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Abstract

This thesis presents an accurate and precise indoor channel measurement and modeling
using a high-resolution multi-dimensional channel sounder. We introduced the concept of
double-directional channels and ultra-wideband signals into the channel sounder to increase
the angular and delay resolution capability, respectively. The methods also enables us to
model propagation channels separately from antenna properties used in the measurements. As
it is crucial to analyze, design, and optimize antenna systems in many physical layer schemes
which are potential for the next generation indoor wireless systems, such as multiple-input
and multiple-output and ultra-wideband systems, our results contributed to facilitate these
tasks.

The main contribution of this thesis is summarized into the following three-fold: 1) de-
velopment of the channel sounding and propagation modeling method which contributed to
the high-resolution multi-dimensional angular-delay propagation modeling activities; 2) mea-
surement and modeling of indoor radio channels in a Japanese wooden house to identify
dominant propagation phenomena and to extract parameters that can be used in channel
models; and 3) assessment of the accuracy of developed propagation modeling results for
evaluation of data transmission performances. In developing the channel sounder, we incor-
porated the maximum-likelihood based propagation parameter extraction algorithms. The
algorithm characterized measured data by a finite set of propagation paths so that the mod-
eled results facilitates the intuititive understanding of wave propagation mechanisms. The
performance of the channel sounder was assessed in an anechoic chamber, and theoretically
derived performance measures such as angular and delay resolution capability were experimen-
tally confirmed. The channel sounder was then used to measure and model actual propagation
channels. The modeling of propagation paths was based on clustering approach, which is a
common way in channel modeling activities. Properties of clusters were evaluated with respect
to angular, delay and power aspects. The results were contributed to the COST273 channel
model and approved as a parameter set representating home environment. Finally, the mod-
eled results were used to reconstruct channel responses, and data transmission performances
of ultra-wideband systems were evaluated using the channel. The results were compared with
the data transmission performance derived from raw channel data, from which the channel
models were developed. The comparison revealed that the modeling results were not always



X

capable of predicting transmission performance derived from raw channel data accurately.
However, further investigation revealed that the accuracy of BEP prediction improved by
considering the residual components into simulations as diffuse paths. This suggested that
the propagation modeling should be performed separately for discrete propagation paths and
continuous multi-dimensional power angular/delay spectrum. Several important future re-
search items are suggested at the end based on the context of this thesis.
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Chapterl

Introduction

1.1 Challenges in Modeling Indoor Radio Wave Prop-
agation

Demands for wireless system applications are tremendously increasing year by year, and
innovations of technologies comprising the wireless system reflects these demands. These
technologies are considered as core solutions that realize a ubiquitous world. In the near
future, it is expected that every electronic equipment and a sensor surrounding us establishes
wireless connection with one another, forms a wireless network, shares and exchanges data,
acquires the environmental information, and finally adapts to the environment so that it
provides a context-based communication system.

Nowadays the wireless network exists everywhere, different from twenty years ago when
the first mobile phone came into practical use. Recently the importance of wireless networks
is increasingly discussed for home security, human safety, and medical applications. Many of
these applications are supposed to be achieved in indoor use. Particularly the wireless area
network (WLAN) and wireless personal area network (WPAN) are the emerging short-range
wireless applications in indoor scenarios. They are totally different from previous cell phone
systems with respect to the communication distance. The WLAN system, represented by
the IEEE802.11a/b/g standards and IEEE802.11n as future high-data rate standards [1], are
practically being used with distances ranging from several meters to less than a few hundered
meters. The WPAN systems are designed to cover smaller areas to the extent of several meters,
and its standardization is actively being conducted by IEEE802.15 working groups [2]. The
smaller coverage of indoor wireless systems is called “picocells”, and the wireless network
covering small areas is called “piconets”.

In designing the wireless networks for indoor short-range communications, one should in-
evitably consider multipath channels. The modulated waveforms radiated from transmitters
(Tx) reach the receiver (Rx) through many routes because of the interaction of propagating



electromagnetic waves with scattering objects surrounding transmitting and receiving wire-
less terminals. Thus receiving waveforms contain many echoes leading to the distortion of
transmitted waveforms and intersymbol interference. In the end, the system suffers from de-
terioration of bit error probability and data throughput. As the deterioration is much serious
when the transmission data rate is higher than the available bandwidth, many solutions have
been invented to combat this issue, such as waveform equalizers.

Normally the indoor environment reveals rich multipath scattering due to the dense sur-
rounding objects around wireless terminals, such as wall, ceiling/floor, and furniture. In
contrast to the outdoor environment where many researches have analyzed the multipath be-
havior, sufficient analysis have not been accumulated with regards to the indoor propagation
mechanisms, mainly because 1) the needs of wireless communication in indoor environments
have just started to prevail in recent years; and 2) characterizing the indoor multipath envi-
ronment with sufficient resolution and accuracy is a challenging task given the dense multipath
environments.

1.2 Ultra Wideband (UWB) Radio

1.2.1 Definition and Spectrum Mask of UWB Radio

Among the physical layer candidates of the indoor wireless communications, ultra wideband
(UWB) radio have attracted a lot of attention due to the following advantages:

1. High data rate transmission systems;
2. Precise ranging and positioning capability [3]; and
3. Low power consumption transceivers.

Since the Federal Communication Commissions (FCC) of the USA released the microwave
frequency bands to UWB applications in 2002 [4], quite many efforts have been made by
researches both in UWB research and development. The UWB signal is defined either by the
fractional bandwidth or absolute bandwidths of the transmitted signal as

2(fu — fu)
s X 100> 20 %], (1.1)
or
fu — fr > 500 [MHz], (1.2)

where fy and fi, are the 10 dB bandwidth of the power spectrum density (PSD). They are
the frequencies which give a PSD 10 dB lower than the peak PSD. Compared to the con-
ventional wideband systems, definitions (1.1) and (1.2) inform us of the drastic change and



even breakthrough in using frequency bands, which are precious resources of wireless com-
munications. None of the existing wireless systems operated in the microwave band satisfies
the definitions. The wideband code division multiple access deployed in the third generation
mobile phones occupies 5 MHz bandwidths with its carrier frequency around 2 GHz, result-
ing in a fractional bandwidth of 0.25 %, which spans a much narrower bandwidth than UWB
signals. The frequency band is densely occupied by various kinds of applications according to
the present regulation, thus accommodating new systems into the frequency band is almost
impossible. UWB radio can be deployed even in that situation, but coexistence with other
wireless systems always becomes an important issue to avoid interference. Thus there is a
strict restriction with regards to the transmission power from UWB devices.

