 
capacity [76]. The maximum SM gain can be obtained by implementing MIMO configuration 
with equal number of TX and RX antennas, i.e., NNN RT ��  [77]. For the case that MIMO 
channel is known at RX but unknown at TX, assuming all antenna signals are spatially 
uncorrelated, the maximum capacity in the MIMO channel with a given bandwidth B is: 

                                            ��
�

�
��
�

�
�� �HH

N
IBC

T
MIMO

'detlog2 ,                                          (5-2) 

where I is the identity matrix, '  is the average SNR, H is the normalized channel matrix, and 
‘+’ denotes the transpose-conjugate.  
 
To perform a basic feasibility study for the 60 GHz UWB channel, B is chosen as 2 GHz and 
SNR is considered as 10 dB, which is a common value for a high rate 60 GHz channel [78][79]. 
As there is no agreement on 60 GHz MIMO standards yet, the bandwidth is considered as 

100�B  MHz as it is a typical value in traditional wideband 60 GHz SISO channel 
measurements [P1]. 
 
           5.3 Radio link budgets  
 

In wireless communication systems, the performance and robustness is often determined by 
SNR from radio link budget:  
 

                                      ILNFMPLGGPSNR rtt ������� 0 ,                                     (5-3) 
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where tP  is the transmitted power, tG  and rG  are the transmitter (TX) and receiver (RX) 

antenna gains, PL  and FM denote the mean path loss and fading margin in channel, 0N  is the 
total noise power at TX, and IL denotes the implementation loss of the system.  
 
Transmission power is often specified in regulations. Based on the European regulation for the 
60 GHz band, tP  is chosen to be 20 dBm [14]. The other system parameters are set as practical 
values, i.e., 6�IL  dB and noise figure 6�NF  dB for calculating NFkTBN �� )(10log100 , 
where k is the Boltzmann’s constant and T is the standard noise temperature at 290�T K.  
 
In the 60 GHz UWB channel two path loss models are employed. Specifically, a LOS model 
including blocking effect (BE) and a NLOS path loss model, and they are expressed as: 

� � BEddBPL ��� )log(18681 , where 20�BE  dB (e.g., person blocking effect) and 
� � � �ddBPL log30682 �� , respectively. MIMO channel capacity depends highly on the 

propagation environment. Specifically, in the LOS channel the received signals experience 
high correlation which leads to a reduced capacity. Whereas, large number of independent 
paths exists in NLOS rich-scattering environment, which is close to Rayleigh i.i.d channel thus 
leads to high capacity. Therefore, the NLOS path loss model � � � �ddBPL log30682 ��  is 
employed in the 60 GHz MIMO system. 
 
Fading margin in the 60 GHz UWB channel is modelled as: " # " #GHzBdBFM *5.04 �� , since 
previous studies show that FM decreases with channel bandwidth B [P6], and is less than 4 dB 
for a minimum bandwidth ( 500�B  MHz) UWB channel with 90% link success probability 
[P7]. MIMO channel also provides fading improvement relative to a SISO channel. 
Specifically, fading margin decreases with the number of antenna elements (N) [80][81]. Thus, 
in the MIMO channel the FM is modeled as: " # " # NdBdBFM �� 10 , where 10 dB is associated 
with the FM in traditional 60 GHz SISO channels [P1]. This model limits the MIMO 
configuration to � �10,10 , since actually only a small number of MIMO antenna arrays can be 
constructed in the 60 GHz band [82][83]. 
 
As for antenna gains, in MIMO one has to use omnidirectional or low-gain antennas to receive 
multipaths [84]. Thus, a 10 dB combined gain (the sum of the TX and RX antenna gains) is 
assumed in the 60 GHz MIMO system. In the 60 GHz UWB channel antenna gains become 
very important for ensuring that radio links achieve multigigabit capacity of systems. For the 
convenience of performance and capacity analysis to follow, Table 5-1 provides a summary of 
the radio link budgets in the 60 GHz UWB and MIMO systems. 
 

