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SUMMARY

Several emerging wireless applications require direct transmission between mo-
bile terminals. Examples of these applications are mobile ad-hoc wireless networks,
intelligent transportation systems, relay-based cellular networks, and future combat
systems. Development of these mobile-to-mobile (M-to-M) systems depends on a good
characterization of channel propagation. Another important consideration in modern
communication systems is the use of multipath propagation to improve reliability
and capacity of wireless systems. This is achieved by employing multiple antennas in
multiple-input multiple-output (MIMO) systems and using techniques such as trans-
mit and receive diversity. Considering the demand for high-speed wireless services,
MIMO M-to-M systems are the leading candidates for future communication systems.

To enable the successful design of MIMO M-to-M systems, our research focuses
on modeling of MIMO M-to-M multipath fading channels and on diversity tech-
niques for MIMO systems. Specifically, we propose two-dimensional (2-D) and three-
dimensional (3-D) MIMO M-to-M statistical channel models that encompass narrow-
band and wideband MIMO channel scenarios for macro- and micro-cell environments.
Furthermore, we validate the new models against measured data and find very close
agreement between them. Using our 3-D models, we also investigate different antenna
array configurations and their effect on the capacity of MIMO M-to-M systems. Con-
trary to common assumptions, we have found that there is no significant loss of
capacity if the antenna array is tilted from the horizontal plane. Finally, we propose
the design criteria for space-time coded continuous phase modulated systems.

Our work would provide other researchers the tools needed to design and test

future MIMO M-to-M communication systems.

Xvi



CHAPTER I

INTRODUCTION

1.1 Motivation

Mobile communications is a rapidly growing area of the telecommunications industry
because of its ability to connect people “on the move.” All present-day mobile radio
systems offer mobility only on one (the user’s) end, while the service provider’s end
is immobile. This is in contrast to several emerging wireless communication systems
where mobile users can directly communicate with each other. Such systems are
referred to as mobile-to-mobile (M-to-M) communication systems [1]. The driving
force behind M-to-M communications is the consumer demand for better quality of
service, new applications, and increased mobility support. The M-to-M systems find
applications in mobile ad-hoc wireless networks, intelligent transportation systems,
and future cellular systems employing cooperative diversity techniques [2].

To successfully design M-to-M systems, a detailed knowledge of radio propagation
channels for M-to-M links is necessary. M-to-M channels differ from fixed-to-mobile
(F-to-M) cellular radio channels, where the base station is stationary, elevated, and
relatively free of local scattering. In M-to-M communication channels, both the trans-
mitter and receiver are in motion and equipped with low elevation antennas. To enable
successful design of M-to-M systems, our research focuses on the study and charac-
terization of M-to-M multipath fading channels. The first objective of this thesis is
to develop new simulation models for single-input single-output (SISO) F-to-M and
M-to-M channels and compare them with existing simulation models.

In the past, multipath propagation in the wireless medium was viewed as an

obstacle in designing reliable communication links. However, decades of research



have changed this paradigm. Modern communication systems try to leverage this
multipath property to improve reliability and capacity of the system. This is achieved
by employing multiple antennas in multiple-input multiple-output (MIMO) systems
and using techniques such as transmit and receive diversity. Information theory has
shown that the wireless channel can support enormous theoretical capacities if the
multipath propagation is properly exploited using MIMO techniques [3]. Considering
the demand for high-speed wireless services, MIMO systems seem to be the future of
communication systems. The second objective of this theses is to develop two- and
three-dimensional theoretical and simulation models for MIMO M-to-M multipath
fading channels.

Transmit and receive diversity are well-known techniques to exploit the increased
capacity of MIMO channels. Space-time (ST) coding is a transmit diversity technique
that exploits a dense scattering environment by using multiple transmit antennas [4].
One of the design criteria for space-time codes is to attain full spatial diversity so that
all channels in the MIMO system contribute an independent spatial diversity gain.
Coding gain optimization is another design objective for space-time codes. Many
different ST codes have been developed for quasi-static Rayleigh fading channels and
linear modulations [4]-[14].

Continuous phase modulation (CPM) is a nonlinear modulation scheme with high
bandwidth efficiency [15]. Space-time code design for CPM is more difficult than
for linear modulations because of the nonlinearity of the modulation and its more
complex performance matrices. To the best of our knowledge, a general framework
for ST-CPM in terms of diversity order and coding gain is not available in the open
literature. The final objective of this thesis is to determine the conditions under which

CPM space-time codes will attain both full spatial diversity and optimal coding gain.



1.2  Simulation Models for SISO F-to-M and M-to-M Fad-
ing Channels

Simulation of fading channels is commonly used as opposed to field trials, because it
allows for less expensive and more reproducible system tests and evaluations. There
are several different methods for simulating F-to-M cellular and M-to-M fading chan-
nels. The most widely accepted methods are filtered noise models [16] - [19] and
sum-of-sinusoids (SoS) models [20] - [34]. The filtered noise models filter Gaussian
noise through appropriately designed filters to generate the channel waveform with
the desired channel power spectral density (the Doppler spectrum). The main lim-
itation of this approach is that only rational forms of the Doppler spectrum can be
produced, whereas the Doppler spectrum is typically non-rational [35]. In contrast
to filtered noise models, SoS models have low complexity and produce channel wave-
forms that have high accuracy and a perfectly band-limited Doppler spectrum. Owing

to these advantages, our research focuses on SoS models.
1.2.1 SoS Simulation Models for SISO F-to-M Fading Channels

Many approaches have been suggested for SoS modeling of SISO F-to-M Rayleigh
fading channels. Clarke [20] was among the first to propose a mathematical reference
model for Rayleigh fading channels. A simplified version of Clarke’s model, proposed
by Jakes [21], has been widely used for about three decades. However, Jakes’ model
fails to meet most statistical properties required by the reference model [22] and is
not wide-sense stationary [23]. Consequently, various modifications of Jakes’ model
have been reported [23] - [26]. Each new model improves some statistical properties,
but none of them obtains all the desired statistical properties of Clarke’s reference
model.

To improve on previously reported models, Zheng and Xiao proposed several new

statistical models [27] - [29]. By leaving all three parameter sets (amplitudes, phases,



and Doppler frequencies) as random variables, Zheng and Xiao’s models obtain statis-
tical properties similar to those of the reference model. However, their models are no
longer ergodic; their statistical properties vary for each simulation trial, but converge
to the desired properties when averaged over 50 to 100 simulation trials.

By analyzing previously reported models, it can be observed that most of the
models have difficulty in creating uncorrelated in-phase and quadrature components of
the complex faded envelope and in creating multiple uncorrelated faded envelopes. To
address these problems, we propose new SoS simulation models for F-to-M Rayleigh
fading channels. The new models obtain correct statistical properties and overcome
the difficulty of creating uncorrelated in-phase and quadrature components and of

creating multiple uncorrelated faded envelopes.
1.2.2 SoS Simulation Models for SISO M-to-M Fading Channels

Several methods for simulating SISO M-to-M channels have been proposed in the
literature. Wang and Cox [1] described a model that approximates the continuous
Doppler spectrum by a discrete line spectrum. However, the correlation functions are
periodic functions of the time delay, and the method requires numerical integration
of the Doppler spectrum [34]. Patel et al. [34] proposed two SoS models for SISO
M-to-M channels. First, they modified the Method of Exact Doppler Spread (MEDS)
proposed by Patzold et al. for F-to-M channels [36]. However, the statistical corre-
lation functions of the simulated faded envelope match those of the reference model
only for a small range of normalized time delays. To improve the properties of the
proposed model, Patel et al. [34] also modified a statistical SoS model proposed by
Zheng et al. for F-to-M channels [28]. However, the model requires a large num-
ber of simulation trials (at least 50) to obtain adequate ensemble averaged statistical

properties.



Existing models have notable difficulties producing time averaged auto- and cross-
correlation functions that match those of the reference model. To address these
difficulties, we propose a new statistical SoS model for SISO M-to-M Rayleigh fading

channels.

1.3 2-D and 3-D Theoretical and Simulation Models for
MIMO M-to-M Multipath Fading Channels

The demand for high-speed wireless services makes MIMO M-to-M systems the lead-
ing candidates for future communication systems. To enable the successful design of
these systems, our research focuses on development of 2-D and 3-D theoretical and

simulation models for MIMO M-to-M multipath fading channels.
1.3.1 2-D Models for MIMO M-to-M Multipath Fading Channels

Pétzold et al. were the first to propose a 2-D reference model for MIMO M-to-M
channels [37]. Based on this reference model, they also proposed a 2-D determin-
istic SoS model called the Modified Method of Exact Doppler Spreads (MMEDS)
[38]. Previously reported models for both, SISO M-to-M channels [1], [31] - [34] and
MIMO M-to-M channels [37], [38] consider radio propagation in outdoor macro-cells,
assuming that all rays are only double-bounced. However, the channel measurements
for narrowband and wideband M-to-M communications [39], [40] show that this as-
sumption is not always correct.

To address this problem, we propose a new 2-D parametric reference model that
constructs the received complex faded envelope as a superposition of the line-of-sight,
single-bounced, and double-bounced rays. The parametric nature of the model makes
it adaptable to a variety of propagation environments, i.e., outdoor micro- and macro-
cells. For example, our reference model will describe the radio propagation in outdoor
macro-cells as a combination of single- and double-bounced rays, taking into account

that the double-bounced rays bear more energy than single-bounced rays.



The reference model in [37] as well as our 2-D parametric reference model assume
an infinite number of scatterers, which prevents practical implementation. Therefore,
we also propose new SoS simulation models for 2-D isotropic scattering environments

and compare them with the simulator in [38].
1.3.2 3-D Models for MIMO M-to-M Multipath Fading Channels

All previously reported models for SISO M-to-M channels [1], [31], [32], [34] and
MIMO M-to-M channels [37], [38] assume that the fields incident on the transmitter
or the receiver antennas are composed of a number of waves travelling only in the
horizontal plane. This assumption is valid only for certain environments, e.g., rural
areas. However, this seems inappropriate for urban environments where the transmit-
ter and receiver antenna arrays are often located in close proximity to and lower than
the surrounding buildings. Scattered waves may propagate by diffraction from the
edges of buildings down to the street and, thus, not necessarily travel horizontally.
To more appropriately model radio propagation in an urban M-to-M environment,
we propose the narrowband and wideband 3-D reference models for MIMO M-to-M
multipath fading channels. From the 3-D reference models, we derive the first- and
second-order channel statistics. Also, deterministic and statistical SoS simulation
models for narrowband and wideband 3-D non-isotropic scattering environments are
developed. Furthermore, our simulation models are used to evaluate the effect of
space-time correlation on the outage capacity of uniform linear antenna arrays. Fi-
nally, we compare the first- and second-order channel statistics with those obtained
from measured data. The close agreement between the analytical and empirical curves

confirms the utility of the proposed 3-D models.

1.4 A Space-time Code Design for CPM

Space-time (ST) coding transmits coded waveforms from multiple antennas to max-

imize link performance. Full spatial diversity is one design objective for ST codes,



being upper bounded by the product L, x L,, where L, and L, are the number of
transmit and receive antennas, respectively. Coding gain optimization is another de-
sign objective for space-time codes. Many different ST codes have been developed
for quasi-static Rayleigh fading channels [4]-[14]. Tarokh et al. [4] devised the rank
and determinant criteria for spatial diversity that optimizes the worst case pair-wise
error probability (PWEP) and presented some simple design rules that guarantee full
spatial diversity for linear modulation schemes. Several ST code designs based on
the rank and determinant criteria are proposed in [5]-[7]. In [8], the determinant
criterion is strengthened by showing that the Euclidean distance must be optimized
in order to optimize the product distance. Finally, in [9], it is shown that different de-
sign criteria apply depending on the diversity order. For sufficient degrees of freedom
(Ly x L. > 4), the code performance is governed by the minimum squared Euclidean
distance of the code. For small L; X L,., the rank and determinant criteria will govern
the code performance.

One of the main difficulties encountered when deriving general design rules for ST
codes is that the diversity and coding design criteria apply to the complex domain of
baseband-modulated wavemforms, whereas block code designs are usually conducted
over finite fields. Hammons and Gamal [10] proposed rank criteria that ensure full
diversity for space-time codes with binary phase-shift keying (BPSK) and quaternary
phase-shift keying (QPSK). Liu et al. [11] generalized these rank criteria for higher-
order quadrature amplitude modulation (QAM) constellations. Space-time coding
can also be applied to continuous phase modulated signals. Zhang and Fitz [41], [42]
derived design criteria for space-time coded CPM (ST-CPM) on quasi-static fading
channels and identified a rank criterion, but only for some particular CPM schemes.

Some attempts to optimize the coding gain of ST-CPM have been made in [43]-
[45]. In [43], [44], an orthogonal ST-CPM system is proposed with L; = 2, where

different CPM schemes are used on the two transmit antennas. This method attains



full diversity and good coding gain, but it requires bandwidth expansion because of
a large CPM modulation index. In [45], a ST-CPM scheme is proposed with L; = 2
that uses different mapping rules on the two antennas to achieve full diversity and
optimal coding gain. However, the extension to L; > 2 has not been considered.

In conclusion, a general framework for ST-CPM is lacking both in terms of diver-
sity order and coding gain. Hence, we derive conditions under which M-ary partial-
and full-response CPM space-time codes will attain both full spatial diversity and

optimal coding gain.
1.5 Research Contributions

This section summarizes the contributions of this thesis.

e Development of novel SoS simulation models for SISO F-to-M Rayleigh fading

channels and comparison with existing simulation models [46].

e Development of a novel statistical SoS simulation model for SISO M-to-M

Rayleigh fading channels [47].

e Development of novel 2-D reference and simulation models for MIMO M-to-M

Ricean fading channels [48].

e Development of novel 3-D reference and simulation models for narrowband

MIMO M-to-M multipath fading channels [50].

e Development of novel 3-D reference and simulation models for wideband MIMO

M-to-M multipath fading channels [50].

e Derivation of the envelope level crossing rate and average envelope fade duration

for M-to-M multipath fading channels [51].

e Experimental validation of our 3-D models for wideband MIMO M-to-M mul-

tipath fading channels [52].



e Derivation of the conditions under which CPM space-time codes attain both

full spatial diversity and optimal coding gain [53].

1.6 Thesis Outline

The remainder of this thesis is organized as follows. Chapter 2 reviews the important
concepts of propagation modeling, describes F-to-M and M-to-M channels, reviews
existing techniques for modeling and simulation of F-to-M and M-to-M channels, and
reviews a linear decomposition of CPM signals. Chapter 3 describes our SoS sim-
ulation models for SISO F-to-M Rayleigh fading channels. Chapter 4 describes our
SoS statistical simulation model for SISO M-to-M Rayleigh fading channels. Chap-
ter 5 presents our 2-D parametric reference and simulation models for MIMO M-to-
M Ricean fading channels. Chapter 6 describes our 3-D “two-cylinder” geometrical
propagation model and presents our 3-D reference and simulation models for nar-
rowband MIMO M-to-M multipath fading channels. Chapter 7 describes our 3-D
“concentric-cylinders” geometrical propagation model and presents our 3-D refer-
ence and simulation models for wideband MIMO M-to-M multipath fading channels.
Chapter 8 derives the envelope level crossing rate and average envelope fade dura-
tion for M-to-M multipath fading channels. Chapter 9 describes our MIMO M-to-M
channel-sounding experimental campaign and presents the experimental validation of
our theoretical and simulation models presented in Chapters 6 - 8. Chapter 10 details
the conditions under which CPM space-time codes attain both full spatial diversity
and optimal coding gain. Finally, Chapter 11 concludes the thesis by summarizing our
research contributions and by addressing open areas of research in wireless channel

modeling, simulation, and coding.



CHAPTER 11

BACKGROUND

The design of spectrally efficient wireless communication systems requires a detailed
understanding of the multipath propagation environment. Furthermore, the design
of highly reliable and high-speed wireless communication systems requires the use
of multiple antennas as well as transmit and receive diversity techniques. With this
in mind, this chapter briefly reviews important concepts of propagation modeling,
describes F-to-M and M-to-M channels, reviews existing techniques for modeling and

simulation of F-to-M and M-to-M channels, and reviews ST-CPM systems.

2.1 Propagation Modeling

Fading, in general, refers to the time variation of the received signal power caused
by changes in the transmission medium or path. Fading is usually classified as large-
scale fading or small-scale fading. Path loss and shadow fading are called large-scale
fading because they are dominant when the receiver moves over distances greater
than several tens of the carrier wavelength. Large-scale fading plays an important
role in determining the cell coverage area, outage, and handoffs. On the other hand,
small-scale fading is caused by multipath propagation. This effect plays an important
role in determining link level performance in terms of bit error rates, average fade

durations, etc.
2.1.1 Path Loss and Shadow Fading

Path loss is the attenuation in the transmitted signal as it propagates from the trans-

mitter (Ty) to the receiver (Ry). This attenuation may be caused by effects such as
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free-space loss, refraction, diffraction, reflection, and absorption. Path loss is also in-
fluenced by terrain contours, environment (e.g., a city or a muddy path in the woods),
propagation medium (e.g., dry or moist air), the distance between the Ty and Ry,
and the height and location of antennas.

The simplest path loss model assumes a line-of-sight (LoS) link between the Ty
and R, and propagation in free space. Under these assumptions, the received signal
power is given as [35]

)\2
Pr = P — 1
R TGTGR47Td27 (1)

where Pr is the transmitted power, G and G are the transmit and receive antenna
gains, respectively, A is the carrier wavelength, and d is the distance between the Ty
and Ry. Note that the path loss exponents (the power of the distance dependence)
in this equation are 2 for free-space propagation.

The signals in wireless communications, however, do not experience free space
propagation. Therefore, several different models such as the Okumura-Hata, Lee,
Walfish-Tkegami, etc., [35] have been proposed to model path loss in different prop-
agation environments such as urban, rural, and indoor areas. Experiments indicate
that the actual path loss exponents are between 3 - 8. A detailed description of
different path loss models can be found in [35].

The path loss models described above assume that the path loss is constant at a
given distance. However, the presence of obstacles such as buildings and trees results
in random variations of the received power at a given distance. This effect is called
shadow fading.

Experimental results show that shadow fading can be modeled as a log-normal

random variable. The shadow fading distribution is given by [35]

10 (101ogyo = — 10, (dBm))*
r) = ————exp|— 2 , 2
Jo, (@) xoqV2m1In 10 P 203 @)

where (2, denotes the mean squared envelope level, 1o, is the area mean expressed in

11



dBm and o, is the standard deviation of the shadow fading. Typical o values range

from 5 - 10 dB.
2.1.2 Multipath Propagation and Fading

Multipath propagation is the propagation mechanism manifested when the transmit-
ted signal reaches the receive antenna by two or more paths. The presence of local
scattering objects, such as mountains and buildings, often obstructs a direct wave
path between the T, and Ry. Then, a non-line-of-sight (NLoS) propagation path
will exist between the Ty, and Ry. As a consequence, the waves must propagate via
reflection, diffraction, and scattering. At the receiver, waves arrive from many differ-
ent directions and with different delays. The multiple waves combine vectorially at
the receiver antenna (a phenomenon called multipath fading) to produce a composite
received signal.

Diffuse wave components arise under NLoS propagation due to the presence of
scatterers in the environment. In the presence of such diffuse components, the fading
is described by a Rayleigh distribution. However, when a specular component, i.e.,
LoS or a strong reflected path, also arrives at the receiver, the fading is described by a
Rician distribution. The interested reader is referred to [54] for a detailed discussion
of fading and the physics behind it.

The channel can be modeled by a linear time-variant filter that has the complex

low-pass impulse response [35]

ht,7) = > a)s(r —7), (3)

where L is the total number of resolvable multipath components, g;(¢) is the time-

I resolvable multipath com-

varying complex faded envelope associated with the
ponent arriving with an average time delay 7. Each time-varying complex faded
envelope g(t) is either Rayleigh or Rician faded.

Time selectivity and frequency selectivity are two important properties of the

12



channel impulse response. Time selectivity refers to the property that the channel
impulse response changes with time. This is caused by the motion of the Ty, the Ry,
and/or the scatterers. When viewed in the frequency domain, time selectivity appears
as Doppler shifts in the transmitted signal, causing a broadening of the transmitted
signal spectrum. This effect is also called frequency dispersion. Based on the rate
with which the channel impulse response changes relative to the signal transmission
rate, channels may be classified as fast fading or slow fading. Fast fading implies
that the channel changes within the transmitted symbol duration, while slow fading
implies that the channel is approximately constant within a symbol duration. A good
measure of channel selectivity is given by the channel coherence time, or equivalently,
the Doppler spread, i.e., the time duration for which the channel can be considered
as approximately time-invariant.

Frequency selectivity refers to the property that the channel impulse response
changes with frequency. Multipath components that arrive with different time de-
lays cause this frequency selectivity. Based on their degree of frequency selectivity,
channels may be classified as frequency-flat or frequency-selective channels. If all
the transmitted frequencies undergo approximately identical amplitude and phase
changes, the channel is called frequency-flat. On the other hand, if all transmit-
ted frequencies experience different amplitude and phase changes, the channel is
termed frequency-selective. Frequency selectivity is measured in terms of the co-
herence bandwidth, i.e., the bandwidth over which the channel’s frequency response
remains constant. The channel can be considered frequency-flat only if the transmis-
sion is narrowband compared to the channel’s coherence bandwidth. Otherwise, the

channel is frequency-selective.
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2.2 F-to-M Channels

A fixed-to-mobile (F-to-M) cellular channel is a channel between a base station (BS),
which is stationary, elevated, and relatively free of local scattering, and a mobile
station (MS) that is mobile, low elevated, and surrounded by local scatterers, as shown
in Fig. 1. In the past four decades, several modeling and simulation approaches for
F-to-M channels have been proposed. The pioneering work done by Clarke provides

a theoretical reference model for SISO F-to-M channels [20].

BS
. Local scatterers
S \ NLoS, single-
9 & -..._bounced

Figure 1: Typical F-to-M propagation environment.

Clarke’s reference model defines the complex faded envelope under narrowband,

frequency flat fading, and NLoS propagation assumptions as [20)]

N—oo

N
g(t) = lim Z Ch exp {j(wat cos o, + én) }, (4)
n=1

where N is the number of propagation paths and ¢, is the random phase of the nt*

multipath component, uniformly distributed on the interval [—7, 7). The maximum
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angular Doppler frequency, wy, is defined as wy = 27 f; = (2wv)/A, where f; is
the maximum Doppler frequency in Hertz, A is the carrier wavelength, and v is the
speed of the MS. The angle of arrival, «,, depends on the scattering environment
and the antenna radiation pattern. It is assumed that C,, «,, and ¢,, are mutually
independent and that «, is uniformly distributed on the interval [—7, 7). Invoking
the Central Limit Theorem [35], the real part, g;(t) = R{g(¢)}, and the imaginary
part, g,(t) = S{g(t)}, of the complex faded envelope are Gaussian random processes
as N — oo. Therefore, the envelope |g(t)| is Rayleigh distributed and the phase O,(t)
is uniformly distributed. The auto- and cross-correlation functions of the reference

model, assuming a 2-D scattering environment, are summarized below [35]

Rgi/qgi/q (T> = E [gi/Q(t + T)gi/Q(t)] = ‘]O(wdT)7 (5)
R, (1) = Ry, (1) = E [gisg(t +7)gqyi(t)] =0, (6)
1 Jo(war) 1=k
nggl (T) = §E [gk(t + T).gl(t)*] = ) (7)
0 1+ k
Ry po2(™) = Ellge(t+ 7)1 o)) = 4+ 4Jo(war), (8)

where E[] is the statistical expectation operator, (-)* denotes the complex conjugate
operator, and Jy(+) is the zeroth-order Bessel function of the first kind.

These statistical properties enable the system designer to make informed decisions
when choosing modulation, interleaving, and coding schemes at the transmitting end

and the type of channel estimator and decoder at the receiving end.

2.3 M-to-M Channels

Mobile-to-mobile (M-to-M) channels have characteristics that are widely different
from F-to-M cellular channels. In M-to-M channels, both the T, and R, are in
motion, equipped with low elevation antennas, and surrounded by local scatterers, as
shown in Fig. 2. Akki and Haber [31], [32] showed the received signal envelope of M-

to-M channels is Rayleigh faded under NLoS conditions, but the statistical properties
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differ from F-to-M channels. They were the first to propose a theoretical reference

model for SISO M-to-M channels [31].

Local scatterers

o >~.. NLoS, double-
. bounced

Figure 2: Typical M-to-M propagation environment.

2.3.1 The Reference Model for SISO M-to-M Fading Channels

Akki and Haber’s SISO M-to-M reference model defines the complex faded envelope

under narrowband, frequency flat fading, and NLoS propagation assumptions as [31]

N
g(t) = ]\;eréo \/%2; exp {j[wit cos(ay,) + wat cos(B,) + énl}, (9)
where N is the number of propagation paths, w; and wy are the maximum angular
Doppler frequencies, «,, and 3, are the angle of departure and the angle of arrival of
the n'* propagation path measured with respect to the Ty and Ry velocity vectors,
respectively, and ¢, is the phase associated with the n* propagation path. It is

assumed that «,, 5,, and ¢, are mutually independent random variables and that ¢,

is uniformly distributed on the interval [—m, ). Invoking the Central Limit Theorem,
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the I component, g¢;(t) = R{g(¢)}, and the Q component, g,(t) = I{g(t)}, of the
complex faded envelope are Gaussian random processes as N — oo. Therefore, the
envelope |g(t)| is Rayleigh distributed and the phase ©4(t) is uniformly distributed.
The auto- and cross-correlation functions of the reference model, assuming omni-

directional antennas and a 2-D isotropic scattering environment, are in the limit

N — oo [31], [32]

Roa(r) = Bla(t +1)ai(0)] = Jofwrr)Jo(wnr), (10)
Rou() = Elay(t +7)gy(0)] = Jofwrr)Jo(wnr), (1)
Rogu(r) = Ry (1) = Blai(t + 7gy(t)] =0, (12)
Roolr) = 5Elg(t +)g(t)"] = Jolerr) Jolwr). (13)

Note that auto-correlation functions of M-to-M channels are a product of two Bessel
functions in contrast to F-to-M channel, where the corresponding functions involve

single Bessel functions [35].
2.3.2 The Reference Model for MIMO M-to-M Fading Channels

Pétzold et al. were the first to propose a two-dimensional (2-D) reference model for
MIMO M-to-M channels [37], [38]. They used the “two-ring” model, proposed in [55],
to derive their reference model.

Figure 3 shows the “two-ring” model for MIMO M-to-M channels with L; = L, = 2
antenna elements. This model defines two rings of fixed scatterers, one around the T
and another around the Ry. Around the transmitter, M omnidirectional scatterers lie
on a ring of radius R;, and the m'" transmit scatterer is denoted by S(Tm). Similarly,
around the receiver, N omnidirectional scatterers lie on a ring of radius R, and the
nt" receive scatterer is denoted by SI(%"). The distance between the transmitter and
the receiver is . The spacing between two antenna elements at the Ty and Ry is

denoted by d7 and dg, respectively. Angles 67 and 0r describe the orientation of the

T,’s antenna array and the R,’s antenna array, respectively, relative to the z-axis.
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Similarly, the T, and Ry are moving with speeds vy and vy in directions described

by angles v and g, respectively. The symbols ozgrm) and ozgg) denote the angles of

departures (AoD) and the angles of arrival (AoA), respectively. Finally, the symbols
€pms €mn, and €,, denote distances Ag? ). S;m), Sém) - SgL), and Sg) - Ag), respectively,

as shown in Fig 3.

y
vr
o N (m) 37
/ \\\ A}.p) € prh Sr 8mr] % an
/ A \ //
/ 6T \\ ,/
| | |
| ] ] >
4 weram 3 X
\\\ \\\\ / } :\\\ :I
\ /o [ |
\ . S [N W
P) i NI CIS
\\\\iAT ///// } : \\\\)\AR E
~~__|l__-—- R i : Rr \\\_1:‘_”/
I I |
D |

Figure 3: Geometrical “two-ring” model for MIMO M-to-M channels with L; =
L, = 2 antenna elements.

Using the “two-ring” model, the reference model [37], [38] defines the complex
faded envelope of the link Ag,? ). Ag) under narrowband, frequency flat fading, and

NLoS propagation assumptions as

M,N
hye(t) = lim

S e 3 o (1748 4 00

m,n=1

where ¢9 = — (Ry + D + R,) 27/, parameters ay m, Cm.n, and b, , are defined as

[ 2

apm = €XP j; (0.5L; + 0.5 — p) 61 cos (oz(Tm) — GT)‘| ) (15)
2

Cmn = €XD j; (Rt cos a(Tm) — R, cos a%”))], (16)
:.27T (n)

bngy = exp jT (0.5L, + 0.5 — q) 0 cos (aR - 93) ) (17)
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and parameters p and ¢ take values from the sets p € {1,...,L;} and ¢ € {1,..., L, },
respectively. Additionally, it is assumed that AoDs oz(Tm), AoAs ag), and phases ¢,
are mutually independent random variables and that ¢,,, is uniformly distributed on

the interval [0, 27). Frequencies f:(pm) and fl(%”) are equal to frmax cos(oc(Tm) — ~vr) and

f Rmax cos(ag) — vr), respectively, where frypax = vr/A and fruax = Ugr/A are the
maximum Doppler frequencies of the T, and R, respectively, and X is the carrier
wavelength.

The cross-correlation function of the MIMO M-to-M reference model, assuming

omni-directional antennas and a 2-D isotropic scattering environment, are in the limit

N — oo [38]

Rpg5q(07,05,7) = B [hpg(t)hi(t + 7)] (18)
= J (%%@ + (frmaxT)? — sz cos (o — ’YT))
% Jo (27‘(’\/@ + (fRmaxT)? — 2@7 cos (g — ’VR)) ,

where p,p € {1,..., L} and ¢,g € {1,..., L.}
2.4 Simulation Models for Fading Channels

As mentioned in Chapter 1, there are several different methods for simulating fading
channels. The most accepted of these methods are filtered noise models [16] - [19]
and sum-of-sinusoids-based (SoS) models [24] - [30]. The filtered noise models filter
Gaussian noise through appropriately designed filters to generate the channel wave-
form with the desired channel power spectral density (the Doppler spectrum). The
main limitation with this approach is that only rational forms of the Doppler spec-
trum can be produced, whereas the Doppler spectrum is typically non-rational [35].
To approximate the non-rational Doppler spectrum, a high-order filter is required.
Unfortunately, a high-order filter has a long impulse response which significantly in-

creases the run times for software simulation. Furthermore, the Doppler spectrum
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obtained using this method is not band-limited because filters with sharp stop-bands
are difficult to implement in practice. On the other hand, the SoS models generate the
channel waveform by superimposing a finite number of properly selected sinusoids.
In contrast to filtered noise models, SoS models have low complexity and produce
channel waveforms that have high accuracy and a perfectly band-limited Doppler
spectrum. In addition, SoS models can be easily extended to develop space-time cor-
related channel models for MIMO antenna systems. Owing to these advantages, our
research focuses on SoS models.

Generally, SoS models can be classified as either deterministic or statistical. De-
terministic SoS models have fixed phases, amplitudes, and Doppler frequencies for all
simulation trials. In contrast, statistical SoS models leave at least one of the param-
eter sets (amplitudes, phases, or Doppler frequencies) as random variables that vary
with each simulation trial. The statistical properties of statistical SoS models also
vary for each simulation trial, but converge to the desired properties when averaged
over a large number of simulation trials. An ergodic statistical model is one that

converges to the desired properties in a single simulation trial.
2.4.1 SoS Simulation Models for SISO F-to-M Channels

Clarke’s reference model described in Section 2.2 assumes an infinite number of scat-
terers, which makes this model impractical for use in simulators. Hence, it is desirable
to design simulation models with a finite number of scatterers, while still matching
the statistical properties of the reference model.

Many approaches have been suggested for SoS simulation of SISO F-to-M Rayleigh

fading channels. Several different approaches are described below.
2.4.1.1 Jakes” Model - Model 1

Jakes derived his well-known deterministic simulation model for F-to-M Rayleigh fad-

ing channels [21] starting from (4) and selecting C,, = 1/v/N, 6, = 27n/N, and ¢,, = 0
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for n = 0,..., N. Using the symmetry of the 2-D isotropic scattering environment,
Jakes reduced the number of sinusoidal components necessary for simulation from N
to M = (N — 2)/4. The complex faded envelope is defined as g(t) = gi(t) + jg,(t),

where

gi(t) = \/%COS (o) cos (wqt) + \/%;Mlcos (8y) cos |:U-)dt cos (2%”)}, (19)

Glt) = \/%Sin(ﬁo)cos(wdt)%—\/%ésin(ﬁn)cos [wdtcos (2%”)] (20)

and where wy is the maximum angular Doppler frequency. The parameter (3, is
defined as 3, = ™ /M forn =10,..., M.

It is often desirable to generate multiple uncorrelated faded envelopes, something
that Model I cannot do. Dent et al. [24] modified Model I by using orthogonal Walsh-
Hadamard codewords to de-correlate the multiple faded envelopes. The k** complex

faded envelope is defined as gx(t) = git(t) + jger(t), where

»(t)—i/l (n) cos ) cos { wat cos 2mn T +27rn(k:—1) (21)
I = 2L M+ 1 ; N) M1 T Mt1 [

(t)—iA (n) si ) cos 4 wat cos 2mn - +27m(k—1) (22)
)= 2T A 1 T i N) T M1 T Mr1 [

M= (N—-2)/4, k =1,...,M, and Ai(n) is the n'* element of the k' row of a

Hadamard matrix H;; of dimension M x M.

By reducing the number of sinusoidal components, Jakes simplified simulation of
SISO F-to-M Rayleigh fading channels. However, his model does not satisfy most of
the statistical properties of the reference model [22] and it is not wide-sense stationary
(WSS) [23]. Model I satisfies only the following properties: the I and QQ components
of the complex faded envelope are Gaussian random processes for N — oo and the
auto-correlation function of the complex faded envelope is equal to Jy(wgT). Also, the
model of Dent et al. [24] yields a cross-correlation between different faded envelopes
that is strictly zero only for time lag 7 = 0. As a result, various modifications of

Model I have been proposed in the literature [23], [25], [26].
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2.4.1.2 Pop and Beaulieu’s Model - Model IT

Pop and Beaulieu [23] showed that Model I is not WSS and modified Model I to fix
this problem. This was done by removing the constraint ¢, = 0 from Model I and
allowing the phases ¢, to be independent random variables uniformly distributed
on the interval [0,27). The procedure yields an ergodic statistical (deterministic)
simulator, since the random phases are generated only once for all simulation trials.

The k' complex faded envelope is defined as gx(t) = gix(t) + jgqx(t), where

gik(t):\/icos(ﬁo)cos (wat + dor)+ \/7 Zcos 3,) cos{wdtcos<2 ) qsnk]( 3)
qu(t):\/%sm(ﬁo) cos (wat + dor) + \/7 Zsm Bn) cos[wtcos(2 ) m]( 4)

M = (N —-2)/4,and k =0,..., M — 1. The parameter (3, is defined as 3, = mn/M
for n = 0,..., M. Although WSS, Model II inherits its statistical properties from
Model I. Hence, this model does not satisfy most of the other statistical properties

required by the reference model.
2.4.1.8 Li and Huang’s Model - Model 111

To improve Model II, Li and Huang [25] proposed a deterministic model that gener-
ates multiple uncorrelated faded envelopes gi(t). Model 11T assumes P independent
complex faded envelopes, each with M = N/4 sinusoidal terms in the I and ) com-
ponents. The k™ complex faded envelope is gi(t) = gir(t) + jgqx(t), where

M-1

gi(t) = 2C Z cos (wdt COS Ol + qbilk), (25)

n=0
M-1

gee(t) = 2C Z sin (wgt sin oy + @1,), (26)

n=0
and where k = 0,..,P — 1, ¢!, and ¢!, are independent random phases uniformly
distributed on the interval [0, 27), a, is the n'* angle of arrival in the & complex

faded envelope, and C'is a constant gain. The angles of arrival are o, = (27n)/N +
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(27k)/(PN)+agy forn =0,...,M -1,k =0,... P—1, where oy is an initial angle
of arrival, chosen to be 0 < agy < (27)/(PN) and agy # 7/(PN).

Model III preserves the desirable statistical properties of Model II, while gener-
ating multiple uncorrelated faded envelopes. Compared to Model II, the I and Q
components of the complex faded envelope in Model III are less correlated. However,

Model IIT fails to satisfy equations (5) and (8) of the reference model.
2.4.1.4 MEDS Model - Model IV

To resolve the remaining disadvantages of Model 11, Patzold et al. [26] proposed
a deterministic model called the Method of Exact Doppler Spreads (MEDS). The
auto-correlation functions of the I and Q components of the complex faded envelope
are designed to satisfy equation (5). The k' complex faded envelope is defined as
9i(t) = gi(t) + jgar(t), where

Ni/q

2 Ja o i
9i/q)k(t) Z cos [wdt sina/? + gbn/,f (27)
i/q n=1
for k =0,...,P — 1, and where gzﬁfl/,f are independent random phases uniformly dis-

tributed on the interval [0,27), P is the number of desired faded envelopes, and N/,
is the number of sinusoidal terms in the I and Q components of gi(t), respectively.
The n'* angle of arrival is given by ai/? = (n — 0.5)/(2N;/,) for n = 1,..., N/q.
Model IV preserves the desirable properties of Model II. In addition, the auto-
correlation functions of the I and QQ components in Model IV satisfy (5). Compared
to Model II, the I and Q components of the complex faded envelope in Model IV are
less correlated if N, = N; + 1. However, Model IV produces multiple faded envelopes

that are correlated.
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2.4.1.5 Zheng and Xiao’s Models

To improve on previously reported models, Zheng and Xiao proposed several new
statistical simulation models [27] - [29]. By allowing all three parameter sets (am-
plitudes, phases, and Doppler frequencies) to be random variables, Zheng and Xiao’s
models obtain statistical properties similar to ones required by the reference model.
However, the models are no longer ergodic. The statistical properties of these models
vary for each simulation trial, but they converge to desired properties when averaged
over 50 to 100 simulation trials. A detailed comparison of the statistical properties for
Zheng and Xiao’s models is presented in [30]. It is shown that the model presented in
[28] has the statistical properties closest to those of the reference model and requires
the fewest simulation trials (50). We will refer to this model as Model V.