The restriction of the power spectrum density is normally called a power spectrum mask,
and is defined in each country depending on the frequency allocation for existing systems.
The frequency allocation in Japan is managed by the Ministry of Internal Affair and Commu-
nications (MIC) [5]. The UWB spectrum mask in Japan, Europe and US is shown in Fig. 1.1.
Since the FCC-defined spectrum mask was open to the public, modification of the FCC mask
had been extensively discussed in Japan under the initiative of MIC. In the process, all insti-
tutions and private companies operating broadcasting, mobile phone, radio astronomy, and
variety of radars such as planet exploration radars, meteorological radars, and radars for air-
crafts and marine vehicle were involved. According to the Japanese regulation adopted on
March 27 of 2006 [6], the whole frequency band was divided into low and high bands, and the
5 GHz band was not allocated for UWB systems for protection of WLAN systems operated
in that band. The low and high bands span from 3.4 to 4.8 GHz and 7.25 to 10.25 GHz,
respectively. The maximum radiation power is —41.3 dBm/MHz, but a functionality to avoid
interference to other systems, namely detection and avoidance (DAA) is required. In the
second low band occupying from 4.2 to 4.8 GHz, DAA techniques are not necessary, but
the radio license for the band is allowed until the end of 2008. Outband emission is strictly
prohibited to protect GPS, cellular, and other radar systems. The microwave band is allowed
for indoor use only, but allocation of quasi-millimeter wave band from 24 to 29 GHz will be
discussed in MIC, targeting both indoor and outdoor applications. One example of outdoor
application covers collision avoidance systems for car parking. The frequency band from 100
to 960 GHz is available for UWB communications, but only in the US.

The wide frequency band larger than 500 MHz is equivalent to a short pulse range in
the temporal domain narrower than 2 ns, enabling us to resolve multipaths to the extent of
nanoseconds. If the full band (3.1 — 10.6 GHz) is used for the pulse shaping in the temporal
domain, it achieves a temporal multipath resolution of 0.13 ns corresponding to 4 cm in
distance. The property of UWB radio also gives robustness to waveform distortion on the
receiving side because each echo is distinct with each other. Furthermore, the available
wide frequency range provides inherent “built-in diversity” so that UWB systems suffer from
multipath fading less severely than the conventional narrow and wideband systems [7,8].
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Figure 1.1 Spectrum mask for UWB in Japan, Europe, and US.

1.2.2 Application of UWB Radio

The application of UWB radio covers both high and low data rate systems. The high data
rate system is mainly for realizing connection between consumer electronics, such as wireless
video streaming and wireless universal serial bus (USB). Target data rate for wireless USB
is as high as 480 and 100 Mbps for communication distances under 3 and 10 m, respectively.
Low data rate applications can be an alternative to conventional low data rate applications,
such as Bluetooth and infrared communications. The application for sensor networks are
also undertaken using the low data rate specifications. One of the applications is for home
security. The distributed sensors inside a room equip functionality to monitor a variety of
environmental information, and form a network to share the collected data. The collected
data are then integrated, often called data fusion, so that the network can respond to the
environment to help the daily life of human activities. Automatic control of environment, such
as temparature, brightness of the lighting, and alarm for fire and intruder are specifically taken
into account [9]. As it is envisioned that the data traffic for the application is not high, the
target data rate is ranging from several Mbps to kbps.

There are mainly two kinds of popular data transmission schemes in UWB communications



realizing both high and low data rate transmissions: an impulse radio (IR) based technique
and a multi-carrier oriented data transmission. The popular modulation formats based on the
impulse radio are the direct sequence UWB (DS-UWB) [10]. The DS-UWB uses a pulse as a
chip of spread sequences, accomplishing a large spreading gain over the wide bandwidth. The
impulse radio based systems have a potential to realize simple transceiver architecture than
the conventional carrier-based transmission schemes. Even the full-digital implementation
is possible due to the simple signal generation and detection. In contrast, the multi-band
orthogonal frequency division multiplexing (MB-OFDM) [11] is also widely used as a multi-
carrier based transmission scheme. This scheme subdivides the bandwidths into 500 MHz so
that clock speed of A/D converter can be much slower than other UWB systems. The OFDM
technology has attracted much attention in these days for high data-rate communications,
since it realizes high spectrum efficiency and robustness for peformance degradation due to
multipath effects.

The design and optimization of both transmission schemes essentially require information
on propagation channels [13]. In the impulse based data transmission, Rake reception is
implemented to improve receiving signal-to-noise ratio. The Rake reception collects power
distributed over distinct echoes of transmitted signal using a Rake finger. The duration of
the impulse in the time domain, or equivalently the bandwidth of the transmitted signal
determines how many distinct paths are expected, thus the relationship between multipath
structure and system bandwidth is essentially important to design the number of Rake fin-
gers. The MB-OFDM system inserts guard intervals after the data stream to prevent the
receiver from interruption by multipath echoes. The design of length of the guard interval is
essentially dependent on the delay property of propagation channels. In this way, propagation
study is mutually inter-related with transmission schemes. Our UWB channel measurement,
characterization and models shall be dedicated to the link-level design and evaluation of UWB
communications and equipment.

1.3 Overview of Channel Sounding and Modeling

In this section, the basis for discussing channel sounding and modeling is presented. First
mathematical expressions of radio channels are given, and then channel sounding techniques
and modeling campagins are summarized by referring to previous studies. Finally, existing
channel models are overviewed with the empahsis on purpose and advantages of each model.

1.3.1 Mathematical Characterization of Radio Channels

The multipath propagation environment is mathematically expressed as a multi-dimensional
impulse response, hqs(t, T, ot Q). The impulse response shows the relationship between
input and output through the convolution operation. The impulse response depends on the



measurement time instant ¢ and the propagation delay time (DT) 7. As the electromagnetic
waves propagates in the spatial medium, the impulse response also includes angular infor-
mation on both the Tx and Rx sides, Q™ and QF*, respectively. In fact, Q™ and QFx
are inter-exchangable with one another because of the reciprocal nature of the propagation
medium. Here we call Q™ and Q®* as direction-of-departure (DOD) and direction-of-arrival
(DOA), respectively. The multi-dimensional impulse response including both DOD and DOA
is referred to as the double-directional impulse response. « and [ are the transmitted and
received polarization states respectively, and is either the vertical or horizontal polarization
(o, 3 =V or H). The double-directional impulse response is a complete form including all
the relevant propagation parameters. It has a relationship with the non-directional impulse
response hag(t, 7) as follows.

hags(t, T) = /Q N /ﬂ hap(t, 7, QT Q) 5 DY (7, Q) « DIX(r, Q™)™ (13)

The operation denoted by * corresponds to the convolution. DI* or Bx ig a complex directivity
pattern for Tx or Rx antennas dependent on the polarization state. It is also a function of
the DT due to antenna group delay characteristics, but the effect is negligible in narrowband
and wideband systems. The response of the double-directional impulse response is summed
up with the complex directivities of the Tx and Rx antennas, and then the non-directional
impulse response is derived. Single directional impulse response is obtained by performing the
marginal integration at either side of the link. Actual data measured from channel sounding
campaign are expressed as a coherent summation of individual impulse responses with different
combinations of transmitting and receiving polarization states,

h:hVV+hHH+hVH+hHV~ (14)

The formulation is defined in the delay domain, but is easily converted into the frequency
domain expression using the Fourier Transform,

Hog(v, f) = [ [ Hogv, .97, Q™) DE*(£, Q%) DJ*(£, @™)dQ™a@™,  (15)

and
H:HVV+HHH+HVH+HHV- (16)

H is the transfer function, and is influenced by the doppler frequency v. The doppler frequency
constitutes a Fourier pair with the time snapshot t.