5.4 The 60 GHz UWB system performance analysis 
 
Fig. 5-1 shows the combined antenna gains in the 60 GHz UWB channel are shown in when 
applying the two path loss models and link budget as given in Table 5-1. It should be noted that 
the path loss model of LOS + BE is more feasible than the NLOS model. Since the blocking
effect is modeled independently on mobile position, which reflects the real case that movement 
of persons is quite typical in multipath indoor channels. Whereas, the NLOS model accounts 
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for high path loss due to large distances generally. In Fig. 5-1 we can see that high-gain 
antennas are generally required in the 60 GHz UWB channels. The physical problems of high 
gain antenna systems (easily blocked, poor flexibility and limited mobility) imply that gigabit 
capacity is difficult to achieve with the 60 GHz UWB system. 
 
 
             

 

 

 

 

 

 

 
          

  Fig. 5-1. Combined antenna gains in 60 GHz UWB channel with a link budget of Table 5-1. 
 

 

5.5 The 60 GHz MIMO system capacity analysis 
 

Tests are performed for determining data rate, range and MIMO configuration. Fig. 5-2 shows 
the test results. It is seen that MIMO configurations of (4,4) and (7,7) can achieve gigabit and 
multigigabit capacities in 60 GHz MIMO channels. The results of a comparison between the 
test and experimental  channels  are shown in Fig. 5-3, which shows the test and experimental 
MIMO (4,4) channel capacities at different TX-RX separations. It should be noted that 
parameters used in the test channel of Fig. 5-3 are the same values as in Table 5-1, except that 
the 17�tP  dBm and 60�B  MHz ( 90��N  dBm) which are the values used in the 
experimental channel measurements [84]. It is seen that the test results of MIMO ( 4,4 ) are in 
good agreement with the experimental data, which indicates that the parameter values are 
realistic for the design of radio systems [P8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-2. The 60 GHz MIMO configurations of (4,4) and (7,7) can achieve gigabit and 
multigigabit capacities . 
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           Fig. 5-3. Comparison between the test and experimental MIMO � �4,4  channels. 

 
                       Table 5-1. Link budgets in the 60 GHz UWB and MIMO systems  
 

Frequency                                Millimeter-wave 60 GHz  

Rate                                        > gigabit  

Range                                         <10 m 

Transmission power                                          20 dBm 

Implementation loss                                          6 dB 

Channel parameter                   UWB 
             ( 10�SNR dB) 

               MIMO  
           ( NNN RT �� ) 

Bandwidth B                 2 GHz            100 MHz 

Total noise power                 -75 dBm             -88 dBm 
 

Fading margin 
    

" # " #GHzBdBFM *5.04 ��  
 

" # NdBFM �� 10  � �102 (( N  
 

Path loss model " # )(20)log(18681 BEddBPL ���  

" # )log(30682 ddBPL ��  

    

" # )log(3068 ddBPLNLOS ��    

 
Combined antenna gain 
 

 
high gain antennas are required 

       
10 dB is employed 

 
Performance/Capacity 
 

Gigabit communications are 
quite difficult in the 60 GHz 
UWB channel. 

MIMO )4,4(  and )7,7(  can 
achieve gigabit and multigigabit 
capacities. 
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6. SUMMARY OF PUBLICATIONS
 
[P1]  Millimeter-wave Propagation Channel Characterization for Short-Range Wireless 
Communications 
 

This paper presents and analyzes the results of 60 GHz propagation channel measurements 
performed in various indoor environments for direction-of-arrival and continuous-route 
measurement campaigns. The statistical parameters and models of the channel such as number 
of paths, rms delay spread, path loss and shadowing are extracted and derived. Moreover, the 
interdependencies of different characteristics of the multipath channel are also investigated. A 
linear relationship between the number of paths and the delay spread is found: negative cross-
correlation between the shadow fading and the delay spread can be established: and an upper-
bound exponential model of the delay spread and the path loss is developed for estimating the 
worst case of rms delay spread at given path loss. Based on the direction-of-arrival 
measurements carried out in a room (LOS) and in a corridor with both LOS and NLOS 
scenarios, radiowave propagation mechanisms are studied. It is found that considering the 
direct wave and the first-order reflected waves from smooth surfaces is sufficient in the LOS 
cases. Transmission loss is very high but diffraction is found to be a significant propagation 
mechanism in the NLOS propagation environments. The results can be used for the design of 
60 GHz radio systems in short-range wireless applications. 
 