Model V: The k™ complex faded envelope is defined as gi.(t) = gix(t) + jgqx(t),

where
2 — |
gi(t) = \/%Z cos [wdt COS Qi) + ngfM, (28)
2 nj;l
gek(t) = \/%Z o8 [wat sin oy + @21, (29)
n=1
for k = 0,...,P — 1, and where ¢!, and ¢!  are independent random phases uni-

formly distributed on the interval [—7, 7). Model V assumes P independent complex
envelopes, each with M = N/4 sinusoidal terms in the I and Q components. The n'*
angle of arrival in the k™ complex envelope ay is ane = (270 — 7+ 6,)/(4M) for
n=1,..., M, where the 0, are independent random variables uniformly distributed
on the interval [—m, 7).

Since the motivation for our SISO F-to-M statistical simulation model described
in Chapter 3 originates in [27], we will present this model as well.

Model VI: The k™ complex faded envelope is defined as gi.(t) = gir(t) + jgqx(t),

24



where

M

wlt) = —= > cos () cos ot cos s + ) (30)
5 M

ge(t) = \/_M ; sin () cos [wat cos ang + @], (31)

Qi = (2mn — 7 + 0k)/(AM), Ynk, Ok, and ¢, are statistically independent random
variables, uniformly distributed on the interval [—m,7), and n = 1,..., M, k =
0,....,.P—1.

Patel et al. [30] have shown that the T and Q components of the complex faded
envelope in Model VI are not Gaussian random processes and that the auto-correlation
of the squared envelope is non-stationary. These problems can be solved by replacing
the random phase ¢, which is the same for all sinusoidal terms in the k™ complex
envelope, with mutually independent random phases ¢,, uniformly distributed on

the interval [—m, 7). We refer to this model as modified Model V1.

2.4.2 SoS Simulation Models for SISO and MIMO M-to-M Channels

The reference models described in Section 2.3 assume an infinite number of scatterers,
making these models impractical for simulators. This section describes the simulation
models with a finite number of scatterers that still match the statistical properties of

the reference models.

2.4.2.1 SoS Simulation Models for SISO M-to-M Channels

Patel et al. [34] were the first to propose SoS simulation models for SISO M-to-M
channels. They used the “two-ring” concept in [55] to derive their models. Using this
model, the received complex faded envelope under narrowband, frequency flat fading,
and NLoS propagation assumptions is defined as [34]

g(t) = 2 i i exp {jwit cos(a,) + wat cos(Bm) + Pnml}, (32)
NM

n=1 m=1
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where N M is the number of propagation paths, w; and ws are the maximum angular
Doppler frequencies, ¢,,, denotes the phase, and «, and (,, denote the angle of
departure and angle of arrival, respectively. Note that the single summation in (9) is
replaced by a double summation, because each wave on its way from the Ty to the
Ry is reflected twice. The channel characteristics remain the same as the reference
model in (9), because each path will undergo a Doppler shift due to the motion of
the Ty and Rj.

The first model proposed by Patel et al. [34] is an ergodic statistical SoS model.
By choosing only the phases to be random variables, the statistical properties of this
model converge to the desired properties in a single simulation trial. We refer to this
model as M-to-M Model I.

M-to-M Model I: The complex faded envelope is g(t) = g;(t) + jg,(t), where

g(t) = | / Z Z cos (wit cos (al,) + wat cos(BL,) + dhn) (33)

' m=1n=1

q q

gq(t) = N M Z Z cos (wit cos (ad) 4+ wot cos(BL) + ¢2..), (34)

7 m=1n=1

and where ¢!, and ¢¢  are independent random phases uniformly distributed on the
interval [—m, 7). The n'* angle of departure is equal to allt = m(n—0.5)/(2N;/q), for
n=1,2,...,N;,. The m™ angle of arrival is equal to BT = m(m — 0.5)/(M;/,), for
m=1,2,..., M,

This model has the disadvantage that the statistical properties match those of
the reference model only for a small range of normalized time delays (0 < f17s < 3,
where T denotes the sampling period). To improve these statistical properties, Patel
et al. [34] also proposed a statistical SoS model. We call this M-to-M Model II.

M-to-M Model II: The complex faded envelope is defined as g(t) = ¢;(t) + jg4(%),
where

\ NIz Z Z cos (wit cos () + wat cos(Bn) + Gin) » (35)

nlml
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\ Nz Z Z cos (witsin (ay,) + wat cos(By) + @), (36)

nlml

and where ¢!, and ¢? = are independent random phases uniformly distributed on
the interval [—m, 7). Model II assumes N scatterers located on the Ty ring and
M scatterers located on the Ry. The n'® angle of departure is a,, = (27n — 7 +
0)/(4N), where 0 is an independent random variable uniformly distributed in the
interval [—m, 7). The m'* angle of arrival is equal to 3, = (2mm — m + )/(2M)
where v is an independent random variable uniformly distributed in the interval
[—7, 7).

M-to-M Model II obtains better statistical properties than M-to-M Model 1. How-
ever, this model requires a large number of simulation trials (at least 50) to obtain

adequate ensemble averaged statistical properties.

2.4.2.2  SoS Simulation Models for MIMO M-to-M Channels

M-to-M Models T and II were developed for SISO M-to-M channels. Recently, ef-
forts have been made to develop the simulation models for MIMO M-to-M channels.
Hogstad et al. [38] were the first to propose an ergodic statistical MIMO M-to-M SoS
model called the Modified Method of Exact Doppler Spreads (MMEDS). By choos-
ing only the phases to be random variables, the statistical properties of this model
converge to those of the reference model in a single simulation trial. Using the refer-
ence model described in Section 2.3.2 and assuming 2-D scattering, they defined the

received complex faded envelope as [38]

(m)

Z ApmCmnb nqu {27Tmeaxtcos( 1) +27 f Rmaxct cos(ar >_7R)+¢mn} (37)
)

m,n=1
where a,,, = exp (j7(L; + 1 — 2p)dz cos(ar” — 07)/A), cmn = exp(j2m(R, cos al™ —
R, cos ag))/)\), bng = exp (jm(L, +1 —2q)0g Cos(aR —60gr)/)\), and parameters p
and ¢ take values from the sets p € {1,...,L;} and ¢ € {1,...,L,}, respectively.

Parameters 07, Or, Y7, YR, fTmax, and frmax are defined as in Section 2.3.2. With
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the MMEDS model, the phases ¢,,, are independent random variables uniformly

distributed on the interval [0, 27), and the angles of departure agﬂm) and the angles of

(n)

arrival i’ are chosen as follows:
m 2
a(T ) = Mﬁ (m —0.5) + 7, (38)
n 2T
al = & (1= 05) +7m, (39)

form=1,...,M,n=1,..., N, respectively.
2.5 Linear Decomposition of CPM with Excess-Phase

The CPM excess-phase baseband complex envelope is [15]

s(t,x) = v/2/T.e?*), (40)
where ¢(t,x) = 27h Zg;gl zr410(t — kT,) is the excess-phase, h is the modulation
index, x = (g, ,xn,_1) is the information sequence with elements chosen from
the M-ary alphabet {£+1,£3,--- (M — 1)}, and T, is the symbol duration. The
function £(t) is the phase shaping pulse defined by [5(¢) fo T)dT, and ¢(t) is the
frequency shaping pulse of length LT, such that 3(LT,) = 1/2. The CPM waveform
has full-response when L = 1 and partial-response when L > 1.

Mengali and Morelli [56] showed that M-ary full-response CPM signals can be

represented as

=
-

Ne—1

S<ta X) = Bk,ngk (t - TLTC), (41)
0 n=0

i

where R = M — 1 =2 — 1. Functions g (t) are equal to

H t + e kT (42)

=0

where the s()(t) are defined as

( .
2h2' B(t
sm( Th2'3( )) C0<i<T.
sin(wh2!)
!
SO =9 s0pr—+ | T.<t<or. - (43)
0 , otherwise

\
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Symbols By, are defined as
F-1
By = exp (j27rh > 2 A e, — jwhdk,n> , (44)
1=0
where Ajp,, = S Vi A = fz_ol 2'(n — ey + 1), and 7, € {0,1}. are
coefficients in the binary representation of the code symbol ¢, = (z, — M + 1)/2.

Integers e;;, used in (42) - (44), are chosen to satisfy e;;, € {0,1} and Hf;ol e, = 0.

2.6 ST-CPM with Excess-Phase - System Model

This section describes a space-time coded excess-phase CPM system with L; transmit
antennas and L, receive antennas. As shown in Fig. 4, the ST encoder uses a block
code C to encode blocks of Kj information symbols into length-N = N_.L; codeword

vectors ¢ € C that are mapped onto an L; x N, matrix C in the following manner:

codeword
c = (c[()l), c[()Q), ey c(()Lt), cgl), c§2), . ,cht), . ,cg\l,c)_l, 0533_1, . ,cg\%L) (45)
is mapped to the L; x N, matrix
]
o AN ST O B | (46)
i C(()Lt) cht) Cg\itll |

where c,(j) is the code symbol assigned to i-th transmit antenna at time epoch k.
The outputs of the space-time encoder are L; streams of symbols. Each stream

of symbols after modulation mapping is input to a CPM modulator. The CPM

modulated signals are simultaneously transmitted from L; transmit antennas.

The signal at each receiver antenna is a noisy superposition of the L; transmitted

signals, each affected by quasi-static flat Rayleigh fading, and independent zero-mean
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Figure 4: Space-time coded excess-phase CPM system.

complex additive white Gaussian noise (AWGN). The received signal can be repre-

sented in the convenient vector form
= H"\/E,s(t,X) +n(t), (47)

where s(t,X) = [31 (t,x(l)) yee oy SL, (t,x(Lt))]T is the vector of transmitted signals,
x() = [x(()),:vgl), . ,xg\i,)cfl] is the vector of the ST coded CPM symbols assigned
to ¢-th transmit antenna, r(t) = [r1(t),...,r, ()] is the vector of received signals,
n(t) = [ny(t),...,ng (t)] contains the noise samples that are independent zero-mean
complex Gaussian random variables with variance Ny /2 per dimension, H = [h;;]1, <L,
is the matrix of complex channel fading gains, E, is the symbol energy, and ( - )T
denotes the matrix transpose operation.

The optimum receiver for ST-CPM employs maximume-likelihood sequence de-
tection (MLSD). The typical method for analyzing the performance with MLSD is
to evaluate an upper bound on the pairwise error probability for any two space-time
codewords ¢ and €, presented in matrix form C, and C, as defined in (46). Let s(t, X)
and §(t, X) denote the CPM vectors corresponding to matrices C and C, respectively.

The pairwise error probability is [10]

P(C,CH) = P(s(t,X) —

(t,X)|H)
_ Q(HHTAs(t ) < Loy (L2501,

(48)
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where As(t) = s(t, X) — §(¢, X). Let Cq be the matrix of correlation functions of the

differential CPM signals received at the different antennas [41]

o _ (49)
fONcTC A81<t) lgdt f’o Te ASl(t)ASZ (t)dt ce fONcTc Asl(t>ASzt (t)dt
o AsAsimdr [T As@Pd e [T As(n)As, (1)dl
ST As (VAsi @ dt [T Asp, (DAsy 0t - [T | Asy, (1) 2dt

1>

where differential CPM signals are defined as As;(t) = s;(t,x?) — 3;(t,%@) for 1 <
1 < Ly and T, denotes the symbol duration. For a quasi-static flat Rayleigh fading

channel, the pairwise error probability has the following, asymptotically tight, upper

bound [4]:
~ 1 L, 77E —rLy
F.(C,CH) < | == g , 50
(€. CIH) <Hi1<1 + AZ-ES/4N0)> (4N0> (50)
where r is the rank of matrix Cg, {1, -, A\, } are the nonzero eigenvalues of Cg, and

n = (AMAg--- A )" is their geometric mean. From (50), we can conclude that ST-
CPM has a direct analogy to ST-coded linear modulation. The rank criterion and the
determinant criterion used for space-time linear modulation are directly applicable
to ST-CPM, the only difference being that CPM has the “signal” matrix defined in
(49).
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CHAPTER II1

EFFICIENT SIMULATION OF SISO F-TO-M RAYLEIGH
FADING WITH ENHANCED DE-CORRELATION
PROPERTIES

3.1 QOverview

In Chapter 2, we have presented several different SoS models for SISO F-to-M cellular
channels. In particular, we described the Clarke’s mathematical reference model [20],
the Jakes’ simulation model [21], and the various modifications of Jakes’ simulation
model, reported in [23] - [29]. We have observed that these models have difficulty
of creating uncorrelated I and Q components of the complex faded envelope and
of creating multiple uncorrelated faded envelopes. To address these problems, we
propose new SoS simulation models for SISO F-to-M Rayleigh fading channels.

First, an ergodic statistical (deterministic) model is proposed that overcomes the
difficulty of creating uncorrelated I and QQ components and of creating multiple un-
correlated faded envelopes. This is achieved by using orthogonal functions for the I
and QQ components and by introducing an asymmetrical arrangement of arrival angles
into the model proposed in [23]. The statistical properties of our model are derived
and verified by simulation. Compared to existing models, our new model yields a
lower cross-correlation between different faded envelopes and between the I and Q
components of each complex faded envelope. However, the auto-correlation functions
of the I and Q components still do not exactly match the theoretical functions.

The proposed deterministic model can be modified by introducing additional ran-

domness to yield a new non-ergodic statistical model having the correct statistical
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properties. The motivation for this model originates in [27]. The properties of the re-
sulting statistical model are derived and verified by simulation. Compared to Zheng
and Xiao’s models [27] - [29], our new statistical model converges faster, has less
correlated I and Q components, and yields less correlated multiple faded envelopes.
The remainder of this chapter is organized as follows. Section 3.2 describes our
new SoS simulation models for SISO F-to-M Rayleigh fading channels and analyzes
their statistical properties. Section 3.3 evaluates the new models and compares them

to models presented in Section 2.4.1. Section 3.4 provides some concluding remarks.

3.2 New Simulation Models for SISO F-to-M Channels

Our evaluation of Models I - VI introduced in Section 2.4.1 has revealed that most
have difficulty of creating uncorrelated I and Q components of each complex faded
envelope and of generating multiple uncorrelated faded envelopes. Our goal is to
solve these problems by using orthogonal functions for the I and Q components of
the complex faded envelope.

The following function is considered as the k' complex faded envelope

N-1

ge(t) = ZCnej(wdtCOSank""(lsnk)’ (51)

n=0

where C,, = (2¢7%)/\/N | app, ¢ni, and wy are the random path gain, the angle of

arrival, the phase associated with the n'* propagation path, and the maximum angular

Doppler frequency, respectively. It is assumed that P independent complex faded

envelopes are required (k =0, ..., P—1) each consisting of NV sinusoidal components.
To reduce the number of sinusoidal components needed for simulation, we use a

method similar to the one described in [25]. By choosing M = N/4 to be an integer

and by taking into account shifts of the angles a,,, and ¢, in each quadrant of the
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circle, the sum in (51) can be split into four terms, viz.

M M
2 o 2 o
ge(t) = ——= E eIPn gilwat cos anpténrl L 2 E eBn pilwat cos(ank+0.5m)+(¢nk+0.57)] (52)
VN — VN *—

M M
Z ejﬁnej[wdtCOS(ank+W)+(¢nk+W)] + 2 Z ejﬁnej[wdtCOS(ank+1~5W)+(¢nk+1~5ﬂ)].

+ —
\/anl

n=1
Equation (52) can be further simplified to
5 M
g(t) = —= ) 2cos(3,)cos (wgt cos ang + Gnr) (53)
gD

M
2
+ j— 2sin (8,,) sin (wgt sin apy + Pur)-
v
Based on gx(t), we define our new simulation models.

3.2.1 A New SISO F-to-M Deterministic Model

We first propose an ergodic statistical (deterministic) model, which needs only one
simulation trial to obtain the desired statistical properties. The k** complex faded

envelope is defined as gx(t) = gi(t) + jgqx(t), where

M
Z ay, cos(wqt COS Ak + Gnk)

| n=0
- M
Z by, sin(wgt Sin i, + Gk

| n=0

gor(t) = (55)

i
The motivation for this model originates in Model II. As in Model II, the phases ¢,
are chosen to be independent random variables uniformly distributed on the interval
[0,27), and the path gains (3, are defined as 3, = 7n/M for n = 0,..., M. By
including By = 0 in (53), the total number of propagation paths is increased slightly
to N = 4M + 2. Parameters a,, and b,, are defined as follows:

" 2cos (B,), n=1,..,.M | (56)
V2cos (B,), n=0
2sin (6,), n=1,..M
V2sin (8,), n=0 '
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The angles of arrival o, are defined as in Model III: oy, = (27n)/N + (27k)/
(PN) 4+ ago for n = 0,...,M, k = 0,...,P — 1. This ensures an asymmetrical
arrangement of arrival angles, which minimizes the cross-correlation between different
faded envelopes. In addition, we optimize the initial angle of arrival agg (through an
exhaustive search) to minimize the cross-correlation between the I and ) components
of each complex faded envelope. As a result, we obtain agy = (0.27)/(PN).

Remark 1: Model II and the new deterministic model differ in the selection of
the angles of arrival and the cosine and sine functions. Our choice makes g;(t) and
gqr(t) orthogonal and, therefore, uncorrelated functions.

Remark 2: Model III and the new model differ in the selection of path gains,
cosine and sine functions, and the number of random phases. By choosing the path
gains to be random variables instead of being constants, we obtain less correlation in
the I and Q components of the complex faded envelope than in Model III. Also, the
use of fewer random variables makes our model less complex than Model III.

The auto- and cross-correlation functions of the I and Q components, the auto- and
cross-correlation functions of the multiple faded envelopes, and the squared envelope

auto-correlation of our new model are, respectively,

M
.4 a?
hm Rgzkgzk< ) = ]\}gnoo i ; 0y cos(wg €08 i T) = Jo(waT) + Jo(war), (58)
b2
A}lm qukqu( T) = A}im — gncos(wd sin o 7) = Jo(wat) — Ja(waT),  (59)
Rgikqu(T) = qukgik(T = nggl;ék(T) =0, (6())
02
Jim Ry, (r) = Jim ~ Z 7" s(wq COS i T)
4 A p2
+ A}linoo N Z ?" cos(wg sin i) = Jo(war), (61)
n=0
g M
4 2
R|9k|2|gk\2(7—) - Z 2 Z b +2R T)
n=0
+ 2R§q g, () + Rj%qu (1), (62)
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where Jp (+) is the zeroth-order Bessel function of the first kind and J, () is the forth-
order Bessel function of the first kind. Derivations of these expressions are presented
in Appendix A.

Figures 5 and 6 confirm that, for M = P = 8, the auto- and cross-correlations of
the quadrature components and the auto- and cross-correlation of the multiple faded
envelopes approach values given by (58) - (61), respectively.

Our new model satisfies (6) and (7) of the reference model. However, the auto-
correlations of the quadrature components and the auto-correlation of the squared
envelope do not satisfy (5) and (8), respectively.
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Figure 5: Theoretical and simulated auto-correlation functions and the cross-
correlation function of the I and Q components of the new F-to-M deterministic
model.
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Figure 6: Theoretical and simulated auto-correlation functions and the cross-
correlation function of the first and the second complex envelope of the new F-to-M
deterministic model.

3.2.2 A New SISO F-to-M Statistical Model

Our new deterministic model can be modified to possess all statistical properties of
the reference model, by letting all three parameters Cy; = (2¢7%%)/1/(N), any, and
éni to be random variables, similar to Model VI. The k** complex faded envelope is

defined as gi(t) = gix(t) + jor(t), where

M
2

gi(t) = —Z 2 cos (Bnk) cos (wat cos ang + Gnk), (63)

\/anl

5 M
geu(t) = —Z 28in (G sin (wat sin g + Onk)- (64)

\/anl
It is assumed that P independent complex envelopes are desired (k =0,..., P — 1),

each having M = N/4 sinusoidal terms in the I and Q components. The parameters

Onk, PBnk, and 0 are independent random variables uniformly distributed on the interval
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[—7, 7). The angles of arrival are chosen as follows: a,;, = (2mn)/N + (27k)/(PN) +
(0 —7)/N, forn =1,...,M, k =0,...,P — 1. The angles of arrival in the k"
complex faded envelope are obtained by rotating the angles of arrival in the (k — 1)
complex envelope by (27)/(PN).

Remark 3: Model VI and the new statistical model differ in the selection of the
angles of arrival for the multiple faded envelopes, and in the selection of the cosine and
sine functions and random phases. Compared to Model VI, our choice of the cosine
and sine functions makes the I and QQ components of the complex faded envelope less
correlated. Also, compared to Model VI, our choice of the angles of arrival for the
multiple faded envelopes makes them less correlated.

Remark 4: The quadrature components of the complex faded envelope in Model
VI are not Gaussian random processes [30]. Our choice of random phases solves this
problem. In [30], it is also shown that the auto-correlation of the squared envelope
in Model VI is non-stationary. In Appendix B, we prove that the auto-correlation of
the squared envelope of our new model is stationary and satisfies (8) for M — 0.

Remark 5: The modified Model VI and the new statistical model differ only in
the combination of cosine and sine functions for the first complex faded envelope
(k = 0). Zheng and Xiao [28] mentioned that different combinations of cosine and
sine functions for the quadrature components leads to different statistical models with
identical or similar statistical properties. However, the I and Q components of the
complex faded envelope in our new statistical model are less correlated compared
to modified Model VI. Furthermore, our new model needs fewer simulation trials to
obtain the correct statistical properties. If different combinations of cosine and sine
functions can improve statistical properties and/or reduce the number of simulation
trials, then such combinations merit investigation.

It can be shown that our statistical model exhibits properties (5) - (8) of the

reference model. The proofs are presented in Appendix B. Figures 7 and 8 show that,
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for M = P = 8 and Ny, = 30 trials, the auto- and cross-correlations of the I and
Q components, and the auto- and cross-correlations of the complex faded envelopes
approach those of the reference model. Note that different sets of 30 simulation trials
yield slightly different simulation results. To quantify these differences, variances
are computed averaging over 100 sets of 30 simulation trials. The variances of the
auto- and cross-correlations of the I and ) components, and the auto- and cross-
correlations of the complex faded envelopes are, respectively, Var (Rgi P /qk> =1.5-

1073, Var(Ryg,.4,,) = 1.35- 107, Var(Ry,,,) = 6.81 - 107, Var(R,,,,.,) = 8.4 - 107

9ik9qk

The variances are extremely small.
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Figure 7: Theoretical and simulated (Nga, = 30) auto-correlation functions and the

cross-correlation function of the I and Q components of the new F-to-M statistical
model.
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Figure 8: Theoretical and simulated (Ng.. = 30) auto-correlation functions and
the cross-correlation function of the first and the second fader in the new F-to-M
statistical model.

3.3 Performance FEvaluation of SISO F-to-M Models

This section compares the performance and complexity of our new models with Mod-
els I - VI. In all simulations, we use a normalized sampling period f;Ts = 0.05 (f4
is the maximum Doppler frequency and T is the sampling period) and M = P = 8.
However, for Model IV we use N; = 8 and N, = 9 to obtain uncorrelated quadra-
ture components of the complex envelope. Note that in Models II - IV and in our
new deterministic model, the random phases associated with the n'* propagation
path are computed before the actual simulation starts, because an ergodic statistical
(deterministic) simulator needs only one simulation trial. During the simulations,
all parameters are kept constant to provide simulation results that are always the

same, i.e., deterministic. In our new deterministic model and in Model II we use the
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following set of uniformly distributed random numbers (in radians): ¢, o =[4.0387,
1.7624, 2.7844, 1.5590, 0.9523, 1.2972, 5.7420, 3.6592, 4.3548] and ¢, 1 =[5.3798,
3.0556, 2.1528, 2.6296, 0.7457, 3.2572, 6.1027, 2.0670, 2.1304]. The same set of num-
bers is used in Model IV, for the Q component g,(t), while for the I component
g:(t) we use ¢!, , =[2.2107, 5.3033, 2.4634, 1.0679, 2.2818, 4.6113, 0.7513, 0.7383] and

na =[3.2627, 4.7036, 0.5824, 2.1097, 4.6264, 5.4790, 0.9391, 0.2017]. Model III uses
the same set of numbers as Model IV for the I component g;(t), while for the Q com-
ponent g,(t) we use: ¢}, =[2.6372, 4.7339, 4.9865, 5.7784, 5.3059, 2.3099, 3.8994,
4.5933], and ¢Z71 =[4.1175, 2.4616, 3.9403, 4.3911, 2.4948, 2.5981, 4.115, 5.2610]. Us-
ing these parameters, we calculate the mean square error (MSE) and maximum de-
viations (MAX) from the theoretical value (zero) for the normalized cross-correlation

of the I and Q components, and for the normalized cross-correlation of the first and

the second faded envelopes. The results are shown in Table 1. Note that different

Table 1: Mean square error (MSE) and maximum deviation (MAX).

Simulators MSE Max MSE Max

RQ|9Q Rgng Real(Rglgz) Real(Rngz)
Model | 2631072 | 42610072 | 59211072 | 52301072

Model II 2470072 | 44881072 | 5390072 | 59.741072

Model 111 12811072 | 24300072 | 520107 | 151401072

Model IV 8.80107° | 17.461072 | 4901072 | 610101072
New Deterministic Model 4250107 | 1.611072 | 1.60107% | 5751072
Model V (Ngz =50) 9.80M107° | 2271072 | 626010°° | 2300072
Model V (Nggo =100) 4460107° | 2051072 | 3.87007° | 1.1111072
Model VI (Ngz =50) 650010 | 5891072 | 1.06M0°* | 2300077
Model VI (Ngg =100) 2521074 | 3571072 | 7.25M107° | 1.60(1072
Modified Model VI (Nggt =50) | 375107 | 383072 | 65110™° | 1.5601072
Modified Model VI (Nggt =100) | 114107 | 24801072 | 4.93007° | 1.48M1072
New Stetistical Model (Ngat =30) | 508107° | 14411072 | 331007° | 1170072
New Statistical Model (Ngat =50) | 1.91107° | 0941072 | 64700°° | 06001072
New Statistical Model (Ngat =100) | 1 621107° | 06001072 | 2.3810° | 0351072

choices of phases yield different simulation results. To quantify these differences, we

compute the mean and variance of the mean square error over 10® simulation trials
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each using a randomly selected phase vector. The mean MSE (uMSE) and variance of
the MSE (VMSE) of the cross-correlation of the I and Q component are, respectively,
pMSE(Ry,,4,.) = 1.2-107°, VMSE(Ry,,,.) = 3.36 - 107°. Likewise, the mean and
variance of the MSE of the cross-correlation of the complex faded envelopes are, re-
spectively uMSE(Ry,q,,) = 1.4 1073, VMSE(Ry,,.,) = 1.22- 107!, All quantities
are very small. To further estimate the magnitude of differences between simula-
tion results, we ran our deterministic simulator with different permutations of phases
which were evenly distributed on the interval [0,27) with zero as a starting point.

The results are presented in Table 2.

Table 2: Magnitude of deviations in the new F-to-M deterministic model.

Value Phase V ector

The Highest @ho =[4.8869, 5.5851, 4.1888, 2.7925,

MSE (Ry, g5 ) 1.05M10™* | 1.3963, 3.4907, 0.6981, 0, 2.0944]
The Lowest @ho =[0.6981, 1.3963, 3.4907, 5.5851,

MSE (Rg, g5 ) 2.87107° | 4.1888, 2.0944, 0, 4.8869, 2.7925]
The Highest @ =[4.1888, 5.5851, 4.8869, 1.3963,

Max Deviation (Ry, g, ) 27811072 | 0.6981, 3.4907, 2.0944, 0, 2.7925]
The Lowest @ho =[4.8869, 0, 2.0944, 5.5851, 0.6981,

Max Deviation (Ry, g, ) 3.7811072 | 4.1888, 3.4907, 3.4907, 1.3963]

@ho =[4.8869, 5.5851, 4.1888, 2.7925,

The Highest 3.3M07° | 1.3963, 3.4907, 0.6981, 0, 2.0944]
MSE (Real(Rg,g,)) @q =[2.0944, 2.7925, 55851, 0.6981

4.8869, 3.4907, 0, 4.1888, 1.3963]
%ho =[0.6981, 1.3963, 3.4907, 55851,
The Lowest 1.801073 | 4.1888, 2.0944, 0, 4.8869, 2.7925]
MSE (Real(Rg,g, )) @ =[4.8869, 2.0944, 4.1888, 2.7925,
3.4907, 0, 0.6981, 1.3963, 5.5851]
%ho =[4.1888, 55851, 4.8869, 1.3963,
The Highest 1.08107% | 0.6981, 3.4907, 2.0944, 0, 2.7925]
Max Deviation (Real(Rg, g, )) @ =[0.6981, 1.3963, 3.4907, 0, 2.0944,
4.886, 5.5851, 4.1888, 2.7925]
%ho =[4.8869, 0, 2.0944, 55851, 0.6981,
The Lowest 1.03110°% | 4.1888, 3.4907, 3.4907, 1.3963]
Max Deviation (Real(Rg, g, )) @q =[5.5851, 2.0944, 4.1888, 2.7925,
3.4907, 0.6981, 0, 1.3963, 4.8869]

'Results presented in Table II are representative of the magnitude of differences between simula-
tions. Choosing some other set of uniformly distributed random numbers may exceed the presented
range of variations.
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To compare complexity of the new models and Models I - VI, Table 3 summa-
rizes the number of simulation trials required to obtain desired statistical properties,
the number of operations needed to generate one sample of the complex faded enve-
lope and the relative simulation times needed to generate a sample of the complex
faded envelope with desired statistical properties, in Matlab on a Pentium III laptop.

Here, we count only the frequently executed operations and the number of random

Table 3: Complexity of different SISO F-to-M models.

Number Relative sim. | Estimated number of computations needed
of timeto to generate one sample of g, (t)
Statistical models | Smulation | generate a addition/ number of
trials sample of cosine | multiplication | random variables
i (t) w.
desired dtat.
properties
Model | 1 TX aM 2M [ 2M None
Model 11 1 1.03Tx 4M 3M /2M M +1
Model 111 1 1.52Tx 4M 4M /0 2M
Model 1V 1 1.52Tx 4M 4M /0 2M
New 1 1.98Tx 6M 4M [ 2M M +1
Deterministic
Model
Model V 50 4.85Tx 4M 4M /0 2M +1
Model VI 100 7.37Tx 7y 3M/2M M +2
Modified Model 100 7.45Tx 4M 3M /2M 2M +1
VI
New Statistical 30 3.15Tx 6M 4M [ 2M 2M +1
Model

variables. Table 3 shows that our choice of the cosine functions, which makes the I
and Q components of the complex faded envelope uncorrelated, slightly increases the
complexity of our models.

Figure 9 compares the cross-correlation functions of the I and Q components
obtained by our new deterministic model and Models I - V. For clarity, we only plot
the results for Model V, being the best of Zheng and Xiao’s models. Since Model V
is statistical model, we plot the average of Ng.; = 50 trials. Figure 9 and Table 1
show that our deterministic model yields a lower cross-correlation between the I and

Q components of the complex faded envelope, and also a lower maximum deviation
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from the theoretical value. In Figure 10, we compare cross-correlation functions of two
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Figure 9: The normalized cross-correlation function of the I and Q components of
the new F-to-M deterministic model and Models I - V.

faded envelopes for our new deterministic model and for Models I-V (for Ny = 50
trials). The curve plotted for Model I is obtained from a simulation of Jakes’ modified
model presented in [24]. We conclude that our deterministic model yields a low cross-
correlation between two different faded envelopes, as do Models IIT and V.

Figures 11 and 12 compare the cross-correlation functions of the I and Q compo-
nents and the cross-correlation functions of two faded envelopes, respectively, for our
new statistical model and Models V and modified VI. For Models V and modified
VI, we average over Ny, = 100 trials, while for our new statistical model we average
over Nyt = 30 and Ngioy = 50 trials. From Fig. 11 and Table 1, we conclude that
our new statistical model with Ng,; = 30 has a similar performance as Models V

and modified VI with Ng,: = 100. An increase of the number of trials to N, = 50
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Figure 10: The normalized cross-correlation function of the first and the second
complex envelope of the new F-to-M deterministic model and of Models I - V.

yields a significantly lower cross-correlation between the I and Q components of the
complex faded envelope. An increase of the number of trials to Ny, = 50 yields
a significantly lower cross-correlation between the I and Q components of the com-
plex faded envelope. Furthermore, with Ny, = 50 trials, the new statistical model
achieves a larger de-correlation between different complex envelopes than do Models
V and modified Model VI with Ny, = 100 trials. Figures 11 - 13 show that our
new statistical model converges faster than the other statistical models. Adequate

statistics can be achieved with only 30 trials using our new statistical model.

3.4 Summary

This chapter proposed new SoS fading simulators for SISO F-to-M Rayleigh fading
channels. We first presented a deterministic (ergodic statistical) simulator in Sec-

tion 3.2.1 that overcomes the difficulty of creating uncorrelated I and Q components
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Figure 11: The normalized cross-correlation function of the I and Q components of
the new F-to-M statistical model, of Model V, and of modified Model VI.

of each complex faded envelope and the difficulty of creating multiple uncorrelated
faded envelopes. This is achieved by using orthogonal functions for the I and Q
components of the complex faded envelope and by introducing an asymmetrical ar-
rangement of arrival angles into the model proposed in [23]. The statistical properties
of this new model are derived and verified using simulation. Compared to Models
I - VI, our new deterministic model yields a lower cross-correlation between differ-
ent faded envelopes, and between the I and Q components of each complex faded
envelope. However, our deterministic model still has the disadvantage that the auto-
correlation functions of the I and QQ components do not match those of the reference
model. To overcome this disadvantage, we introduce a new statistical model in Sec-
tion 3.2.2. Properties of the resulting new statistical model are derived and verified
using simulation. The new model matches the statistical properties of the reference

model and, when compared to [27] - [29], converges faster and has a lower correlation
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Figure 12: The normalized cross-correlation function of the first and the second
fader of the new F-to-M statistical model, of F-to-M Model V, and of modified F-to-
M Model VI.

between the I and Q components of the complex faded envelope and between different

faded envelopes.
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Figure 13: The theoretical and simulated normalized auto-correlation functions of
the new F-to-M statistical model, of Model V, and of modified Model VI.

48



CHAPTER IV

A STATISTICAL SIMULATION MODEL FOR SISO
M-TO-M CHANNELS

4.1 Overview

Chapter 2 described several methods for simulating M-to-M channels [34]. However,
these simulation models have notable difficulties in producing time averaged auto- and
cross-correlation functions that match those of the reference model [31]. Hence, this
chapter proposes a new statistical SoS model for M-to-M Rayleigh fading channels.
We employ “double ring” model, where orthogonal functions are chosen as the I and
Q components of the complex faded envelope. Moreover, our new model is designed to
directly generate multiple uncorrelated complex faded envelopes, a lacking feature in
the existing models reported in [1] and [34]. The statistical properties of our model are
derived and verified by simulation. Compared to existing models, this chapter shows
our new model has more rapidly converging ensemble average statistics, has a lower
variance of the auto-correlation functions, has less correlated I and Q components,
and it produces uncorrelated multiple faded envelopes.

The remainder of this chapter is organized as follows. Section 4.2 describes our
new statistical SoS simulation model and analyzes its statistical properties. Sec-
tion 4.3 evaluates the new model and compares it to previously reported models in

[34]. Finally, Section 4.4 provides some concluding remarks.

4.2 A New SISO M-to-M Statistical Simulation Model

Previously reported models in [1], [34] have a noted difficulty in producing time av-

eraged auto- and cross-correlation functions that match those of the reference model.
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We solve this problem by using a “double ring” concept and by choosing orthogonal
functions for the I and Q components of the complex faded envelope. Also, this model
is designed to directly generate multiple uncorrelated complex envelopes.

The following function is considered as the k" complex faded envelope

N M

ge(t) = Z Z Cexp {jlwit cos(apk) + wat cos(Bmk) + Prmi] (65)

n=1 m=1

where wy, wa, uky Bk, and ¢,k are the maximum radian Doppler frequencies, the
random angles of departure, the random angles of arrival, and the random phases,
respectively, and C' = 2/ VMN. Tt is assumed that P independent complex faded
envelopes are required (k = 0,..., P — 1) each consisting of NM sinusoidal compo-
nents.

The number of sinusoidal components needed for simulation can be reduced by
choosing Ny = N/4 to be an integer, by taking into account shifts of the angles ay

and @pmk, and by splitting the sum in (65) into four terms, viz.,

M No
g(t) =C Z eIwat cos(Bmk) [Z {ej(wltcos(ank)+¢nmk) + ej(wltCos(ank+7r/2)+¢nmk+7r/2)}](66)
m=1 n=1

M No
+C Z eIwat cos(Bmk) [Z {ej(wltCos(ank+7r)+¢nmk+7r) + ej(wltCos(ank+37r/2)+¢nmk+37r/2)}] .

m=1 n=1

Equation (66) simplifies to

No M

Z Z cos (wat cos Bk cos (wit cos auk + Gnmk) (67)

n=1m=1
No M

Z Z sin (wot o8 Bk) sin (w1t sin ap + Gk -

n=1m=1

2

+

2
vV NoM
Based on gx(t), we define our new statistical simulation model.

Definition: The k'™ complex faded envelope is gi(t) = gix(t) + jgqr(t), where

No M

Z Z 08 (wat €08 B ) cos (w1t cos ank + Prmk) (68)

n=1 m=1

2

No M
2 . . .
ger(t) = NI Z Z sin (wat cos By ) sin (w1t sin app, + Gpmk) - (69)

n=1 m=1

20



It is assumed that P independent complex envelopes are desired (k = 0,...,P —
1), each having M N, sinusoidal terms in the T and Q components. The angles of

departures and the angles of arrivals are chosen as follows:

2mn n 2k N 0 —m (70)
(07% - )
F 4N, ' 4PN, ' 4N,

2rm 2wk Y —
Bk —0.5<M+PM+ M), (71)

forn=1,... No,m=1,...,M, k =0,...,P — 1. The angles of departures and

the angles of arrivals in the &% complex faded envelope are obtained by rotating the
angles od departures and the angles of arrivals in the (k — 1) complex envelope
by (27)/(4PNy) and (27)/(2P M), respectively. The parameters ¢k, 0, and ¢ are
independent random variables uniformly distributed on the interval [—m, 7).

Our statistical model can be shown to exhibit properties (10) - (13) of the reference
model. The derivations of these expressions are presented in Appendix C. Figures 14
and 15 show that, for Ny = M = P = 8 and Ny, = 30 trials, the auto- and cross-
correlations of the I and Q components, and the auto- and cross-correlations of the

complex faded envelopes approach those of the reference model.