It is important to note that the non-directional and single directional impulse response is
composed of the propagation impulse response as well as antenna properties at both or either
side of the link. Schematic view of the relationship between single and double-directional,
and radio channels are shown in Fig. 1.2.



Figure 1.2 Schematic view of the relationship between double, single and non-directional
channels.

1.3.2 Channel Sounding Techniques
1.3.2.1 Spatial and Temporal Channel Sounding

There have been enormous kinds of channel sounding techniques proposed and developed by
many researchers to measure the impulse responses of radio channels. Furthermore, channel
sounders often equip an array antenna at link ends in order to measure the angular properties
of radio channels. Regardless of the investigated domains, the basic concept of the channel
sounding techniques can be classified into two categories: a direct measurement and a method
to utilize the Fourier pair of the domain of interests.

e Delay domain

1. Direct measurement:
The channel sounder transmits a certain waveform, and the receiver calculates the
channel impulse response by correlating the received signal with the transmitted
waveform. The transmitted waveform has to be available in the receiver in the
correlation receivers. A pseudo-noise (PN) sequence or an impulse can be can-



didates for the transmitted signals. The delay resolution is determined by the
chip rate of the PN sequences and the width of the impulse, respectively. The
former method is often used in wideband channel sounding (e.g, [14-19]), whereas
the impulse-based channel sounding is studied mostly within the context of UWB
research (e.g., [20-26]).

2. Using a Fourier pair:

The channel sounding is performed using the frequency domain, and it is then con-
verted to the delay domain by signal processing algorithms depending on the target
delay resolution (see later sections for signal processing). The popular signals han-
dled by the channel sounder is a multi-tone signal (e.g., [27-35]). In this case, the
power spectrum density of the transmitted signal should be as flat as possible in
order to assure the dynamic range over the considered bands. Frequency-swept sig-
nal is also possible to obtain transfer function mainly by vector network analysers
(e.g., [36-52]). However, this method takes some time for sweeping the frequen-
cies so that real-time measurment is prohibitive or the measurement environment
should be quasi-static during the data acquisition.

In both measurement methods, syncronization between transmitter and receiver is cru-
cial to determine the absolute delay time.

e Angular domain

1. Direct measurement:

Power angular profile is measured by rotating antennas which have narrower beamwidth
(e.g., [19,36]). The 3-dB beamwidth of the antenna determines the angular resolu-
tion. For example, parabolic antennas have a potential to realize narrow beamwidth,
but sometimes the size of the antenna is so large especially when the frequency is
low that it is not feasible to rotate it inside rooms.

2. Using a Fourier pair:

Spatial distribution of the impulse response is measured, and then it is converted
into angular response using the Fourier transform or other signal processing al-
gorithms based on the required angular resolution (see later sections for the al-
gorithm). To measure the spatial distribution of the impulse response, there are
two ways: 1) using a real array (e.g., [14-18,21,27-30,32,34,35,38,49,85]), and 2)
using a synthetic array (e.g., [22,37,41,43,46]). Angular measurement using real
array antennas sometimes require sophisticated radio frequency (RF) technologies:
development of compact array antennas and array calibration techniques. As it
is commonly known, the inter-element spacing of antenna array have to be less
than half of the wavelength in order to avoid aliasing in the angular domain. For a



carrier frequency of 5 GHz, the inter-element spacing corresponds to 30 mm, and it
is clear that fabricating antenna elements as close as 30 mm is a challenging task.
Still, a real antenna array for channel sounding in 4.5 and 5.3 GHz band is avail-
able [18,35], but it simultaneously requires a antenna array calibration in order to
compensate for electro-magnetic mutual coupling between antenna elements and
characteristics of RF cables and switches constituting the antenna [53].

In contrast, the synthetic antenna array provides a more cost-effective method to
achieve array measurement in the spatial domain. The array is realized by moving
an antenna element/array over the spatial areas, and measuring the data in each
spatial positions. This enables us to realize an antenna array even with a single
element antenna, and complicated procedure of the antenna array calibration can
be avoided. Disadvantages of the synthetic array are measurement time and accu-
racy of antenna alignment. In most cases, moving antennas in an accurate manner
requires a certain time so that the method is not applicable for measurement in-
volving fast doppler frequency estimation. Furthermore, a care must be taken in
the accuracy of the alignment in the synthetic array, since it largely determines
the angular estimation error.

In both ways of angular estimation, it is required that the propagation environment
is quasi-static during the whole measurement. It is generally observed that the use of
Fourier pair is more flexible in deriving angular profile than the direct measurement
since various kinds of angular resolution can be achieved using different types of signal
processing.

1.3.2.2 Spatio-Temporal Channel Sounding

Incorporation of more than one channel sounding domain in spatial and/or temporal domains
in measurements is advantageous in realizing better path resolution. This method is called
spatio-temporal channel sounding, or simply multi-dimensional channel sounding. Among
many measurements taking this strategy, the value of double-directional channel sounding
is becoming a popular concept [28]. The concept involves angular domain channel sounding
both on Tx and Rx sides, which is advantageous in the following two sense, in addition
to the improvement of path resolution: 1) since the channel sounding estimates both the
DOD and DOA on Tx and Rx sides respectively, antenna gain can be separated from the
path gain using the angular information. The resultant path gain expresses propagation
characteristics only, so that characterization of pure propagation phenomena is possible. The
propagation modeling results enables us to design and evaluate antenna systems in multipath
environment [81]; and 2) identification of major scattering objects which cause reflection,
diffraction, and penetration can be performed [14, 15, 32, 34, 41, 46, 49, 50, 82], helping us
determine dominant propagation phenomena in that environment. It contributes mainly to
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the prediction of transmission performance (e.g., [83]) and to the development of a site-
specific propagation simulator (e.g., [70]). Most of the double-directional channel sounding
and propagation modeling have been done in wideband systems.

1.3.2.3 Algorithms to Convert Parameter Domains

When channel sounding measures the corresponding Fourier pair of the domain of interests,
it is necessary to convert the data into the right domain using signal processing algorithms.
The most primitive, but still the most reliable method is the Fourier Transform. However,
as it accomplishes only limited resolution, it is often preferable to introduce algorithms that
realize better resolution than the Fourier Transform. MUSIC [55] and ESPRIT [32, 56, 57|
are based on the subspace-based approach, which decompose channel impulse response into
discrete paths using an eigen analysis. The algorithms reveal drastic improvement of res-
olution with reasonable calculation load particulaly when the number of data samples are
small. In contrast, a drawback of the algorithms lie in the treatment of coherent multipaths.
The subspace-based algorithm cannot resolve coherent multipaths, without the help of spatial
smoothing preprocessing. In channel sounding, each multipath component is radiated from
an identical source, thus we always have to deal with this problem. Another limitation of
subspace-based algorithms is their applicability only for narrowband systems.