[P2] Millimeter-wave Indoor Channel Characterization for Broadband Wireless Local 
Area Networks
 

This work is a continuation of [P1]. Specifically, the statistical parameters of the propagation 
channel like Rice K-factor and cross polarization discrimination (XPD) are investigated. The 
interdependencies of the Rice K-factor and XPD with channel delay spread are also examined. 
It is noticed that the K-factor increases with the decrease of channel rms delay spread in 
general, and a low correlation property between the XPD and delay spread can be established. 
  
[P3] Mm-wave Propagation In Indoor Corridors 
 

In this paper, ray-based models for both LOS and NLOS indoor corridors are presented and 
compared with experimental results. It is shown that in the LOS corridor signals propagate like 
in free space and in guided-fashion in near and far zones. A 9-ray model (LOS path plus four 
first-order and four second-order reflections from the corridor walls, ground and ceiling) is 
most suitable in characterizing propagation signals in far zone in the environment. In the 
NLOS corridor, multi-ray models are proposed and a heuristic diffraction coefficient is used in 
field simulation. Results show that the structure with more rays (eight rays in this work) is 
adequate in characterizing both average power and variation of signals. The diffracted rays are 
accurate in characterizing the average decay of signal power. Also, empirical models for NLOS 
corridors indicate that diffraction is the dominant propagation phenomenon in the environment. 
Further, multipath power distributions are investigated. It is found that Rayleigh and double-
Rayleigh distributions form the bounds for both the LOS and NLOS data. Multiple-Rayleigh 
distribution can fit the measurement data very accurately. 
 
[4] Multipath Propagation Characterization of Ultra-wide Band Indoor Radio Channels 
 

In  this  paper, multipath  propagation  characteristics  in UWB (3-10 GHz) indoor channels are 
investigated.  Multipath components are found in single dominant and diffuse paths. Clustering  
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is a special phenomenon of corridor environment. The UWB channel statistical parameters and 
models like power delay profiles, rms delay spread, path loss and shadowing are analyzed. 
Furthermore, the UWB measurement results are compared with the results obtained in 
traditional wideband 60 GHz indoor channels.  
 
[5] Clustering Characterization for UWB Indoor Communications 

In this paper, the cluster characteristics of UWB channels are studied. UWB indoor channels 
can be generally classified into single- and multi- cluster channels, since a single-exponential 
decay function and a modified multi-cluster model can be used for characterizing the two 
cluster channels. The multipath components (MPCs) in the single and multi cluster channels 
are associated with uniform distribution and limited angular spread, respectively. Moreover, 
the modified multi-cluster model is compared with the classical Saleh-Valenzuela model. It is 
shown that the modified cluster model is better in fitting measurement data and that the 
parameters in the model indicate cluster properties of the propagation channel. The presented 
results are useful for the design of UWB systems and for standardization groups. 
 
[6] Frequency and Bandwidth Dependency of UWB Propagation Channels 

In this paper, the frequency and bandwidth dependencies of propagation in the 3-10 GHz UWB 
range are investigated by examining the power delay profile, rms delay spread, path loss and 
shadowing as functions of frequency. Moreover, the multi-band channel characteristics are 
compared with single-band channels. It is shown that the channel scattering effect depends on 
the different center frequencies of the multiband channels. Path loss exponent is independent of  
both frequency and bandwidth, and shadowing STD increases with frequency but decreases 
with bandwidth of channels. 
 
[7] Experimental Investigation of the Properties of Multiband UWB Propagation 
Channels

In this paper, the radio link budget in a multiband (dividing the whole frequency range into 
multiple sub-bands with 500 MHz bandwidth) UWB channel is studied based on empirical 
analysis of path loss and shadow fading. It is found that the path loss exponent is independent 
of frequency, and the mean path loss can be modelled as a increasing function of frequency. 
The standard deviation of shadowing shows a tendency of increasing with frequency. 
Furthermore, the shadow fading margin with 90% link success probability is found to be fairly 
low (less than 4 dB) in multiband channels.  