4.3 Performance FEvaluation of SISO M-to-M Models

This section compares the performance and complexity of our new model with M-to-M
Models I and II described in Section 2.4.2.1. In all simulations, we use a normalized
sampling period fiTs = 0.01 (fy = f are the maximum Doppler frequencies and
T, is the sampling period) and M = Ny = P = 8. For M-to-M Model II, we
use N; = M; = 8 and N, = M, =9 to obtain a complex envelope with uncorrelated
quadrature components. Using these parameters, we have calculated the mean square
errors (MSE) and maximum deviations (MAX) from the theoretical value (zero) for
the normalized cross-correlations of the I and Q components, and for the normalized

cross-correlations of the first and the second faded envelopes. The results are shown
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Figure 14: Theoretical and simulated (Ng. = 30) auto-correlation functions and
the cross-correlation function of the I and Q components of the new statistical M-to-M
model.

in Table 4. Note that different simulation trials yield slightly different simulation
results. To estimate these differences, the variances are computed by averaging over
103 simulation trials. The variances of the normalized cross-correlations of the I and
Q components, and the variances of the normalized cross-correlations of the first and
the second faded envelopes are also shown in Table 4. From Table 4, we conclude
that our new statistical model with Ny, = 1 has cross-correlations similar to M-to-
M Model I and M-to-M Model II with Ng.. = 1. The new statistical model with
Ngiat = 30 performs similar to M-to-M Model II with Ny, = 50 and significantly
better than M-to-M Model I. Increasing the number of simulation trials to Ny, = 50
yields a lower cross-correlation between the I and Q components of the complex faded
envelope.

To compare complexity of the new statistical model and M-to-M Models I and

I, Table 5 summarizes the number of simulation trials required to obtain desired
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Figure 15: Theoretical and simulated (N = 30) auto-correlation functions and
the cross-correlation function of the first and the second faded envelopes in the new
statistical M-to-M model.

statistical properties, the number of operations needed to generate one sample of
the complex envelope, and the relative simulation times needed to generate a sample
of the complex faded envelope with desired statistical properties, in Matlab on a
Pentium IIT processor. Here, we count only the frequently executed operations and
the number of random variables. Table 5 shows that our choice of the cosine functions,
which makes statistical properties of the I and Q components similar to those of the
reference model, slightly increases the complexity of our model.

Figures 16 and 17 compare the variance of the auto-correlation functions of the
quadrature components averaged over 10® simulation trials, for the reference model,
M-to-M Models I and II, and the new statistical model. For the statistical mod-
els, the variance can be defined as [57] Var[R(:)] = E[|R(-) — limy_oR(-)[?], where
R(-) denotes the time averaged correlations and R(-) denotes the statistical corre-

lation function. For M-to-M Model I, the equivalent quantity is the squared error
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Table 4: Mean square error, maximum deviation and variations.

Simulators Model | Model 11 Model |1 New Stat. New Stat. New Stat.
Model Model Model
Ngat =1 | Netar =50 | Nggt =1 | Ngg =30 | Ngg =50
MSE(Rg,g,) | 1.8007° | 1.1m07° | 3.16007° | 8811074 | 439M107° | 205107
Max(Rgg,) | 9.610072 | 59101072 | 1271072 | 6841072 | 12801072 | 7.0007°
Var (Rgigq) 274107 | 459107 | 667007° | 311107° | 569007° | 251107°
MSE(Rg,g,) | 58m107° | 1.1m07° | 1.31007° | 7.02007* | 359107 | 1.260107°
Max(Rg,g,) | 15911072 | 63401072 | 0631072 | 6571072 | 09601072 | 5601072
ValRy,g,) | 124107 | 177078 | 7381070 | 1221076 | 30m07° | 439710710
Table 5: Complexity of different SISO M-to-M models.
Number | Estimated number of computations needed
. . of to generate one sample of g, (t) Relative
Simulation ; : . o
models simulation ™ cogine addition | random variable | Simulationtime
trials for one
simulation trial
Model | 1 6MN AMN 2MN Tx
Model |1 50 6MN AMN 2MN +2 1.25Tx
New Statistical 30 8MN 2MN MN + 2 1.65Tx
Model

|R(-) — R(-)|*. The variance for the reference model is obtained using Var[R,,,, (7)] =
Var[Ry g, (7)) = [1 + Jo(2wiT)Jo(2waT) — 23 (wiT) S5 (weT)] /(2N), as defined in [34].
The variance provides a measure of the usefulness of the model in simulating the
desired channel with a finite V. A lower variance means that a smaller number of
simulation trials are needed to achieve the desired statistical properties and, hence,
the corresponding model is better. Since the reference model does not exploit the
symmetry of the “double ring” model, as the new statistical model and M-to-M Mod-
els I and II do, for fair comparison, we use N = 4Ny x 2M = 512 sinusoids for
simulation of the reference model. From Fig. 16, we conclude that our new statistical
model with Ng, = 1 has a similar variance as M-to-M Model I and a lower variance
than M-to-M Model II with Ng.; = 1. However, Fig. 16 shows that all three models
do not perform as well as the reference model. An increase in the number of sim-

ulation trials to Nga.¢ = 30 in the new statistical model yields a significantly lower
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variance of the auto-correlation function of the quadrature component. Fig. 17 shows
that the new statistical model with Ng.; = 30 outperforms M-to-M Models I and II

and the reference model.
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————— Model |
0030 ... Model Il N__=1
New Statistical Model N_,=1
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= :
[
v@: 0.020
(@]
x J
=
c 0.015
> |
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0.005
0.000 —£2
0

Normalized Time Delay (f;1)

Figure 16: Variance of the auto-correlation function of the quadrature component
with Nstat =1.

Tables 4 and 5 and Figs. 16 - 17 show that our new statistical model converges
faster than other statistical models, has a lower variance of the auto-correlation func-
tions, and has a lower correlation between the I and Q components of the complex
faded envelope than M-to-M Models I and II. Adequate statistics can be achieved

with only 30 trials using our new statistical model.

4.4 Summary

This chapter presented a new statistical SoS model for M-to-M channels. The prop-
erties of the proposed model have been derived and verified using simulation. The

statistics of the new model match those of the reference model for a large range of
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Figure 17: Variance of the auto-correlation function of the quadrature component
with Ngae = 30.

normalized time delays (0 < fi7s < 8). Our new statistical model converges faster,
has a lower variance of the auto-correlation functions and has a lower correlation
between the I and Q components of the complex faded envelope than other models
discussed in this paper. Finally, unlike existing M-to-M models, our model generates

multiple uncorrelated faded envelopes as well.
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CHAPTER V

SPACE-TIME CORRELATED M-TO-M CHANNELS:
MODELING AND SIMULATION

5.1 Overview

Chapter 2 reviewed the first reference model for narrowband MIMO M-to-M channels
[37] and the deterministic SoS model called the Modified Method of Exact Doppler
Spreads (MMEDS) [38]. These models consider radio propagation in outdoor macro-
cells, assuming that all rays are only double-bounced. However, channel measure-
ments for narrowband and wideband M-to-M communications [39], [40] show that
this assumption is not always correct.

To address this problem, this chapter proposes a new 2-D parametric reference
model that employs a “two-ring” model and constructs the received complex faded
envelope as a superposition of the LoS, single-bounced, and double-bounced rays.
The parametric nature of the model makes it adaptable to a variety of propagation
environments, i.e., outdoor micro- and macro-cells. For example, our reference model
describes the radio propagation in outdoor macro-cells as a combination of single- and
double-bounced rays, taking into account that the double-bounced rays bear more
energy than the single-bounced rays. In particular, if there are no single-bounced
and LoS rays, our model simplifies to the model proposed in [37], [38]. From the
new reference model, we derive a closed-form joint space-time correlation function for
2-D non-isotropic scattering environment. For 2-D isotropic scattering and no single-
bounced and LoS rays, our space-time correlation function is shown to reduce to the
one derived in [37]. Furthermore, we derive the space-time correlation functions of

the I and QQ components of the complex faded envelope for 2-D isotropic scattering
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environment. Finally, we derive the space-Doppler power spectrum of the complex
faded envelope assuming 2-D non-isotropic scattering environment.

The reference models assume an infinite number of scatterers, which prevents
practical implementation. Hence, we propose an ergodic statistical (deterministic)
SoS simulation model for 2-D isotropic scattering environment. We employ a “two-
ring” model that combines the LoS, single-bounced, and double-bounced rays and
has orthogonal functions as the I and Q components of the complex faded envelope.
The statistical properties of our model are verified by simulations. Furthermore, by
allowing amplitudes, phases, and Doppler frequencies to be random variables, the
deterministic model is modified to better match statistical properties of the reference
model. This model is called the statistical simulation model. The statistical properties
of the statistical model vary for each simulation trial, but will converge to desired
ensemble averaged properties when averaged over a sufficient number of simulation
trials. The statistical properties of this model are also verified by simulations. Finally,
we compare the performance and complexity of our new models with the MMEDS
model. For fair comparison, we remove the LoS and single-bounced components of
the complex faded envelope from our models. Our deterministic model performs
similar to the MMEDS model [38], but requires smaller number of scatterers and has
shorter simulation time. Compared to the deterministic and the MMEDS model, the
statistical properties of the statistical model match those of the reference model over
a wider range of normalized time delays while using smaller number of scatterers.

The remainder of the chapter is organized as follows. Section 5.2 describes the
communication system and presents the new parametric reference model for MIMO
M-to-M channels. Section 5.3 presents the derivation of the closed-form joint space-
time correlation function for 2-D non-isotropic scattering, the derivation of the space-
time correlation functions of the I and QQ components of the complex faded envelope

for 2-D isotropic scattering, and the derivation of the space-Doppler power spectrum
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of the complex faded envelope for 2-D non-isotropic scattering. Section 5.4 details
our deterministic and statistical simulation models. Section 5.5 presents simulation
results for our new models and compares them to the MMEDS model in [38]. Sec-

tion 5.6 provides some concluding remarks.

5.2 A New Reference Model for MIMO M-to-M Channels

This chapter considers a narrowband single-user MIMO communication system with
L; transmit and L, receive omnidirectional antenna elements. It is assumed that both
the Ty and Ry are in motion and equipped with low elevation antennas. Here, we con-
sider the radio propagation in outdoor micro- and macro-cells, which is characterized
by 2-D scattering with either LoS or NLoS conditions between the transmitter and re-
ceiver. The MIMO channel can be described by an L, x L; matrix H(t) = [h;(t)]L, L,
of complex faded envelopes.

The geometry of the proposed model is shown in Figs. 18 and 19. Figure 18 shows
the “two-ring” model with single- and double-bounced rays for a MIMO M-to-M
channel with L; = L, = 2 antenna elements. Figure 19 shows the LoS paths for the
channel in Fig. 18. This elementary 2 x 2 antenna configuration will be used later
to construct uniform linear antenna arrays with arbitrary number of antennas. The
“two-ring” model defines two rings of fixed scatterers, one around the T, and another
around the R, as shown in Fig. 18. Around the transmitter, M omnidirectional scat-
terers lie on a ring of radius Ry, and the m' transmit scatterer is denoted by S(Tm).
Similarly, around the receiver, N omnidirectional scatterers lie on a ring of radius R,
and the n'® receive scatterer is denoted by Sl(g). The distance between the Ty and Ry
is D. It is assumed that the radii R; and R, are much smaller than the distance D
between the Ty and Ry, i.e., max{R;, R,} < D (local scattering condition). Further-
more, it is assumed that the distance D is smaller than 4R, R, L,./(A(L; — 1)(L, — 1))

(channel does not experience keyhole behavior [58]), where A denotes the carrier
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wavelength. The spacing between two adjacent antenna elements at the Ty and Ry
is denoted by dr and dg, respectively. It is assumed that 7 and g are much smaller
than the radii R; and R,, i.e., max{dr,dg} < min{R;, R,}. Angles 67 and 6y describe
the orientation of the T, and R, antenna array, respectively, relative to the x-axis.
Similarly, the T, and R, are moving with speeds vy and vg in directions described

)

by angles v and ~yg, respectively. In Fig. 18, the symbols Oz(Tm) and ag? are the

angles of departures (AoD) of the waves that impinge on the scatterers S;m) and S,(%"),

(m

whereas ap ) and 045;1) are the angles of arrivals (AoA) of the waves scattered from

S(Tm) and SI(%"), respectively. The symbols €p,, €mg, €pns €ng, and €, denote distances
Ag?) — S(Tm), S}m) — Ag), Agf’) — SI(;), Sl(,%") — Ag), and Srfpm) — S}(%n), respectively, as
shown in Fig. 18. In Fig. 19, the symbols 041%‘(’15 and €,, denote the AoAs of the LoS

paths and the distance Ag,:? ) Ag%q), respectively.
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Figure 18: Single- and double-bounced “two-ring” model for MIMO M-to-M channel
with L, = L, = 2 antenna elements.

From the geometrical model described above, the received complex faded envelope
of the link A%f’ ) Ag) is a superposition of the single-bounced transmit, single-bounced

receive, the double-bounced rays, and the LoS and can be written as follows
hoo(t) = hoPT(t) + PR () + BDP(8) + hios (), (72)
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Figure 19: The LoS paths in the 2x2 channel of Fig. 18.

where the single-bounced components of the received complex faded envelope are,

respectively,

| nrf)
RSBT (1) — "1 %pg
pq ( ) qu + 1 (73)
M

(m)

6]¢m _j 27” (Epm +€m¢I)+j27rt[meax COS(OCT _’YT)J"meax COS(QR

lim

M —o004— v M ’

m=1
/ Q
RSBR(4) — TR épq A

N 6J¢n —j 27“ (€Pn+€nq)+j27rt[meax Cos(a’(Tn) _’YT)+meax COS(CYgL) _'VR)]
lim

N0 n=1 \/N ’

the double-bounced component of the received complex faded envelope is

1
hDB(t) — 77TR L RE"pg (75)
ba pq+1MNHoo ln « VMN

X e j BN (ﬁpm+€mn+5nq +]2Trt[meax COS(Q(T )7'YT)+meax Cos(a(n)f'YR)]‘Fj(Z)mn

and the LoS component of the received complex faded envelope is

KP(IQPQ eijthmax cos(m— aL"S—WT) 6]27rtmeax cos(aLOS

I —YR)— J ~ €pq 76
Ky +1 (76)

LoS
hog (t) =

In (73) - (76), €2, and K, denote the transmitted power and the Ricean factor of the

subchannel Agf ) Agg), respectively. Parameters nr, ng, and nrg specify how much
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the single- and double-bounced rays contribute in the total power €Q,,, i.e., these
parameters satisfy ny + nr + nrg = 1. Frequencies frmax = vr/A and frujax = Vg/A
are the maximum Doppler frequencies associated with the T, and Ry, respectively. It
is assumed that the AoDs (agpm) and ozg? )) and the AoAs (agn) and osz)) are random
variables. Note that double-bounced rays have the AoD, a(Tm), independent from
the AoA, aﬁ?, [58], whereas single-bounced rays have the AoA, agn), dependent on
the AoD, a(Tm), and the AoD, a? ), dependent on the AoA agl) (see Appendix D).
Finally, it is assumed that the phases ¢,,, ¢, and ¢,,, are random variables uniformly
distributed on the interval [—7, 7) and independent from the angles of departure and
the angles of arrival.

As shown in Appendix D, the distances €y, €mg, €pn, €ng, €Emn, and €,, can be

expressed as functions of the angles aT ), ozg%), and aL"S as follows:
epm ~ Ry — (0.5L¢ + 0.5 — p)or cos (eT . a(T"‘)) : (77)
€mg ~ D —(0.5L,+0.5—q)0r [AT sin fp sin agpm) — cos QR} , (78)
€n ~ D —(0.5L;+ 0.5 —p)or [AR sin 7 sin ag) + cos HT] , (79)
eng ~ Ry —(05L, +0.5 — q)dp cos (agw - 93) , (80)
sin <a§§”) — ag)>
€Emn = ~ D, (81)

Em
sin (X + (aﬁ?’ — ozﬁ?))

- D — (0.5L; 4+ 0.5 — p)dp cos Oy — (0.5L, + 0.5 — q)dg cos (g’ — Or) , (82)

Q

where parameters p and ¢ take values from the sets pe {1,..., L;} and g€ {1,..., L.},
respectively, Ay = R;/D, and Agr = R,./D.
Using (77) — (82), the single-bounced transmit, single-bounced receive, double-
bounced, and LoS components of the complex faded envelope become, respectively,
T (Li+1—2p)67 cos(0p—al™)

SBT (;\ _ 77T Nriipg e’ Jbm—33F (D+Re)
hpg () = 1 M_WZ VM € * t (83)
(m)

% ejg (Lr4+1—2q)dg[Ar sin O sin 0451 )—cos Or) ej27rt[meaX cos(ocgwm) —7)+fRmax(Ar sinyg sin a.”’ —cos yR)]

Y
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N = _ c (n)
hSBR(t> _ T]Rqu lim eI 5 (Lr+1-2q)dR cos(oy, ' —0R) e]’(bn*jQTﬁ(D‘i’RT) (84)
Pq qu +1 N—>oo — \/N

% 6 T (Le+1-2p)ér [AR sin O sin 045% >—|—Cos 0] j27rt[meax Cos(agl) —YR)+ fTmax (AR sinyr sin oc%”—&—cos yr)]

Y

mn—j 2 (D+Rr+R
hDB(1) = TITRqu ! Z N idmn—3 % t)ejg(Lt*Fl*Zp)&TCOS(HT*O‘EAFM)) (85)
pa qu + 1 MN—)oo \/_

m,n=1

X e]% (LT‘+172Q)6R COS(a(n) GR) 6.727Tt[meax COS(O‘(m) 77T)+meax Cos(a(n) 771?)]

hLOS(t) / 1K+ g;(pq e IHD o327t frmax cos(m—afoS —y1)+j2mt fRmax cos(af5® —VR) (86)
pq

> ejg [(Lt+1—2p)d7 cos Op+(Lr+1—2q)dRr cos(aLOS GR)]

The complex faded envelope in (72) also can be written as h,,(t) = h;(,? (t)+y h\d (1)

where

hyd () = R{hp7T (@0} + R{p (0} + R{ART O} + R{bFD}, (87

rq

(1) = S{hpT(OF + S{hp (O + S (0 + S{h° (1)), (88)

are the I and Q components of the complex faded envelope, and ®{ - } and &{ - }

denote the real and imaginary operation, respectively.

5.3 Space-time Correlation Functions and Space-Doppler
Power Spectral Density
Assuming a 2-D non-isotropic scattering environment, we now derive the closed-form
space-time correlation function of the complex faded envelope in (72). We also show
that this space-time correlation function reduces to the one derived in [37] if there are
no single-bounced and LoS rays and 2-D isotropic scattering is assumed. Furthermore,
we derive the space-time correlation functions of the I and Q components of the
complex faded envelope for a 2-D isotropic scattering environment. Finally, we derive
the space-Doppler power spectral density of the complex faded envelope, assuming a

2-D non-isotropic scattering environment.
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The normalized space-time correlation function between two complex faded en-

velopes hy,(t) and hz;(t) is defined as

E [hpq(t)hﬁij(t + T)*]
quﬁgj (ST, (SR, T =
Or0m7) = O PIE e O] (8)

[
_ E [hSBT hé‘BT (t+7) } + E [hDB hQB (t+7) }
VEURSETOPEIRET 0]\ [EIREE(OFEIRG? (1))
B (132" 0)hs "+ 7 ] g w@m
+
\/EH hSBR(1)|2]E] hSBR \/E[ hLoS (¢ hLOS(t)| ]

where (- )* denotes complex conjugate operation, E[ - | is the statistical expectation
operator, p,p € {1,...,L;}, and ¢, ¢ € {1,..., L. }.
Using (83), (84), and (89), the space-time correlation functions of the single-

bounced components can be written as

SBT SBT *
RYP(67,0R,T) = E [Py ()h" ¢l _ lim - (90)
¢E T ORRIGET R M

% § E |i€j 1 " [(p—p)dT cos(HTfagqm))Jr((}fq)éR(AT sin O sin agﬂm)fcos 0r)]
m=1

(m)

w0277 rmax cos(@f —r)+ frmax (AT sin g sin o™ —cosyp)

)

E [RSER(4)RSPR(t + 1)
VEIRPRO PR @)
N

> § |:€j 1(G—9q) §Rcos(a(n)—93)+(ﬁ—p)6T(AR sin O smag%)—s—cosGT)]

X 6_j27rT[meax(AR sin Yr sin O‘( )+COS 7T)+medx cos(a _’YR)] i
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Using (85) and (89), the space-time correlation function of the double-bounced com-

ponent becomes
RP (57.6p,7) = — o @)D (t+7)] (92)
Paq,pq ’ ’
VEIREZ (PIE]REE ()]

M N

: TR — 7277 (frme cos(oc(m)— )+ fRme cos(a(n)— )

— ].lm Z Z E |:6 J Tmax T T Rmax R YR
M,N—oco M N

m=1 n=1

N ej%"[(q—q)aRcos(ag)—eRH(ﬁ—p)aTcosz—a(Tm))]].

Since the number of local scatterers in the reference models described in Section 5.2

is infinite, the discrete AoDs, a(Tm), and AoAs, ag), can be replaced with continuous
random variables ar and ag with probability density functions (pdf) f(az) and

f(ar), respectively. Hence, the space-time correlation functions of the single- and

double-bounced components can be rewritten as

™
P2m (5 _ P2 (G i i _
RSPT (87,05, 7) = 1 / 1% (P-P)or cos(br—ar) o35 (@-0)r(Ar sindsinar—cosOr)  (g3)

—Tr

% eijﬂ'Tmeax Cos(an’yT)eijWTmeax(AT sin yp sin ancOS'yR)f(aT)daT’

T
RSB}@((ST Sp,T) = 77R/ eI 5 (§=0)0R cos(ar—0R) o5 % (5—p)d7 (AR sin 07 sin arg +cos O7) (94)
pq,pq ’ ’
—T
% e*]QTI’TmeaX cos(aRf'yR)67]27TTan]ax(AR sin yp sin ozRJrCOS'yT)f(OéR)daR,
T T A
Rﬁ%@((sT,(SR,T) — nTR/ / e~ I277[frmax cos(ar —77)+ fRmax cos(er—7VR))] (95)
- J -7

Prior work uses several different scatterer distributions, such as uniform [59], von
Mises [60], Gaussian, and Laplacian [61]. In this section we use the von Mises pdf
because it approximates many of the afore mentioned distributions (e.g., uniform and
Gaussian), matches well measured results in [62], and in contrast to afore mentioned
distributions, leads to closed-form solutions for many useful situations. The von Mises
pdf is defined as [60]

N 1
a 27'(']0(]{?)

f(0) exp [k cos(6 — )], (96)
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where 0 € [—7,m), Io( - ) is the zeroth-order modified Bessel function of the first kind,
W € [—m,m) is the mean angle at which the scatterers are distributed on the ring, and
k controls the spread of scatterers around the mean. When k =0, f(0) = 1/(27) is a
uniform distribution yielding 2-D isotropic scattering. As k increases, the scatterers
become more clustered around angle ;1 and the scattering becomes increasingly non-
isotropic. By denoting the von Mises pdf for the T, and Ry scatterers as f(ar) =
exp [kr cos(ar — pr)]/(2mly(kr)) and f(agr) = exp [kg cos(ar — ur)]/(2nly(kr)), re-
spectively, the space-time correlation functions of the single- and double-bounced

components become, respectively,

SBT _ nr
qu pq(5T7 (53, 7') = —271_[0(]{:T) (97)

™
X / ejQT”(ﬁ—p)st cos(GT—aT)ej%r(ij—q)éR(AT sin O g sin vy —cos 0Rr)
-7

% ekT cos(an,uT)eijWT[meax cos(ar—y7 )+ fRmax (AT sinyg sin ap—cosyr)] dCL’T,

r
Ry i(0r,0p,7) = 9Ty (r) (98)

™
% / oI B (@=a)0R cos(ar—0r) o 5T (F—p)d1 (AR sin O sin ap+cos fr)
—T

x ekR COS(OAR*MR)6*j27TT[meax(AR sinyr sin a g+cos Y1)+ fRmax cos(aRf’yR)]dalb

s 58 _ Nrr
qupq( 7,08, 7) A2 1o(kr)Io(kR) v

« / / ok cos(ar—pur) on cos(an—pir) o £ (5-p)or cos(ar—0r)
—Tr

% e] x (G—9)0r cos(ar—0R) o —5277[fTmax cos(ar —77)+fRmax cos(ar— ’YR)]dOéTdOéR

Using trigonometric transformations, (97) and (98) become, respectively,
nTe—jQT’T (§—q)0r cos OR+327T fRmax COS VR

RSP (87, 0r,7) = TN (100)

™
X /GISBT cosar+yspr sinar daT,

-

L2~ .
J 5 (P—p)dr cos 07 —j21T frmax coSYT

RSBR Y _ nre 101

pqpq( T R’T) 27T]0(/€R) ( )

s
X /e-TSBR COSR+YSBR SlnaRdO[R,

-
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where parameters spr, Yspr, Tspr, and yspr are xgpr = j(27/A)(p — p)dr cos O —
J2TT frmax €08y + kr cos pur, yspr = J(271/AN)((p—p)dr sinbr + (¢ — q)0pAr sin ) —
I27T(frmax SN YT 4 fRumax A7 SInYR) + krsinur, xspr = j(27/A) (G — q)0r cos O —
J27T fRmax COS Yr+ER cos g, and yspr = j(27/A) ((p—p)orAg sin 07+ (G—q)0gr sin Og)
— 1277 (frmax AR SIN Y7 + fRmax SN YR) + kg sin pg. Finally, using the equality

[T easin@tbeos@ge = 271 (Va2 +b?) [63, eq. 3.338-4], the space-time correlation

functions of the single-bounced components become

Io (v :B%BT + yg‘BT)

RSBZ 5 75 ’ _ _jQTW(q_q)éRC056R+j27TTmeaxCOS'YR , (102

.5 (O3 OR; T) e Iy(kr) (102)
o . Iy ( Tipp T yg‘BR)

T R R o

Io(kr)

Since ar and ap are independent random variables, the double integral in (99)
reduces to the product of two single integrals. By grouping the terms in (99) into those
containing ap and those containing ag, and by using trigonometric transformations
and the equality [63, eq. 3.338-4], the space-time correlation function of the double-
bounced component becomes

Io (v xQDB + y%B) Io (v Z2DB + w%)B)

Io(kr)Io(kR) ’

R;Z%q(aT?(sRvT) = NTR (104)

where parameters zpp, Ypp, 2pp, and wpp are rpg = j27(p — p)drcosbr/A —
J2TT frmax €08 yr+kr cos pr, ypp = j27 (p—p)dr sin 01/ A\—j 27T frmax Sin yp-+kr sin pir,
zpp = j27(§ — q)O0r cosOr/ N\ — J2TT fRmax COSYR + kg cos ug, and wpp = j2m(G —
q)0rsinOr/\ — J27T fRmax SIN YR + kg sin pg, respectively.

Using (77) and (89), the space-time correlation function of the LoS component

can be written as

_ . s _LoS _ i LoS _
RLOS (5T76R’T’ t):1/quKp[1'6 727 (epq qu)/)\e 3277 [ frmax cos(m g’ ’yT)-i—medxcos(aRq Yr)]

Pq,Pq

> ej27rthmax[cos(ﬂ—aé‘[’ls—’yT)—Cos(ﬂ—oaIé‘(’iS—’yT)] 6j27rtmeax [cos(aLst—'yR)—cos(a}L{%S—'yR)} (105)
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Based on the assumption max{R;, R,} < D, from Fig. 19 we obtain a}L%‘;S = alL{gS ~ T

which in turn simplifies (105) to

27 27 . o
RLOS (6T7 (SRyT) ~ /quKjiijej 07 cos O —j S-0R cos@ReJQWTmeax CcoS YT —J 27T f Rmax cos’yR.(106>

Pq,Pq

Finally, the normalized space-time correlation function R,,;;(d1,0r,7) between
two complex faded envelopes h,,(t) and h;5(t) becomes a summation of the normalized
space-time correlation functions RYPT(dr, 0k, 7), ROPE(dr,0r,7), RLD(0r,0R,T),

and RLoS- (67,0, 7), defined in (102) - (104) and (106), respectively.

Many existing correlation functions are special cases of the MIMO M-to-M space-
time correlation function in (89). The simplest special case of (89) is Clarke’s temporal
correlation function Jy(27 frmax7) [20], obtained for K = 0 (NLoS condition), kg = 0
(2-D isotropic scattering around Ry), frmax = 07 = dg = 0 (stationary Ty, single-
antenna Ty and Ry), and no scattering around Ty (set nr = nrr = 0 to cancel
one of the Bessel functions), where Jy( - ) is the first kind zeroth-order Bessel
function. Expressions for other space-time correlation functions based on the “one-
ring” model [64], [65] can be similarly obtained. The temporal correlation function for
M-to-M channels, assuming 2-D isotropic scattering, Jo(27 frmaxT)Jo(27 frmax7) [31]
is obtained for K =0, ny = nr =0, kr = kg = 0, and 07 = g = 0. Similarly, the
spatial correlation function for M-to-M channel Jo(27(p — p)dr/N) Jo(27(G — q)0r/N)
[66] is obtained for K =0, ny =nr =0, kp = kg = 0, and 7 = 0. Finally, the space-
time correlation function for M-to-M channels, assuming 2-D isotropic scattering,
Jo <\/m> Jo (M) [37] is obtained for K =0, ny = nr = 0, and
kr = kr =0.

The space-time correlation functions of the I and Q components of the complex

faded envelope can be obtained by substituting (87) and (88) into (89). For a large
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number of scatterers (M, N — o) and 2-D isotropic scattering the space-time corre-

lation functions of the I and Q components of the complex faded envelope are

R (5. 55 7) = R{Rpypa(0r, 65, 7)}

Pq,pq

= N cos (27T frmax €08 YR — 27(§ — q)(0r/A) cos Or)Jy <\/x?SBT + yiQSBT)

+ nrcos(2m(p — p)(dr/A) cosOr — 27T frmax COS 'VT) Jo (\/ Tspr + y?SBR)
+ nrrdo | Tipp + ?JZ'QDB>J0 <\/ Zipp + wz‘ZDB)

+ VKo K5 COS|:27T(5T//\) cos Op —2m(dr /) cos Or + 27T frmax COS YT

- 27TTmeax COS ’YR:| ) (107)

R(I’Q)(5T7 Or,T) = S{Rpgp3(0r,0R, 7)}

pq,Pq

= npsin (277 fpmax c0s Yr — 27m(§ — q)(0r/ ) cosOr)Jy (\/%2337’ + yz'QSBT)

+ ngsin (27r(]5 — p) (87 /) cos O — 27T frmayx COS ”yT> Jo (\ [225p + nyBR)

+ VK, Kpsin [27r((5T/)\) cos O —2m(dr /) coS OR2TT frmax COS YT

— 27T f Rmax COS 731 , (108)

where parameters y;spr, Yispr, TisBT, TiSBR, TiDB; YiDB; ZipB, and w;pp are equal to
Yispr = 27[(p — p)(07/N) sinOr + (G — q) (Or/N) Arsin O — 7( frmax SNV + [Rmax AT
sinyr)], yisr = 27[((4—q)(0r/A) sin g+ (p—p) (01 /A) Ag sin 07) =7 ( frmax A g sin yr+
frmax SINYR)|, Tispr = 27[(p — p)(d1/A) co8Or — T frmax cOSYr], Tispr = 27[(§ —
q)(0r/A) cosOr — T frmax COSVR], Tipp = 27w[(p — p)(d1/A) cosOr — T frmax COS V7],
yipp = 27[(p — p)(07/N)sinbOp — T frmax sinyr|, zipp = 27[(§ — q)(0r/\) cosOr —
T fRmax €08 Yr|, wipp = 27[(¢ — q)(dr/A) sinOr — T frmax sinyg|. The derivations of
these expressions are presented in Appendix E.

The space-Doppler power spectral density (sD-psd) of the complex faded enve-

lope is the Fourier transformation of the space-time correlation function. We start
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the derivation for the sD-psds of the single-bounced components by noting that the

functions I (wgg%BT - y%BT> and I (\/17%351 - y%BR> can be written as

2_
. Prsprd p 4z w
JED) o —A 2 sBr4ysBr _ FPysprYTsBr YSBT 109
0 [] T fTma \/ (r—Aspr) +< o oo + o meax) . (109)
Posprd Pyssnd w d
Iy | 727 fRmax\ [ (T—As 2+< CoBRiYsBR  TYSBREZSOR 4 YSBR ) . (110
0 {J Ir ( BR) Frman F i 27 F o (110)

where Prgpr = (13 - p)(éT/A) COs ‘gTa Qzspr = COSTT, ASBT = (27Tpa¢SBTq$SBT +27prSBT

Qyspr + w$SBT)/27Tmeax7 Pysgr = [(ﬁ - p>5T sin ‘gT + (Cj - q)(SRAT sin QR]/)‘v Qyspr &~

sinyr, Aspr = (QszSBquSBR+27prSBquSBR+w33SBR)/27Tme8X7 Wegpr = —Jjkr COS<’VT
— pr), Wyspr = —Jkr sin(yr — pr)s Pespr = (@ — @)(Or/A) cOSOR, qugp, = COSTR,
Wegpr — _.]kR COS(VR - MR); pySBR = [(ﬁ - p)éTAR sin QT + (g - Q>5R SineR]/)\a

Qyspr =~ Sinyg, and wyg,, = —jkgsin(yg — pgr). Using (109), (110), and equal-
ity fooo In(aV/t? 4 u?) cos(fGt)dt = cosh(u\/Oz2 3?) /\/042 (32 63, eq. 6.677-3], the

sD-psds of the single-bounced components become

f{RSBT((ST 5R )} . nr €exp {_jQprSBR - j277(f - meaX COS ’YR)ASBT}
rpd , 7 ]O(kT) 7Tmeax\/]- - [(f - meaX Ccos /YR)/meaxP

X cosh |:(kT Sin(:uT _/YT) +j27rp$SBT Qyspr _jQWpySBT qISBT)

X V1=[(f~ frmas COSVR)/meaX]Q] , (111)

2 rsSpT 2 + max A
f{Rff£(5T,5R,T)} - 77]1; exp {J27pa 727 (f + frmax cos ) SJzR}
0( R) 7TmeaLx\/l - [(f + meax COs ’YT)/meax]

X COSh{(k’R Sin(,uR - 7R)+j27rp$SBRQySBR_jQWpySBRQHCSBR)

X \/1 — [(f + frmax COS’YT)/meax]2:|7 (112)

where cosh( - ) is the hyperbolic cosine, |f — frmaxc0SYr| < frmax and |f +

meax COS ")/T’ S meax-

Note that existing power spectral densities derived assuming “one-ring” model, are

special cases of (112). The simplest special case of (112) is Clarke’s power spectrum
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/(7 F s — 2, 1f] < frmax [20], obtained for kg = 0, frmax = 0, kr = 0, and
dr = 6g = 0. Similarly, the 2-D non-isotropic power spectral density in (3) of [60] is
obtained for fry.. =0 and dr = dzr = 0.

We start the derivation for the sD-psd of the double-bounced component by noting

that

# {1 (Vfebo+ o ) 1o (\Vobo + )}
= Fu(Vobo i) bor{n (Vaborube) b )

where ® denotes convolution. Using (113) and similar reasoning as above, the space-

Doppler power spectral density of the double-bounced component becomes

F{RLE (67,0p,7)} = e
g or 0m T} = o = U )’

w ¢ I@mPeppepp+27Pyp g Qyp g +ikT cos(Yr —p1)) f/ frmax

X COSh[(kT Sin(:uT_fYT)_’_jQT‘-prquDB _j27prDBqa7DB)\/]‘ - (f/meax)2:|

e_j(Qﬂ'pzDB dzpp +2ﬂwaquDB +ikr COS(’YR_N/R))f/meaX

[O(kR)Trmeax\/l - (f/meax)2

X COSh |:<kR Sin(uR_,yR)+j27Tp2DquDB _j27rwaBq;:D3)\/1 - (f/meax)2:| 7(114)

where p,,, = (b — p)(6r/A) cosOr, Gugyr = cOSYT, Dypy = (D — p)(0r/A)sin by,
Qyspr = sin YTy Pzpp = (qN_q) <5R/>\) COS 0R7 42pp = COSVR, Pupp = (qN_Q) (5R/A) sin QRa
Qupp = Sinr)/R) and |f| S meax + meax-

For 2-D isotropic scattering and d7 = g = 0 (SISO system), the sD-psd of the

double-bounced component has the closed-form expression [31]:

F{RPE_(0,0,7)} L g |its / 2 (115)
~~ T —_= —_ _—

PaPat=r 77'2\/§meax 2\/g (1 + S)meax ’

where K[ - ] is the complete elliptic integral of the first kind and s is the ratio

of the maximum Doppler frequencies frmax and frmax, 1€, S = frRmax/frmax. TO

validate the derived sD-psd in (114), we compare this expression for 2-D isotropic
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scattering and 67 = dg = v = yg = 0 with the sD-psd in (115). For different ratios

S = fRmax/fTmax, Fig. 20 shows good agreement between the sD-psds in (114) and

(115).

[N
o

————— sD-psd in (43), s=1
sD-psd in (44), s=1
------- sD-psd in (43), s=0.5
—o—sD-psd in (44), s=0.5

(. )=0, s

Rmax  Tmax:

7 (meax_meax)/(meax+meax): -l/: ’ (S: 1) (meax Tmax)/(meax Rmax) 1/

(s=0.5) \ / /(s 0.5)

0 -(r T ' T ' T ' T ' T T ' T ' T ' L] ' L] 1)
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Normalized Doppler Frequency f/(f,__+f, )
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Figure 20: Comparison of the normalized Doppler power spectra in (114) and (115)
for 07 = 0r = 0 and different rations s = frmax/fTmax-

By calculating the Fourier transformation of the space-time correlation function

n (106), we obtain the space-Doppler power spectral density of the LoS component:

]:{Ri;gq@%(gmﬂ} _ \/mej%”[(ﬁ—p)hCOSGT—(fi—q)5RCOSOR]

X 5(f - meax COsS YT + meaX COs 7R)7 (116)

where §( - ) denotes the Dirac delta function.
Finally, the sD-psd Spq55(0r, g, f) between two complex faded envelopes hy,(t)
and hj5(t) becomes a summation of the sD-psds S5PL(67, 0, f), Sot(dr,0r, f),

SPB (57, 8p, f), and SL°S (67, g, f), defined as in (111), (112), (114), and (116),

Pq,Dq Pq,pq

respectively.
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In Figs. 21 and 22, we plot the sD-psd, Sy, 55(07, dr, f), for several MIMO systems
with parameters s = frmax/frmax = 1, 07 = dg € {0.5\, 1A, 5\, 10A}, 6 = /3,
Or = w/4, vp = yg = 7/2, and L, = L, = 2. In these figures, we analyze the radio
propagation in outdoor micro- and macro-cells, assuming 2-D isotropic scattering
(kr = kg = 0) and line-of-sight (K = 10) conditions between the transmitter and
receiver. In Fig. 21, we assume that the single-bounced rays bear more energy than
the double-bounced rays, i.e., nr = ng = 0.4 and nrr = 0.2, which is characteristic
for the outdoor micro-cell propagation. We can observe that this spectrum is similar
to the U-shaped spectrum of F-to-M cellular channels. In Fig. 22, we consider the
macro-cell propagation, i.e. the double-bounced rays bear more energy than the
single-bounced rays (nr = nr = 0.1 and nrgr = 0.8). In this case, the sD-psd differs
from the U-shaped spectrum of cellular channels. Finally, compared to measured

Doppler spectra in [39], [40], our theoretical Doppler spectra closely match.
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Figure 21: The normalized space-Doppler power spectra characteristic for the out-
door M-to-M micro-cells.
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Figure 22: The normalized space-Doppler power spectra characteristic for the out-
door M-to-M macro-cells.