Another group of algorithms showing better resolution than the Fourier transform is based
on the maximum-likelihood (ML) estimation. The algorithm estimates the set of discrete
paths that most likely reconstructs the measured data. Theoretically the estimator provides
the most reliable results, but practical implementation of the original ML estimation is pro-
hibitive particulaly in multi-dimensional channel sounding, due to the excessive amount of
calculation. To cope with this issue, expectation-maximization (EM) [58] algorithm and the
Space-Alternating EM (SAGE) [59] algorithm have been developed and widely used. Unlike
the subspace-based algorithms, the ML-based approach does not need a special measure even
for resolving coherent multipath signals. Recently, a sophisticated ML-based algorithm has
been developed [27,53], which incorporates the proper calibration of antenna arrays as well as
reliable and computationally feasible peak finding method applicable for multi-dimensional
channel sounding.

The ML-based parametric channel estimation methods are based on the frequency domain
and narrowband /wideband data processing. In contrast, there is also a parametric channel
estimation algorithm employing the time domain processing, namely the Sensor CLEAN
algorithm [22,43]. The algorithm is originally used in the radio astronomical data processing,
but Cramer et. al [22] introduced it to the channel sounding purposes. The algorithm is
advantageous when it is used with ultra-wideband channel sounding data which shows fine
temporal resolution. The ML-based algorithm and the Sensor CLEAN algorithm differs in the
data processing domain, that is, in frequency or time domain, but the fundamental concept
of both algorithms are essentially the same.
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1.3.3 Channel Sounding Campaigns and Modeling

There have been enormous number of channel sounding campaign performed in indoor envi-
ronment using the methods described in the previous section. Next, it is also necessary to
process the measured data in various manners depending on channel modeling purposes. In
the following, important parameters of radio channels, which are to be characterized from the
measured data, are summarized. Justification to introduce the parameters are also given by
describing the relevance of the parameters with transmission performance.

1. Path loss, shadowing, and small-scale fading [7,8,24-26,33,42,44,47,48]

The fundamental characteristics of the radio wave propagation is path loss. It is de-
rived by calculating / |n(7)|?dr = / |H(f)|*df. Derivation in the frequency and time

domains provides the same result due to the Parseval’s equation (e.g., [60]). Shadowing
and small-scale fading are modeled separately from the path loss. Shadowing refers to
the fluctuation of received power around the path loss, observed across several tens of
wavelengths. The main reason for shadowing is the obstruction of the Fresnel zones in
propagation paths due to surrounding objects. Especially obstruction of line-of-sight
(LOS) path causes large shadowing. The small-scale fading looks further detailed fluc-
tuation of the received power around the realization of shadowing. It occurs within
the scale of a wavelength, and even shows much wider dynamic range of fluctuation
compared to the shadowing. Modeling these characteristics are obviously important in
designing link budget and receiver sensitivity of wireless systems.

2. Delay properties [7,8,15,17,20,22,23,25,30,33,35,36,42-45,47,48,51,52]

Characterization of multipath channels in the delay domain is important in wideband
systems. The time-dispersiveness causes the waveform distortion and intersymbol in-
terference on the receiving side, ending up with the degradation of transmission per-
formance. Generally the larger the delay spread, the more severe the transmission
performance suffered from the interference. The most popular condensed parameter for
the delay dispersion properties of radio channels is the delay spread. It is the second-
order moment of the power delay profile. Furthermore, it was found through many
measurements that modeling of the power delay profile can be performed using a super-
position of clusters having an exponentially decaying shape. Here clusters are defined
as the group of paths having almost the same delay time. The necessary information
to specify the power delay profile is a model-parameter of clusters, such as decay con-
stant of exponents, and the base delay time where clusters appear. Statistical analyses
to derive these model-parameters have been performed by many researchers through
extensive channel sounding campagigns.
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3. Angular properties [17,19,22,30,34-36,41,43, 46,49, 52]

Angular information has recently been actively used in wireless communications tar-
geting for efficient use of radio spectrum and for interference cancellation, such as by
smart antennas and by multiple-input multiple-output (MIMO) systems. Different from
the delay domain, angular spread, showing the second order moment of the power an-
gular profile, is not a popular measure for characterizing angular properties. Here it
is also convenient to introduce clusters. In the angular domain, cluster is also defined
by the group of paths coming from almost the same angles, and angular spread is de-
rived within clusters called cluster angular spread. The larger the angular spread, the
more effectively diversity works contributing to the increase of received signal strength
and spectrum efficiency. The MIMO eigenmode transmission is one of the multimode
transmission in the spatial domain [61].

1.3.4 Channel Models

Based on the channel sounding campaigns mentioned above, several channel models have been
developed. These models differ in its purpose, thus the application and usage is also different.
In this subsection, several recently developed channel models are reviewed, and their purpose
and usage are summarized.

1.3.4.1 Stochastic Channel Models

Stochastic channel models are used to compare performances of transmission schemes, such
as modulation and coding. The model is advantageous in its simple descriptions, but in
downside, it is not applicable for simulating specific propagation environment, so often it
is called site-general models. The model consists of model structure to express radio chan-
nels together with parameters that constitutes the model structure. Different propagation
scenarios can be realized by adjusting the propagation parameters. The propagation param-
eters were developed by aggregating them from many different measurement campaigns, and
therefore, each parameter is described by a statistical distribution. For indoor use, IEEE
802.11 working group developed a spatial MIMO channel model for WLAN design [62]. The
spatial channel model defined the clustered multipath structures both in angular and delay
domains, and provides the parameters that determines the cluster properties. Implementation
of the channel model was accomplished using the tapped delay line models. Other standard
channel models for indoor environment have been elaborated by the IEEE802.15.3a/4a task
groups. They individually developed different channel models targeting WPAN application,
and covering UWB frequency range [63-65]. Different from the IEEE802.11n model, the
IEEE802.15.3a/4a models do not include angular characteristics, since UWB system does not
intend to exploit spatial information. Instead, the model provides detailed description of path
loss, shadowing, small-scale fading, and cluster properties in the delay domain applicable for
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wide frequency range. The IEEE 802.15.3a defined only four scenarios for channel realiza-
tion ranging from LOS to NLOS environment revealing a severe multipath scenario. Later,
the model was refined into the 4a model by including more frequency bands and scenarios,
such as industrial and farm environments. Furthermore, the IEEE802.15.4a model defined
antenna terms separately from the channel model descriptions, emphasizing a philosophy that
propagation channels should be modeled separately from antenna properties. The philosophy
is also common in the IEEE802.11n and the COST273 channel model [66]. The COST273
model was developed within the framework of COST273 activities, which is the European
Forum for cooperative scientific research [67]. The model has the following characteristics: 1)
it covers all the environment of interests ranging from outdoor macro and microcells to indoor
picocells with the same description [68]. Different environments can be realized just by mod-
ifying model parameters. The concept is distinct from the COST259 channel model, where
generation of channel response is different for macro, micro, and picocells [69]; 2) it consists
of two kinds of parameters: external and stochastic parameters. The former specifies the en-
vironmental condition, such as carrier frequency, room size, antenna height/orientation, and
moving direction of terminals. Path loss model belongs to this parameter. While the latter
describes shadowing properties and the spatio-temporal behavior of multipath components
based on the cluster model.