[8] Performance and Capacity Analysis of 60 GHz WPAN Channel 

In this work, the performance and capacity of both 60 GHz UWB and MIMO channels are 
analyzed based on experimental channel models and specifications for mm-wave wireless 
personal area networks (WPANs). In the analysis of the 60 GHz UWB channel, the radio link 
budget is estimated by applying two experimental channel models where blocking effect is 
considered and fading margin is modeled as a function of channel bandwidth. Results show 
that high gain antennas are required in the 60 GHz UWB channel. The physical problems that 
poor flexibility of high gain antenna systems and easy block effect of the directional signals, 
indicate that gigabit communications are extremely difficult to achieve in the 60 GHz UWB 
channel. The 60 GHz MIMO channel capacity is also analyzed. Tests were also performed for 
determining the gigabit data rate, operation range and configuration in the 60 GHz MIMO 
channels.  
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7. CONCLUSIONS

In this thesis, the characteristics of UWB (3-10 GHz) and mm-wave 60 GHz propagation 
channels are analyzed based on experimental channel measurements, which were performed in 
various indoor environments for gaining more understanding of channel general properties.  
Furthermore, the performance and capacities of emerging high throughput radio systems, 
namely those of 60 GHz UWB and MIMO systems, are analyzed for providing useful 
information for design of radio systems.  
 
The UWB channel can be generally classified as a single or multiple cluster channel. 
Specifically, the single-exponential power-decay law and a modified cluster model are 
proposed for the dual cluster channels. The modified multi-cluster model fits well with the 
measurement data and with reduced parameters when compared with the Saleh-Valenzuela 
cluster model. More importantly, the parameters in the proposed multi-cluster model physically 
denote the clustering properties of channel. Furthermore, frequency and bandwidth dependency 
of UWB propagation channels are investigated. It is shown that the scattering effect depends 
on both frequency and structure of the propagation environment. The path loss exponent does 
not depend on the frequency, but the shadowing standard deviation STD has a clear tendency 
of increasing with frequency. The bandwidth dependency of the path loss exponent is almost 
constant, and the shadowing STD decreases with bandwidths. Finally, it is shown that UWB 
radio is robust to multipath fading. 
 
The mm-wave 60 GHz propagation channel is studied based on the directional-of-arrival and 
continuous-route measurement campaigns in various indoor environments. The 60 GHz-band 
propagation mechanisms can be generally concluded as: the first-order reflected waves from 
smooth surfaces form the main contributions in LOS propagation environments. Diffraction is 
a significant propagation mechanism in the NLOS cases. Transmission loss through concrete or 
brick walls is very high, and person blocking effect is about 20 dB in the 60 GHz-band. Ray-
based models for LOS and NLOS indoor corridors are proposed. It is found that a 9-ray model 
(LOS path plus four first-order and four second-order reflections from the corridor walls, 
ground and ceiling) is the most suitable in characterizing propagation signals in LOS corridor, 
and the diffracted rays are useful in characterizing the average decay of signal power in NLOS 
corridors. Moreover, multipath power distributions are investigated. It is shown that Rayleigh 
and double-Rayleigh distributions form the bounds for both the LOS and NLOS corridor data. 
The multiple-Rayleigh distribution can fit the measurement data very accurately. Furthermore, 
interdependencies of channel characteristics such as path loss, shadowing, number of paths, 
Rice K-factor and cross polarization discrimination with channel delay spread are inspected. 
Finally, it is pointed out that mm-wave propagation signals are traceable and thus can achieve 
advantages like robustness to fading. 
 
The performance and capacities of high-rate 60 GHz UWB and MIMO systems are analyzed. 
Radio link budgets including mean path loss and fading margin for the 60 GHz UWB and 
MIMO systems are provided. It is shown that high-gain antennas are generally required in 60 
GHz UWB system. The physical problems of high gain antenna systems (easily blocked, poor 
flexibility and limited mobility) indicate that it is difficult to achieve a gigabit capacity using a 
60 GHz UWB channel. In the 60 GHz MIMO systems, tests were performed for determining 
data rate, range and configuration. The test channels are also compared and shown to be in 
good agreement with the measurement data, thus providing reliable channel parameters in 
design of 60 GHz MIMO systems. 
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