5.4 MIMO M-to-M Simulation Models

The reference model for MIMO M-to-M channels described in Section 5.2 assumes an
infinite number of scatterers, which prevents practical implementation. It is desirable
to design simulation models with a finite number of scatterers, while still matching
the statistical properties of the reference model. Hence, we propose simulation mod-
els that describe propagation in outdoor micro- and macro-cells. In our models, the
complex faded envelope is designed as a superposition of the LoS, the single-bounced,
and the double-bounced rays. Assuming 2-D isotropic scattering and using the refer-

ence model described in Section 5.2, we propose the following function as a received
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complex faded envelope: hy,(t) = i) (t)+7 h\ (t) where
(1 2Pr (m)

hy, Z —cos 1 — g c0s Op— 27t f pmax COS YR | cos | K cos | Or—ay

+ 27t frmax COS (a(Tm) —VT) + K,ApsinOgsin a(Tm)+ 27t f Rmax A sin v sin a;m)+ (ﬁm]
Z — COS (B4 K cos 07427t frmax cos 7| cos [K CoS (aR 9R>

+ 27t f Rmax COS <a§;) —VR) + K,Apgsinfpsin ozg;?) + 27t frmax AR sin y7 sin ozgg) +¢n]

2P . . n
—tn;:ﬂ/ J 7;[ o [KPCOS (GT_Q(T )> +2 [ TmanCOS (a(T )_7T>] COS[Kq cos (a% ) —QR)

+ 27t f Rmax COS (ag) —’yR) +¢mn] + Progc08 [Kpcos Or+K, cos(aRqS Or)

+ 2mt(fRO fROS )] : (117)

M
2Pr . . m
= Z \/%sm [5m—Kq cos 0p — 27t f Rimax COS’yR} cos [Kp sin <9T—a(T )>
(m)

m=1

N
2P )
+ Z \/——]3 sin [ﬁn—i-Kp oS 07 +27t frmax COS ’yT] Cos {Kq sin (a%) - 9R>

+ 27t f Rmax SIN (ag) —vR> + K,Apsin 0y cos a%) + 27t frmax A g Sin v cos ozgl) —i—(bn}

2P . - | | )

+ Z /]\;-—‘—]R;[ Sin |:[(pCOS <6T _a’g" )) +27thTmaxCOS (Oég., )—f}/T>i| sin |:Kq sin <a(R ) . GR)
m,n=1

+ 27t frmaxsSin (O‘ED?) _7R> +¢mn] + Prossin {Kpcos 0T+chos(aﬁgs Or)

+ 27rlf( %OS_{_fLos)} ’ (118)

are the I and Q components of the complex faded envelope, (3,, and (3, are the

random path gains, Pr = \/nrQ/(Kpg+ 1), Pr = /Mrq/(Kpg+ 1), Prr =
\/nTRqu/( pg T 1), K, = 27(0.5L, + 0.5 — q)0r/ A, Pros = \/ququ/(l + qu)a
Ky = 2m(0.5L; + 0.5 — p)or/ X, f1°° = frmax cos(m — af® — yr) and f£°° = [rmax

cos(a]%‘;s — YR)-
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The I and Q components in (117) and (118) are constructed as follows: the single-
bounced components of the complex faded envelope are constructed using a similar
method to one described in Section 3.2 for the SISO F-to-M model, whereas the
double-bounced components of the complex faded envelope are constructed using a
similar method to one described in Section 4.2 for the SISO M-to-M model.

We first propose an ergodic statistical (deterministic) model, which needs only
one simulation trial to obtain the desired statistical properties. The complex faded
envelope is hy,(t) = D (t) + jhs (t), where functions hi) (t) and h\? (t) are defined
in (117) and (118). For this model, the phases ¢,,, are generated as independent
random variables uniformly distributed on the interval [—m, 7). The AoDs, AoAs and

random path gains are chosen as follows:

m T
ol = 7 (m = 0.5) + 7 (119)
2

o = Nﬁ (n — 0.5) + va, (120)
m(m — 0.5)

- mm=zUo) 121

ﬁm M Y ( )
27(n — 0.5)

_ mn—ro) 122

B ~ (122)

form=1,..., M,n=1,... N, respectively.

By allowing amplitudes, phases, and Doppler frequencies to be random variables,
our deterministic model can be modified to match statistical properties of the ref-
erence model over a wider range of normalized time delays, while at the same time
requiring a smaller number of scatterers around the T and Ry. The statistical proper-
ties of this model vary for each simulation trial, but will converge to desired ensemble
averaged properties when averaged over a sufficient number of simulation trials.

The complex faded envelope is h,,(t) = h;,{l) (t) + jh;g) (), where functions hé{]) (1)

and hS? (t) are defined as in (117) and (118), respectively. The angles of departures
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and the angles of arrivals are chosen as follows:

(m) 2rm Y —
= 05— 123
n 2tn 0 — 7
o) = —~ T v (124)

form=1,..., M, n=1,..., N, respectively. The parameters ¢, Bm, Bn, 0, and ¥

are independent random variables uniformly distributed on the interval [—m, 7).

5.5 Simulation Results

This section presents simulation results of our new models. In all simulations, we
use a normalized sampling period frmaxTs = 0.01 (frmax = frRmax are the maximum
Doppler frequencies and T is the sampling period). The orientations of the T, and
Ry antenna arrays are chosen to be 0y = 0z = 7/2. The angles of motion for the
T, and Ry are chosen to be vy = w/4 and vg = 0, respectively. The Rice factor is
K = 0.2 and the AoA of the specular component is aﬁgs = .

Figures 23 and 24 present the space-time correlation functions (07 = dg = 0.5))
of the I and QQ components of the complex faded envelope, respectively, for the system
with L; = L, = 4 antennas, using M = 22 and N = 40 scatterers in the deterministic
model. In Fig. 23, we assume that the single-bounced rays bear more energy than the
double-bounced rays, i.e., np = 0.7, ng = 0.2, and nyr = 0.1. In Fig. 24, we assume
that the double-bounced rays bear more energy than the single-bounced rays, i.e.,
nr =nr = 0.2 and nrp = 0.6. Results show that the space-time correlation functions
of the deterministic model approach the theoretical ones in the range of normalized
time delays, 0 < frmaxls < 6.

Figures 25 and 26 present the space-time correlation functions (0r = 0 = 0.5))
of the I and Q components of the complex faded envelope, respectively, for a system
with L; = L, = 4 antennas, using N = M = 16 scatterers and Ng,; = 50 simulation

trials in the statistical model. In Fig. 25, we assume that ny = 0.5, ng = 0.4, and
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Figure 23: The theoretical and simulated normalized space-time correlation func-
tions of the I and Q components of the 2-D MIMO M-to-M deterministic model for
the radio propagation in outdoor micro-cells.

nrr = 0.1, whereas in Fig. 26, we assume that ny = ng = 0.05 and nyr = 0.9. Results
show that the space-time correlation functions of the 2-D MIMO M-to-M statistical
model approach the theoretical ones in the range of normalized time delays, i.e.
0 < frmaxTs < 10.

Here we compare the performance and complexity of our new models with the
MMEDS model described in Section 2.4.2.2. For fair comparison, we remove the
LoS and single-bounced components of the complex faded envelope from our models.
Figure 27 compares the temporal auto-correlation functions of the complex faded en-
velopes obtained by the deterministic, the statistical, and the MMEDS model. For
the MMEDS model and the deterministic model, the temporal correlation functions
are obtained using M = 40, N = 38 and M = 22, N = 40 scatterers, respectively. For

the statistical model, the temporal correlation function is obtained using N = M = 14
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Figure 24: The theoretical and simulated normalized space-time correlation func-
tions of the I and Q components of the 2-D MIMO M-to-M deterministic model for
the radio propagation in outdoor macro-cells.

scatterers and Ny, = 50 trials. Figure 27 shows that the temporal correlation func-
tion of the MMEDS model approaches the theoretical one for normalized time delays
in the range 0 < frmaxTs < 6. The temporal correlation function of the deterministic
model approaches the theoretical one in the same range of the normalized time delays
as the MMEDS model, but requires a smaller number of scatterers. Finally, the tem-
poral correlation function of the statistical model approaches the theoretical one in a
wider range of normalized time delays (i.e., 0 < frmaxTs < 10) than the deterministic
and the MMEDS model.

Figure 28 compares the space-time correlation functions of the complex faded
envelopes for system with L, = L, = 2 antennas, obtained by the deterministic, the
statistical, and the MMEDS model. For the MMEDS model and the deterministic
model, the space-time correlation functions are obtained using the same number of

scatterers as in Fig. 27 and antenna distances 07 = ég = 1 A. For the statistical
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Figure 25: The theoretical and simulated normalized space-time correlation func-
tions of the I and Q components of the 2-D MIMO M-to-M statistical model for the
radio propagation in outdoor micro-cells.
model, the space-time correlation function is obtained using N = M = 22 scatterers,
antenna distances o7 = dg = 1 A, and Ny, = 50 trials. Figure 28 shows that the
space-time correlation function of the MMEDS model approaches the theoretical one
for normalized time delays in the range 0 < frmacls < 5. The space-time correlation
function of the deterministic model approaches the theoretical one in a somewhat
wider range of normalized time delays (i.e., 0 < frmaxTs < 6), while requiring a
smaller number of scatterers than the MMEDS model. The space-time correlation
function of the statistical model approaches the theoretical one in the widest range
of normalized time delays (i.e., 0 < frmaxTs < 10).

Simulation results presented in Fig. 28 indicate that larger distances between
antenna elements require a larger number of scatterers to match theoretical statistics
for the same normalized time delays as in Fig. 27. For the statistical model, instead

of using many scatterers (e.g., 40) in all simulations, we propose to adaptively select
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Figure 26: The theoretical and simulated normalized space-time correlation func-
tions of the I and Q components of the 2-D MIMO M-to-M statistical model for the
radio propagation in outdoor macro-cells.
the number of scatterers depending on the distances between antenna elements. If we
assume that a mean square error (MSE) of < 1072 is required for the simulated space-
time correlation function of the complex faded envelope (relative to the theoretical
one), we need at least M = 1442[67/0.3\] and N = 14+2[dr/0.3\] scatterers'. This
methodology can also be applied to the deterministic and MMEDS models. However,
to obtain similar statistics as with the statistical model, the number of scatterers
needs to be larger, i.e., 70 + 10[d7/r/0.3A].

To compare complexity of the various models, Table 6 summarizes the number of
simulation trials and the number of scatterers required to obtain similar statistical
properties, the number of operations in one simulation trial needed to generate the

complex faded envelope and the relative simulation times (including averaging over

LOperation [-] denotes rounding up to the next integer.
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Figure 27: The normalized temporal auto-correlation function (07 = dg = 0) of the
complex faded envelope of the 2-D MIMO M-to-M statistical, 2-D MIMO M-to-M
deterministic, MMEDS, and 2-D MIMO M-to-M reference model.

Nitar simulation trials) needed to generate the complex faded envelopes, in Matlab on
a Pentium III laptop. Here, we count only the frequently executed operations and the
number of random variables. Table 6 shows that the deterministic model has a lower
complexity then the MMEDS model, whereas the statistical model has the highest
complexity. Both of our new models require a smaller number of scatterers than the
MMEDS model, which leads to shorter simulation times.

From Table 6 and Figs. 26 - 28 we can conclude that, our deterministic model per-
forms similar to the MMEDS model, but has lower complexity and shorter simulation
time. On the other hand, our statistical model, with slight increase in complexity,
outperforms the deterministic and the MMEDS models. Finally, our deterministic
and statistical model are more general and can be used to model various outdoor

micro- and macro-cell propagation environments.
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Figure 28: The normalized space-time correlation function (61 = dg = 1A) of the
complex faded envelope of the 2-D MIMO M-to-M statistical, 2-D MIMO M-to-M
deterministic, MMEDS, and 2-D MIMO M-to-M reference model.

5.6 Summary

This chapter proposed the parametric reference model for MIMO M-to-M Ricean fad-
ing channels. From this model, the closed-form joint space-time correlation function
and the space-Doppler power spectrum for 2-D non-isotropic scattering environment
are derived. Furthermore, the space-time correlation functions of the in-phase and
quadrature components of the complex faded envelope for 2-D isotropic scattering
environment are derived. Finally, the deterministic and statistical SoS simulation
models for MIMO M-to-M Ricean fading channels are proposed. The statistical prop-
erties of the simulation models are verified by simulations. The results show that the
simulation models are a good approximation of the reference model and that they

outperform existing simulation models.
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Table 6: Complexity of different MIMO M-to-M models.

Relative
simulation
Simulation Number Estimated number of computations needed to time
models of generate hpg (t) (one simulation trial) needed
simulation to
trials generate
hpq (1)
number of cosine addition random
scatterers variable
MMEDS 1 MN 7TMN 10MN MN T
Model
New 1 Mde :MN/Z lZMde 14Mde Mde 0.24T
Deterministic — - -
Model 6MN 7TMN =MN/2
New 50 MgNg =MN/25 | 12MgNg | 14MNg | MgNg +2 0.95T
Statistical =0.48MN | =056MN | = MN/25+2 | (including
Model averaging
over 50
trials)
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CHAPTER VI

THREE-DIMENSIONAL MODELING, SIMULATION
AND CAPACITY ANALYSIS OF SPACE-TIME
CORRELATED M-TO-M CHANNELS

6.1 Overview

All previously reported models for SISO M-to-M channels [1], [31], [32], [34], [47] and
MIMO M-to-M channels [37], [38], [48]" assume that the fields incident on the Ty or Ry
antennas are composed of a number of waves travelling only in the horizontal plane.
This assumption is valid only for certain environments, e.g., rural areas. However,
it seems inappropriate for urban environments where the T, and R, antenna arrays
are often located in close proximity to and lower than the surrounding buildings.
Scattered waves may propagate by diffraction from the edges of buildings down to
the street and, thus, not necessarily travel horizontally.

In contrast, this chapter proposes a 3-D reference model for MIMO M-to-M mul-
tipath fading channels. First, we introduce a “two-cylinder” 3-D geometrical prop-
agation model for MIMO M-to-M channels. This model can be considered as an
extension of the “one-cylinder” model for F-to-M channels proposed in [67], [68]. By
taking into account local scattering around both the Ty and Ry, and by including
mobility of both the Ty and Ry, we obtain our “two-cylinder” model. Then, by using
this model, we propose a new 3-D reference model. From the 3-D reference model,
we derive a closed-form joint space-time correlation function for a 3-D non-isotropic

scattering environment.

!These SISO and MIMO M-to-M models are detailed in Chapters 2, 4, and 5.
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The reference model assumes an infinite number of scatterers, which prevents
practical implementation. Hence, we propose deterministic and statistical SoS based
simulation models for a 3-D non-isotropic scattering environment. The statistical
properties of our models are verified by simulations. We use our statistical simulation
model to evaluate the effect of the space-time correlation on the outage capacity
of uniform linear antenna arrays (ULAs) and to compare the capacities of linear,
circular, and spherical antenna arrays. First, we study the effect of antenna spacing
on the outage capacity. Our results show that increasing the distances between ULA
elements beyond 2\ has a negligible effect on the outage capacity. These results
differ from the results obtained for F-to-M channels (with fixed, elevated base station
antennas), where increasing Ry antenna element spacing beyond 5\ and Ty antenna
element spacing beyond 2\ has a negligible effect on the capacity [55]. Second, we
study the effect of antenna orientation angles on the outage capacity. When the radio
propagation environment is characterized by 2-D isotropic scattering, the orientations
of the Ty and Ry antenna arrays in the = - y plane are observed to have no influence
on the capacity. This property of M-to-M channels is in contrast to F-to-M channels,
where the T broadside antenna arrays (array elements placed on the y - axis) and Ry
inline antenna arrays (array elements placed on the x - axis) provide higher capacity
than the Ty and Ry broadside antenna arrays [64], [69]. When the radio propagation
environment is characterized by 2-D non-isotropic scattering, the optimum capacity
depends on the relative angle between the Ty (Rx) antenna array and the orientation
of local scatterers around the Ty (Ry). Furthermore, our results show that if the
available area in the x - y plane is insufficient for the antenna array realization, the
antenna array can be vertically tilted without a significant capacity loss. The results
also show that the 2-D models actually underestimate available capacity. Finally, we
compare the capacities of linear, circular, and spherical antenna arrays. The results

show that if volume available for antenna array realization is constrained, circular
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antenna arrays placed in the z - y plane will provide the highest capacity.

The remainder of this chapter is organized as follows. Section 6.2 describes the
system geometry and presents the 3-D reference model for MIMO M-to-M channels.
Section 6.3 presents the derivation of the closed-form joint space-time correlation
function for 3-D non-isotropic scattering. Section 6.4 presents the 3-D SoS deter-
ministic and statistical simulation models. Section 6.5 briefly reviews MIMO channel
capacity, evaluates the effect of the space-time correlation on the outage capacity of
ULASs, and compares the capacities of uniform linear, circular, and spherical antenna

arrays. Finally, Section 6.6 provides some concluding remarks.

6.2 A 3-D Reference Model for MIMO M-to-M Channels

This chapter considers a narrowband MIMO communication system with Ly transmit
and Lg receive omnidirectional antenna elements. Both the T, and receiver Ry are
in motion and are equipped with low elevation antennas. The radio propagation
environment is characterized by 3-D scattering with NLoS propagation conditions
between the T, and Ry. The MIMO channel is described by an Lg x Ly matrix
H(t) = [hij(t)]LpxL, of complex low-pass faded envelopes.

Figure 29 shows our “two-cylinder” model for a MIMO M-to-M channel with
L7 = Lr = 2 antenna elements. This elementary 2 x 2 antenna configuration will be
used later to construct linear, circular, and spherical multielement antenna arrays.
The “two-cylinder” model defines two cylinders, one around the T, and another
around the Ry, as shown in Fig. 29. Around the transmitter, M fixed omnidirectional
scatterers lie on the surface of a cylinder of radius R;, and the m! transmit scatterer
is denoted by Sgpm). Similarly, around the receiver, N fixed omnidirectional scatterers
lie on the surface of a cylinder with radius R,, and the n'" receive scatterer is denoted
by Sﬁ%”). The parameters in Fig. 29 are defined in Table 7.

It is assumed that the radii R; and R, are much smaller than the distance D, i.e.,
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max{ R, R.} < D (local scattering condition). Furthermore, it is assumed that the
distance D is smaller than 4R; R, Lr/(A(Lr—1)(Lg—1)) (channel does not experience
keyhole behavior [58]), where A denotes the carrier wavelength. Finally, it is assumed
that the spacing between two antenna elements at Ty and Ry, dr(p, p) and dg(q, ¢), are

much smaller than the radii R, and R, i.e., max{dr(p,p), dr(q,q)} < min{R;, R, }.

P e Ty

Figure 29: The 3-D geometrical model for MIMO M-to-M channels with Ly = Lr =
2 antenna elements.

As shown in Appendix F, the distances €,,,, €m, €ng: €ng, and €,, can be

expressed as functions of the random angles oz(Tm), ozg”), r}m), and ﬁj(%n) as follows:

R
€pm A t(m) — (AP O7) sin ¥ sin g™ — A(AP) Or) cos 0 cos P
cos (3}
x cos ™ cos BT — d(AP) Or) sin 6% cos i sin al™ cos g, (125)
R _ i i _
€om A t(m) — (AP O7) sin P sin g™ — A(AP) Or) cos 0 cos P
cos 3}
X COS a,frm) cos ﬁ(T’”) - d(Ag‘?), Or) sin 6’:(1?) cos ¢§?) sin agpm) cos ﬁém), (126)
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R,

€ng ~ = — d(AY Og) sin @ sin g1 — (A9 OR) cos 819 cos P
cos B’
X cos ag) Cosﬁl(g) - d(AR,OR) sin 9R cos l/JR sin aR Cosﬁ(n), (127)
R . . .
€ng ~ — d(A? 0g) sin @ sin g1 — d(AD OR) cos 89 cos P
cos 63
(n) (n) _ (@) ) (9) (n) (n)
X cosay’ cos By’ — d(AF.Og)sinby’ cosy sinap’ cos By (128)
€mn = \/D2 + (hT - hR)2 ~ D, (129>

where p,p € {1,...

,LT},q,QNE {17"-7

Lg}, and parameters d(Ag?,) Or) and d(Ag%q,)OR)

denote distances (positive scalars) between the p'® transmit antenna element and the

center of the Ty antenna array and the ¢*®

receive antenna element and the center of

the Ry antenna array, respectively.

Table 7: Definition of the parameters in Figure 29.

D The distance between the centers of the Tx and Rxdeyb.
R, R The radius of the Tx and Rx cylinder, respectively.
dr (p, P) The spacing betweep and p" antenna elements at the Tx
dR(q,G) The spacing betweetqlth and ﬁth antenna elements at the Rx
a§p), Hg‘) The azimuth angle of the‘h transmit andqth receive antenna

element (relative to theaxis), respectively.

w%n), w&q)

The elevation angle of tr[éh transmit andqth receive antenna

element (relative to they plane), respectively.

VT, VR The velocities of the Tx and Rx, respectively.
1. VR The moving directions of the Tx and RXx, respecyivel

alm 1) The azimuth angles of departure (AAoD) and the afinangles
T 'R of arrival (AAoA), respectively.

131(_m) ,B(n) The elevation angles of departure (EAoD) and theatlon

7R angles of arrival (EA0A), respectively.
€pm: €pm» €y | The distancesd(A%p),Sgn)), d(A#p),ng)), d(S(rm),S&”)),
o s ol AP),anaels?. 9

b, hg The distancesi(OT,O'T) and d(OR,O;;), respectively.

From the 3-D geometrical model, we observe that the waves from the T, antenna

elements impinge on the scatterers located on the Ty cylinder and scatter from the
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scatterers located on the Ry cylinder before they arrive at the Ry antenna elements.
In contrast to NLoS F-to-M channels where single-bounced waves are prevalent, in
NLoS urban M-to-M channels the double-bounced waves are dominant. In the 3-D
reference model, the number of local scatterers around the T, and R, is infinite.

Consequently, the received complex faded envelope of the link Agf’ ) . Ag) is

hot) = lim 4/ ZZG B) Gy (), 87 ) e (130)

(m)

% e—] T (ep,m+em,n+€n,q)+j27rt[meax cos(aT —v7) cos Bé«m) ~+ fRmax Cos(ozg2 >—'yR) cos ﬁ(n)] ’

where frmax = vr/A and frmax = vr/A are the maximum Doppler frequencies asso-
ciated with the Ty and Ry, respectively, and Gp(a;m), ﬁ(Tm)) and G (a s gl)) denote
the antenna patterns of the p™ transmit and ¢'" receive antenna element, respec-
tively. Since omnidirectional antenna elements are assumed (i.e., antenna patterns
can be normalized to one), the antenna patterns are omitted in further analysis. It
is assumed that the azimuth and elevation angles of departure (AAoDs and EAoDs)
and the azimuth and elevation angles of arrival (AAoAs and EAoAs) are random
variables. Since all rays are double-bounced, the angles of departure are independent
from the angles of arrival [58]. Finally, it is assumed that the phases ¢,,, are ran-
dom variables uniformly distributed on the interval [—7, 7) and independent from the
angles of departure and angles of arrival.

Using (125) - (129), the complex faded envelope in (130) can be rewritten as

) = ST g (131

m=1n=1

X ejQﬂ-t[meax COS(aTm _’YT) Cos 55"m)+meax COS(QS;) _'YR) Cos /@E;)] ,

where
—ng—jQT" - ( RE j2m d<T cos a<T’”) cos ﬂéf")—i-j%'d(p) sin agfn) cos ﬁ;’")—i—j%dg@ sinﬁgfn)
b = € (132)
—ng—jz—” (n) +3 2“d<Q) cosaR cosﬂ<q)+] Q“dsq) smaR cosﬁ(n>+] 27Td(q) smﬁg)
bn,q = € , (133)
d%v) = d(Ag?),OT) 00805‘?) COS@/JrE,?), (134)
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dgf;) = d(Ag?),OT) sin@éf’) coswé?), (135)

A = d(AP,Or)siny?, (136)
dgﬁ = d(Ag),OR)COSHEg)COSwg), (137)
d) = d(AY,Og)sin 0 cos i}y, (138)
d¥ = d(AY,0pr)sinyyy. (139)

Parameters d%), d%:), and d%) are coordinates of the p'® transmit antenna element
relative to the center of T, antenna array, whereas parameters dgi, dgz, and dgj are
coordinates of the ¢' receive antenna element relative to the center of R, antenna
array. Note that these parameters depend on antenna array configuration and can be
positive or negative numbers. In this chapter, we focus on the uniform linear antenna

arrays(ULA), the uniform circular antenna arrays (UCA), and the spherical antenna

arrays. For ULAs, the coordinates of antenna elements are defined as follows:

1

d%//ql)%z - §(LT/R +1—2p(q))dr)r cos Or/r cos r/g, (140)
1 .

d%//%y = §(LT/R +1—2p(q))dr/r sin Or/r cos Prr, (141)
1 .

di'fp. = 5(Lrr+1=2p(0))dr/rsin Yoy, (142)

where dr/p denotes the spacing between two adjacent antenna elements at the trans-
mitter/receiver, fr g describes the orientation of all transmit/receive antenna ele-
ments in the z - y plane (relative to the x - axis), and ¥/ describes the elevation
angle of all transmit /receive antenna elements, relative to the z - y plane. For UCAs,

the coordinates of antenna elements are defined as follows:

2mp(q
d%//q])?x = T7/RCOS ( LT/(R)) cos Yr/R, (143)
d¥ =y psin 2mpla) cos i (144)
Ty/Ry T/R LT/R T/R;
di(li//ql)%z = TT/R SiH@DT/R, (145)

where r7/r denotes the radius of the transmit/receive antenna array circle and ¢r/g

describes the elevation angle of all transmit /receive antenna elements, relative to the
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x - y plane. Finally, for spherical antenna arrays, the coordinates of antenna elements

are defined as follows:

d%//qj)%x = T7/RCOS 05?/}% cos z/zf/}%), (146)

A oP/D (p/9) 147

TR, = T7/R SiD TR COS@/JT/R, (147)

d%//‘%z = ry/psin w(Tp/; , (148)

where 77z denotes the radius of the transmit/receive spherical antenna array, 05? // g)

denotes the azimuth angle of the p* transmit (¢'" receive) antenna element relative
to the x - axis, and wf(f/ » denotes the elevation angle of the p* b transmit (¢*™® receive)

antenna element relative to the x - y plane.

6.3 Space-time Correlation Function of the 3-D Reference
Model

Assuming a 3-D non-isotropic scattering environment, we now derive the space-time
correlation function of the complex faded envelope described in (131). The normalized
space-time correlation function between two complex faded envelopes hy,(t) and hy5(t)
is defined as

E [hpg(t)hss(t +7)]
VE[ (O PIE[ ()]

where (- )* denotes the complex conjugate operation, E[ - | is the statistical

(149)

Rpq i [T] =

expectation operator, p,p € {1,...,Lr}, and ¢,¢ € {1,...,Lg}. Using (131) and

(149), the space-time correlation function can be written as

M N
quﬁd[T] - Mlj{fgoo MN |:a/pm n,q pm bnq (15())
m=1 n=
% €7j27rT[meax cos(a(T ™) —~71) cos ﬁT +meax Cos(ag) —9YR) cos ﬁg)] .

Since the number of local scatterers in the reference model described in Section 6.2 is

infinite, the discrete AAoDs, agpm), EAoDs, ﬁ(Tm), AAoAs, ag), and EAoAs, ﬂl(.%"), can
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be replaced with continuous random variables ar, Br, ag, and B with joint proba-
bility density functions (pdfs) f(ar, Or) and f(ag, Or), respectively. We assume that
the azimuth and elevation angles are independent of each other, and thus, the joint
pdfs f(ar,Br) and f(ag,Br) can be decomposed to f(ar)f(Br) and f(ar)f(Br),
respectively. This assumption is based on experimental data in [70], [71]. Hence,

(150) can be rewritten as

/BRm 6Tm
qu@q [7’] = / / / / _jorTmeax cos(ar—"yr) cos Br (151)
BRm BTm

d(P p)

< 7]27TTmeax cos(ar—YR) cos Br+j 2= X [d(p B) cos avr cos B+ sin Br]

% o /\ [d<p ) §in cu cos ,@T-I—d(q D cos ap cos /6R+d(q D in g cos BR-I-d(q D gin BRI

x  flar)f(Br)f(ar)f(Br)dardBrdardfr,

where d(p,ﬁ) _ d(p) _ d(ﬁ) d(p,ﬁ) _ d( d(p d ,p) d%) _ dg?), d(q;q”) _ d(q) _ dgj),
dy, (@) =dy q) dgfjf , d(q D — d dR), and 37, and (g, are the non-negative maximum
elevation angles of the scatterers around the Ty and Ry, respectively.

To characterize the random azimuth angles a7 and ag, we use the von Mises prob-
ability density function (pdf) given in (96). Prior work uses several different scatterer
distributions, such as uniform [72], cosine [68], and Gaussian [73], to characterize the

random elevation angles Sy and Br. Here, we use the pdf [68]

Eleos(32) eIl onl<3

0 , otherwise

f(e) (152)

because it matches well the experimental data in [71]. Parameter ¢, is the absolute
value of the maximum elevation angle and lies in the range 0° < |p,,| < 20° [71].
Such elevation angles are typical for the “street-canyon” type of propagation [74],
which is prevalent in mobile-to-mobile communications where both the T, and Ry are
in motion and equipped with low elevation antennas (e.g., two cars driving through

streets). Note that elevation angles between 20° and 80° have been observed for “over
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the roof” propagation [74], which is characteristic for fixed-to-mobile communications
where the base-station is elevated above the roofs of the buildings.

By grouping the terms in (151) into those containing ar and 87 and those contain-
ing ar and [, the integrals in (151) reduce to the product of two double integrals,
because the random angles o and (Gr are independent from the random angles ag
and Bg. By denoting the von Mises pdf for the T, and Ry azimuth angles as f(ar) =
exp [kr cos(ar — pr)]/(2mly(kr)) and f(agr) = exp [kg cos(ar — ur)]/(2nly(kr)), re-
spectively, and by denoting the pdf for the T, and Ry elevation angles as f(08r) =
mweos(mfBr/(20r,))/(40r,,) and f(Br) = wcos(mBr/(20R,,))/ (48R, ), respectively, us-
ing trigonometric transformations, and the equality f:r exp{asin(c) + bcos(c) }de =

2rly(va? + b?) [63, eq. 3.338-4], the space-time correlation function becomes

/ﬁTm (ﬂ- Br ) ﬂ_ejhd(pp) sin B 1 (\/:L'Q + 12 COSﬁT>
COS | —

Ry p5lm7] = d 153
pq,pq[ ] . 2 Br.. 4B Io(kr) Or (153)
) /5Rm . (’N Bn ) We]zwd(q D sin B Iy (\/mCOSﬁR> a3
—Br,, 2 Br., 403R,, Io(kr) o

where parameters x, y, z, and w are defined as z = j 27Td(p ) JA — J2TT frmax COS YT

+kr cos ur/ cos Br, y = j2nd pp)/)\ —J270T frmax Sin yp+kp sin pr/ cos Br, z = j27rd & Q)
/A — G277 fRmax COSYR + kg coS ur/ cos B, w = j27rd§%’lq>//\ — 27T f Rmax SIN YR +
kgsin pugr/ cos fr. To obtain the space-time correlation function for 3-D MIMO M-to-
M channels, the integrals in (153) must be evaluated numerically, because they lack
closed-form solutions. However, since 31 and g are small angles, i.e., Or, r < 20°,
using the small angle approximations cos (7, cos fg =~ 1, sin 8y ~ [, and sin g ~

0Or, the space-time correlation function can be approximated as

I (W) Iy <\/ 5 —i—w%) /ﬁTm T o ( T Pr

2« (p P)
R, 55T 0
0,537 Io(kr) Io(kg) _ﬂTm4ﬁTm 2 ﬁTm) Br
ﬁRm T ’]T /BR 27rd(q q)
Br
x cos e’ dfr, 154
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where parameters xq, y1, 21, and w; are

T, = j27rd§§;’ﬁ)//\ — J27T frmax COS Y7 + k7 COS fir, (155)
o= jQWd%’ﬁ)/)\ — J27T frmax SIN Y7 + kp sin pr, (156)
2 = jQde%qf)/)\ — J27T fRmax COS YR + kg cOS iR, (157)
wy = j2rd@ P /N = j20T frumax SN YR + K Sin g, (158)

Finally, solving the integrals in (154), the space-time correlation function becomes

Rpgalt] = Ryslr|R5lT] =~ (159)

Io (VaZ+7) cos (§00,de7) Io (Vi +22) cos ($,di?)

Io(kr) [1 <4/@de%5))2] Io(kRr) [1 (med%q))z] .
I T x

To illustrate the validity of the approximate space-time correlation function in

(159), we compare it with the numerically obtained space-time correlation function
in (153). Figures 30 and 31 show the real and imaginary part of the space-time
correlation functions in (153) and (159) obtained assuming a uniform linear array with
Ly = Lr = 2 antenna elements and the parameters dpr = dg = 0.5\, 0y = 0 = 7 /4,
Y = Yr = 21/3, yr = 20°, yg = 40°, upr = 70°, ur = 20°, and kr = kr = 20.
Results show excellent agreement between the space-time correlation functions in
(153) and (159) for the maximum elevation angles O, = (g, = 20°. The similar
results can be obtained for the maximum elevation angles smaller than 20°. Since such
elevation angles are typical for M-to-M communications, the space-time correlation
function of the M-to-M channel impulse response can be characterized using (159). If
“over the roof” propagation occurs, which is characteristic of F-to-M communications,
and the maximum elevation angles are larger than 20°, the approximations used to
obtain (159) do not hold any more. To illustrate the discrepancy between the exact
and approximate space-time correlation functions, Figs. 30 and 31 also show the

real and imaginary part of the space-time correlation functions in (153) and (159)
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Figure 30: The real part of the normalized space-time correlation functions in (153)
and (159).
obtained for the maximum elevation angles (1, = g, = 80° (the largest elevation
angles found in the literature [74]). The results show that there is still a relatively
small discrepancy between the space-time correlation functions in (153) and (159).

The 2-D space-time correlation function for M-to-M channels suggests that two
vertically placed antennas are completely correlated and no diversity gain is available.
However, the 3-D space-time correlation function shows that vertically placed anten-
nas can have small correlations and provide considerable diversity gain. To illustrate
this, Fig. 32 shows the spatial correlation functions of two uniformly and vertically
spaced antennas at the Ty for several maximum elevation angles 37 . Other param-
eters used to obtain curves in Fig. 32 are Lg = 1, 0y = 0 = 0, Y = 7/2, g = 0,
vr =vr =0, and kr = kr = 0. As the maximum elevation angle 37, increases from
1° to 20°, the correlation between the two antennas reduces dramatically.

Finally, Fig. 33 compares the Doppler power spectral density (D-psd) of the com-

plex faded envelope in (131) with the measured SISO narrowband D-psd in [39]. The
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Figure 31: The imaginary part of the normalized space-time correlation functions
in (153) and (159).

D-psd is defined as the Fourier transform of space-time correlation function and is
calculated as Sy s f] = F {Rpesm]} = F {RL;[7]} © F {RE[r]}, where ® denotes
convolution. Parameters used to obtain simulation results in Fig. 33 are L; = L, = 1,
Brm = Brm = 15°, 0p = 0p = 7/4, Yy =g = 7/3, y7 = 0, yr = 10°, ky = kg = 3.3,
pr =0, ugp =7, and frumax = frRmax = 100 Hz. The measured results are taken from
Fig. 7(a) (urban environment) of [39]. The close agreement between the theoretical

and empirical curves confirms the utility of the proposed narrowband model.

6.4 3-D Simulation Models for MIMO M-to-M Channels

The reference model described in Section 6.2 assumes an infinite number of scatterers,
which prevents practical implementation. Here, we design simulation models with
a finite number of scatterers, while still matching the statistical properties of the
reference model.

Using the reference model in (131) with a finite number of scatterers and assuming
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Figure 32: The normalized spatial correlation functions of two uniformly and verti-
cally spaced antennas at the Ty, for several maximum elevation angles 7. .

3-D non-isotropic scattering, the following function is considered for the received

complex faded envelope

M N
1 .
hpg(t) = SNty bng € (160)
VMN =~

m=1

% €j27rt[meax cos(a(Tm) —~7) cos ﬁéwm)Jrmeax Cos(ag) —9R) cos ﬁ%n)}
)

where parameters a,,, and b,, are defined in (132) and (133), respectively. The
angles of departure, a(Tm) and ﬁ(Tm), and the angles of arrival, ag) and ﬁz(:) , are
random variables and the angles of departure are independent from the angles of ar-
rival. The phases ¢,,,, are also random variables uniformly distributed on the interval

[—7,m) and independent from the angles of departure and angles of arrival. The

AAoDs, a(Tm), and the AAo0As, ag), are modeled using the von Mises pdfs f(ar) =
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Figure 33: The normalized simulated and measured [39] Doppler power spectra.

exp [kr cos(ar — pr)]/(2mly(kr)) and f(agr) = exp [kg cos(ar — ur)]/(2nly(kg)), re-

spectively. They are generated as follows:

of = Fp' (), (161)
ol = Fg'(dn), (162)
form =1,...,M, n =1,...,N. Function Fr/g( - )~' denotes the inverse func-

tion of the von Mises cumulative distribution function (cdf) and can be evaluated
using method in [75]. Parameters 7,, and 0, are independent random variables
uniformly distributed on the interval [0,1). The EAoDs, ﬁ(Tm), and the EAoAs,
BE%"), are modeled using the pdfs f(Br) = mwcos(nfr/(207,))/(40r,,) and f(Br) =

mwcos(mOr/(20R,,))/ (4R, ), respectively, and are generated as follows:

2
5;7”) _ o, arcsin(2v,, — 1), (163)
T
2
ﬁl({n) = Ory arcsin(2¢, — 1), (164)
T
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form=1,...,M,n=1,..., N, where v,, and (, are independent random variables
uniformly distributed on the interval [0, 1).