In any channel model, huge number of channel sounding campaigns have been carried out
to collect radio channel impulse responses. Extensive data analyses have also been performed
to characterize and model the impulse response.

1.3.4.2 Site-Specific Channel Models

While most of the stochastic channel models are used for standardization activities, there is
another demand in simulating propagation channels. When product vendors need to have
their developed equipment tested under real scenarios where the equipment is likely to be
installed, the channel model should be as realistic as possible. The stochastic channel models,
which is advantageous in its small number of parameters describing channel models, are in
turn not suitable for simulating specific propagation scenarios due to its limited number of
model parameters (although it is still possible to do that). In contrast, a tool for site-specific
propagation channel simulation is widely used for its convenience to include structures of
the environment under consideration. The most popular method for site-specific propagation
prediction is the ray-optical simulations e.g., [70]. The method introduces approximation
of electromagnetic wave propagation based on the high-frequency assumption that the radio
channel can be expressed as the superposition of discrete optical rays [71]. This method
drastically reduces the calculation load compared to solving the original Maxwell’s equation,
contributing to the efficient use of computational resources and time. However, it is often
reported that the simulated results by ray-tracing methods revealed large gaps compared
to the measured results. The gap stems mainly from the ray-optical approximation result-
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ing from high-frequency assumption and insufficient description of the environment inputted
to the simulation. Particularly, it is articulated that non-specular scattering caused from
the surface roughness of scattering objects affected the gap, since ray-optical simulations
are not capable of generating the phonemena accurately in most cases [72,73]. To include
the non-specular scattering into ray-optical simulations, a hybrid method incooperating with
stochastic treatment of microscopic scattering phenoemena is possible [74]. Numerical ap-
proach to simulate radio propagation using the finite difference time domain method is also
used, but is still prohibitive for large scale simulations.

1.3.4.3 Stored Channel Models

Stochastic channel models provide a model description and parameters that constitute the
model, and site-specific channel models are capable of generating radio channel impulse re-
sponse based on the physical properties of the environment. In contrast to these models, the
stored channel model does not provide structure of the models and subsequent model param-
eters; rather, it is a database of the measured channel response. It can be seen that the stored
channel models are purely the site-specific model. The database can be applicable for many
kinds of use ranging from further channel modeling under the definition of a certain model
structure to the evaluation of data transmission performance considering a specific system.
However, the model is inflexible in terms of antennas; in contrast to the models enabling
us to include antenna properties at link ends separetely of propagation channel responses,
the stored channel model hardly realizes the separated treatment of antennas and propaga-
tion. Available stored channel models, such as the ones developed by University of Southern
California [75], provide UWB and MIMO measurement data covering huge environmental
samples, but still includes antenna effects inside.

1.4 Outline and Contributions of Thesis

Having summarized the demands and technical challenges in modeling indoor radio wave
propagation, existing channel sounding technique, channel properties to be analyzed and
characterized, and available channel models for indoor environment, this thesis aims at sum-
marizing further contributions to them. The main contributions consist of the following
four-fold:

1. Developing a channel sounding method realizing accurate and high angular-delay reso-
lution particularly suitable for indoor channel modeling;

2. Modeling indoor radio channels using the developed method with the emphasis of sep-
arating propagation from antenna properties;



15

3. Contributing to channel model standardization activities by dedicating channel model-
ing results; and

4. Assessing accuracy of channel modeling results and its applicability for link-level data
transmission purposes.

Specifically, this thesis is organized into the following six Chapters.

Chapterl Introduction, this chapter, summarizes background information related to this
research, simultaneously clarifying the motivation of this research.

Chapter2 UWB Double-Directional Channel Sounder presents the concept of the
channel sounder followed by theoretical characterization of the channel modeling method.
The design of the channel sounder introduced both the double-directional concept and UWB
signal, achieving resolution of propagation paths which have not been realized in the past
activities. Furthermore, an algorithm that enables us to characterize the propagation behavior
as a set of discrete propagation paths were developed. The concept of the channel sounder
and the path extraction algorithm had been published in

K. Haneda, J. Takada, and T. Kobayashi, “A parametric UWB propagation chan-
nel estimation and its performance validation in an anechoic chamber,” IEEFE
Transactions Microwave Theory and Techniques, vol. 54, no. 4, pp. 1802-1811,
April 2006.

K. Haneda and J. Takada, “An application of SAGE algorithm for UWB propaga-
tion channel estimation,” in Proceedings of the IEEE Conference on Ultra Wide-
band Systems and Technologies (UWBST 2003), pp. 483-487, Reston, VA, USA,
November 2003.

Chapter3 Verification of the UWB Double-Directional Channel Sounder in an
Anechoic Chamber covers the results from experiments to assess the performances of the
proposed sounder. Particular focus was laid on the verification of the angular and delay
resolution of propagation paths, as well as the robustness of a wavefront model. Spherical
wavefront model was introduced to estimate angular information, and was proven to be more
suitable for indoor channel modeling than the conventional plane wavefront model. Results
from the experiment also revealed that the parameter estimates of propagation paths were
accurate enough, and the path resolution capability in the angular and delay domains were
as fine as the Fourier resolution. The outcomes had been published in

K. Haneda, J. Takada, and T. Kobayashi, “A parametric UWB propagation chan-
nel estimation and its performance validation in an anechoic chamber,” IFEE
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Transactions Microwave Theory and Techniques, vol. 54, no. 4, pp. 1802-1811,
April 2006.

K. Haneda, J. Takada, and T. Kobayashi, “Experimental evaluation of a SAGE
algorithm for ultra wideband channel sounding in an anechoic chamber,” in Pro-
ceedings of the International Workshop on Ultra Wideband Systems Joint with
the Conference on Ultra Wideband Systems and Technologies (Joint UWBST &
IWUWBS 2004), pp. 66-70, Kyoto, Japan, May 2004.

Chapter4 Cluster-based Analysis and Modeling of UWB Double-Directional Ra-
dio Channels in Home Environments covers results from UWB double-directional chan-
nel sounding campaigns conducted in various scenarios of home environments. Throughout
this Chapter, propagation mechanisms were investigated based on the cluster treatment of
multipaths both in the angular and delay domains, assuring the consistency with the recent
channel modeling activities. First, propagation mechanisms of the LOS environment, where
Tx and Rx antennas are placed in the same room, are investigated. Identification of scat-
tering objects as well as derivation of scattering coefficients for the identified objects were
performed. Next, environmental difference of cluster parameters are analyzed. Several envi-
ronmental samples, such as room-to-corridor, inter-room, inter-floor, and outdoor-to-indoor
scenarios were considered. Results revealed that the number of clusters differed from 4 to 9,
where the smallerst and largest number of clusters arose from indoor-to-outdoor and inter-
floor scenarios, respectively. Furthermore, dynamic range of paths, stochastic modeling of
path variance in the angular and delay domains were performed. The results for LOS chan-
nel characterization and the comparison of cluster properties in different scenarios had been
published in the following journal papers, respectively.