For the maximum elevation angles 37, and (g, in the range 0° < 1, , Bg,, < 20°
the elevation angles can be approximated using cos ﬂr}m), cos ﬂ%) ~ 1, sin ﬂém) ~ 6(Tm),
and sin 621) ~ ﬁg). Then, the complex faded envelope in (160) can be approximated

as

Ma,Mp Nso,Ng

Ppg (1) VMo N. N § § Cp,m,illn kg (165)
AMEIVALVE m,i=1 nk=1
eIt rmax cos(@f™ —yr)+ frmax cos(afy) —Vr)+ibm.in.i]
Y
where MaMp = M, NyNg = N, parameters ¢, ,; and d,, i, are defined as
27r D (p) (m) (p) (m) (p) (4)
5 +Rit—dy cosay ' —dp sinay, ' —dyp sin By’
Cpmi = € Tz ) (166)
27 (D (a) (n) (IJ) (n) (Q) (k)
5[5 +Rr—dp cosap’—dp" sinap’—dy’ sin By ]
dn,]%q = € A Ra s (167)

and d;//ql)% : dg?//qR , and dff//qR are defined as in (134) - (139).

6.4.1 Deterministic and Statistical 3-D MIMO M-to-M Simulation
Models

First, we propose an ergodic statistical (deterministic) model. This model has only
the phases ¢y, ; » 1 as random variables and needs only one simulation trial to obtain
the desired statistical properties. We use the complex faded envelope in (165) and
generate the AAoDs, AAoAs, EAoDs, and EAoAs as follows:

o = Ft (M), (168)
o = et (M52, (169)

éf) = QiTm arcsin <23\4_E1 — 1) ; (170)
51(:?) = 26:’" arcsin (2]?\[; L 1) ; (171)

form=1,..., Ma,n=1,...,Na,i=1,..., Mg, k=1,..., Ng, respectively.
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For M, N — oo, our deterministic model can be shown to exhibit properties of the
reference model. The space-time correlation function of the complex faded envelope
in (165) matches the approximate space-time correlation function in (159). The
derivation of the space-time correlation function of the complex faded envelope in
(165) is presented in Appendix G.

Figure 34 shows the real part of the space-time correlation function for the de-
terministic model with M4 = 30, Mg = 5, Ny = 30, and Ng = 5 scatterers and a
uniform linear antenna array with Ly = Lg = 2 antennas. Other parameters used
to obtain the curves in Fig. 34 are dy = dg = 1\, Oy = 0g = /3, ¥y = Y = 7/4,
yr = /6, yr = w/12, Br,, = PBr, = 15°, and kr = kg = 0. Figure 34 does not
show the imaginary part of the space-time correlation function because it is zero for
kr = kg = 0. The results show that the space-time correlation function of the deter-
ministic model closely matches the theoretical one in the range of normalized time
delays, 0 < frmaxTs < 5. The deterministic model can match the theoretical one over
a wider range of normalized time delays if a larger number of scatterers is used in the
simulation model.

Deterministic simulators are often used because they are easy to implement and
have short simulation times. However, they do not reflect actual channel realizations
because their scatterers are placed at specific sights for all simulation trials. By allow-
ing both the phases and Doppler frequencies to be random variables, our deterministic
model can be modified to better model the fading processes. Furthermore, this new
(statistical) model matches statistical properties of the reference model over a wider
range of normalized time delays, while at the same time requiring a smaller number of
scatterers. The statistical properties of the statistical model vary for each simulation
trial, but will converge to desired ensemble averaged properties when averaged over
a sufficient number of simulation trials.

We use the complex faded envelope in (165) and generate the AAoDs, AAoAs,
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Figure 34: The real part of the space-time correlation function of the 3-D MIMO
M-to-M deterministic and reference models.

EAoDs, and EAoAs as follows:

m _ m + QA —1

-1
ag) = Fy! (%) : (173)

Na
; 2 200+ 0 — 1
f([f) = ﬁ;’" arcsin ((Z+TZ) - 1) : (174)
2 2(k -1
ﬂ](f) _ 2m, arcsin (M — 1) ; (175)
™ NE‘

form =1,... ., My, n = 1,...,Na, i = 1,..., Mg, k = 1,..., Ng, respectively.
The parameters 04, ¥4, 0g, and Yg are independent random variables uniformly
distributed on the interval [0, 1).

For arbitrary number of scatterers, i.e., any M, N, our statistical model can be
shown to exhibit properties of the reference model. The derivation of the space-
time correlation function of the complex faded envelope in (165) is presented in Ap-

pendix G.
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Figure 35 shows the real part of the space-time correlation function for the sta-
tistical model with M, = 20, Mg = 3, N4y = 20, and Ng = 3 scatterers, Ngaz = 50
simulation trials and an uniform linear antenna array with Ly = Lr = 2 antennas.
Other parameters are the same as in Fig. 34. The results in Figs. 34 and 35 show
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Figure 35: The real part of the space-time correlation function of the 3-D MIMO
M-to-M statistical and reference models.

that the space-time correlation function of the statistical model matches that of the
reference model over a wider range of normalized time delays, i.e., 0 < frma s < 10,

compared to the space-time correlation function of the deterministic model.

6.5 Numerical Analysis of M-to-M Channel Capacity

In this section, we first briefly review the MIMO channel capacity and show that
our simulation models can be used to evaluate M-to-M channel capacity. Then, we
evaluate the effect of the space-time correlation on the outage capacity of uniform
linear antenna arrays. Finally, we compare the capacities of uniform linear, uniform

circular, and spherical antenna arrays to determine the best antenna configuration.
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6.5.1 Review of MIMO Channel Capacity

The instantaneous channel capacity (in bit/s/Hz) of a stochastic MIMO channel,

under an average transmit power constraint is [55], [3§]
C(t) = log,det (ILR + LiH(t)HH(t)) : (176)
T

where it is assumed that Ly > Lg, the transmitter has no channel knowledge, and the
receiver has perfect channel knowledge. In (176), H(t) = [hi;(t)]LxLy 1S the Lg X Ly
matrix of complex faded envelopes, ( - ) denotes the transpose conjugate operation,
det( - ) denotes the matrix determinant, Iy, is the Lr x Lp identity matrix, and
p is the average signal-to-noise ratio (SNR). In this thesis, the ergodic capacity of a
MIMO channel is defined as the expectation of the instantaneous capacity over time,

ie.,

BlC(t)] = E[log2det (ILRJrLL;H(t)HH(t))]. (177)

In the practice, the outage capacity is often used to characterize the properties of
the MIMO channel. Here, the outage capacity Cyy,; is associated with an outage
probability P,,; which gives the probability that the instantaneous channel capacity,
C, falls below C .

There are several ways to generate the channel matrix H. One way is to use the
simulation models proposed in Section 6.4. The elements of the channel matrix can
be obtained directly, using (165). We will refer to these models as the deterministic
and statistical physical models. The other way is to generate the channel matrix
as a product of the white channel matrix and the square root of desired correlation
matrix. We will refer to this model as the non-physical model. The non-physical

model generates the M-to-M channel matrix as [58]

H = (Rg[0)'"*G(Rr[0]))"", (178)
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where G is an Ly x Ly stochastic matrix with complex Gaussian i.i.d. entries, ( - )/2
denotes the matrix square root operation, ( - )T denotes the transpose operation, and
Rz[0] and Rr[0] are the Lg x Ly receive and Ly x Ly transmit correlation matrices,
respectively. The elements of matrices Rg[0] and R[0] are obtained using (159).
Here we compare the ergodic capacities obtained using the non-physical and phys-
ical models. Fig. 36 shows the ergodic capacity against SNR, p, for several uniform
linear antenna arrays (Ly = Lgr =2, Ly = Lgr = 4, and Ly = Lg = 6). The parame-
ters used to obtain the curves in Fig. 36 are Oy = 0gr = 7/4, Yy = g = /6, ypr =0,
vr = 20°, Br, = Br,, = 15°, kr = kr = 5, ur = ©/2, and pg = 37/2. The spacing
between two adjacent antenna elements at the T, and Ry is chosen to be 0.5A. The
deterministic simulation model uses M, = Ny = 60, and Mg = Ng = 5 scatterers,
whereas the statistical simulation model uses M4 = Ny = 20, and M = Ng = 3
scatterers and Ng,s = 50 simulation trials. Results show good agreement between

the non-physical and physical models.

6.5.2 Effect of Space-time Correlation on Outage Capacity of Uniform
Linear Antenna Arrays

In this section, the effect of the space-time correlation on the outage capacity of ULAs
is investigated. In all simulations, the outage capacity Coy is calculated for a 1%
outage probability and the statistical physical model is used to calculate the outage
capacity. The coordinates of antenna elements at the Ty and Ry are calculated using
equations (140) - (142). A normalized sampling period frmaxTs = 0.01 ( frmax = fRmax
are the maximum Doppler frequencies and T is the sampling period) is used in
all simulations. Finally, the statistical physical model uses M4 = N4 = 20, and
My = Ni = 3 scatterers and Ny, = 50 simulation trials.

Figure 37 shows the outage capacity as a function of the spacing between the T

and Ry antenna array elements. Parameters used to obtain the curves in Fig. 37 are

yr = r = 20° Op = Op = /4, Yr = Yr = 7/3, Br,, = Br, = 15°, p = 15 dB,
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Figure 36: Comparison of the ergodic capacities obtained using the non-physical
model and the 3-D MIMO M-to-M deterministic and statistical physical models.

Ly = Lr = 3, ur = 0°, ug = 180°, and kr = kg = 10 (non-isotropic scattering
environment). We can observe that increasing antenna element spacings dp and dg
from 0.1\ to 2\ increases the capacity from 6 bit/s/Hz to 12 bit/s/Hz. However,
increasing antenna element spacings dr and dg beyond 2\ has a negligible effect on
the capacity. These results differ from results obtained for F-to-M cellular channels
(with fixed, elevated base station antennas), where increasing the R, antenna element,
spacing dgr beyond 5\ and the T, antenna element spacing dr beyond 2\ has a
negligible effect on the capacity [55].

Figure 38 shows the influence of the Ty and Ry antenna array orientations on
the capacity when Ty and Ry antenna arrays are placed in the x - y plane. To
analyze antenna array orientations only in the x - y plane, the elevation angles ¥p
and ©¥p are set to zero. The parameters used to obtain the curves in Fig. 38 are

’)/TZVRIQOO,QTIHR:W/Zl,dT:dRzl)\,p:15dB,LT:LR:3,
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Figure 37: The outage capacity as a function of spacing between the Ty and Ry
antenna array elements.

pur = 0° and pgr = 180°. From Fig. 38, we can observe that when 2-D isotropic
scattering is assumed (kr = kg = 0), orientations of the Ty and Ry antenna arrays
have no influence on the capacity. Note that this property of M-to-M channels is
in contrast to F-to-M cellular channels (with elevated base station antennas), where
Ty broadside antenna arrays (fr = 90°) and Ry inline antenna arrays (0g = 0°)
provide higher capacity than Ty and Ry broadside antenna arrays [64, 69]. When
2-D non-isotropic scattering is assumed (kr = kg = 10), we can observe that the
outage capacity is the lowest for inline antenna arrays and the highest for broadside
antenna arrays. Increasing antenna angles 61 and 0y from 0° to 45° increases capacity
by 4.1 bit/s/Hz. However, a further increase of antenna angles 61 and 0 from 45°
to 90° increases the outage capacity by only 0.8 bit/s/Hz. On the other hand, if
local scatterers are centered around the y - axis, (i.e., ur = 90° and pgp = 270°)

the outage capacity will be the lowest for broadside antenna arrays and the highest
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Figure 38: The outage capacity as a function of the T, and Ry antenna array
orientations, 67 and 0.
for inline antenna arrays. This implies that the optimum capacity depends on the
relative angle between the Ty antenna array and the local scatterers around the Ty,
i.e., ur — 67, and on the relative angle between the Ry antenna array and the local
scatterers around the Ry, i.e., ug — 0g.

Figure 39 shows the influence of the Ty and Ry antenna elevation angles on the
outage capacity. The parameters used to obtain the curves in Fig. 39 are yp = v =
20°, O = Og = /2, PBr, = Pr, = 15°, p = 15dB, Ly = Lg = 3, ur = 0° and
ur = 180°. From Fig. 39, observe that when isotropic scattering in the x - y plane
is assumed (k7 = kg = 0) and the distances between antenna array elements are
dr = dg = 0.2)\, increasing antenna angles 17 and ¥ g from 0° to 45° has a small
influence on the outage capacity. A further increase in the antenna elevation angles
drastically decreases the capacity. When the distance between antenna array elements

is increased to dr = dr = 1), increasing angles ¥r and ¥ from 0° to 70° has a small
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influence on the outage capacity. Furthermore, when non-isotropic scattering in the
x - y plane is assumed (kr = kg = 10) and the distances between antenna array
elements are dy = dr = 1\, increasing antenna angles ¢ and ¥ from 0° to 45°
decreases the outage capacity by only 0.4 bit/s/Hz. A further increase of antenna
elevation angles drastically decreases the outage capacity. Figure 39 implies that if
available area in the x - y plane is not sufficient for the antenna array realization, the

antenna array can be moderately tilted without significant loss of outage capacity.
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Figure 39: The outage capacity as a function of the T, and Ry antenna array
elevations, ¥y and 9g.

Finally, Fig. 40 shows the capacity as a function of the maximum elevation angles
Or,, and (g,,. The parameters used to obtain the curves in Fig. 40 are vy = vz = 20°,
Or =0gp =w/4, Yr =Yrp =7/3,dr =dg = 1\, p=15dB, Ly = Lg = 3, ur = 0°,
pr = 180°, and kr = kr = 10. Observe that by increasing maximum elevation angles
Or,, and (g, from 1° to 20° the outage capacity increases by up to 1 bit/s/Hz. This

result implies that the 2-D models actually underestimate available capacity.
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Figure 40: The outage capacity as a function of the maximum elevation angles (r,
and ﬁRm.

6.5.3 Comparison of Linear, Circular, and Spherical MIMO Antenna
Configurations

In the previous section, the effect of the space-time correlation on the outage capacity
of ULAs was investigated. Here, we compare the capacities of uniform linear, circular,
and spherical antenna arrays. Again, the outage capacity C, is calculated for a 1%
outage probability and the physical model is used to calculate the outage capacity. In
all simulations, a normalized sampling period frma.xTs = 0.01 is used and My = Ny =
20, and Mg = Ng = 3 scatterers and Ng,; = 50 simulation trials are used in the
statistical simulation model. The angles of motion for the T and R, are chosen to be
vr = vr = 40°. The maximum elevation angles are chosen to be 7, = Bg,, = 15°.
The number of transmit and receive antennas is set to Ly = Lr = 8. Finally, isotropic
scattering is assumed in the x - y plane, i.e., by = kg = 0.

The coordinates of the ULA elements are calculated as in the previous section. The
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azimuth and elevation angles used for the ULA are 6r = g = /4 and ¥r = ¢r =
arcsin(1/4/3), respectively. The coordinates of the circular antenna array elements
at the Ty and Ry are calculated using equations (143) - (145). The elevation angles
used for the circular antenna arrays are 1y = 9r = arcsin(1/y/3). Finally, the
coordinates of the spherical antenna array elements at the T, and Ry are calculated
using equations (146) - (148). The azimuth and elevation angles used for the spherical
antenna arrays are 95?) = 2mp/Lr, 95?) = 2np/Lr, 9%) = 2mq/ LR, Hg) = 271§/ LR, and
Yp = Yp = £ arcsin(1/v/3).

There are two ways to compare antenna arrays. One maintains an equal spacing
between two adjacent antenna elements in the uniform linear, circular, and spherical
antenna arrays. The other designs uniform linear, circular, and spherical antenna
arrays to occupy the same volume.

First, we assume that the spacings between two adjacent antenna elements of the
uniform linear, circular, and spherical antenna arrays are equal, i.e., dp = dg = 0.5\
and rp = rg = 0.5A/(2sin(7w/8)). Figure 41 shows the outage capacity against SNR,
p, for several uniform linear, circular, and spherical antenna arrays when isotropic
scattering is assumed in the z - y plane (kr = kg = 0). As expected, non-tilted
(Yr = g = 0) and tilted (¢p = g = arcsin(1/v/3)) ULAs have a higher outage
capacity than non-tilted and tilted circular and spherical antenna arrays because
their non-adjacent antenna elements are placed further apart compared to circular
and spherical antenna arrays. When isotropic scattering is assumed in the x - y
plane, the orientations of ULAs have no influence on the capacity, and hence, ULAs
will always provide higher capacity than circular and spherical antenna arrays. Note
that when non-isotropic scattering is assumed in the x - y plane (kr, kg > 0), ULAs
have higher capacity than circular and spherical antenna arrays only if the ULA
orientation angles 67 and A are chosen to maximize the relative angles between the

T, and Ry antenna arrays and the local scatterers around the Ty and Ry, i.e., ur —0r
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and pg—0g, respectively. If the angles g — 67 and pur —60g are known to a reasonable
accuracy, it is advantageous to deploy uniform linear antenna arrays with optimized
angles 0 and fz. Otherwise, circular antenna arrays may be a better choice because

they will provide more a consistent outage capacity.
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Figure 41: The outage capacity against SNR, p, for several uniform linear, circular,
and spherical antenna arrays having equal spacing between two adjacent antenna
elements.

In practice, the available volume for antenna array realization and packaging is
often constrained. Suppose, for example, that the uniform linear, circular, and spher-
ical antenna arrays are designed to fit in a sphere of radius (v/3/2)\. Then, the
spacing between two adjacent antenna elements of the ULA is dy = dr = (v/3/8)),
whereas the radii of the circular and spherical antenna arrays are rp = rz = (v/3/2)\.
It is assumed that omnidirectional antenna elements are realized as patch antennas.
Figure 42 shows the outage capacity against SNR, p, for several uniform linear, cir-
cular and spherical antenna arrays occupying equal volume. As expected, the tilted

(¢p = g = arcsin(1/+/3)) uniform linear and circular antenna arrays have a smaller
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outage capacity compared to the non-tilted ()7 = g = 0) ones. An interesting result
is that non-tilted circular antenna arrays have higher outage capacity than spherical
antenna arrays by about 1 bit/s/Hz. Tilted circular and spherical antenna arrays
have similar outage capacity, and a much higher outage capacity than non-tilted and
tilted ULAs. From Fig. 42 we can conclude that if the available volume for antenna
array realization is constrained, circular antenna arrays placed in the x - y plane will

provide the highest outage capacity.
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Figure 42: The outage capacity against SNR, p, for several uniform linear, circular
and spherical antenna arrays occupying equal volume.

6.6 Summary

In this chapter, the “two-cylinder” geometrical propagation model is introduced.
Based on this geometrical model, the 3-D reference model for MIMO M-to-M mul-
tipath fading channels is proposed. From the reference model, the closed-form joint
space-time correlation function for a 3-D non-isotropic scattering environment is de-

rived. Furthermore, the deterministic and statistical SoS simulation models for MIMO
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M-to-M multipath-fading channels are proposed. The statistics of the simulation
models are derived and verified by simulation. Finally, these simulation models are
used to evaluate the effect of the space-time correlation on the outage capacity of
uniform linear antenna arrays and to compare the capacities of linear, circular, and

spherical antenna arrays.
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CHAPTER VII

3-D MODELING AND SIMULATION OF WIDEBAND
MIMO M-TO-M CHANNELS

7.1 Overview

In Chapter 6, we have proposed the narrowband 3-D models for MIMO M-to-M multi-
path fading channels. However, to completely characterize MIMO M-to-M multipath
fading channels, it is necessary to develop 3-D models for wideband MIMO M-to-M
channels.

The previously reported 2-D and 3-D models for M-to-M channels characterize
outdoor NLoS radio propagation assuming that all rays are only double-bounced.
Unfortunately, these models do not always match the measurements [40], [83], espe-
cially those when the vehicles are close to the large objects such as highway dividers
or sound blockers on the edge of the highway. The possible reason for the mismatch is
the presence of the single-bounced rays, which are ignored in the previously proposed
models. Note that the single-bounced rays, if present, bear more energy than the
double-bounced rays, and cannot be ignored. Hence, we propose a 3-D mathematical
reference model for wideband MIMO M-to-M channels that combines the LoS, single-
bounced, and double-bounced rays. To describe our 3-D reference model, we first
introduce a 3-D geometrical model for wideband MIMO M-to-M channels, referred
to as the “concentric-cylinders” model. This model is extension of the “two-cylinder”
model for narrow-band M-to-M channels proposed in Chapter 6. Then, we propose
the parametric reference model that employs a concentric-cylinders model and con-
structs the input delay-spread function as a superposition of LoS, single-bounced, and

double-bounced rays. The parametric nature of the model makes it adaptable to a
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variety of propagation environments, i.e., urban and highway environments. From the
new reference model, we derive a space-time-frequency correlation function (stf-cf)
for a 3-D non-isotropic scattering environment. We present some simulation results
to verify theoretical derivations and show that the time and frequency dispersion of
a wide sense stationary uncorrelated scattering (WSSUS) channel cannot be treated
independently. From the stf-cf, we derive the space-Doppler power spectral density
(sD-psd) and the power space-delay spectrum (psds) for a 3-D non-isotropic scat-
tering environment. Finally, we present some simulation results for the sD-psd and
psds and compare them with SISO measured data to verify theoretical derivations.
The close agreement between the theoretical and empirical curves confirms the utility
of the proposed wideband model and implies that the input delay-spread function
should be modeled as a superposition of LoS, single-bounced, and double-bounced
rays.

The reference models assume an infinite number of scatterers, which prevents
practical implementation. Hence, we propose an ergodic statistical (deterministic)
SoS simulation model for a 3-D non-isotropic scattering environment. We employ a
“concentric-cylinders” model that combines LoS, single-bounced, and double-bounced
rays and has orthogonal functions as the I and Q components of the time-variant
transfer function. The statistical properties of our model are verified by simulations.
Furthermore, by allowing the phases, Doppler frequencies, and time delays to be
random variables, the deterministic model can be modified to better match statistical
properties of the reference model. This model is called the statistical simulation
model. The statistical properties of this (statistical) model vary for each simulation
trial, but will converge to desired ensemble averaged properties when averaged over
a sufficient number of simulation trials. The statistical properties of this model are
also verified by simulations. Compared to the deterministic model, the statistical

properties of the statistical model match those of the reference model over a wider
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range of normalized time delays while using smaller number of scatterers.

The remainder of the chapter is organized as follows. Section 7.2 introduces the
geometrical “concentric-cylinders” model and presents a 3-D reference model for wide-
band MIMO M-to-M channels. Section 7.3 derives the stf-cf, the sD-psd, and the psds
for 3-D non-isotropic scattering. Section 7.4 details the deterministic and statistical

SoS simulation models. Finally, Section 7.5 provides some concluding remarks.

7.2 A Reference Model for Wideband MIMO M-to-M
Channels

This chapter considers a wideband MIMO communication system with L; transmit
and L, receive omnidirectional antenna elements. It is assumed that both the Ty and
Ry are in motion and equipped with low elevation antennas. The radio propagation
occurs in outdoor metropolitan environments that are characterized by 3-D wide
sense stationary uncorrelated scattering (WSSUS) with either LoS or NLoS conditions
between the Ty and R,. The MIMO channel can be described by an L, x L; matrix
H(t, 7) = [hi;(t, 7). xL, of the input delay-spread functions.

First, we introduce a 3-D geometrical model for wideband MIMO M-to-M chan-
nels, called a concentric-cylinders model. The vertical concentric cylinders are chosen
because most of the scatterers in outdoor metropolitan environments (e.g., buildings,
highway dividers, etc.) have straight vertical surfaces. Fig. 43 shows the concentric-
cylinders model with LoS, single-, and double-bounced rays for a MIMO M-to-M
channel with L, = L, = 2 antenna elements. This elementary 2 x 2 antenna configu-
ration will be used later to construct uniform linear antenna arrays with an arbitrary
number of omnidirectional antenna elements. The concentric-cylinders model defines
four vertical cylinders, two around the T and another two around the Ry, as shown
in Fig. 43. Around the transmitter, M fixed omnidirectional scatterers occupy a
volume between cylinders of radii R;; and Ry. It is assumed that the M scatter-

ers lie on L cylindric surfaces of radii Ry < R&l) < Ry, where 1 < [ < L. The
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Figure 43: The concentric-cylinders model with LoS | single-bounced transmit,
single-bounced receive, and double-bounced rays for a MIMO M-to-M channel with
L, = L, = 2 antenna elements.

I™ cylindric surface contains M fixed omnidirectional scatterers, and the (m, )™
transmit scatterer is denoted by S}m’l), where 1 < m < M®. Similarly, around the
receiver, N fixed omnidirectional scatterers occupy a volume between cylinders of
radii R, and R,. It is assumed that the N scatterers lie on F' cylindric surfaces of
radii R, < Rﬁk) < R,9, where 1 < k < F. The k'™ cylindric surface contains N (k)
fixed omnidirectional scatterers, and the (n, k)™ receive scatterer is denoted by Sgl’k),
where 1 < n < N®) . The distance between the centers of the T, and Ry cylinders is
D. Tt is assumed that the radii Ry and R, are sufficiently smaller than the distance
D (local scattering condition). Furthermore, it is assumed that the distance D is
smaller than 4Ry R, L,/(A(L; — 1)(L, — 1)) (channel does not experience keyhole

behavior [58]), where A denotes the carrier wavelength. The spacing between antenna

elements at the Ty and Ry is denoted by dr and dg, respectively. It is assumed that
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dr and dg are much smaller than the radii R;; and R,;. The symbols €1, €m.iq,
€pm s Enk.gs Emink, and €, , denote distances Agg) - S(Tm’l), S:(Fm’l) - Ag), Ag?) - Sgl’k),
Sgl’k) - Ag), Si(pm’l) - Sgl’k), and Ag?) - Ag) respectively, as shown in Fig. 43. For
ease of reference, Fig. 44 shows only one of the L cylindric surfaces around the Ty

and one of F' cylindric surfaces around the Ry and details the geometry of the LoS ,

single-bounced transmit, single-bounced receive, and double-bounced rays. Angles

y

Figure 44: The [** and k' cylinders from Fig. 43 with the detailed geometry of the
LoS , single-bounced transmit, single-bounced receive, and double-bounced rays.

Or and 0 in Fig. 44 describe the orientation of the Ty and Ry antenna array in the
x - y plane, respectively, relative to the x - axis. Similarly, angles )7 and g describe
the elevation of the T,’s antenna array and the R,’s antenna array relative to the x - y
plane, respectively. The Ty and Ry are moving with speeds vy and vg in directions
described by angles vz and vg in the x - y plane (relative to the x - axis), respectively.

k)

The symbols a;m’l) and agl ™ are the azimuth angles of departures (AAoD) of the

waves that impinge on the scatterers Sf(pm’l) and S](;’k), whereas ag%m’l) and ag’k) are
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the azimuth angles of arrivals (AAoA) of the waves scattered from S;m’l) and Sg’k),
respectively. Similarly, the symbols ﬁ;m’l) and ﬁ]%"’k) denote the elevation angle of
departure (EAoD) and the elevation angle of arrival (EAoA), respectively. Finally,
the symbols aLRZS , Oz:LpgS denote the AAoDs and AAoAs of the LoS paths. For ease of
reference, the parameters defined in Figs. 43 and 44 are summarized in Table 8.

Table 8: Definition of the parameters used in the concentric-cylinders geometrical
model.

D The distance between the centers of the Tx and Rxdeysk.
R, rK The radius of the™ Tx andk™ Rx cylinder, respectively.
dr, dg The spacing between two adjacent antenna elements &t e
Rx, respectively.
6,6 The orientation of the Tx and Rx antenna array irxtlygplane
'R (relative to thex-axis), respectively.
W W The elevation of the Tx’s and Rx’s antenna array redatid the x-
T' 7R y plane, respectively.
VT, VR The velocities of the Tx and RX, respectively.
T\ VR The moving directions of the Tx and Rx, in the x-y pldrelative
to thex-axis), respectively.
b, hg The distancesl (OT OT) and d(OR,O;Q), respectively.
R, R, R, R | The min and max radii of the cylinders around theahd Rx,
respectively.
a_l(_m,l) a%n‘k) The azimuth angles of departure (AAoD) of the wavbat
impinge on the scattereS(fm") and S,(Q”'k) , respectively.
a&m'l) ag"k) The azimuth angles of arrival (AAoA) of the wavestsered from

S%m’l) and Sg“k), respectively.
ﬁ_l(_m,l) ,Bén’k) The elevation angles of departure (EAoD) of the egathat

impinge on the scattereS(rm’l) and Sg"k) , respectively.
ﬁ(m") ,B(n’k) The elevation angles of arrival (EA0A) of the wawasattered
R PR

from S(rm") and Sg]’k), respectively.

qLos ,Los The AA0A and the AAoD of the LoS paths, respectvel
Rq » 9Tp

Epmls €ml,q> The distancesd(#p)ﬁ%m'l))l d(S%m’l)’AI(RQ))’ d(Aép)’Sl(?n’k))’
Epmks Enkq: d(S%m),SS‘)), d(S,(?"’k),A,(qq)). d(sl(_m,l),sézn,k)), and
£ ande

m,n,k Pq d(A%p),A,(Qq)), respectively.

Observe from the 3-D geometrical model in Fig. 43 that some waves from the Ty
antenna elements may traverse directly to the Ry antenna elements (LoS rays) , while

others are single-bounced at the T (i.e., the waves from the Ty antenna elements
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scatter from the scatterers located around the Ty before arriving at the R, antenna
elements), single-bounced at the Ry (i.e., the waves from the T, antenna elements
scatter from the scatterers located around the R, before arriving at the Ry antenna
elements), and/or double-bounced (i.e., the waves from the T, antenna elements
impinge on the scatterers located around the T, and scatter from the scatterers
located around the Ry before arriving at the Ry antenna elements). Hence, the input
delay-spread function of the link Ag?) - Agg) can be written as a superposition of
the LoS, single-bounced transmit (SBT), single-bounced receive (SBR) and double-
bounced (DB) rays

hoo(t, 7) = hoPT(t,7) + hoPR(t, ) + hDP (6, 7) + hLoS (L, 7). (179)
The single-bounced components of the input delay-spread function are, respectively,
SBT _ nr . 1
hopg  (8,7) = \/ K—i—l]\/l[linoom

L M®
> J Gy (a7, 87 Gy (5, 85 ) igma(W3(r = Tns),  (180)

SBR /) T
Ry (8, 7) = K"—l]\}l—{%o\/ﬁ

F N®&
> \/Gp (o, 579) Gy (0™, B ) e sgnaO3(r = 1), (181)

k=1 n=1

where G,(-,-) and G,(-,-) denote the antenna patterns of the p™ transmit and ¢
receive antenna element, respectively. Furthermore, &1, §nk, Tm,, and 7, denote
the amplitudes and time delays of the multipath components, respectively. Finally,

functions g,,;(t) and g, x(t) are defined as

gm(t) = (182)

e_jQTﬂ (Ep,m,l+€m,l,q)+j27rt {meax COS(O}Tm’l) _'YT) cos B;mﬁl)'i‘fﬁ’,max COS(OCE;,”'Z) _’YR) cos /Bl(am’l)] +j¢m,l

Y

ni(t) = (183)

. . k k k k .
6_.]277{(Ep,n,k+5n,k,q)+]27rt[meaxCos(a'(l? )_'YT) COS/B';‘" )+meaxCOS<a§:? >_'7R) COSBE; ):|+J¢n,k

9
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where frmax = v7/X and frmax = Vr/A are the maximum Doppler frequencies associ-
ated with the Ty and Ry, respectively. The amplitudes of the multipath components,

Emy and &, i, are defined as

\/ PpoA _ R
i = 4;«1 Hd (OT,S(m’l))| + ‘d (S(m’l),OR)H /2 ~ ( _ %_t> , (184)

6o = Y (14 (07, 50)]| +a (574, 08) ] 7~ 2 (1 i 1R£k)> (185)
n.k = T, yUr pq 5 D |
respectively, where P, is the power transmitted through the subchannel Ag? ). Agg), K
is the Rice factor (ratio of LoS to scatter received power), v is the path loss exponent,
d(-,-) denotes distance between two points, and €2,, = D~/ \/P_pq)\/ 47. Finally, the
time delays 7,,,; and 7, are defined as the travel times of the waves scattered from

the scatterers Sém’” and Sgl’k), ie.,

O] (m,1)
1—
- D+ R(1 —cosay ) (156)

1
co cos B

D+ ng)(l + cos ozgg’k)) .
Tn,k = (k) y ( 87)
co cos B

where ¢q is the speed of light. The double-bounced component of the input delay-

spread function is

TR . 1
By (t,7) = 4/ 1 1
pq(t: 7) K+ 1™ Ay (188)

LM® F,NK)
m,l m,l n,k n,k
> Z\/Gp (a2, 650 Gy (™, BE ) mamsmtn k(3T = T 1)

Il,m=1 kn=1

where G,(-,-) and G,(-,-) denote the antenna patterns of the p™ transmit and ¢
receive antenna element, respectively, and &, 1, and 7,,;, 5 are the amplitude and

time delay of the multipath component, respectively. Function g, x(t) is defined as

.9 .
— 67]%<€p,m,l+€m,l,n,k+€n,k,q)+.7¢m,l,n,k:

gm,l,n,k(t)

6j27rt [meax cos(agwm’l) —’YT) cos Béﬂm’” + fRmax Cos<a5§’k) —VR) cos Bg;’k)] ' (189)
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The amplitude of the multipath component, &, 1, , is defined as

VB /
Smink = [|d(OT', SmDY| 4 |d (S0, g | +’d<5(n,k>703>

(@ (k)
_of A
Qg (1 5 2D ) . (190)

Finally, the time delay 7,,;, is defined as the travel time of the wave impinged on

}7/2

Q

the scatterer S(Tm’ and scattered from the scatterer S (nk) , le.,

D RY(1—cosal™)  RM(1 + cosal)
Tmink — + (m,0) + k) . (191)
Co co cos By cocos B’

The parameters 1y, ng, and nrg in (180), (181), and (188), respectively, specify how
much the single- and double-bounced rays contribute in the total power P, i.e.,
these parameters satisfy ny + ng + nrg = 1. It is assumed that the angles of depar-
tures (a(Tm 2 ozgfl’k), B;m’l , and 6("k ) and the angles of arrivals (Oz}? k) a%m’l), Bg“k),
and ﬁRm’ ) are random variables. Furthermore, it is assumed that the radii Rgl) and
ank) are independent random variables. Finally, it is assumed that the phases ¢,,,
Gn ks and Gy p are random variables uniformly distributed on the interval [—m, )
and independent from the angles of departure, the angles of arrival, and the radii of
the cylinders. Using the assumptions introduced above and the Central Limit Theo-
rem [76], we can conclude that hoP7(t,7), RSP (t, 7), and hDP(t, 7) are independent
complex Gaussian random processes with zero means. Furthermore, note that double-
bounced rays have the angles of departure (aT D and ﬁ( ’)) independent from the
angles of arrival ( "% and ﬁ(n ) ) [58]. On the other hand, single-bounced rays have
angles of arrival (aén D and ﬁRm’l ) that are dependent on the angles of departure
(

(™ and A and angles of departure (a\" and {"*)) that are dependent on

the angles of arrival (a k) and 6(n k) ). Appendix H shows that

o~ 1 — Al sinal™ (192)
B (A(T) D 4 Ag /D) (193)
ag“k) R~ Ag) sin ag” 5, (194)
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where AY = RY/D and AY = R, /D.
The LoS component of the input delay-spread function is

K
) =\ gy Oo (o 5%) G (o 085%) (196

> fLoSej27rthmaLx cos(a%gsf'yT)Jrj%rtmeax cos(aL"Sf'yR) j%ep,qé(

T = TLos),

where G,(-,-) and G,(-,-) denote the antenna patterns of the p™ transmit and ¢

receive antenna element, respectively, the LoS amplitude is {15 = €14, and the LoS

time delay is 7,5 = v/ D? + A% /.

Appendix I shows tha the distances €,,14, €pnks €pmis Enkg> Emink, and €,, can

nk (n,k) LoS
ﬁR )

m,l)
be expressed as functions of the random variables aT BT , oyl

Rt , and R™ as follows:

€miqg ~ D— WCZR cos g [Ag) sin Oy sin o/Tm”) — Cos QR] , (197)

ek ~ D — w(h cos r [Agj) sin O sin ag’k) + cos GT] , (198)
et~ R — w

X |dp, cos agpm’l) cos (ml + dp, sin agﬂ cos 5T ™D 4 dp. sin :(Fm’l)] ., (199)
Ry A e

X [de cOS ag’k) cos (n My d gy Sin ozg% k) cos ﬁ(n k) 4 dp, sin ﬁgl’k)} ., (200)

Emink ~ D, (201)

g ~ D (202)

— WC& cos Y cos O — de cos R cos(aﬁgs Or),

where parameters p and ¢ take values from thesetsp € {1,..., L;}andq € {1,..., L.},
respectively, dr, = drcosrcosOr, dry = drcosrsinlr, dr, = drsintr, dr, =
dp cosPrcoslr, dry = drcosYrsinbr, and dr, = dgsinyp.

To simplify further analysis, we use the time-variant transfer function instead of

the input delay-spread function. The time-variant transfer function is defined as the
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Fourier transform of the input delay-spread function [35]. Using (179) -

time-variant transfer function can be written as

(202), the

TPQ(t7 f) = fT {hPQ(t7 T)} = Tp%BT<t7 f) + Tp%BR@? f) + T£B(t7 f) + TquOS(t? f)? (203>

where the single-bounced transmit, single-bounced receive, double-bounced, and LoS

components of the time-variant transfer function are, respectively,

TSP, f) = FAnPT(t )} (204)
L MO (1 _ ;Yﬂ)
_ 2D SBT SBT
- K + 1 M"OO M apzmzl q’m’l
% 6]27rtmeax(cosz AT sinyr smoegw ’))005( (l>ﬁ(m’l)+AH/D)
. - ity I fID+ R (1=cos o™ D) i,
% e]Zﬂ’thmax cos(agq D —~r) cos Bé D e coco 51 L ! ’
SBR SBR
TP f) = FA{hP(t, )} (205)

K N (k) < _ gk))
/ 2
_ SBR3; SBR
- K + 1 J\}'l_r}go /N ap7n7ka7n7k
ejQﬂthmax(AR) sinyp sin ag’ )Jrcos yr) cos(A%)ﬁg’k)JrAH/D)

- 2m
. 1,k s —-J f[
X 6]27rtmeax Cos(ag ) _’YR)ﬁ}(:gn *) e cQ cos ﬁ(Rn’k)

T () = Fr{ly (t,7)}

LMO KN® (1 _ aRO4RE

2 2D )DBDB

_ nrr I
= K+1 MNHOO ;1 k;1 VMN ap,m,lbq,n,k

(m,1) (n,k)

X ejZWt[meax COS(aT _’YT) cos BT l)+meax COS(OZR —’}/R) CcOoSs BR ’
O] (m,1) (k) (n,k)
.o R,/ (1—cosa ) Ry’ (l4cosa ) .
7j%of[DjL ' ﬁ(m,?; + ﬁ(n,klf 143 bm,in.k
X e cos B cos B ’
TES( f) = Fo RS (1)) = Q|
pq A7 = Sy \LT) g = Sipg 1+ K

Lo LoS _

> ejQﬂt[meax cos(m—ag Sf'yT)Jrmeax cos(a

X e
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D+R® (I4+cosay”

vr)] —]2—”f\/D2+AH2 %D

Jj 27” [(0.5L¢+0.5—p)dr cos 07 cos 7 +(0.5Lr+0.5—q)dR cos Y g cos(a’k

(206)

(207)



SBR

SBT },SBT
D1,k

where parameters a7, 0,00,

SBR
q,m.k>

DB

Gpmils

DB -
and b, are, respectively,

aifg; — ejQTW(O.5Lt+O.5*p)[dTw Cosagﬂm’l) Cosﬁéﬂm’l)erTy sina(Tm’l) cosﬁ;m"l)+de sinﬁgﬂm’l)}j (208)
biﬁfz — i % (05L,+0.5-q)dp cos r[AY sin 05 sin al™ —cos 6] —j%’r(D—&-Ry))’ (209)
SBR _  _jZT(0.5L;+0.5—p)dy cos Y [AY) sin 07 sin a 7% +cos 7] —j 22 (D+RWM)
ap,n,k = e’ R R ~ , (210)
SBR _ ejQT’T(O.5LT+O.5—q)[dRI cosag’k) cosﬁgl’k)+dRy sina%’k) cosﬁgl’k)+dRz sinﬂg’k)] (211)
q,n,k )
a;?,ﬁ,z — % (05L+0.5—p)[dr; cos ol cos B 4dip, sin o™ cos 8BS +dyp, sin BV
> e*jQTW(D/QJrRﬁ”)’ (212)
bgf,k _ ej%(O.SLT—&-Oﬁ—q)[dRI cosagan’k) cosﬂg‘k)-i-dRy sinagan’k) cosﬂg‘k)-i-dRz sinﬂg“k)]
« e—jZT“(D/2+R$k)). (213)

7.3 Stf-cf, SD-psd, Psds of the 3-D Reference Model

Assuming a 3-D non-isotropic scattering environment, we first derive the stf-cf of the
3-D reference model. Then, we present some simulation results to verify theoretical
derivations and show that the time and frequency dispersion of WSSUS channel
cannot be treated independently. Using the derived stf-cf, we derive the sD-psd and
the psds for a 3-D non-isotropic scattering environment. Finally, we present some

simulation results for the sD-psd and psds and compare them with measured data.
7.3.1 Space-time-frequency Correlation Function (stf-cf)

The normalized stf-cf between two time-variant transfer functions defined in (203),

i.e., Tpy(t, f) and T5;5(t, f), is defined as

E [qu(t, f)*Tﬁti(t + At, f + Af)]
V Var[T(t, f)Var[T(t, f)]

)* denotes complex conjugate operation, E[ - | is the statistical expectation

qu,ﬁd(Ata Af) =

, (214)

where ( -
operator, Var| ] is the statistical variance operator, p,p € {1,...,L;}, q,q €

{1,...,L,}. Since T5PT(t, f), TSPR(L, f), and TLP(t, f) are independent complex

126



Gaussian random processes with zero means, (214) can be simplified to

Ropgsa( At Af) = RSBL(ALAf) + RSBE(AL, Af) (215)

Pq,pq Pa,pq

+ RPB_(At,Af) + RES (At Af),

Pq,Pq pPq,pq

where ROPL(AL, Af), ROBE(At, Af), REB(At, Af), and RLeS-(At, Af) denote the
normalized stf-cfs of the single-bounced transmit, single-bounced receive, double-

bounced, and LoS components, respectively, and are defined as

E TP (4 ) TPt + At f + Af)]

ROPL(ALAf) = ’ qup/q(1+ %) : (216)
R ap) = SOOI SIS0 )
oz (anap — e f)*:;ﬁ/%z(TKA)t,fwf)L (218)
pios (an ap) = B f)*i‘;zzt :1)At AN (219)

Since the number of local scatterers in the reference model described in Section 7.2
is infinite, the discrete AAoDs, aT , EAoDs, ﬁTml AAoAs, a I;f *) EAoAs, ﬁRnk ,
and radii Rg and Rr can be replaced with continuous random variables ar, G,
AR, Br, Ry, and R, with joint probability density functions (pdfs) f(ar, fr, R;) and
f(ag, Br, R;), respectively. We assume that the azimuth angles, elevation angles,
and radii are independent of each other, and thus, the joint pdfs f(ar,Or, R:) and
f(ar, Br, R;) can be decomposed to f(ar)f(Br)f(R:) and f(ar)f(Br)f(R;), respec-
tively. This assumption is based on experimental data in [70], [71]. To characterize
the random azimuth angles ap and ag, we use the von Mises pdf given in (96).
To characterize the random elevation angles Gr and [gr, we use the pdf in (152).
To characterize the radii R; and R, we use the pdfs f(R;) = 2R;/(R?% — R%) and
f(R,) = 2R,./(R% — R%), respectively. We denote the von Mises pdfs for the T,

and Ry azimuth angles and the pdfs for the Ty and R elevation angles as f(ar) =

exp [kr cos(ar — pr)]/2nlo(kr), f(ar) = exp [kgrcos(ar — ur)]/2nlo(kr), f(Br) =
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meos(nwlr/(20r,,))/ (45, |), and f(Br) = wcos(wBr/(20r,,))/(4|0r,,.|), respectively.

Using trigonometric transformations, the equality [”_exp {asin(c) + bcos(c)}de =

2ml, (\/a2 + 1)2) (63, eq. 3.338-4], and the results in Chapter 6, the stf-cfs of the

single-bounced transmit, single-bounced receive, and double-bounced components can

be closely approximated as

RSBL(At, Af)

P4q,pq

RSBE(At AF)

Pq,pq

RPE (AL, Af)

Pq,pq

X

Q

2 ~
TIT cos (T/BTm <p — p>dTZ) efj%(qf‘j)dﬁ’,x —j2m At fRmax COSYR
A

ez R NN >\ 2R
2n A f(D+Ry

Ru

(220)

27 q
77R COS (TﬁRm(q - q)dRZ> ejQTﬂ(p_ﬁ)de'i'jQﬂ—Athmax cosyr (221)

IO(kR) 1— (4/6Rm(q_q)dRz>2
A

R
" R\ - 28 Af(D+Ry 2R,
/ (1 ~1p ) T &I DHR f \/Tér t Yinr md&v

R'rl

Rea - 27
ADB/ 26_330AthRtIO(\ / I%B + y%E;)th (222)
Ry
R
™2 om R,
X /Re I% AfRTRTIOQ/uPDB + z2DB)(1 — Vf)dRr

rl

Ry2 —_—

Ry

Ri QﬁAfR Rt
x/e 7 thIO(\/x%B—l—y%B)(l - )th,
R

tl

where parameters gpr, Yspr, LsBr, YSBR, TDB> YDB, DB, WpB, and App are

xspr = J2m/N)(p — D)dry + j2TAL frmax cOsyr + J27Af Ry /co + kr cos up,  (223)

Yspr =~ ]27T [(p - ﬁ)dTy/)\ + (q - q)dRyAT/)\ + At (meax sin T + meaxAT sin fYR)]

+ krsinpur,

(224)

rspr ~ j(27/A)(q — §)dRy + J2T AL fRmax COS YR — J2TAf R, /co + kg cos pr, (225)

yspr ~ J2m[(q — q)dry/A + (p — D)dryAr/X + At (frmax SIN YR + frmaxAr sinyr)]

+ kR sin KR,

(226)

zpp ~ J2m/N)(p — D)dry + J2m AL frmax cos Yy + j2TAf Ry /co + kr cos pp,  (227)
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yps ~ j2m/N)(p — p)dry + J2T AL frmax sin yr + kr sin pir, (228)
zpp = J2m/N)(q — §)dRry + 72T AL fRmax COS VR — J2TAf R, /co + kR oS g, (229)

wpp ~ j2r/A)(q = @)dry + j2m AL frmax sin VR + kg sin pig, (230)
TR cos (%”ﬁTm(p - ﬁ)de) Cos (2%51%((1 - Q)dRz)

Io(kr)lo(kr) 1— (46Tm(p—ﬁ)de>2 1— (4,6Rm(q—fi)dRz)2
) )

ADB =

67j27rAfD/co

(Rf, — Ri)(RY, — RYy)

(231)

Using (207) and (219) and approximation a® = ag2® ~ m, the stf-cf of the LoS

component can be approximated as

Rpgsa(ALAS) ~ /KK (232)

X 6]2777 [(p_ﬁ)dTm_(q_q)dRm}"'jQﬂ'At[meax cos 'YT_meax cos ’YR]_ %Af V D2+AH2

Note that the stf-cfs for the single-bounced transmit, single-bounced receive, and
double-bounced components of the time-variant transfer function must be evaluated
numerically because the integrals in (220) - (222) do not have closed-form solutions.
However, if we assume that the time and frequency dispersion are statistically inde-
pendent, the closed-form expressions for the stf-cfs of the single-bounced transmit,
single-bounced receive, and double-bounced components can be obtained. In the lit-
erature, it is often assumed that the time dispersion (i.e., the time delays) and the
frequency dispersion (i.e., the Doppler spreads) are statistically independent because
the time delays depend on the relative locations of the random scatterers (i.e., the
angles of arrival, the angles of departure, and the distances among the T, Ry, and
scatterers), whereas the Doppler spreads depend on the motions of the Ty and Ry
[77, 78]. However, note that the Doppler spread does not depend only on the speeds
of the T, and Ry, but also is the function of the angles of departure and the angles of
arrival. Hence, both the time delays and the Doppler spreads depend on the relative
location of the random scatterers, which implies that they are not statistically inde-

pendent. Since the angles of departure and the angels of arrival cannot be neglected
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in the Doppler spreads, the other way to obtain the independence between the time
delays and the Doppler spreads is to assume that the waves scattered form the rel-
atively close scatterers have equal time delays. Then, the influence of the angles of
arrival and the angles of departure on the time delays can be neglected, making the
time delays and the Doppler spreads statistically independent. The 2-D geometry-
based statistical models often achieve the independence between the time delays and
the Doppler spreads, assuming that all waves scattered from the scatterers lying on
the same circle have equal time delays [35]. These time delays are equal to the average
of all time delays obtained from the scatterers lying on the same circle. Similarly,
in our 3-D geometry-based statistical model, we will assume that all waves scattered
from the scatterers lying on the same cylindrical surface have equal (averaged) time

delays. Then, the time delays in (186), (187), and (191) can be approximated as

D+ R
Tl N T = # (233)
Co
D+ RY
Tn,k ~ Tk:+—, (234)
Co
D+ R+ R
Tmlnk ~ Tk = tc . (235)
0

Under these assumptions, the space-time-frequency correlation function in (215) can

be factored as [78]

Rpg3i(At, Af) = Rygpa(At)Rpg5q(Af)

RSBT(At)RSBT (Af) + RSBR(At)RSBR(Af)

Paq,pq Pq,pq Pa,pq Pq,pq

+ RPE_(ARPB (Af) + RS (A)RES (Af),  (236)

Pq,Pq Pq,Pq Paq,pq Pq,pq

where the closed-form expressions for RSBL(At), RSBL(Af), RIBE(At), RSBE(AF),

Pq,Pq P4q,pq Pq,Pq Pq,pq

RDE(At), and RDZ.(Af) are derived in Appendix J, while the closed-form space-

time-frequency correlation function of the LoS component, i.e., RES.(At)RLOS.(Af),

remains the same as in (232).
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To validate assumptions used to obtain the closed-form stf-cfs in (416) - (418),
we compare these equations with the numerically obtained stf-cfs in (220) - (222).
Figs. 45 - 47 compare the space-time correlation functions, the frequency correlation
functions, and the space-time-frequency correlation functions in (220) - (222) and
(416) - (418). The parameters used to obtain curves in Figs. 45 - 47 are summarized
in the III - V columns of the Table 9. Fig. 45 shows excellent agreement between

the space-time correlation functions. This is an expected result, because the ap-

0.40

1 ----abs(R,,, (AL A0 —B—abs(Ry, ,, " A R, [AF=0])
03571 | abs(R,,,," (ot 410 —v—abs(R,,,, (A1 R, ,, (=0
0.30 + /P\‘ abs(Rn,zzDB[mf Af=0]) —b&— abS(Ru,zzDB[At] Rn,zzDB[Af:O])
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Normalized Time Delay [f. _At]

Figure 45: Comparison of the normalized space-time correlation functions in
(220) - (222) and (416) - (418).

proximations in (233) - (235) affect only time delays, which are set to zero in both,
the closed-form and numerically obtained space-time correlation functions. Fig. 46
shows relatively good agreement between the frequency correlation functions. Note
that the frequency correlation functions are obtained from the space-time-frequency
correlation functions by eliminating the space and time components (i.e., by setting

dr = dgr = 7 = 0). Hence, this result shows that the approximated and exact time
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Figure 46: Comparison of the frequency correlation functions in (220) - (222) and
(416) - (418).

delays have similar values, i.e., verifies the approximations in (233) - (235). However,
Fig. 47 shows that equations (416) - (418) underestimate the space-time-frequency
correlation functions. The reason for these discrepancy is the fact that the time de-
lays in the closed-form expressions are not functions of the angles of departure or
the angles of arrivals and do not affect the Bessel functions in (416) - (418). On the
other hand, the time delays in the numerically obtained expressions are functions of
the angles of departure and the angles of arrival and affect the Bessel functions in
(220) - (222). Even small differences between the input values of the Bessel functions
in (220) - (222) and (416) - (418), respectively, can significantly change the final re-
sults. Hence, the influence of the angles of arrival and the angles of departure on the
time delays cannot be neglected and the numerically obtained space-time-frequency
correlation functions in (220) - (222) should be used. Note that the similar results
are obtained for the 2-D models (i.e., for B, = Brm = 0°). These results are not

surprising because in the practice, the time delays and the Doppler spreads are not
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independent [79].
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Figure 47: Comparison of the normalized space-time-frequency correlation functions
in (220) - (222) and (416) - (418).

7.3.2 Space-Doppler Power Spectral Density (sD-psd)

The sD-psd of the time-variant transfer function is the Fourier transform of the space-
time correlation function R, 55(At, Af = 0). From (215) follows that the sD-psd is
a summation of the sD-psd functions of the single-bounced transmit, single-bounced
receive, double-bounced, and LoS components. Appendix K shows that the sD-

psds of the single-bounced transmit, single-bounced receive, double-bounced, and
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LoS components are, respectively,

2 ~
3 Br,,(p — p)dr-)
SSPT() = FaRSPL(AL A = 0)) = 1SS (P 2
pag(Y) = Fartbpy i A1, AF = 0)) Io(kr) 1—<_4ﬁTm(p—ﬁ>de->2 .
A

« €Xp {jZW(V + meaX COS PYR)ASBT - jQprSBR} |:(3 - 27Rt2/D>R?2
Wmeax\/l - [(V + meax COS fYR)/meax]z 3(R%2 - R%l)
(3 —2yRu/D)R}

. hl (ko si . 27, . _i9
3<R§2 _ Rt21) } cos |:( TSln(:uT ’YT)_{_] TPxgpy S YT — ] 4T Py pr COS ’VT)

X \/1 - [(V+meax COs fYR)/meaX]Q:|

SSBR(1)) = FA {RSBE(AL Af = 0)} = nr_ 08 (5 Or,.(a — @)dr:)

- o = 238
pa.pq Pa.pq Io(kr) 1_ <4ﬁRm (qd)daz>2 (238)

A

L P {727(V = frmax €OSVT)AsBR + J2TDrgpr [(3 — 2vR,5/D)R%,
Wmeax \/1 - [(V - meax COs P)/T>/meax]2 3(R32 - Rzl)
(3 —2yR,/D)RZ

R0, ) } cosh{(k’R sin(pr — YrR)4HJ2MDrgpp SIMYR—J 2T Pyg s COSVR)

X \/1_[<V_meax COs VT)/meaX]2:|

I
SPB (1)) = DB (At Af — ()} — _ITRIDB 9
paa(V) = Far{ By pg( At Af = 0)} Io(kr)Io(kR) (239)

coS (Qfﬁ:rm (p— ﬁ)de) oS (%ﬂﬁRm(q - Q)dRZ)

(88, 09\ 1 (4Bry (a—d)dr: \
1 1
A A

X exp {J(27pyp, COSYr + 2Py, SIN Y — jhr cos(pir — 1))V /] frmax }
Cosh[(kT sin (g — 1) + J27Papp SN YT — §27Dy,, cOSY2)y/1 — (V/ meax)Q]
7 frmaxy/1 = (V/ frmax)?
© exp{J(27p.,, COSVR + 2TPuwp s SIN YR — Jjhkr COS(iR — VYR))V/ fRmax t
cosh[(kR sin(ur — Yr) + J27D2pp SINVR — 527Dy, COSYR)V/1 — (y/meax)Q}
T fRmax /1 — (V/ fRmax)?

X

X

SLOS (l/)

Pq,pq

Far{RES (At, Af =0)}

Pq,pq

- Kej%“[(p*ﬁ)d:rx*(q*é)dm](j(y + frmax COSYT — fRmax COSVR), (240)

where F{ - } denotes the Fourier transform, cosh( - ) is the hyperbolic cosine, §( - ) is

the Dirac delta function, |V + meaX COs 7R| S meaX and |V - meaX COs /7T| S meaX for
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the single-bounced sD-psds, and || < frmax + frmax for the double-bounced sD-psd.
Finally, the parameters in (237) and (238) are defined in (422), the parameters in
(239) are defined in (426), and Ipp = (R4, — R%)(0.5R%, — vR3,/(3D) — 0.5R2, +
YR}, /(3D)) + (RZ, — R})(0.5RE, — vR),/(3D) — 0.5R + vRj /(3D)).

Fig. 48 plots several SISO and MIMO sD-psds, assuming 3-D non-isotropic scatter-
ing and the LoS conditions between the Ty and Ry. These sD-psds are characteristic
for the urban surface street environments. First, we compare our analytical SISO
sD-psd with the measured SISO sD-psd in Fig. 8 (a) of [39]. The measurements
in [39] were performed in the urban surface street area, at 5.2 GHz, and the maxi-
mum Doppler frequencies were frmax = frmax = 75 Hz. Both, the T, and R, were
equipped with one omnidirectional antenna. The distance between the T, and R
was approximately D = 300 m. The moving directions were vy = yg = 90°, the
antenna orientations were 6 = 0 = Y7 = 1y = 0°, Ay = 0. The same parameters
are used to obtain all analytical results in Fig. 48. The rest of the parameters in
the reference model, i.e., K =4, upr = 70°, kpr =5, B, = 20°, Ry = R,1 = 9 m,
Ry = Ry =90 m, ug = 250°, kg = 3.3, Bgr,, = 20°, nr = nr = 0.1, and nrr = 0.8,
are manually estimated from the measurements and summarized in the VI column of
Table 9. The discussion on how to jointly estimate these parameters from measure-
ments is presented in [52]. Fig. 48 shows the close agreement between the theoretical
and empirical SISO sD-psds. Furthermore, note that the M-to-M sD-psd in an urban
area differs from the U-shaped sD-psd of cellular channels. This is because the M-to-
M sD-psd in an urban area has the DB rays more dominant than the SBT and SBR
rays (i.e., np = nr = 0.1, and nrr = 0.8), whereas the sD-psd of cellular channels has
only SBR and LoS rays (i.e, np =0, ng = 1, nrr = 0). To illustrate the importance
of combining the DB, SBT and SBR rays, Fig. 48 also plots the SISO sD-psd with
only DB and LoS rays. The results show that for higher frequencies, the model with

only DB and LoS rays overestimates the sD-psd. Furthermore, Fig. 48 shows that the
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2-D model (i.e, Or,, = Or,, = 0°) underestimates the sD-psd. Finally, Fig. 48 plots
the MIMO sD-psd, S1192(v), with dp = dg = 1\. The results show that the sD-psd
decreases with the increase of the antenna elements separation. Fig. 49 plots several

5

4 — 3-D SISO sD-psd, all rays —4— 3-D SISO sD-psd, DB+LoS rays
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Figure 48: The normalized theoretical and measured space-Doppler power spectra
in the urban environment.

SISO and MIMO sD-psds that can be found in the highway environments. First, we
compare our analytical SISO sD-psd with the measured SISO sD-psd in Fig. 4(d)
of [40]. The measurements in [40] were performed on the highway, at 2.4 GHz, and
the maximum Doppler frequencies were frupax = frmax = 200 Hz. The vehicles were
driven in the rightmost lane and very close to the sound blockers on the edge of the
highway. Both, the Ty and Ry were equipped with one omnidirectional antenna. The
distance between the T, and R, was approximately D = 300 m. The moving direc-
tions were 7 = vz = 0°, the antenna orientations were 6y = 0 = 90°, 7 = g = 0°,
Ay = 0. The same parameters are used for all analytical results in Fig. 49. The rest

of the parameters in the reference model, i.e, K = 1.5, up = 0°, kp = 4, B, = 15°,
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Ry =R, =96m, Rp =R =96m, ugr = 180°, kg =4, Br,, = 15°, nr = nr = 0.3,
and nrr = 0.4, are manually estimated from the measurements and summarized in the
VII column of Table 9. Fig. 49 shows the close agreement between the theoretical and
empirical SISO sD-psds. Furthermore, we can observe that this spectrum is similar
to the U-shaped spectrum of cellular channels. This is not surprising result because
the single-bounced rays are prevalent (i.e., np = ng = 0.3, and nrr = 0.4) when the
vehicles are driven very close to the sound blockers on the edge of the highway. To
illustrate the importance of combining the DB, SBT and SBR rays, Fig. 49 also plots
the SISO sD-psd with only DB and LoS rays. The results show that the model with
only DB and LoS rays has significantly different shape of the sD-psd compared to the
model with SBT, SBR, DB, and LoS rays. Furthermore, Fig. 48 shows that the 2-D
model (i.e, Or,, = Bgr, = 0°) underestimates the sD-psd. Finally, Fig. 49 plots the
MIMO sD-psd, Si122(v), for the antenna elements separation of dp = d = R = 1\
and shows that the sD-psd decreases with the increase of the antenna elements sep-
aration. Recently, we conducted the MIMO M-to-M channel-sounding experimental
campaign along surface streets and on the Interstate highways in the Midtown At-
lanta metropolitan area. The experimental campaign and the detailed verification of
the reference model in terms of the cumulative distribution functions, stf-cfs, sD-psds,
psds, and level crossing rates are presented in Chapter 9. These results and Figs. 48

and 49 confirm the utility of the proposed wideband model.
7.3.3 Power Space-delay Spectral Density (psds)

The psds of the time-variant transfer function is the inverse Fourier transform of the
space-frequency correlation function R, 5(At = 0, Af). From (215) follows that the
psds is a summation of the psds functions of the single-bounced transmit, single-

bounced receive, double-bounced, and LoS components. Appendix L shows that the
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Figure 49: The normalized theoretical and measured space-Doppler power spectra
in the highway environment.

psds of the SBT, SBR, DB, and LoS components are, respectively,

27 5
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Co

where cosh( - ) is the hyperbolic cosine, ® denotes convolution, §( - ) denotes the
Dirac delta function, and 7 = 7 — D/cy. The integrals in (241) - (243) need to
be numerically evaluated over the range of possible radii R; and R,. For the range
0 < Ty < 2Ry /co, the integration limits are Ry, = Ry, Ry = R, Rye = Ry1, and
R,y = Ryo. On the other hand, when 2Ry /cy < Tvet < 2Ry2/¢o, the integration limits
are Ry, = coTva1/2, Ry = Ry2, Rra = CoTrel/2, and R, = R,9. Finally, the parameters
n (241) and (242) are defined in (429), whereas the parameters in (243) are defined in
(432). Note that existing power delay spectra derived assuming “one-circular-ring”
model, are special cases of (242). For example, the 2-D non-isotropic power delay
spectrum in [82] is obtained for Bg, = 0, ¥g =0, and dr = dg = 0.

Figs. 50 and 51 show several SISO and MIMO psds that can be found in the
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highway environments and compare them with the measured SISO psds in [83]. The
measurements in [83] were performed on the highway, at 2.4 GHz, and the maximum
Doppler frequencies were frmax = frmax = 200 Hz. The vehicles were driven in the
rightmost lane of the highway and the sound blockers on the edge of the highway were
periodically present. Both, the T, and Ry were equipped with one omnidirectional
antenna. The distance between the Ty and Ry was approximately D = 300 m. The
moving directions were vy = vg = 90°, the antenna orientations were 0 = 0 =
Yr = Yr = 0°, and the antenna elevations were Ay = 0. The same parameters are
used to obtain all analytical results in Figs. 50 and 51. The measured SISO psds in

Fig. 50 is obtained on the part of the highway without sound blockers. The estimated
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Figure 50: The theoretical and measured relative power space-delay spectra in the
rightmost lane of the highway without the sound blockers.

parameters in Fig. 50 summarized in the VIII column of Table 9. Fig. 50 shows the
close agreement between the theoretical and empirical SISO psds. The results show

that the psds on the part of the highway without sound blockers has the DB rays more
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Figure 51: The theoretical and measured relative power space-delay spectra in the
rightmost lane of the highway with the sound blockers.

dominant than the SBT and SBR rays (i.e., nr = ng = 0.2, and nrg = 0.6). In this
case, the psds closely follows the one-sided exponential function dies out after 0.8 us.
On the other hand, the measured SISO psds in Fig. 51 is obtained on the part of the
highway with sound blockers. The estimated parameters in Fig. 51 summarized in the
IX column of Table 9. Fig. 51 shows the close agreement between the theoretical and
empirical SISO psds. The results show that the psds on the part of the highway with
sound blockers has the SBT and SBR rays more dominant than the DB rays (i.e.,
nr = nr = 0.45, and nrr = 0.1). We can observe that this psds does not follow the
one-sided exponential function, which is characteristic for F-to-M cellular channels.
The M-to-M micro-cell psds has two distinct slopes and dies out after 0.6 us. Figs. 50
and 51 also show several MIMO psds, Pij22(Te), With dpr = dp = {1X, 2, 4\}.
The results show that the psds decreases with the increase of the antenna elements

separation.
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7.4 Wideband MIMO M-to-M Simulation Models

The reference model for wideband MIMO M-to-M channel described in Section 7.2
assumes an infinite number of scatterers, which prevents practical implementation.
It is desirable to design simulation models with a finite number of scatterers, while
still matching the statistical properties of the reference model.

Assuming 3-D non-isotropic scattering and using the reference model described

in Section 7.2, we propose the following function as a time-variant transfer function:

Too(t, f) = Toa (&, f) + JTod (¢, f) where

I _
T, f) = (245)
spr LMY M) 7 RW l
Nili Z 1-— 575 COS {KpD{‘?BT + KquBT + 27t frmax COS (a(Tm’ ) _ ’yT>
I,m,i=1

m 2 m
+ 27t f Rmax (Ag) sin yg sin a(T D _ cos 'yR> — —Wf (D + R,gl) <1 — COS &(T ’”)) +¢m,i,l}
Co

®

D

) cos [K DSBR+K DSBR+27r75meaX cos (ag’k)—vR>

2
+ 27t frmax <A§f) sin yp sin ag’k) + cos 7T> — lf <D + R,(ﬁk) (1 + cos ag’k)» +¢n7g7k]
Co

~y Ril) + Rﬁ«k)

l ! k k
DB [n[()n[()KN(>N<)

NS S

I,myi=1 k,n,g=1

) cos [KPDEB + K DREP + 21t frmax

X COS (a(Tm’l) - 'YT) + 27t f Rimax COS < (k) _ 73>

2 m .
o ) i) bnstoan]

+ ,Olfqoscos[Qﬂt( %034—][1%03) — f\/D2+AH2+K dry+ Ky dg cosr Cos(aLOS 93)}
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T(Q) (t, f) = (246)

SBT L, M§: MD . R(l) < < -
1 — —— |sin |K,D77" + K;Dg"7" + 27t frmax COS (aTm’ - 7T>
\/ M - 2 D {
Im,i=1

2

+ 27t f Rmax <A£,{) sin yg sin oz(Tm’l) — COS ’yR> — —Wf (D + R,gl) (1 — COS oz(Tm’l))> +¢m,i,l}
Co

spr KNL NG RW
+ L\/N Z ( ; D > sin {K DQS«BR+K DSBR+27rtmeax coS (ag’k)—m{)
k,n,g=1

2
+ 27t frmax (Agf) sin 7 sin ag’k) +cos 7T> — —Wf (D + R,(f“) (1 + cos a(" M)) +Ong, k}
Co

v REZ) + Pu(«k)

W 30 g NE) )
pg LMY MY KNP N
2 2D

S S S

l,m,i=1 k,n,g=1

) sin [KpDzl?B + KquB + 27rthmax

X (Oégwml) — ”}’T> + 27thRmax COs (()éghk) - PYR)
2 m n

- —Wf <D + Rgl) <1 — Ccos a(T ’”) + Rff“) (1 + cos ag% k))) + ¢m,i,l,n,g,k:|
Co

+ proSsin {27# (f1o5+ %) — f\/D2 + AH + Kpdry + Kqdg cos g cos(ag® — eR)}
Co

are the I and Q components of the time-variant transfer function, M = Elel MO =
Zl M E)’ N = Zk N = 25:1 Nﬁk)Nﬁ;k), pspr = \/nr/(K +1), pspr =

771«2/(KﬂL 1), pps = \/nrr/(K + 1), pros = /K/(1 + K) K, =m(Li+1—2p)/,
K,=m(L,+1—2q)/\, DIBT = drp, cos a(T + dTy sin aT D 4 dp, sin (i’l), D3BT =
dpy AV sin o7 — dp,, DSBE = dp, AW sin o' + dp,, DSBR = dp, cosalt? +

d gy sin aR )+ dp, sin ﬁR , DPP = dry cos Oé(Tm’ ) +dp, sin oz(Tm’ +dr, sin (Z ) , DRB =

dpe cosozg%’ ) +d ysma% " 4 dg, smﬁ(g’ . fES = frpaccos(m — aﬁgs — 77), and
£°5 = [Rmaxcos(af® — vg). Note that the input delay-spread function can be

obtained as the inverse Fourier transformation of the time-variant transfer function,

Le. hy,(t,7) = f;l{qu(t, H}
The AAoDs, a(Tm’l), and the AAoAs, ag’k), are modeled using the von Mises pdf

in (96) and are generated as follows:

— 05
Q) pel (m—> (247)



af? = F (—n — 05) , (248)

form=1,..., MX), n=1,... ,Nf(lk), where F( - )~! denotes the inverse cumulative
von Mises distribution function and is evaluated using method in [75]. The EAoDs,

ﬁ;m’l), and the EAoAs, ﬁgb’k), are modeled using the pdf in (152) and are generated

as follows:
; 2 2i—1
éf’l) = O15, arcsin | o 1], (249)
T M}
2 29 —1
ﬁg’k) _ 2k, arcsin g_(k) -1], (250)
s Ny

fori=1,..., Mg), g=1,... ,Ngc). The radii Rgl) and R are modeled using pdfs

f(R;) =2R;/(R4L—R%) and f(R,) = 2R, /(R%— R?)), respectively, and are generated

as follows:
I —0.5)(R%, — R
Rgl) — \/( 05)(?72 Rtl) +R$17 (251)
k—0.5)(R2, — R?
R£k) _ \/( 05>([§£r2 er) +R72~1, (252)

fori=1,...,L, k=1,..., K. The phases ¢, 1, Ongk, a0d Oy i1n gk are generated
as independent random variables uniformly distributed on the interval [—m, ).

For M, N — oo, our model can be shown to exhibit property (215) of the reference
model. The derivations are omitted for brevity. Fig. 52 compares the simulated
space-time-frequency correlation functions obtained using (245) and (246) and the
theoretical space-time-frequency correlation functions in (215), assuming the 3-D non-
isotropic radio propagation (kr = kg = 2, B1,, = Bg, = 15°) in the urban and
highway environments. In the urban environment, the double-bounced rays bear
more energy than the single-bounced rays (nr = ng = 0.1, nrg = 0.8), whereas, on

the highways, the single-bounced rays are prevalent (ny = ng = 0.45, nyg = 0.1). In
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all simulations, we use a normalized sampling period frTs = 0.01 (frmar = frRmaz),
assume L; = L, = 2 antennas, use Mfll) = 44, Mg) =9, Nj(f) = 44, and Nék) =9
scatterers and six tap-delays (L = 3 and K = 3). All parameters used to obtain the
curves in Fig. 52 are summarized in the last column of Table 9. Results show that
the space-time-frequency correlation function of the simulation model closely matches

the theoretical one in the range of normalized time delays, 0 < frpaxTs < 6. .

o
fo°)
S

—o—abs(R,, ,,(At, 100 Hz)) of the sim. model in urban area
/Yy - abs(R,, ,,(At, 100 Hz)) of the ref. model in urban area
—o—abs(R,, ,,(At, 100 Hz)) of the sim. model on a highway
------- abs(R.. . (At, 100 Hz)) of the ref. model on a highway

o

~

(&)
|

11,22

o

o))

a
1

Space-time-frequency Correlation Function
3
|

o
o}
S

T I T I T I T
0 2 4 6 8 10

Normalized Time Delay [f,, 1]

Figure 52: The simulated and theoretical space-time-frequency correlation functions
in the urban and highway environments.

7.5 Summary

This chapter proposed the 3-D “concentric-cylinders” geometrical propagation model
for wideband MIMO M-to-M multipath fading channels. Based in this model, the
parametric reference model was proposed for MIMO M-to-M Ricean fading channels.
From the reference model, the stf-cf was derived for a 3-D non-isotropic scattering
environment. It was shown that the time dispersion and the frequency dispersion of

a WSSUS channel cannot be treated independently, contrary to common practice.
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Furthermore, the sD-psd and the psds were derived and compared with measured
data. The close agreement between the theoretical and empirical curves confirms the
utility of the proposed wideband model. Finally, two new SoS simulation models for
wideband MIMO M-to-M Ricean fading channels were proposed. The statistics of
the simulation models have been verified by simulation. The results show that the

simulation models are a good approximation of the reference model.
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Table 9: The parameters used in Figs. 45 - 52.

Parameters Definition Fig.3 | Fig.4| Fig.5| Fig.6| Fig.7l Fig.§ Fig.9 Fig.
10
D [m] The distance between the500 | 500| 500 300 300 304 300 20
Tx and Rx.
drt The spacing between two0.54 0 |[051 (0,21 | 0,24 | 042 | 0-44 | 0.5
dRr adjacent antenng
elements at the Tx andp.5) 0 | 051 (011 | 0,11 | 041 | 0-42 | 0.5
Rx, respectively.
The orientation of the Tx 7 s s o° o 0° 0° m
6’T and Rx antenna array in 4 4 4 4
o the x-y _plane (rela_tive to s s s ; ; B 5 ks
R thex-axis), respectively. | 73 2 2 0 90 0 0 2
The elevation of the TX's 7 Vs T o o o o T
bt and Rx's antenna arrgy ¢ 6 6 0 0 0 0 3
relative to the x-y plang,
YR respectively. % % %T 0° 0° 0° 0° g
The moving directions of - o o o o o o o
4l the Tx and Rx, in the x- 40 40 40 %0 %0 %0 20
YR plane (relative to the- | 20° | 20° | 20° 90’ ° 90° 90> | 20°
axis), respectively.
The difference between 0 0 0 0 0 0 0 0
AH (m] the Tx and Rx antenna
heights.
A [m] The wavelength 0.3 0.3 0.3 0.0568 0.123 0.123 0.123 Q.
fT max[Hz] | The maximum Dopplef 200 | 200 | 200 75 200 | 200 | 200 | 200
frequencies. 200 | 200 | 200 75 200 | 200 | 200 | 200
fRmax(Hz]
y The path loss exponent 4 4 4 4 4 4 4 4
K The Rice factor 0 0 0 4 1.5 0 0 2
kT The spread of scatterers 2 2 2 5 4 9.1 94 |1
KR around the mean; the 2 2 2 3.3 4 9.1 94 |1
parameter in the von
Mises pdf.
ur The mean angle at whigh 7 m m 70° o° m m 0
UR the scatterers are 2 2 2 2 2 n
distributed in the x-y 37 37 37 37 37
plane; the parameter in 5 | 5 | - | 250 | 180 | — | —
the von Mises pdf.
BTm ;’:eler:aximum elevation 1 1 15° o 15 1 12 1
ARrRm J 15 | 15° | 15° | 200 | 15° | 15 15° | 15°
Re1[m] The min and max radii of 10 | 10 | 10 9 9.6 13 12 |4
Rip [m] the cylinders around the 100 | 100 | 100 90 96 130 120 | 40
Tx and Rx, respectively.| 10 10 10 9 9.6 13 12 |4
Rr1[m] 100 | 100 | 100 | 90 | 96 | 130 | 120 |40
Rr2[m]
n Specify how much the 1 1 1 Defi-
single- and doublef 3 3 3 0.1 | 03 0.2 | 0.45 | ned
R bounced rays contribute 4 1 1 in
in the total averaged 3 3 3 01| 03 0.2 | 0.45 | the
power, i.e., 1 1 1 text
MR nm +IR+1TR=1 3 3 3 0.8 0.4 0.6 0.1
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CHAPTER VIII

ENVELOPE LEVEL CROSSING RATE AND AVERAGE
FADE DURATION IN M-TO-M FADING CHANNELS

8.1 QOverview

In Chapters 6 and 7, we have proposed 3-D models for narrowband and wideband
MIMO M-to-M multipath fading channels and derived their first-order statistics.
However, in some applications, accurate characterization of the second-order statis-
tics, such as envelope level crossing rate (LCR) and average fade duration (AFD),
is necessary. In this chapter, we derive the LCR and AFD for narrowband M-to-
M channels. We first construct a 3-D SISO model that employs the “two-cylinder”
model proposed in Section 6.2 and generates the complex faded envelope as a su-
perposition of the LoS, single-bounced, and double-bounced rays (as proposed in
Section 7.2). From the analytical model, we derive the LCR and AFD, assuming a
3-D non-isotropic scattering environment. Finally, we compare the analytical results
for the LCR and AFD with the measured data in [39]. The close agreement between
the analytical and empirical curves confirms the utility of the proposed model.