K. Haneda, J. Takada, and T. Kobayashi, “Double directional ultra wideband
channel characterization in a line-of-sight home environment,” IFICE Transac-
tions on Fundamentals, vol. EA-88, no. 9, pp. 22642271, September 2005.

K. Haneda, J. Takada, and T. Kobayashi, “Cluster properties investigated from
a series of ultra wideband double directional propagation measurements in home
environments,” IEEE Transactions on Antennas Propagation, vol. 54, no. 12, pp.
3778-3788, December 2006.

Furthermore, the parameters for clusters derived by this measurement and analysis had been
submitted to the IEEE802.15.4a channel modeling subcommittee as a contribution document,
and also approved as a representative channel parameters constituting the COST273 channel
models [66].



17

K. Haneda, J. Takada, and T. Kobayashi, “Spatio-temporal UWB propagation
channel characterization,” IEEE 802.15-04-0112-01-004a, Orlando, FL, USA, Mar.
2004.

L. Correia (eds.), Towards mobile broadband multimedia networks — COST 273;
FEuropean co-operation in mobile radio research, Elsevier, Oxford, UK, March 2006.

Chapter5 Verification of UWB Double-Directional Propagation Modeling for
Evaluating UWB Transmission Performance investigates the effectiveness of the re-
sults from UWB double-directional channel characterization for data transmission simula-
tions. Comparison of bit error probability (BEP) was evaluated using two kinds of channels:
one was the measured data in the experiment, and the other was the synthesized data from
the channel modeling results. Results from two simulations revealed that the modeling results
were not always capable of simulating transmission performance accurately. This was mainly
due to the limitation of the propagation modeling, resulting in the production of “residual
components” that were not modeled as discrete propagation paths. However, further inves-
tigation showed that the accuracy of the BEP prediction improved by taking into account a
diffuse path, which was generated by the modeled residual components. Reasons giving rise
to the limitation and countermeasures to overcome the limitations will be carefully discussed.
The simulation results as well as discussions described in Chapterb will be presented at the
following international conference.

K. Haneda, J. Takada, and T. Kobayashi, “Applicability of UWB double direc-
tional propagation modeling or evaluating UWB transmission performance,” IEEFE
65th Vehicular Technology Conference (VIT'C 2007 Spring), Dublin, Ireland, April
2007.

Finally, Chapter6 Conclusion summarizes the conclusions obtained from these research
activities and future research items pending for further investigation, improvement, and ex-
tension.
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Chapter2

UWRB Double-Directional Channel
Sounder

Based on the summary of spatial and temporal channel sounding techniques in Chapterl,
this thesis proposes to incorporate the UWB signal with the double-directional channel sound-
ing. The expected benefit of the incorporation is: 1) it drastically improves the resolution
of physical propagation paths by virtue of multi-dimensional sounding, which is especially
a suitable method for indoor channel sounding given the rich multipath environment; 2) it
provides the whole spatio-temporal information of radio channels, namely DOD, DOA, and
DT information; 3) it enables us to de-embed antenna properties in link ends so that antenna-
independent channel models can be constructed, and applied to antenna evaluation in UWB
systems. The evaluation of antennas in UWB systems is essential since antennas are the
source of waveform distortion [76]. Thus far, there have been very few studies conducting
UWB channel sounding which incorporates with spatial domain sounding [22, 36, 43]. Con-
sequently, UWB channel sounding techniques incorporating the double-directional concept
have not yet been investigated.

This Chapter presents the composition of the proposed UWB double-directional channel
sounder. Frequency domain channel sounding was employed for data acquision, since 1)
the antenna deconvolution process was easier than in the time domain, and 2) off-the-shelf
equipment enabling wide frequency sweeping range and easy synchronization between Tx
and Rx sides were available. Next, the most primitive way of evaluating angular and delay
properties applied to our measurement data, namely the spatio-temporal beamforming is
described. Furthermore, an ML-based algorithm is formulated to characterize the propagation
channel as a set of discrete propagation paths. The algorithm finds the parameters of discrete
paths that best fit the measured data, and is so called a parametric channel estimation
algorithm. Conventionally the ML-based criterion is applied for wideband channel modeling
[15,21], but it can be modified to deal with UWB signals. Our proposed UWB channel
sounding and parametric channel estimation have strengths in the following aspects: 1) to
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investigate frequency dependent effects of magnitude and phase in propagation paths, and
2) to incorporate the robust wavefront model of incident paths into the parametric UWB
channel estimation.

The frequency dependent effects of magnitude and phase in propagation paths occur due
to path loss, antenna directivities, reflection, diffraction, and penetration. To evaluate these
effects, Qiu et al. [77] proposed to model the complex amplitude of each propagation path
using a frequency dependence factor. Theoretically, the factor takes different values depending
on the interactions that the propagation path experienced. However, meaningful values of the
factor was hardly obtained according to the simulation results presented in [77] because the
detected propagation paths in most cases were not “a single path” due to the limited resolution
of the channel sounder. Hence our channel modeling approach deals with the modeling of
frequency dependent effects using a non-parametric manner; that is, we treat the whole UWB
band as a concatination of several subbands, and frequency dependent magnitude and phase
is derived in each subband.

As to the robust wavefront model, we will introduce the spherical wavefront [46,78]. When
estimating the directional information using antenna arrays, wavefronts of incident paths have
to be determined beforehand. Plane wavefront is widely used, but it assumes that the sources
are infinitely away from the arrays. This model is not realistic in indoor environments where
many scattering objects are placed close to the antenna arrays. On the contrary, the spherical
wavefront model can characterize the sources with finite length from the array, so improvement
of the model-based estimation is expected.

Here we start from the description of measurement apparatus for UWB double-directional
channel sounding.

2.1 Measurement Apparatus

The UWB double-directional channel sounder consists of a data measurement system and a
parametric channel estimator. In the measurement system, frequency transfer functions of
interests were obtained by a vector network analyzer (VNA). To ensure sufficient signal-to-
noise ratio on the receiving side, a low-noise amplifier (LNA) with 30 dB gain was installed.
The operational bandwidth of the amplifier must cover the bandwidth of interests. Only a
single element antenna was installed at each link end, but a synthetic aperture was realized
by moving the antenna with a spatial scanner. The synthetic aperture provides a simple and
cost-effective method for DOD and DOA estimation. The basic structure of the measurement
system is depicted in Fig. 2.1. This architecture has also been exploited by many researchers
(e.g., [37,38]).