The remainder of the chapter is organized as follows. Section 8.2 presents a 3-D
SISO model used to derive the LCR and AFD. Section 8.3 derives the LCR and AFD
of the the complex faded envelope for 3-D non-isotropic scattering. Section 8.4 com-
pares analytical and measurement results to verify theoretical derivations. Finally,

Section 8.5 provides some concluding remarks.
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8.2 A 3-D SISO Model for M-to-M Channels

Figure 53 shows a simplified (SISO) version of our 3-D MIMO “two-cylinder” geomet-
rical model described in Section 6.2. The symbols oz(Tm) and ozg? ) in Fig. 53 denote the
azimuth angles of departure (AAoD), and B;m) and ﬁ(T") denote the elevation angles

of departure (EAoD) of the waves that impinge on the scatterers S(Tm) and Sgl), re-

spectively. Likewise, ozg”) and ong) denote the azimuth angles of arrival (AAoA), and

gn) and ﬂgl) denote the elevation angles of arrival (EAoA) of the waves scattered

from Sr}m) and SI(;), respectively. The symbols 355 and 35°% denote the EDoA and

EAo0A of the LoS paths, respectively. Note that the ADoA and AAoA of the LoS

LoS LoS
T

paths, a7 and ag™, are equal to 0 and 7, respectively, and they are omitted from
Fig. 53. The symbols Hr and Hpi denote the Ty and Ry antenna height, respectively.

The rest of the parameters in Fig. 53 are defined as in Table 7.

Figure 53: The 3-D geometrical model for SISO narrowband M-to-M channels.

The received complex faded envelope of the link Ar - Ar can be written as a
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superposition of LoS, single-bounced, and double-bounced rays, i.e.,
h(t) = hBT(t) + h9BR(t) + RPE(t) + o5 (1), (253)

where the single-bounced components of the received complex faded envelope are,

respectively,
hSBT(t) _ Qm ej¢m6j27rthmaxcos(a(Tm)—vT)cosﬁ;m)
K —|— 1 Mﬂoo
% jthmedx(cosz A7 sinygr smaéﬂ ))cos(ATﬁéﬂm)—&-ATH)’ (254)
hSBR(t) _ €j¢>n 727t frmax (AR sinyr sma;)—i-cosz)cos(AR,H(") AH)
\/ K —I— 1 NHoo
_ n)
W I2mtfRmax COS(aR 712) COSﬂR , (255)

the double-bounced component of the received complex faded envelope is

DB e . amnej‘f”""
RO o =

% €j27rt[meax COS(OL%« )—’yT) cos ﬁT )+meax Cos(a% )—’yR) cos Bg)}
)

and the LoS component of the received complex faded envelope is

K

hLOS (t) — K + 1 6.7 127t frmax COS(’YT) COS(BLOS)+j27thRmax COS(W_'YR) Cos(ﬂ]LQOS) . (257)

In (254) — (257), K denotes the Rice factor (ratio of LoS to scatter received power)
while nr, ng, and nrg specify the relative contribution of the single- and double-
bounced rays, such that 7y + ng + nrrg = 1. The random path gains a,,, a,, and
(mp are chosen to satisfy limps oo M™PM a2 = 1, limy oo NP0 a2 = 1,
and lim sy (M N) ™ Z%i\f Laz,., = 1, respectively, so that E[|h(¢)|?] is normalized
to unity. Frequencies frmax = vr/A and frmax = vg/A are the maximum Doppler
frequencies associated with the T, and Ry, respectively. It is assumed that the angles
of departure ( a(Tm), aé? ), Tm , and ﬁ ) and the angles of arrival (ag”), ag“, g%m),

and 5}(;?)) are random variables. To characterize the random azimuth angles ap and
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apr, we use the von Mises pdf given in (96). To characterize the random elevation
angles O and (g, we use the pdf in (152). Finally, the phases ¢,,, ¢,, and ¢,,, are
assumed to be independent uniform random variables on the interval [—m, 7), and are
independent from the angles of departure and the angles of arrival.

The complex faded envelope in (253) also can be written as h(t) = h;(t) + jhy(t)

where

hi(t) = hIPT(t) + hYPE(t) + hPB(t) + hEoS(1)

= R{RPT ()} + R{RZPE®)} + R{APE (@)} + R{L™°(1)}, (258)

ho(t) = hZPT(t) + hEPE(t) + PP (1) + W% (1)

= S{ABT (1)} + S{ASBR()Y + S{RPE(1)} + I{hL5 (1)}, (259)

are the in-phase (I) and quadrature (Q) components of the complex faded envelope,
and R{ - } and J{ - } denote the real and imaginary operation, respectively. Finally,
we note that for 3-D non-isotropic scattering, the I and Q components of the complex

faded envelope h(t) are correlated.

8.3 LCR and AFD in M-to-M Narrowband Fading Chan-
nels

The LCR, L(R), is defined as the rate at which the signal envelope crosses level R in

the positive (or negative) going direction and can be written as [35]

L(R) — /O " ifoa(R, a)da, (260)

where a = |h(t)| is the envelope level, &« = |h(t)| is the envelope slope, and f, 4 (R, &)
is the joint probability density function (pdf) of the envelope level and the envelope
slope. To evaluate the LCR of the proposed analytical model, we need to derive the

pdf of the fading envelope oo = |h(t)| and consequently, the joint pdf f, 4 (o, &).
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Theorem 1 When the number of scatterers around the Ty and the number of scat-
terers around the Ry approach infinity (i.e., M, N — oc), the envelope o = |h(t)| is

Rician distributed with the pdf

fini(a) = 2(1+ K)ae K-0+K (204\/K(K + 1)) : (261)

Proof:  First, we note that the cosine and sine functions in the sums of AT (t)
and h;?BT(t) are statistically independent and identically distributed random vari-
ables with zero mean and a finite variance. According to the central limit the-
orem, for M — oo, hiPT(t) and hyBT(t) are stationary Gaussian processes with
zero means and the identical variances Var{h?PT(t)} = Var{h;PT(t)} = nr/(2 +
2K). Similarly, for N — oo, hiPR(t) and hJPH(t) are stationary Gaussian pro-
cesses with zero means and the identical variances Var{h?P#(t)} = Var{h]P%(t)} =
nr/(2 + 2K). When channel does not experience keyhole behavior [i.e., the dis-
tance D is smaller than 4R R, L,/(\(L; — 1)(L, — 1))] and M, N — oo, hPB(t) and
hPP(t) are also stationary Gaussian processes [58] with zero means and the iden-
tical variances Var{h?(t)} = Var{h?P(t)} = nrr/(2 + 2K). Using the similar
BSBR (¢

reasoning, we can conclude that the linear combinations of hf/gT( ) By (), hf?qB (1),

hlL/‘;S (t), i.e., hi(t) and hy(t), are also stationary Gaussian processes with the means

E[R;(t)] = hf°5(t) and E[he(t)] = hl°%(t), respectively, and the identical variances

Var{h;(t)} = Var{h,(t)} = 1/(2 + 2K). Following the derivations for the pdf of the

envelope a = |h(t)] = /hi( 2 with the correlated h;(t) and h,(t) [84], we

confirm that the envelope oo = |h(t \ = /hi( t)? is Rician distributed with
the pdf given in (261). The details are omitted for brevity. [

It is worth noting that if h;/4(t) is a stationary Gaussian process with the mean

Elhi/(t)] = hf/‘;s(t) and the variance Var{h;,(t)} = R, (0), where Ry, (0) =

Elh;(t)h;(t)] and E[ - ] denotes the statistical expectation operator, then its time
derivative h; /q(t) is also a stationary Gaussian process with mean Elh; 1q(t)] = hZL/‘;S( )

and the variance Var{hi/q(t)} = Rj_;.(0). Furthermore, note that the joint pdf
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fa,a(a, &) cannot be separated into product of of a Rice pdf fin«)(«) and a Gaussian
pdf f| h(t)\(d) because the I and Q components of the complex faded envelope h(t) are
correlated.

The joint pdf f, «(a, &) for the complex faded envelope h(t) with the correlated I

and Q components can be written as [84]

@ o?

foslon @) = T P {_ <2_bo " K) } (262)

2
o bocx + b1/ == sin @
X / exp 2\/K(K+1)ozcos«9—< £h ) da,
0

200 (boby — b3)

where the parameters by, by, and by are defined as [21]

by = Elhi(t)?] = Elhy(t)?), (263)
bi = Blhi(t)h(t)] = Blhg()hi(t)), (264)
by = Blhu(t)?] = Elhy(t)?), (265)

and h;(t) and h,(t) denote the first derivative of h;(t) and h,(t) with respect to time t.
By substituting (262) into (260) and solving the integral, the LCR for LoS conditions

(Rician fading, correlated I and Q components) becomes [84]

2RVK +1 W
L(R) = — “ ~K-(K+DE o cosh (2\/K(K - 1)Rc089)

[e Oesind)® 4 \/_X sin 6 erf( Xsmﬁ)} do, (266)

where cosh( - ) is the hyperbolic cosine function, erf( - ) is the error function, and

the parameter y is equal to \/Kb?/(boby — b?). The LCR for NLoS conditions can be

obtained from (266) by setting K = 0, i.e.,

b 0 R
b b3 T

Using the analytical model described in Section 8.2, we now derive closed-form

L(R) =

(267)

expressions for the parameters by, by, and by. Since the number of local scatterers
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in the reference model described in Section 8.2 is infinite, the discrete AAoDs, a(Tm),

EAoDs, ﬁ:(pm), AAo0As, agl), and EAoAs, 61(3") can be replaced with continuous random
variables ar, Or, ag, and g with joint probability density functions (pdfs) f(ar, Or)
and f(ag, Br), respectively. We assume that the azimuth and elevation angles are
independent of each other and, thus, the joint pdfs f(ar,Sr) and f(ag, Sr) can be
decomposed to f(ar)f(Br) and f(agr)f(Br), respectively. This assumption is based
on experimental data in [70]. By substituting (253) into (263), the parameter by

becomes

1
2bp = 2b5P7 +205PF + 260 = T (268)

where b8BT pSBE and bPE are, respectivel
0 s Y0 ) 0 ) )

BTy,
20557 = f(Br)dardfr = 5. (269)
ﬁRm
2B5P = " Flar)f(Br)dandBy = rat (270)
ﬁTm BRm T
npr = / / | rensnsten @i
_ NrR
T K41 (271)

and (O, and (g, are the maximum elevation angles of the scatterers around the
Ty and Ry, respectively. Similarly, by substituting (253) into (264) and (265), the

parameters b; and by, become
b, = b35T +bIBR DB (272)
where n € {1,2} and b557, b5BE and PP are, respectively,
s By, ﬂ'
VBT = (27)" bDBT/ / flar)f(Br) [meaX cos(ar — y7) cos Br (273)
—Br,, 4 —T

A n
+  fRmax(cosyr — Apsinygsin ar) COS(ATﬁT + ?H) — fLoS:| dardfr,
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BRm 7T
o = emr i [ [ e o) frscos(on —m)cosfn (27

+  frmax(Agsinyg sin ag + cos yr) cos <AR5R - %) — fLoS:| ndOéRdﬁm
BRum T rBr, ™
o7 = e [ [ ] ftansnstan o) (275)

X [f Rmax C0s(ar — YR) €08 Br + frmax cos(ar — y7) cos fr — f LOS} dardBrdordfr,

and fros = frmax cos(yr) cos(B5°%) + frmax cos(m — vr) cos(35°9).

By denoting the pdfs for the Ty and Ry azimuth angles as f(ar) = exp[kr cos(ar—
wur)l/(2rlo(kr)) and f(ag) = exp [kgcos(ar — ur)|/(2mly(kg)), respectively, by de-
noting the pdfs for the Tx and Ry elevation angles as f(08r) = 7 cos(7wfr/(20r,,))
/(45r,) and f(Br) = mcos(mBr/(20r,,))/(40r,, ), respectively, and by using trigono-
metric identities, and the equality [*_e™/mf+i=sn0q) — 271, (2) [63, eq. 8.411], where
Jm( - ) is the m*™-order Bessel function of the first kind, Appendix M shows that the

parameters bPB pIBT pIBR pDB pSBT and b3 PR become, respectively,

I (kr) 72 cos fr,, 1 (kn)
Tolhr) 2 — 48, T e 08t = 75)

72 cos Bg
m_po 276
% 2 — 4033 Jr S} (276)

bigBT = 27rbgBT{meax COs (/‘LT - ’YT)

bPP = 2mbi”? {meaX cos(pr — 1)

I, (k7) 7% cos fr,,
Io(kr) 7> — 407
el
< fr 72[cos(Arfr,, + 52 + cos(Arfr, — SL)] s S}
max 2[n2 — 4AZ232 ] )
2
pIBR = QFbgBR{meax cos (r — Vr) 2&3 :2 C_Oigg:
Il(kR>:|
Io(kg)
72[cos(ARrBr,, + S) + cos(ArfBr,, — 52)]
T s .

+ [AT sin yg sin

(277)

+ |:COS vr— AR sinyr sin g

X meax (278)
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DB
b2

SBT
b2

SBR
b?

2cos(20r,,) | 1|1+ cos(2(pr — 7)) Ia(kr)
9r\2pDB ] f2 m* cos(20r,, 1 9
( 7T) bO {meaX|:2(ﬂ_2 . 16512"7”) 2]'0(k,T) ( 79)
w2 cos Or,, ™ cos Bg,, I (kr) I (kR)
2meafomaXﬂ_2 — 4ﬁ%m T2 _ 4ﬁ]2{m COS(/'LT - IYT) IO(kT) COS(#R - ’YR) IO(]{:R)
12 7 cos(20r,,) 1| 1+cos(2(ur—"r))12(kr) F bPB _p
Fimax | 9(n2 — 1603, ) 21y (k) LoSTpDB — JLoS
o sr | o T c08(207,,) + 7 — 1687 1+ cos(2(ur — yr)) L2 (k)
(27T> bO meax
2(m2 1652 ) 21y(kr)
453, + 8ADG, — m* + ARG,
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The average fade duration, T(R), is defined as the average time that the signal
envelope, a = |h(t)], remains below level R. The AFD can be written as [35]

P(a < R)

(282)

where P(a < R) denotes the probability of the received envelope level being less
than R and L(R) denotes the envelope level crossing rate. When a LoS component
is present, the AFD in (282) becomes [35]

1— Q(W2K,\2(K + 1)R?)

T(R) = L(R) ,

(283)

where Q(a,b) is the Marcum @ function. For NLoS conditions, the AFD in (283)

simplifies to

T(R) = —— . (284)

8.4 Simulation Results

To validate our analytical results, we compare them with our own measured data
collected in two different topological environments around the Georgia Tech campus
in Atlanta, USA. One location was a LoS surface street environment and the other was
a LoS highway environment. The wide-band channel measurements were performed
at 2.435 GHz. Each collected data set contains the signal envelope (and phase) over
a travelled distance of 61.36 m (5.49 s of time). Both, the Ty and Ry were equipped
with two omnidirectional antenna elements. All antenna elements had the same
height, i.e., Ay = 0, and the moving directions were v = vz = 0°. The maximum
Doppler frequencies in the urban surface street area were fryax = frmax = 90.86 Hz,
whereas the maximum Doppler frequencies on the highway were fruax = frmax =
181.72 Hz. The distance between the T, and R, in the urban surface street area
was approximately D = 300 m, whereas the distance between the T, and Ry on the
highway was approximately D = 180 m. The slow-fading component of the signal

envelope is removed using the local sliding window technique [86].
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Figs. 54 and 55 compare the 3-D and 2-D analytical LCR and AFD with the mea-
sured LCR and AFD obtained from our data collected in a surface street environment,

respectively. In these figures, we use only the channel impulse response between the
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Figure 54: Comparison of the analytical LCR and measured LCR in an urban
surface street environment.

first Ty and the first R, antenna element, i.e., hy1(t,7 = 0). The 3-D analytical
LCR and AFD are obtained using the parameters K = 2.43, ur = 12.5°, kr = 20.2,
Br,, = 10.2°, up = 153.4°, kg = 18.5, Br,, = 12.2°, nyr = 0.043, ng = 0.037, and
nrr = 0.92. The Ricean parameter K is estimated from the measured data using the
method in [88], and the other parameters are estimated from the measured data using
the method in [52]. The parameters D, yr, Yr, An, fTmax, a0d frmax are selected as
in the measurement setup described above. The 2-D analytical LCR and AFD are
obtained from the 3-D LCR and AFD by setting the maximum elevation angles Gr,,
and (g, to zero. Note that the 2-D analytical curves underestimate actual LCR and
AFD. These discrepancies will increase with larger maximal elevation angles.

Figs. 56 and 57 compare the 3-D analytical LCR and AFD with the measured LCR
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Figure 55: Comparison of the analytical AFD and measured AFD in an urban
surface street environment.

and AFD obtained from our data collected in a highway environment, respectively.
In these figures, we use only the channel impulse response between the second T
and the second Ry antenna element, i.e., hoy(t,7 = 0). The analytical LCR and AFD
are obtained using the parameters K = 1.49, ur = 93.4°, kr = 10.5, Br, = 7.4°,
pr = 111.5° kgr = 12.2, Br, = 8.3°, nr = 0.424, ng = 0.458, and nrg = 0.118. The
parameters are estimated from the measured data using the methods in [88], [52].
Figs. 54 - 57 show close agreement between the theoretical and empirical LCR
and AFD, confirming the utility of the proposed model. From the results we can also
observe that the double-bounced rays bear more energy than the single-bounced rays
in urban surface street areas, whereas the single-bounced rays are prevalent on the

highway.
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Figure 56: Comparison of the analytical LCR and measured LCR on a highway.

8.5 Summary

This chapter presented thr 3-D geometrical model for SISO M-to-M channels. From
the geometrical model, the level crossing rate and average fade duration are derived,
assuming a 3-D non-isotropic scattering environment. It is shown that the analytical

results for the LCR and AFD compare very well with the measured data.
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CHAPTER IX

EXPERIMENTAL VERIFICATION OF THE 3-D

WIDEBAND MIMO M-TO-M CHANNEL MODEL

9.1 Overview

In Chapters 6 - 8, we have proposed the 3-D reference models and simulators for nar-
rowband and wideband MIMO M-to-M channels. To validate these theoretical and
simulation models, an experimental MIMO M-to-M channel-sounding campaign is
conducted for M-to-M vehicular communication with vehicles travelling along surface
streets near to Georgia Tech campus and along the Interstate highways near midtown
in the Atlanta metropolitan area. Furthermore, to compare the first and second-order
channel statistics obtained from our reference model described in Chapter 7 with those
obtained from the empirical measurements, a new maximum likelihood based stochas-
tic estimator is derived to extract the parameters needed for the reference model from
the measured data. The new estimator jointly estimates the parameters of the distri-
bution functions used to characterize the azimuth and elevation angles of departure,
the azimuth and elevation angles of arrival, and the parameters that specify how much
the single- and double-bounced rays contribute to the total averaged received power.
This estimator is an extension of the stochastic estimator in [85], which only esti-
mates the parameters of the distribution function used to characterize the azimuth
angles of arrival. The performance of the new estimator is evaluated by deriving
the Cramér-Rao lower bound (CRLB) and by comparing the mean square error of
the parameter estimates to the CRLB. Simulation results show that the proposed
estimator has an asymptotically optimal performance, since it reaches the CRLB for

a small number of samples. Finally, the space-time-frequency correlation function
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(stf-cf), the space-Doppler power spectral density (sD-psd), the power space-delay
spectral density (psds), and the envelope level crossing rate (LCR) obtained from the
reference model with estimated parameters are compared with those obtained from
the measured data. The close agreement between the analytical and empirical curves
confirms the utility of the proposed 3-D model and the methodology used to extract
the model parameters from the measured data.

The remainder of the chapter is organized as follows. Section 9.2 describes the
measurement campaign and the data processing techniques used to process the mea-
sured data. Section 9.3 presents the new maximum likelihood based stochastic esti-
mator. Section 9.4 compares the analytical and empirical results for the sD-psd, the

psds, and the LCR. Finally, Section 9.5 provides some concluding remarks.

9.2 Measurement Campaign Description and Data Proc-
essing
This section describes our MIMO M-to-M channel-sounding experimental campaign

as well as the signal processing techniques used to process the collected data.
9.2.1 Measurement Campaign Description

The MIMO M-to-M channel-sounding experimental campaign was conducted along
surface streets around the Georgia Tech campus and on the Interstate highways in the
midtown Atlanta metropolitan area. Major test assets associated with the campaign
were two Econoline vans equipped with a power generator and rechargeable power
supplies. Each van was equipped with a linear antenna array, consisting of four
vertically-polarized, magnetic-mount, 2.435 GHz antenna elements. The antenna
elements were placed across the roof of the van from the passenger side of the van
to the driver side of the van and spaced 2.943 wavelengths apart from each other.
The vans were usually driven in a convoy fashion (in the same lane and at the same

speed), roughly 100 m to 300 m apart, and with speeds up to 60 mph.

163



Figure 58 depicts the block diagram for the MIMO transmitter system, located
in the trailing vehicle. A rubidium clock provided a common 10 MHz reference
for two Agilent F4438C signal generators. The third generator, an Agilent E4433B,
synchronized the two E4438C signal generators. The arbitrary waveform feature of the
E4438C signal generators was used to program orthogonal OFDM channel sounding
waveforms to support 2 x4 MIMO channel matrix estimation. One source transmitted
on the odd subcarriers, while the other source transmitted on the even subcarriers. An
FFT size of N = 256 was used for the OFDM signal with a sample rate of 18 million
complex samples per second. The OFDM symbols were transmitted in a loop-back
fashion with a pulse repetition interval of 300 us, which corresponds to a maximum
resolvable Doppler shift of 3.3 kHz. The signal generator output signals were passed

through linear amplifiers and then coupled to two adjacent antenna elements in the

10 MHz Ref
Signal Gen |, Rubidium
Agilent E4433B Clock
| [
10 MHz Ref Trigger
Manual y y Manual
waveform Source #1 Source #2 waveform
select — " *— select
Agilent E4438C Agilent E4438C
RE «—pcps* RF Sounding Waveforms
AMP AMP g

18/36 Mcsps rate

RF carrier: 2.425 GHz
OFDM 256 subcarriers
Source 1: Odd carriers
Source 2: Even Subcarriers

Pulse Repetition Interval: 300

Antenna Array microseconds

(4-element)

Figure 58: The block diagram of the MIMO transmitter system.

Figure 59 shows the block diagram for the MIMO receiver system, located in the
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leading vehicle. The signals were received by a four-element linear antenna array.
Each of the received signals was coupled to a low-noise amplifier with 20 dB gain.
The signals were then passed to VME-based radio frequency (RF)-to-intermediate
frequency (IF) signal down-converters from Mercury Computer Systems, which con-
verts the RF analog signal to an IF frequency of 20 MHz. The resulting analog signals
were sent pairwise into Pentek model 6235 wideband receiver boards that performed
anti-aliasing filtering, analog-to-digital conversion at a 72 MHz complex sample rate,
digital down-conversion of the signals to complex baseband, and the 4:1 decimation
and filtering. The wideband receiver was clocked with an Agilent E4433B source with
a 10 MHz reference from a rubidium clock source. The channels were synchronized
pairwise. The use of the rubidium sources in the both vans provided a mechanism
to achieve frequency synchronization between the transmit and receive subsystems.
The resulting baseband samples of each pairwise set from the digital down-converters
were multiplexed and stored temporarily in a 2 GByte buffer, and were then streamed
to a computer and stored on a hard disk. The buffer boards enabled 3 s contiguous
snapshots to be collected from each of the 4 simultaneous channels at the sample
rates of 18 million complex samples per channel per second. Due to processing mem-
ory constraints, the samples associated with any one snapshot were partitioned into
eighteen time-contiguous segments. Snapshots were collected roughly 30 s apart.
Channel sounding waveforms were transmitted from the trailing vehicle and the
signals were received and recorded by the leading vehicle. Video cameras were used
in the vehicles to provide indications of time, velocity, and location, to support post-
test processing of the collected data. The measurements typically included both LoS
and NLoS conditions, as other vehicles and obstructions often masked the direct
LoS. Details associated with the measurement campaign are summarized in Table 10.
Finally, Figs. 60 and 61 show photographs of the locations where the data used in

the paper were collected.
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Figure 59: The block diagram of the MIMO receiver system.

9.2.2 Data Processing

Our wideband channel model described in Chapter 7 is focused on characterizing
the fast-fading characteristics of the channel. To allow fair comparison between our
wideband channel model and the measured data, the slow-fading component of the
measured signal envelope is removed. This is achieved using the local sliding window
technique [86], where the sliding window length is set to 20\.

From the measured input delay-spread function ﬁpq(nAts, kATs), we have calcu-

lated the stf-cf, the sD-psd, the psds, and the LCR. The stf-cf is obtained as follows:

Ry pi(TALs, FAf,) = (285)
Nt— 7-—1
(N,N,)~! Tpg(nA g, kA Tia((n + T)Aty, (k + F)AS,),

k=0

=2

Il
=)

n

where At, and N; denote the sampling period and the number of samples with respect
to the time variable t, A7, and N, denote the sampling period and the number of

samples with respect to the delay variable 7, T € {0, ... tpmax — 1}, F€{0,..., fimax —
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Table 10: Description of the measurement campaign.

Carrier Frequency

2.435 GHz

Tx Antenna Configuration

2.435 GHz magnetic mount antennas mounted in
a 1x4 linear array on the van rooftop; 2 adjacent
elements from the array were used for
transmission

Rx Antenna Configuration

2.435 GHz magnetic mount antennas mounted in
a 1x4 linear array on the van rooftop

Signal Modulation

OFDM symbols with 256 subcarriers

Transmit Sample Rate
(used to generate the OFDM signal)

18 MHz on a highway
36 MHz in an urban area

Transmit Waveform pulse repetition
interval

The pulse repetition interval of the sounding
waveform was approximately 300 microseconds

Frequency Synchronization

Rubidium clocks at the transmitter and the
receiver

Data collection System

Pentek-based VME custom collection system
with Mercury Computer Systems RF front ends;
4-channel receiver with pairwise sample
synchronization

Data collection products a the
receiver per snapshot (corresponding
roughly to 3-second durations of
contiguous data)

Approximately 55M  contiguous
baseband samples per antenna output

complex

Collection Scenario with mobile vans

Vans traveling 25 to 60 mph in the same
direction and within 100 m to 300 m apart on the
|75 Expressway and in an urban area around
Georgia Tech.

1}, tmax = [1/(BaAts)], fmax = [1/(AfsTmax)], Ba is the Doppler spread, and 7pax
is the maximum relative delay.! Note that the maximum relative delay denotes a
difference 7 — 7, where 71 is a delay when the psds achieves its maximum value and
Ty is a delay when the psds is 25 dB below its maximum value. The time-variant
transfer function qu(nAts, kAf) is obtained from the input delay-spread function
hpq(nAt,, kAT,) using a fast Fourier transform. To allow fair comparison between the

theoretical normalized stf-cf in (83) and the stf-cf obtained from the measured data,

we need to normalize the power of each measured subchannel Ag? ) Ag;?) to one. This

!Operation [-] denotes rounding up to the next integer, By is estimated from the measured
sD-psd, and Tax is estimated from the measured psds.
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Figure 60: Photograph of the street around Georgia Tech campus where the channel
sounding experimental campaign was conducted.

normalization is performed as in (214), i.e.,

- si(TAts, FA
Rpqpq(TAL, FAf,) = Fpu T80 FA)) - (286)

A

\/Var [T,q(nAL,, kA f)Var[Tps(nAt,, kAS)]

The space-Doppler power spectral density is obtained using the Welch algorithm [87].
The psds is obtained by averaging the squared magnitudes of the normalized input
delay-spread function fAqu(nAts, kATg) over all times nAt,. Finally, the LCR, L(R),
is obtained by counting how many times per second the measured signal envelope

crosses the level R in the positive going direction.

9.3 Parameter Estimation

The parametric nature of our wideband channel model makes it adaptable to a variety
of propagation environments. To verify our reference model with measured data,

we need to estimate the model parameters from the measurements. The distances
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1:03:02pPM

Figure 61: Photograph of the leading van, taken from the trailing van on the
Interstate highway in the midtown Atlanta metropolitan area.

between antenna elements (dy and dg), the difference in antenna heights Ay, the
directions and speeds of the Ty and Ry (y7, g, vr, and vg), the azimuth angles of
the Ty’s and Ry’s antenna arrays (01 and 6g), and the elevation angles of the Ty’s
and R,’s antenna arrays (17 and ¥g) are estimated from the antenna array geometry
and the video camera recordings. The remaining parameters, i.e., the parameters
in the von Mises pdfs (kr, ur, kgr, and pg), the parameters in the elevation angle
pdfs (Or,, and Bg,,), the parameters in the radii pdfs (Ry, R, Ry, and R,9), the
parameters that specify how much the single- and double-bounced rays contribute
to the total averaged power (17, ngr), and the Rice parameter K are estimated from
the measured input delay-spread functions qu(nAts, kAT,). Note that the parameter
nrr is equal to 1 — nr — nr and does not require estimation. First, the Rice factor

is estimated using the moment-method in [88]. Then, the parameters R, and R,
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are estimated from the measured psds by setting Ry = Ryo = CoTmax/2, Where Tpax
is the maximum relative delay and cy is the speed of light. The parameters Ry
and R, are chosen to be R;; = R,y = 0.1R;. Finally, to estimate the parameters
© = [Br,, kr, ur, Or,, s kg, ir, N1, NR], We propose a new maximum likelihood based
stochastic estimator. This estimator is an extension of the stochastic estimator in
[85] which only estimates the parameters in the von Mises pdf. In contrast to the
estimator in [85], which estimates its parameters from the spatial correlation function,
our estimator uses the stf-cf to estimate the parameters.

By observing that the theoretical and normalized measured input delay-spread
functions are both zero-mean and unit-variance complex Gaussian random processes,
we estimate the parameters © = [Br, , kr, iir, Br,,, kR, g, N1, Nr] Using a maximum-

likelihood (ML) estimator with the log-likelihood function

L{Orr} = —Ns{ In7irtt 4 n |R(Orp, TAL, FAF)|

+ tr{R(Opp, TAL,, FAf)'R(TAt,, FA fs)}}, (287)

where In( - ) denotes the natural logarithm operation, tr( - ) denotes the ma-
trix trace, Ny, = N;N, is the total number of samples, L; and L, denote the num-
ber of transmit and receive antennas, and ©p p denotes the vector of estimated
parameters in the time and frequency instances TAt, and FAf,. The elements
[R(TALy, FAf)gs 100141 ir 1) = Rpgpa(TALs, FAF,) of the L;L, x L;L, matrix
of the measured correlation functions, f{(TAtS, FAfy), are defined in (286), whereas
the elements [R(O7 p, TAty, FAf)]gi L, (p-1),+L,(5-1) = Bpgpa(Or,p, TALs, FAf,) of
the L;L, x L;L, matrix of the theoretical correlation functions, R(®r g, nAts, kAf),

are defined in (214). After removing the constant terms that are not dependent on
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the channel, the ML estimates are obtained as

A~

Orp = argmaxg F{ —In|R(Or p, TAts, FAfS)|
— tr{R(Opp, TAL,, FAf)'R(TAt,, FA fs)}, (288)

with the constraint nr + ng + nrg = 1. The expression in (288) is optimized using

the sequential quadratic programming algorithm [89]. The final vector of estimated
. - —1 tmax—1 fmaxil

parameters @ is obtained as ® = (fyax fmax) = s Orp.

To study the performance of the proposed estimator, we derive the Cramér-Rao
lower bounds (CRLB) for the estimated parameters © = [0,]3_; = [6r,,, kT, i1, Br,,
kg, ir,nr,nr|. The CRLB bound of the estimated parameter ©; is the diagonal
element of the inverse Fisher information matrix that corresponds to the parameter

©;. Appendix N shows that the (i, )™ element of the Fisher information matrix is

52L(O) N, et meC
[F(®)],; = —E[ } — >y tr{R(@ﬂF,TAtS,FAfS)‘l
a@za@] tmaxfmax T—0 F—=0

X D@j((-)T,Fa TAtS, FAfS)R(GT’F, TAtS, FAfs)ilD@i (@T,Fa TAtS, FAfs)}, (289)

where Dg,(Or , TAt,, FAf,) denotes the derivative OR(Or p, T At,, FAf,)/00; for
i€{l,...,8} and are derived in (439) - (446).

To illustrate the performance of the proposed estimator, we compare the de-
rived CRLB with the mean square error MSE = (6, — ©,)? for the parameters
©,5_, = [Br,., kr, ur, Br,, krs tir, 17, ], Where O, denotes the exact value and
O; denotes the estimated value of the parameter ©;. Since the results obtained
for the parameters [Ogr, , kg, 1tr, Nr] are almost identical with those obtained for the
parameters [Or, , k7, pr, nr], Fig. 62 plots the CRLB and the MSE only for the pa-
rameters [0;]1, = [Br,., kr, ur,nr]. The curves in Fig. 62 are obtained with the
estimated parameters Br,, = 5.1°, Brm = 10.2°, ur = 31.3°, ug = 141.7°, ky = 12.5,
kp = 10.2, np = 0.213, ng = 0.234, nrg = 0.82, K = 2.41, Ry = Ry = 9.6 m,

Ry = R, = 96 m and with the parameters 0y = 0 = 0°, Yr = Yr = 0°,
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Figure 62: Comparison of the MSE and the CRLB for the parameters [0,]}_, =
181, kr, pr, ).

yr =9 =90°, Ay =0, Ly = L, =2, dp = dg =2.943 A, D = 300 m, A = 0.123 m,
v =4, frmax = frmax = 90.86 Hz, which are obtained from the antenna geometry and
propagation conditions. The simulation results show that the proposed estimator has
asymptotically optimal performance, since it reaches the CRLB for a small number
of samples, i.e., Ny = 103. Finally, Figs. 63 - 66 compare the theoretical and mea-
sured correlation functions. The theoretical correlation functions are obtained with
the parameters in Fig. 62, whereas the measured correlation functions are obtained
from the data collected on the urban surface street area shown in Fig. 60. The close
agreement between the theoretical and empirical curves confirms the utility of the

proposed estimator.

9.4 Validation of the 3-D Wideband Reference Model

In this section, we compare the theoretical results in Chapters 7 and 8 with those

obtained from the measurement campaign described in Section 9.2. The wideband
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Figure 63: Comparison of the theoretical and the measured temporal auto-corr-
elation functions Ry 11(At, Af = 0).
channel measurements collected in the urban surface street area (shown in Fig. 60)
were performed at 2.435 GHz and the maximum Doppler frequencies were fry.x =
frmax = 90.86 Hz. The distance between the T and R, was approximately D = 300 m
and the moving directions were vy = yg = 90°. Both, the Ty and R, were equipped
with two omnidirectional antenna elements with the azimuth and elevation angles
Or = 0r = 0° and ¥y = Y = 0°, respectively. All antenna elements have the same
height, Ay = 0, and the distance between the antenna elements is dr = dg = 2.943 A.
It is assumed that the path loss exponent v is 4, which is typical for radio propagation
over a flat reflecting surface [35].

The reference model in (204) - (207) assumes an infinite number of scatterers
around the Ty and Ry, i.e, M, N — oco. Using the Central Limit Theorem [76], we
can conclude that the theoretical time-variant transfer function 7,,(¢, f) is a complex

Gaussian random process with the mean E[T,, (¢, f)] = Tk5(t, f) and the variance
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Figure 64: Comparison of the theoretical and the measured space-time correlation
functions Ryo 00 (At, Af =0).

Var[T,,(t, f)] = /(K +1). Before we compare the theoretical and measured sD-psd,
psds, and LCR, we need to confirm that the measured time-variant transfer functions
are also complex Gaussian random processes with the means and variances similar to
those of the reference model. Fig. 67 compares the cumulative distribution functions
(CDFs) of the real and imaginary components of the measured time-variant transfer
function, Tn(t, 180 MHz), with the CDFs of the real and imaginary components
of the complex Gaussian process. The complex Gaussian process is obtained with
the mean E[T1M(¢,180 MHz)] and the variance Var[T]M (¢, 180 MHz)|, respectively,
where TEM(¢,180 MHz) is the time-variant transfer function of the reference model.
The results show that CDF's of the real and imaginary components of the measured
time-variant transfer function, Tn(t, 180 MHz), can be closely approximated by the
Gaussian distributions and that the reference model and measured data have the

similar means and variances. Furthermore, the CDF's of the measured amplitude and
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Figure 65: Comparison of the theoretical and the measured time-frequency correla-
tion functions Ryq11(At, Af = 72 Hz).

phase can be closely approximated by a Rice and uniform distribution?, respectively.
We have performed similar analysis (i.e., comparison of CDF functions and quantile-
quantile plots) for all measured time-variant transfer functions, and similar results
were observed.

Figures 68 - 70 compare the theoretical and the measured sD-psd, psds, and LCR
for the urban surface street environment, respectively. The analytical curves are
obtained with the parameters Or,, = 5.1°, Brn = 10.2°, pupr = 73.3°, ug = 264.7°,
kr = 5.7, kp = 64, npr = 0.043, ng = 0.137, nrrp = 0.82, Ry = R,y = 9.6 m,
Riy = R, =96 m, and K = 2.41. These parameters are estimated from the measured
data as described in Section 9.3. The parameters v, D, vr, Vg, 07, Or, Y1, ¥r, dr, dg,
Ay, frmax, and frmax are selected to match the measurement conditions as described

above. Figures 68 - 70 show close agreement between the theoretical and empirical

2With non-isotropic scattering, the phase may not be uniform distributed.
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Figure 66: Comparison of the theoretical and the measured stf-cfs Ryg 00 (At, Af =
72 Hz).

curves. Our results for urban surface street environments show that double-bounced
rays bear more energy than the single-bounced rays. Note also that the estimated
scattering radii Ry = R,o = 96 m are sufficiently small compared to the distance
D = 300 m that the local scattering condition is satisfied.