In any measurements, it is necessary to conduct calibration before starting measurements.
The calibration was normally performed using a function of VNA and back-to-back method.
The calibration function of VNA compensates the transfer function of RF cables and LNA,
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Figure 2.1 Basic structure of UWB spatio-temporal channel measurement system.

while the back-to-back calibration removes impedance mismatch between cables and anten-
nas. The back-to-back calibration was done on-site with the antenna separation of 1 m,
and electromagnetic absorbers were used to isolate the Tx and Rx antennas from surround-
ing objects, so that only the direct path existed. The antennas used in the link ends were
UWB monopole antennas. Directivities and group delay characteristics of the antenna were
measured prior to the experiment. Fluctuation of the group delay for broadside direction is
small enough, less than 0.1 ns, within the considered bandwidth [79]. The antennas reveal
omni-directional radiation patterns in the azimuthal plane, so that wider spatial areas can be
illuminated.

2.2 Mathematical Formulation of Spatio-Temporal UWB
Propagation Paths

This section first describes the underlying models to characterize the spatio-temporal radio
channels together with model parameters, such as angular, delay, and polarization parameters.
After the underlying models are described, general formulation of the channel transfer function
is given using the defined model and model parameters. The general form is then written
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down to consider a specific physical arrangement of antenna arrays to be applicable for the
measurement data from our channel sounding.

2.2.1 UWB Path Model

Under an assumption that electromagnetic propagation behaviors in UWB bands can be
characterized by ray-path models according to the Fermat’s Principle (e.g., [71]). We can then
define that one propagation path has direction-of-departure (DOD), Q™ direction-of-arrival
(DOA), Q% and delay time (DT), 7, which do not depend on frequency and polarization,
and has a frequency dependent polarimetric gain. Assuming that only a single Tx antenna
element is excited, we can define DI*(f, Q™) and DX(f, Q") as radiation patterns defined
by complex amplitude for vertical and horizontal polarizations, respectively. On the receiving
antenna side, DI¥(f, Q™) and DR*(f, Q%) are defined as radiation patterns for a single
antenna element for each polarization. The radio channel consists of antennas at link ends
and propagation, and its transfer function is a multiplication of transfer functions from all of
them. Using the notations defined above, the transfer function s(f) of the radio channel is
expressed as Eq. (2.1) in the equivalent baseband form,

_ DE(£, %) 1" [ rov(f) rvu(f) ][ DE(f, Q™)
S(f)_a(f’T)[D%"(f,ﬂRX)] lrmf) rHH<f>HDEf<f,ﬂTX>]’ 1)

where - denotes an Hermitian transpose. The terms «(f,7) and 7(f) represent the transfer
function during propagation, and a(f,7) is a complex gain in free space denoted by

alf,7) =

exp (—j2m f1). (2.2)

Equation (2.2) is the Friis’ transmission formula [80] for complex amplitude assuming a con-
stant aperture size of the receiving antennas. The matrix with elements r(f) expresses scat-
tering loss from reflection, diffraction, and penetration in complex amplitude. The diagonal
elements denote scattering coefficients for co-polarization, while the non-diagonals represent
a polarization rotation effect.

2.2.2 Subband Model

As the antenna directivity and propagation loss including scattering loss and free space path
loss does not drastically change within a limited bandwidth, we can divide the whole band
into equally spaced I subbands, and s(f) within the band can be modeled as constant. The
i-th subband have center frequency f.;, bandwidth of B, and constant transfer function s;.
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2.2.3 Wavefront Models

Wavefront is an aperture consisting of a constant phase in wave propagation. It is necessary
to introduce a wavefront model of incident paths to estimate its directional information using
array antennas. The wavefront model determines the phase differences between antenna
elements of the array. As the phase difference contains directional information, we can extract
directional information by measuring the phase differences. Here, we will introduce two
wavefront models, i.e., spherical and plane wave models.

The spherical wave model [78] can be expressed mathematically by using azimuthal and
polar angles ¢ and #, and the curvature radius from a point source to the array center, R.
The coordinate system is defined in Fig. 2.2. A position vector from the array center to the
source point, Tyource($2sp), i expressed as

Tsource(2) = [Rcos ¢sinf Rsin¢sinf R cos H]T,

where Qg, = [¢, 0, R], and -7 denote a transpose operation. A position vector of each antenna
element, I'yay, is expressed as
T
Farray = [dz dy dz] 5
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where d,, d,, and d. denote the distance from the array center to the antenna elements on
x, 1y, and z coordinates, respectively. The phase difference between the array center and k-th
antenna element, 1, can be derived by the difference of distances between source to array
center and source to k-th antenna element. As the distance from source to array center is
R, and that from source to k-th antenna element is ||Fsource — Tarrayk||, the resulting phase
difference yields

2 f
¢k(f7 Q) = T (||rsource - rarray,k” - R) . (23)
In case of the plane wavefront model, the dimension of €2 is reduced to two, namely
Q, = [¢,0]. The phase difference can be obtained for the plane wavefront model as in
Eq. (2.4),
2 f
wk<f7 Q) = 7<rplane> rarray,k>7 (24)

where ( - ) denotes an inner product and rpne corresponds to the directional cosines of a
unit vector,
Fplane(Q2p1) = [cos ¢sin @ sin¢gsind cosf]” . (2.5)

It should be noted that the plane wavefront is equivalent to the spherical wavefront with
infinite curvature radii. As the model order of the spherical wavefront model is one-dimension
larger than that of plane wavefront model due to the curvature radii, the spherical wavefront
model has the potential to characterize physical phenomena more precisely than the plane
wavefront model.

In contrast, it must be noted as a downside of the spherical wavefront that it cannot
be applicable for simultaneous DOD and DOA estimation. This is because the spherical
wavefront model assumes radiation from point sources, which contradicts the use of an array
on both sides of the link as depicted in Fig. 2.3.

2.2.4 Formulation of Transfer Functions Using Specific Arrays

If we assume L waves are propagating from element k; of the Tx array to element ky of the
Rx array, the transfer function observed at frequency fi, within the i-th subband, Hy, k.
(1 <k <K, 1<ky<K, 1<ks<Kj3), can be expressed as

L
Hypohsi = D S1i€XD {—ji/f;;ﬂ)fz(fks,i)} exp {_ﬁ/)lljil(fks,i)} exp (=27 fgim)  (2.6)
=1

L
= > Mikikokssi- (2.7)
=1

In later descriptions, we call s;; as the reference transfer function of the I-th wave in the i-th
subband. It is called “reference” because it expresses the transfer function between the array
centers of the Tx and Rx.
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Spherical wavefronts

Tx array

Figure 2.3 Spherical wavefront model is incompatible with simultaneous DOD and DOA

estimation: Different radiation sources in Tx array result in different shapes for spherical

wavefronts in Rx array.

For convenience of the notation, we vectorize the channel transfer function in i-th subband

as

where K = K1K2K3 and
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The operation ® denotes the Kronecker product. The vector/matrix composed of the phase

difference terms are called array steering vector/matrix. Under the plane wavefront model,

specific expression can be derived for the phase difference terms by considering typical antenna

arrays, such as a uniform linear array (ULA) and a uniform rectangular array (URA) on the
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horizontal plane as follows:

exp {—jvn, 1(frsi)} = exp [ ka’ ——=Admy cos¢p +j§| (ULA) (2.15)
= exp [ J27Tfk3’ Ad(my cos ¢ sin 4+ mgy sin ¢ sin ) + j€
(URA). (2.16)

my and my are the element indices on the x and y axes respectively (1 < m; < M, 1 <
mg < M,). Ad denotes the inter-element spacing of the array. For the URA, we assume that
Ad takes the same value for x and y axes for simplicity. Both ULA and URA are used in the
measurements described in later chapters. ¢ is an offset of the phase which should be taken
into account when the array center is not located on the origin of the coordinates.

2.3 UWRB Spatio-Temporal Beamforming

The most primitive methods to obtain angular-delay properties from the spatio-temporal
measured data is the Fourier Transform. In the angular domain, it is alternatively called
beamforming. Although this method is not a parametric algorithm which estimates the
parameters of propagation paths, it is informative to consider this method since it provides
us with the fundamental angular and delay resolution realized by antenna aperture size and
signal bandwidth of the channel sounding, respectively.

As the measured data are discrete forms in the spatial-frequency domain, actual imple-
mentation of the method becomes the discrete Fourier Transform,

K1 Ko Kzl

Q™ QY 1) = Z Y > Hiykokai €XP {kal 1(fis, z)} exp {jd)/i’fz(fkg,,i)} exp (27 fry,iTi)

Lot W

(2.17)
In the following, we investigate the beampatterns synthesized by ULA and URA. The Fourier
resolution in the angular domain is determined in the analysis, which is one of the most
important specification of the channel sounding.

2.3.1 Synthesized Beampattern

Array configuration is summarized in Table 2.1 together with the frequency range used for
beam synthesis. For ULA, the number of antenna elements were 4, while the URA took two
kinds of antenna configuration: 4 x 4 and 10 x 10. In all cases, inter-element spacings were set
to 48 mm. It corresponds to 0.49\ in the lowest frequency, 3.1 GHz. Except for two arrays
which are to be used in Chapterb, the array was used with full frequency band allowed for
UWB systems in the microwave range, 3.1 — 10.6 GHz.
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The synthesized beampatterns in the azimuthal domain using the Fourier Transform for
arrays (a) to (d) are shown in Fig. 2.4. We could treat the beampattern on the Tx and Rx
sides separately because they are independent of each other. An incoming plane wave was
assumed from ¢ = 0 deg and 6 = 90 deg. Definition of coordinates follows Fig. 2.2. In the
beam synthesis, beampatterns of different frequencies are coherently summed by considering
DT. The beampattern showed some sidelobes and grating lobes, but its response was at least
13 dB below the mainlobe. The 3-dB beamwidth of the mainlobe gave rise to the Fourier
resolution of the array, and is summarized in Table 2.1. It was found that the larger size of the
array led to narrower beamwidth, corresponding to better angular resolution. It also turned
out that the beamwidth of pattern (d) was slightly wider than that of pattern (b) though
the two arrays used the same aperture size. The difference stemmed from the difference of
frequency range used in the beam synthesis. Generally higher frequency realizes narrower
beamwidth given the constant physical size of antenna aperture, and therefore, summing
beampatterns up until higher frequencies gave rise to the narrower beamwidth in pattern (b).

Both ULA and URA have uncertaintly in estimating angles, which is called “ambiguity”.
A horizontal URA cannot distinguish paths coming from +2z and —z axis of the array, since the
phase response of the URA between the two paths are identical. A ULA can cover angular
estimation only for half the plane, thus the ambiguity of ULA is called “cone ambiguity”.
Assuming that a ULA is on the y-axis in the definition of coordinates depicted in Fig. 2.2,
it can cover —90 < ¢ < 90 [deg], and paths coming from —180 < ¢ < —90 [deg] and
90 < ¢ < 180 [deg] are treated equivalently as path incidence from —90 < ¢ < 0 [deg] and
0 < ¢ < 90 [deg], respectively. Furthermore, the ULA is not capable of resolving paths in
the endfire directions, £90 deg since the effective size of antenna aperture is the smallest in
that direction. In contrast, the finest resolution is realized in the broadside (0 deg) incidence,
which is shown in Table 2.1. It can be seen that the azimuthal resolution of the ULA is
the same as that of URA, as far as the path incident from the broadside was concerned.
To estimate angular information without ambiguities, antenna arrays having a volume of
aperture is necessary, such as spherical and cube antennas.

The synthesized beampattern for polar angle is shown in Fig. 2.5. In this analysis, cal-
culation of the angular resolution was done for the plane wave incidence from ¢ = 90 deg,
that is from the horizontal plane. Since Tx and Rx antennas were placed almost at the same
height in most of our channel sounding campaigns, we expect many paths incident from this
angle. However, paths coming from ¢ = 90 deg is endfire incidence, resulting in a poor path
resolution capability. When beampattern of array (b) was calculated for paths coming from
65 deg, it intersected with the beampattern from incident angles 90 deg with —3 dB of the
normalized gain. Thus it can be seen that the path resolution in the polar domain was 25 deg.
As similar to the resolution in the azimuthal domain, the worse polar resolution was obtained
for smaller size of the antenna aperture, i.e., array (b).
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Table 2.1 Specifications of Array Configuration in Channel Sounding Campaigns.

Chapter in  Types of the  # of elements Frequency Angular Notes
this thesis array (Spacings [mm]) range [GHz] resolution [deg]
(a)  Chapter3 E;r;gﬁi 10(:8)10 3.1 to 10.6 265(251))
(b)  Chapterd rfstr;i;ﬂi 4(:8)4 3.1 t0 10.6 f) ((/ET)) Rx side
(¢) Chapterd Holli"f;;tal ( 448) 3.1 t0 10.6 18 (A7) Txside
(d)  Chapter5 rljé)tr;:ﬁz 4(:8)4 3.1 t0 5.0 i% ((j;)) Rx side
(e)  Chapterb Holilz‘j;tal (448) 3.1t05.0 20 (Az) Tx side

2.3.2 Delay Resolution

The delay resolution can also be determined from the spatio-temporal beamforming results
in the same manner as angular resolution. It was found that the delay resolution is solely
dependent on the signal bandwidths used in the channel sounding, and specifically, the inverse
of the bandwidths gives the delay resolution. In arrays (a) to (c), the delay resolution was
0.13 ns corresponding to 40 mm resolution of path length. In arrays (d) and (e), 0.5 ns delay
resolution was accomplished, equivalent to 150 mm resolution in distance.

2.4 ML-based Estimator for UWB signals

Next, a maximum-likelihood (ML) based algorithm is introduced to characterize the angular-
delay behavior of propagation channels. Different from the spectrum-based characterization
of propagation channels, the ML-based approach enables us to characterize propagation be-
havior as a set of discrete propagation paths. The ML estimation finds parameters of prop-
agation paths that maximize the likelihood function by considering a certain signal model,
and therefore, this method is called parametric channel estimation. The signal model and its
parameters are defined in Chap. 2.2. The likelihood function in our case is the conditional
probability of measured data, given a model of signal components, its model parameters, and
the probability density function of the noise. The noise components are assumed to follow
identically and independently distributed complex gaussian distribution where its mean and
power equal to