Finally, we note that channel sounding measurements for narrowband and wide-
band SISO M-to-M channels in [39] and [83], similar to our theoretical results, show
no oscillating pattern in the Doppler power spectrum. The oscillating pattern in
our measurements for the case dr = dg = 0 may appear because it is not a true
SISO scenario where only one transmit and one receive antenna are active. We have
performed MIMO M-to-M channel measurements and calculated the SISO Doppler
spectrum using the input delay-spread function hi(¢, 7). There may be a small de-
gree of coupling with the other active antennas which is manifested as the oscillating

pattern in the Doppler power spectrum for d = dgr = 0. Another explanation may be
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Figure 67: Theoretical and empirical distribution functions of hy1(¢,7) in an urban
surface street area.

the presence of moving scatterers (vehicles), whereas our model assumes stationary
scatterers. The measurements in [40] were conducted at nighttime with very little
road traffic.

The wideband channel measurements, collected on the Interstate highway (shown
in Fig. 61), were performed at 2.435 GHz and the maximum Doppler frequencies were
frmax = [frRmax = 181.72 Hz. The distance between the T, and Ry was approximately
D = 180 m and the moving directions were vy = yg = 90°. The Ty was equipped
with two, and the Ry was equipped with four omnidirectional antenna elements.
The antenna array elements at both vehicles have the azimuth and elevation angles
Or = 0r = 0° and ¥y = Yr = 0°, respectively. All antenna elements have the same
height, Ay = 0, and the distance between the antenna elements is dr = dg = 2.943 A.

The path loss exponent - is set to 4.

177



—— Theoretical sD-psd d,=d.=0
—=— Measured sD-psd d,=d_=0

—e— Theoretical sD-psd d =d_=2.943 A
"""" Measured sD-psd d,=d_.=2.943 A

=
o
1

R
o
1

&
o
1

Normalized Power Spectral Density [dB]
8
|

o
o

T — - T T T T — T . T — 1
-200 -150 -100 -50 0 50 100 150 200

Doppler Frequency v [HZ]

Figure 68: Theoretical and the measured sD-psd in an urban surface street area.

Figures 71 - 73 compare the theoretical and measured sD-psd, psds, and LCR,
respectively, on the Interstate highway. The analytical curves are obtained with the
parameters O, = 7.4°, Brm = 8.3°, ur = 101.4°, ug = 281.5°, ky = 5.5, kg = 5.2,
nr = 0.358, ng = 0.288, nrp = 0.354, Ry = Ry = 45 m, Rp = R = 45 m,
and K = 1.29. These parameters are estimated as described in Section 9.3. The
remaining parameters D, v, v, Vr, 01, Or, U1, Yr, dr, dr, AH, fTmax, and frmax are
selected as in the highway measurement setup, described above. Figures 71 - 73 show
close agreement between the theoretical and empirical curves. In this set of data, the
single-bounced rays are more dominant than the double-bounced rays. This effect
can be explained by the fact that both vans were in the rightmost lane and very close
to the sound blockers on the edge of the highway (see Fig. 61). Finally, the estimated
scattering radii R;y = R,o = 45 m are sufficiently small compared to the distance
D = 180 m that the local scattering condition is satisfied.

By analyzing the data collected at four different locations along the highway, we
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Figure 69: Theoretical and measured psds in an urban surface street area.

have observed that if the vehicles are driven in the rightmost or the leftmost lane
and close to the large objects such as highway dividers or sound blockers on the edge
of the highway, the single-bounced rays bear more energy than the double-bounced
rays. However, if the vehicles are driven in the middle lanes of the highway, the
double-bounced rays are prevalent.

Figures 67 - 73 show the close agreement between the theoretical and empirical
curves. These results confirm the utility of the proposed model. From the results we
can observe that, in the urban area, the double-bounced rays bear more energy than
the single-bounced rays, whereas, on the highway, the single-bounced rays may be

prevalent.

9.5 Summary

This chapter described the MIMO M-to-M channel-sounding experimental campaign

that was conducted in the Atlanta metropolitan area. Furthermore, to compare the
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Figure 70: Theoretical and measured LCR in an urban surface street area.

analytical and empirical results, the new maximum likelihood based stochastic estima-
tor was proposed in this chapter. The new estimator jointly estimates the parameters
of the distribution functions used to characterize the azimuth and elevation angles of
departure, the azimuth and elevation angles of arrival, and the parameters that spec-
ify how much the single- and double-bounced rays contribute in the total averaged
received power. The performance of the new estimator was studied by deriving the
CRLB and comparing the mean square error of the estimates to the CRLB. The sim-
ulations showed that the proposed estimator has asymptotically optimal performance
since it reaches the CRLB for a small number of samples. Finally, the measured data
was processed and compared with the analytical predictions. The close agreement
between the analytical and empirical curves confirms the utility of the proposed ref-
erence model and methodology for extracting model parameters from the measured

data.
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Figure 71: Theoretical and measured sD-psd on an Interstate highway.
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CHAPTER X

A SPACE-TIME CODE DESIGN FOR CPM:
DIVERSITY ORDER AND CODING GAIN

10.1 Owverview

Space-time (ST) coding transmits coded waveforms from multiple antennas to max-
imize link performance. Full spatial diversity is one design objective for ST codes,
being upper bounded by the product L; X L,, where L, and L, are the number of
transmit and receive antennas, respectively. Coding gain optimization is another de-
sign objective for space-time codes. Many different ST codes have been developed for
quasi-static Rayleigh fading channels [4] - [14].

Space-time coding can be applied to continuous phase modulated signals. Zhang
and Fitz [41], [42] derived design criteria for space-time coded CPM (ST-CPM) on
quasi-static fading channels and identified a rank criterion, but only for particular
CPM schemes: full-response 2"-ary CPM with h = 1/2, full-response 4™-ary CPM
with h = 1/4 and h = 3/4, partial-response binary CPM with A = 1/2 and partial-
response 4-ary CPM with A = 1/4 and h = 3/4. Some attempts to optimize coding
gain of ST-CPM have been made in [43] - [45]. However, a general framework for
ST-CPM is lacking both in terms of diversity order and coding gain.

This chapter derives sufficient conditions under which any M-ary partial- and full-
response ST-CPM arrangement will attain full spatial diversity for any L;. Design
rules are specified for coding gain optimization. Paralleling the work of Mengali and
Morelli [56], we first derive a linear decomposition of CPM signals with tilted-phase.

The tilted-phase is time-invariant and simplifies receiver processing [90]. Based on
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our linear decomposition, we propose a rank criterion for M-ary partial- and full-
response CPM that eventually defines a set of optimal modulation indices for any
candidate CPM scheme (excluding multi-h CPM). We also propose a coding gain
design criterion for ST-CPM. Maximization of the coding gain for ST-CPM depends
not only on the codewords as in linear modulation, but also on the frequency/phase
shaping function. Since the analytical or computer search for the codes and phase
shaping functions that maximize the coding gain is a difficult problem, a coding
gain optimization criterion that optimizes (improves or maximizes) the coding gain is
developed. Finally, we discuss the optimization of ST-CPM and orthogonal ST-CPM
as special cases.

The remainder of the chapter is as follows. Section 10.2 describes ST-CPM on
a quasi-static fading channel. Section 10.3 derives the linear decomposition of CPM
signals with tilted-phase. Section 10.4 presents our design criteria for M-ary partial-
and full-response ST-CPM. Section 10.5 presents several examples and simulation
results verifying the developed ST-CPM rank and coding gain design optimization

criteria. Section 10.6 concludes the chapter.

10.2 ST-CPM with Tilted-Phase - System Model

This chapter considers a space-time coded tilted-phase CPM system with L; transmit
antennas and L, receive antennas. As shown in Fig. 74, the ST encoder uses a block
code C to encode blocks of K information symbols into length-N = N.L; codeword
vectors u € C that are mapped onto an L; x N, matrix U in the following manner:

codeword

(@ L) (1) (2 Lt 1 2 Ly
u = (ug),ug),...,ué ),ug),ug),...,ug ),...,us\,z_l,ugvz_l,...,uSVCL) (290)
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is mapped to the L; x N, matrix

where u,(f)

1 (Kp)

(1) (1)

Ug Uy
u(()2) u§2)
u(()Lt) uth)

1
ugvj 1

2
ugvj 1

(Lt)

Un.—1 |

(291)

is the code symbol assigned to i-th transmit antenna at time epoch k.

Space-
Time
Encoder

ul

, tilted-phase

CPM

tilted-phase
NC
n

CPM

SL (t u(l-t)

r, ()

Receiver

Figure 74: Block diagram for space-time coded tilted-phase CPM system.

The outputs of the space-time encoder are L; streams of symbols, that are input

to separate tilted-phase CPM modulators that drive the antennas. Due to the tilted-

phase representation, the ST encoder outputs can be directly input to the CPM

modulators without the need for additional modulation mapping as is the case if an

excess-phase CPM modulator is used (see Fig. 4).

simultaneously transmitted from L, transmit antennas.

The L; modulated signals are

The signal at each receiver antenna is a noisy superposition of the L; transmitted

signals, each affected by quasi-static flat Rayleigh fading, and independent zero-mean

complex additive white Gaussian noise (AWGN). The received signal can be repre-

sented in the convenient vector form

—H"\/E,s(t,U) +n(t)
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where s(t,U) = [81 (t, u(l)) ye s SL, (t,u(Lt))}T is the vector of transmitted sig-
nals, u®? = [uéi),ugi), e ,ug\i,)c_l} is the vector of the code symbols assigned to i-
th transmit antenna, r(¢) = [ri(t),...,r., (£)]" is the vector of received signals,
n(t) = [ni(t),...,nz (t)]" contains the noise samples that are independent zero-mean
complex Gaussian random variables with variance Ny/2 per dimension, H = [h;;], x 1.
is the matrix of complex channel fading gains, E, is the symbol energy, and ( - )T
denotes the matrix transpose operation.

In some embodiments, the ST-CPM receiver employs maximum-likelihood se-
quence detection (MLSD) as implemented with the Viterbi algorithm. The bit error
rate performance of MLSD is typically evaluated by upper bounding the pairwise
error probability for any two space-time codewords U, and U, defined as in (291).
Let s(t, U) and §(t, U) denote the CPM vectors corresponding to matrices U and U,

respectively. Finally, let Ug be the matrix of correlation functions of the differential

CPM signals received at the different antennas [41]

U. (293)
o Asi 0P [T AsOAsyde o [ Asi (1) As, (1)dt
T AsaOAsidr [T Asp@)Pdr e [T Asa(t)As, (1)
Jo " As (A (0 [ As (As30dr o [T s (1)

where differential CPM signals are defined as As;(¢) = si(t,u®) — §;(t,09) for 1 <
1 < L; and T, denotes the symbol duration. As shown in Chapter 2, for a quasi-
static flat Rayleigh fading channel, the pairwise error probability has the following,

asymptotically tight, upper bound [4]:

. 1 L, 77E —rL,
P (U, UHRH) < < 5 294
«(U, U[H) < (H21(1+)\z‘Es/4No)) - <4N0) ’ (294)

where 7 is the rank of matrix Ug, {\1, -+, A\, } are the nonzero eigenvalues of Uy, and

n = (MA2--- )" is their geometric mean.
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10.3 Linear Decomposition of CPM with Tilted-Phase

Laurent [91] showed that a binary CPM signal can be decomposed into a linear com-
bination of pulse amplitude modulated (PAM) waveforms. Mengali and Morelli [56]
extended Laurent’s CPM signal decomposition to M-ary CPM signals. These linear
decomposition approaches [91], [56] use the CPM excess phase, but as mentioned pre-
viously, a decomposition based on the time-invariant CPM tilted-phase is desirable.
Paralleling the work of Mengali and Morelli [56] (see Section 2.5), we derive a linear
decomposition of CPM signals with tilted-phase.

The CPM tilted-phase baseband complex envelope is [90] s(t,u) = 1/2/Te/¥ W,

nT. <t < (n+1)T., where
n—L L—-1
Y(t;u) =2rh > up +47h > Bt — (n—i)T.) + ThW(t —nT,)  (295)
k=0 =0

is the tilted-phase, h is the modulation index, u = (uy, ..., uy,_1) is the information
sequence with elements chosen from the M-ary alphabet {0,1,..., M — 1}, and T, is

the symbol duration. The term W (t) in (295) is

h
L

W) = (M — 1)Ti F M=) (L—1)—2M - 1)S Bt +iT).  (296)

c

Il
=)

The phase shaping pulse 3(t) is defined as in Section 2.5.
To derive the CPM tilted-phase decomposition, first note that some integer F'

exists such that 2871 < M < 2. Since uy, varies in the range 0 < up < (M — 1) <

2F —1, uy, has the radix-2 representation u;, = Zf:_ol Vk,l2l, where v, € {0,1}. Hence,

the tilted-phase in (295) can be rewritten as

Fo1 n-L L1
U(t,u) = Z 2mh2! (Z Vit + 2 Z Yn—iaB(t — (n — ’i)Tc)) + mhW (t — nle). (297)
1=0 k=0 i=0

Then, the CPM tilted-phase complex envelope has the form

[y

—
S(t, u) — Tzejﬂ'hW(tnTc) H ej (27rh2l ZZ;OL ’Yk,l+47rh21 Zlefol ’yn_i,lﬁ(t_(n_i)TC)) ) (298)

=
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The next step replaces the partial-response term associated with the (n —i)-th bit
in (298) by an equivalent sum of two terms, such that only the second term depends
upon the (n — i)-th bit. The partial-response term in (298) associated with the [-th

bit of symbol u, satisfies

eI Bt — (299)

sin (wh2! — 2wh2'5(t)) + pthdig S0 (2mh2'3(t))
sin (wh2!) sin (wh2!)

—jmh2t

e j2mh2!3(t)

The equality in (299) can be shown by applying the Euler transformation on sine

functions and by replacing v;; with 0 and 1, respectively.

Define
sO@) 2 (300)
( sin (2mh2'3(t))
127h2'3(t) — jrh2! 0<t< LT,
exp (j2mh2'B(t) — jmh2') () , 0<
sin (wh2! — 2rh2'6(t — LT.))
i2mh2 3(t — LT. LT.<t<2LT. -
P (J mh26( )) sin(7h2t) ’ - =
0 , otherwise
Therefore, when 0 <t < LT,
eIAmh2ye () _ (1) (t+ LT,) + eI 22,1 (1) (t). (301)

From (298) and (301), the CPM tilted-phase complex envelope on the interval n7T, <

t < (n+ 1)T. becomes

2 .
s(t,u) = wfe”hw(t’"m (302)

F-1 L-1
lejZWhZZzzz(]J: Ykl H <s(l)(t —(n—9T,+ LT,) + eI2mh2yn i1 6(1) (t—(n— i)Tc)>

= 1=0

Closely following the algorithm in [56], we obtain the complex envelope of M-ary

partial-response CPM signals with tilted-phase as

R—1N.—1

s(t,u) =Y > Buagilt —nl), (303)

k=0 n=0
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where R = (2F — 1)2F¢=1 and the Laurent functions g(¢) and symbols By, are

defined below. The Laurent functions gx(t) are

F-1L-1

gi(t) £ VO TT TT s [t - (z + Lag, ; + egf“[wj)> Tc} , (304)

=0 =0

where Ad; 0 € {0,1} are coefficients in the binary representation of the index d;; =
ZQL:_OI (4,277, 0 < djy <2571 — 1, and functions s(t) are defined as in (300).

The symbols By, are

(k—wj)

n—e; L—1
A .
Bk,n = exp j27‘thZ Z Yril — Z,yn—r—e(kiwj) ladj,lﬂ" y (305)
r= r=1 ot ’

where 7., € {0, 1} are coefficients in the binary representation of the information sym-
bol u,. The integer j, used in (303) - (305), is chosen from the set j € {0, ..., 2FF=1 —

1} and satisfies j = S ' (2"F-D)d;;, where 0 < d;; < 28" — 1. Finally, inte-

(k—wjy)

gers e used in (303) - (305), are chosen to satisfy 0 < e

j?l
Ple® ) — 0, where Ty, are durations of the functions [[“" sO[t + (i + L
=0 €y = 0, where 7}, are durations of the functions [[;”; s"[t + (i + ad; ;i +
(k—wj)
4.l

<Tj;—1and
e )T.] and w; = S V(T Toa — Ty (Toy — 1)). The derivation of (303) -

(305) is presented in Appendix O.

10.4 Design Criteria for ST-CPM

The CPM modulator inputs in Fig. 74 are elements from the L, x N, matrix U defined
in (291), while the outputs are elements from the vector s(t, U) = [s1(t,u"), ..., sy,
(t,u?))]T where the signals s;(t,u®) are defined in (303) and 1 <14 < L,. Assume
that h = K/P, where K and P are relatively prime integers. For M-ary, partial/full-

response, ST-CPM codes, we define

)
o & Z ul® — x® , (306)
= mod P
where X = f:iol 9! Zfz—l V:Lizrfe(k*wj)zadj”’r’ %(Ll)z € {0,1} are coefficients in the

7,1
)

binary representation of the symbols ul! , and aq,,; € {0,1} are coefficients in the
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binary representation of the index d;;,0 < d;; < 2L=1 _ 1. Note that v,(:)k can only
assume values from the set {0,1,---, P — 1}.

From (303) - (306), the L; x 1 ST-CPM vector s(t, U) can be written as

]27rhv,(C ) j27rhv,(€1’i J2Wh”1513VC—1
. 2 . 2 i 2
o |y e i,
k=0 : R :
ejQWhvl(c’LOt) €j27rhv(Lt) . €j2”hvl(g,L17\sf)c—1

L = L XN,

A
where gi(t) = [gox(t), g1x(8), - -, gno—1(1)]7 and g, 1 (t) £ gi(t—nT.). Then, the L, x
1 differential ST-CPM vector As(t) = s(t U) —5(t, U) for two space-time codewords,

U and U is equal to

(1) ~(1) (1 (1)

B . . ) . N T
6]27rh'u . 6]27rhvk 0 . €J2ﬂhvk,Nc—1 - 632ﬂh”k,Nc—1
2 . 2
R-1 6]27rh'u( ) . 6]27rh'u( ) . 6]27rhv)(€’3\,c 6]27rhv( ) 1
As(t) = g (t). (308)
k=0 . I .
. (L
]27rhv,g t) . 6]27rhv](€70t) . ]27rhv£ le)c—l o ]271'}11),(C 17\511—1

L = LtXNc

To simplify further notations, we define the L; x N, matrix of accumulative values as

Vi = [ )] where 1 <i < L;, 0 <n < N.—1,and 0 < k < R — 1. Furthermore, we

denote the L; x N, matrices in (307) and (308) as Z; = [eﬂ”h”fu)k] and AZk = Zw—Z,

respectively. Now, the ST-CPM vector s(¢, U) can be rewritten as
R-1
= Zy gil(t), (309)
k=0
whereas the differential ST-CPM vector can be rewritten as
Y] (310)

Using (293) and (310), the matrix of correlation functions of the differential ST-CPM

signals, Uy, can be written as

NCTC R—1 R—
U, / ZZ AZy G AZ ", (311)

k=0 m=0

where G = o g g (t) dt and (-)" denotes the Hermitian operation.
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10.4.1 Full-Diversity Design Criterion

The ST-CPM signals achieve full diversity if the matrix Uy in (311) has full rank
for any two space-time codewords. In [41] is shown that the matrix U, has full
rank iff the elements of the differential ST-CPM vector As(t) in (310) are linearly
independent. Here, we show that a sufficient condition for achieving full diversity is
that the matrices AZj have full rank L; for any two space-time codewords U, and

U. To show this result, we first introduce the following lemma.

Lemma 2 Suppose that all the functions g, ,(t), for 0 <n < N.—1 and 0 < k <
R—1, are collected to form the vector g(t) = [goo(t), ..., gn.—10(t),-- -, go.r-1(t),-- -,

gn.—1.5-1(t)]T. The components of the vector g(t) are linearly independent.

The proof is shown in Appendix P.

Using the results from Lemma 2, we show the following.

Lemma 3 If the complex matrices AZy = (Zy — Z1,) have full rank, then the dif-
ferential ST-CPM vector As(t) has linearly independent elements, i.e., the ST-CPM

system achieves full spatial diversity L.

The proof is shown in Appendix Q. Note that the Laurent functions g, x(¢) do not
affect the full-diversity design criterion. However, they affect the coding gain, as
discussed in the next subsection.

Next we determine conditions under which the matrices AZj; have full rank. Ob-

serve that each 27-ary codeword U, defined in (291), has the form
F-1
U=> 29U, (312)
1=0
where ®;(-) denotes the operation (U/2!)042-

Theorem 4 (Rank Design Criterion) Denote C as a linear Ly x N. space-time

code over the commutative ring of nonnegative integers modulo-2%, Ly, with Ly < N..
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Suppose that all nonzero codewords U € C have different nonzero modulo-2 projections
®o(U) and that matrices ®o(U) have full rank over the binary field F. Then for any
partial- or full-response 2F-ary CPM scheme with h = K/2" (where 2" < 2F and
2" and K are relatively prime integers), the space-time code C achieves full spatial

diversity Ly.

Proof:  Earlier we have defined the accumulative matrices Vy as

nfe<k7wj)
7,1
V=] = X w0 -x® , (313)
r=0

mod 2n
where 1 <i <L, 0<n<N,—1,0< k< R—1, X0 = 3T lal 3240 ey
Ad, ;s 77(;% € {0,1} are coefficients in the binary representation of the symbolJSJ ug),
and aq,,; € {0, 1} are coefficients in the binary representation of the index 0 < d;; <
2E=1 — 1. The modulo-2 projection of the matrix V, is

k—w.
n—e(. e )

2oV = (&1 on (4) ) @ 60 (X)) (314)

where & denotes modulo-2 summation. Since elements in the accumulative matrices
®y(Vy) are obtained using linear nonsingular transformations of the binary inputs
in F, which do not change the rank property, the accumulative matrices ®q(Vy)
also have full rank. From the injection property of these linear transformations, if
B (U) # o(U) then Bo(V}) # $o(Vi).

Next we show that the matrices AZ; have full rank for any two different accumu-
lative matrices V, and Vk We will prove this by contradiction. If the matrices AZ,

do not have full rank, then there exists a nonzero vector K = [k, ..., kr,]7 such that

(1 (2 (2 (L¢)
2 2 2 k. —

R (07 = %) k(B0 = B0) kg, (B - ) =0 (315)

for i ={0,..., N.— 1}, where = exp (j2n K /2"), (ﬁ”(lf)c - ﬁ”(lf)€> are elements of the

matrix AZjg, elements of the vector K are drawn from Z[5] = {Zzal 23, % € Z},
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and not all of them are divisible by (1 — ). For two elements a,b € Zgan following
equality holds [13]:

g —p°

1-p

Dividing (315) by (1 — 3) and using (316), the modulo-2 projection of (315) is

=a+b(mod1—p)=a+b(mod 2). (316)

dolkr) [0 (050) @ o (200) |+ + d0(ka) o0 (o57) @ 00 (8(3))] = 0. (317)

where ¢o(+) denotes modulo-2 operation, i.e. ¢ (vf%) = (vf%) Ly and @ denotes
modulo-2 addition. Since not all components in K are divisible by (1 — ), i.e., 2,
it follows that ®o(K) is a nonzero vector. Since ®o(V;) # ®(Vy), from the code
linearity it follows that the accumulative matrices ®o(V}) @ ®o(V}) also have full
rank. Hence, (317) can not be satisfied, which leads to contradiction. [

The previous theorem showed that if the space-time code C satisfies the CPM
rank criterion, the matrices AZ; have full rank for any two different accumulative
matrices V and Vk Lemma 3 proved that the elements of the differential ST-CPM
vector As(t) are linearly independent if matrices AZy, have full rank. In [41] is shown
that the matrix U, has full rank iff the elements of the differential ST-CPM vector
As(t) are linearly independent. Consequently, the overall ST-CPM system achieves
full diversity.

Remark 1: The CPM rank criterion requires that different codewords U € C have
different modulo-2 projections ®¢(U) because the linear transformation used in (313)
to obtain the accumulative matrices Vi, only preserves the rank of the lowest bit code
matrix ®o(U). Hence, if ®o(U) = ®o(U) there is no guarantee that matrices AZ;
will have full rank even though codewords U and U have full rank. The higher bit
matrices ;- ,(U) can be used to optimize coding gain, as discussed in the sequel.
Also note that if all modulo-2 projections are zero, the rank design criterion applies
to modulo-4 projections, i.e., ®o(U/2).

Remark 2: The proposed rank criterion for 2f-ary CPM with modulation index
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h = 1/2, is similar to the BPSK rank criterion [10] and, hence, it provides both
necessary and sufficient conditions for full spatial diversity, whereas the proposed rank
criterion for 2"-ary CPM with modulation indices h = {1/4,...,1/2"} provides only
sufficient conditions for full spatial diversity. Nonetheless, the CPM rank criterion is
a useful design tool for ST-CPM.

Remark 3: To derive the CPM rank criterion we used the linear decomposition of
CPM signals with tilted-phase. The CPM rank criterion applies to the original tilted-

phase or excess-phase CPM waveform as well.
10.4.2 Optimization of Coding Gain

Once full diversity is guaranteed, the next objective is to maximize the
coding gain, Eppp(As(t)), over all pairs of distinct codewords U and U, defined by

geometric-mean of the nonzero eigenvalues of the matrix Uy, i.e.,

L 1/L
Epep (As(t)) = (H )\i) = |Us|1/Lt> (318)

where | - | denotes the determinant operation. From (311), the determinant |U,| can

be written as

R—-1 R-1

> AZGy AZLY

k=0 m=0

Uy = : (319)

Equation (319) shows that maximization of the coding gain for CPM modulated
space-time codes is more difficult than that for linearly modulated space-time codes,
because the coding gain is not only a function of codewords U and U, but also a
function of the phase shaping pulses used in the vectors g (¢). The following theorem

introduces the coding gain design criterion.

Theorem 5 (Coding Gain Design Criterion) The coding gain {ppp (As(t)) is
maximized if the positive-definite Hermitian matriz U, :ZkR;Ol Zi;BAZkaMAZmH
is a semi-identity matriz with maximized diagonal elements tr(Us)/Ly (i.e., con-

strained on the trace tr(Uy) ).
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Proof:  Using Hadamard’s inequality [92], the coding gain {ppp (As(t)) becomes

R—1R-1 L R—1R—-1
Epep (As(t)) = Uy = Z Z Apm| < H Z Z Qi ms (320)
k=0 m=0 i=1 k=0 m=0
where Ay, = AZkamAZmH and a; ;. are diagonal elements in Ay,,. The

equality holds only if the matrix Zfz_ol Zi_:t Ay, is a diagonal matrix. Further
maximization of the coding gain {pgp (As(t)) is possible by choosing the diago-
nal elements a;;,, to maximize Hfztl 11::01 Zf;t @ikm- From the arithmetic-
geometric mean inequality follows that the necessary and sufficient condition for
maximizing Hf;l kR;()l Zi;% a; ; k.m is that all diagonal elements a; ; i, are equal to
tr( kR;[)l Zi;lo Ay ) /L. Hence, the coding gain {ppp (As(t)) is maximized iff the

matrix Uy is a semi-identity matrix (i.e., diagonal with all diagonal elements equal to

tr(Sr ) S AZL G AZy ) /L) and the trace tr(Uy) =tr(3r—g 32020 AZy G
AZ,,"') is maximized, what was our claim. [J

Analytical or computer search for the matrix Zf;ol Zﬁ;t AZkamAZmH (ie.,
the codes, phase shaping pulses, and modulation indices) that maximize the coding
gain is a difficult problem. To simplify the problem, we introduce a proposition that

offers a theoretical framework which leads to the coding gain optimization (improve-

ment or maximization), as discussed below.

Proposition 6 (Coding Gain Optimization) The coding gain {ppp (As(t)) can
be optimized (mazimized or improved) if the matrices Gy and AZAZT are de-
signed to be semi-identity matrices, (i.e., Gy = tr(Ggp)In, /Ne and AZyAZY =
tr(AZkAZkH)ILt/Lt, where I, and 1y, are the N.x N, and L; x L; identity matrices)

with mazimized product of traces tr(Gyy) and tr(AZAZ™).

Reasoning behind the proposition:  From Theorem 5 follows that the first step toward
coding gain optimization is to design the matrix U, = ZkR;Ol Eﬁ;t AZ, Gy, AZ, 2
as a semi-identity matrix. Here we observe that the matrices Gy ,,, are different from

zero only for coefficients k& = m (this will be proven in Subsection 10.4.3). Then,
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the matrix U, simplifies to kR:_Ol AZiGp AZ.. Note that the PAM pulse shaping
functions g, x(t) in Gy can be separated from the transmitted symbols Uff)k and
considered as part of the channel impulse response [93]. This allows us to separate
the influence of the pulse shaping functions and codewords on the coding gain and
optimize the matrices ZkR:_OI AZ,AZ T and Gy ;. separately. The matrices Gy will
be optimized if they are designed to be semi-identity matrices, Gy, = Qrly,, where
Iy, is the N, x N, identity matrix and @, = tr(Gygy)/N.. Then, the matrix U;
simplifies to ZkRz_ol QrAZLAZ,™. The matrix U, will be optimized if it is designed to
be semi-identity matrix constrained on its trace. There is no unique solution for this
problem. To simplify the problem, we choose a solution AZ,AZ,” = PI;,, where
I;, is the L, x L; identity matrix and P, = tr(AZyAZ,")/L;. Then, it follows that
the coding gain £ppp (As(t)) can be optimized if the matrices Gy and AZLAZ"
are designed to be semi-identity matrices with maximized product of traces tr(Gy ;) tr
and (AZyAZ,™), what was our claim. [

The following sections investigate conditions under which the matrices Gy, and

AZ,.AZ," can be constructed as semi-identity matrices.
10.4.3 Coding Gain Optimization Through Phase Shaping Pulses

As discussed in Proposition 6, the influence of the pulse shaping functions and code-
words on the coding gain can be treated separately. In this section, we first show that
the matrices Gy, 2, are equal to zero. Then, we investigate conditions under which
the matrices Gy can be constructed as semi-identity matrices. A general analysis of
the matrices Gy, is difficult because functions g; x(f) depend on the memory length
L. Hence, we analyze matrices Gy, for cases of practical importance (L = 1,2). The
results show that the matrices Gy, are semi-identity matrices for the raised cosine
frequency shaping function with memory length L = 1,2 and the modulation indices

h =1/2" for 1 <n < F — 1. Finally, the modulation indices h should be chosen to
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maximize the traces tr(Gy).
From (304), observe that functions g, x(¢) are non-zero in the time interval n7, <

t < (n+ L+ 1)T.. Then, the matrix Gy, defined in (311) has the form
LT, .
Jo" T a0 (0) 5 ()t 0
Grm = : : , o (321)
Ne+L)T. .
0 e T g (g1 (B
where (-)* denotes complex conjugate operation and the functions g, x(t) are defined

in (304). To show that the matrices Gy, are equal to zero, we first evaluate the

products

In k()G m(t) = exp (jrhW (t — nT,)) exp (—jmhW (t — nT,)) (322)
F—1L-1 .
H H s¥ [t — (n —i— Lag,,; — egﬁ_wj)> TC] s¥ [t — (n —i—Lag,,; — e§T_wj)> TC] :
1=0 i=0

where the functions s)(¢) are defined in (300), k,m € {0,...,R — 1}, and k # m.

Note that the integers efl_wj ) and e§T_wj ) are chosen to satisfy 0 < eéﬁ(m)_wj ) <Tj—1

and [, e(.fgl(m)fwj ) = 0, where Ty, are the durations of the functions [[7,' s®[t +

i+ Lag, ; + eEm=wihyy Then, at least one integer ") — () and at least one
( Jsls j,l g ],l
(m—wj)
1

integer e, = (. Since k£ and m cannot be zero at the same time, we assume that
m # 0. Hence, at least one integer eg. ;{ij )

wy)

7;1;;””] ) # 0 and least one pair of integers e

(k—wjy) + 6(m—wj)
J

m— . . .
and eé.l satisfies e} iy . Without loss of generality, we can assume

that egﬁ)_wj) = aq,,,0 = 0 for [ =4 = 0. Then, (322) can be modified to

9us()5.n(0) = 806 = nT)s” [t = (= Lagp0 — €5 ) T (323)
F-1L-1 i}
H H 50 [t — (n —i— Lag,,; — eg.fcl_wj)) TC] s¥ [t — (n —i— Lag,,; — eg.T_w")) TC] .
I=1 i=1

Note that the function s (¢ — nT,) and at least one of the functions s (t — (n —i —

Lag,, i — e%iw]’))Tc) are non-zero in the time intervals n7T, <t < (n+ L + 1)T, and

J

(n—i— Lag,,; — eﬁfwj))Tc <t<(n+L+1—i—Lag,,;— egzlfwj))Tc, respectively.

J R
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. m—w; .
Since at least one eg- ; J), aq,,; > 0, these two functions cannot be non-zero at the

same time. Hence, the product g, x(t)gy ,.(t) = 0 always. A similar argument can
be used to show that g; ;(t)gn+2x(t) = 0 for > 0. Hence, for an arbitrary phase
shaping function ((t), matrices Gy iz, are zero matrices. Then, the matrix Gy, in

(321) becomes

Grr = (324)
L+1)Te L+1)Te. X
ST | go () 2t -+ [V go u(t)g5 ()t - 0
(Ne+L)Te
0 T 0 f(NC_Jrl T gn.—1(t)[*dt
In general, the matrix Gy has equal diagonal elements, i.e., fO(LH)TC gr(t)|?dt =
T(CLH)TC gi(t — T.)[Pdt = = f(NAileL ITe — (N, — 1)T,)|?dt. Since all diagonal

elements of the matrix Gy, are equal, we just need to define conditions when Gy
is a diagonal matrix. However, a general analysis of the matrices Gy, is difficult
because the Laurent functions g, () depend on the memory length L. Hence, we
will analyze matrices Gy for cases of practical importance (L = 1, 2).

For full-response CPM (L = 1), the matrix Gy in (324) becomes

Grr = (325)
I lgor®Pdt [ gor(t)gtp(t)dt - 0

2T . 3T,
I ok )gs (Odt [ |gue()Pdt - 0

(Ne+1)Te
0 0 e f(NC_l)

where the Laurent functions g, x(¢) can be written as

-1 (E)]dt |

F-1
gn,k<t) — ejTrhW(t*nTc) H S(l) (t _ <n _ egﬁ_wj)> Tc) . (326)
=0

Since all diagonal elements are equal, the matrix Gy, will be semi-identity if

(n+2)T. n+2)T.
Inpta f(n+1)TC )gni1 ()t = 0 and L1y = f((n-‘rl)T gn+1,k(E)gr  (H)dt = 0.
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We start evaluation of these integrals, by evaluating the products

Ink(O)gni1k(t) = exp (jrhW (t —nT)) exp (—jmhW (t — (n+ 1)T)) (327)

H s® (t — (n — eg-i_wj)> Tc) s (t — (n +1-— eéfcl_wj)> Tc> ,

=0

[asy

(k—wy)
Jsl

are chosen to satisfy 0 < e(-kfwj)

for k € {1,..., R — 1}. Since integers e il

<1

and ] egifwj) =0, for 1 <k < R—1 at least one integer eg.ﬁfwj) # 0, and at least

one integer egfgm;ul}j ) = 0. Without loss of generality, we can assume that eg-?ofwj ) =0

for [ = 0. Then, (327) can be modified to

Gun(Ogn () = VIRV SO (¢ — nT)s) (¢t — (n +1)T.)(328)
F-1
X H s (t - <n - efl_wj)) Tc> s <t — (n +1-— egi_wj)) TC) :
I=1

Note that the function s (¢t — (n + 1)T,) and at least one of the functions s (t —

(n — eg.i;gjj))Tc) are non-zero in the time intervals (n + 1)7, < t < (n + 3)T,
and (n — efl*w"))TC <t< (n+2- e%iwj)

eg.kl;g” ) > 0, these two functions cannot be non-zero at the same time. Hence, the

)T., respectively. Since at least one

product gnx(t)gy 1 ,(t) = 0 always. A similar argument can be used to show that
9y 1 (t)gns1k(t) = 0. Hence, for an arbitrary phase shaping function §(t), matrices

Grr, k€ {1,..., R — 1}, are semi-identity matrices.

(k—wjy)
j?l

Previous reasoning cannot be applied to matrix Gy o, because all integers e
0 for kK = 0. Hence, we need to evaluate the integrals I, , 11 = f((:;rli)TTc Ino(t) g1 0(t)dt
for particular phase shaping functions. Using (326) and M = 2| the integral I,,,, 11

can be written as

Lyt = exp (j2rh(2" — 1)) (329)
/<n+2>Tc T sin (wh2! — 2mh2!B(t — (n+ 1)T,)) sin (2rh2!8(t — (n + 1)T2)) dt
(1T 12 sin(mh2!) sin(mwh2!)

as derived in Appendix R. In general, I, ,41 # 0. We have observed that these

integrals have solutions in the form AT., where A is a constant that depends on the
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modulation index h and phase shaping function ((t). Hence, the integrals I, ,41
will be minimized if the constant A is made as small as possible. Furthermore,
the following proposition shows that for commonly used phase shaping functions,

]n7n+1 =0 and In—i—l,n =0.

Proposition 7 For the phase shaping functions [15]

bt
SaTe , 0<t<al,
ta(1—2b) b
+2 al, <t < (1—a)T,
2T¢(1—-2a 2 )
py=q U7 , (330)
%(i_1>+§ y (1_Q)Tc§t§TC
1
L 2 ’ Tc <t

with adequate selection of parameters a and b, I, 1 = Iny1,, = 0. For the raised
cosine (1RC) frequency shaping function, q(t), with the modulation indices h = 1/2%,

where 1 <o < F — 1, the integrals I, ,+1 and 1,11, are approzimately zero.

The proof is shown in Appendix S.

Remark /: If the rectangular pulse (1IREC) is selected as the frequency shaping
function ¢(t) (i.e., B(t) has @ = 1 and b = 1) the integrals I; ;1 and [;,; are not
always zero. However, for minimum-shift keying (MSK) modulation (1IREC with
h =1/2), I;;+1 = Ii+1; = 0, because MSK has orthogonal carriers with minimum
frequency separation.

For L = 2 partial-response CPM, the Laurent functions g, x(t) become

gn,k(t) = eXp (]ﬂ—hW (t - nTc)) (331)

F-1
9 () (11 ).
1=0
where aq,,1 € {0, 1}.
For indexes k having at least one coefficient aq,,; = 1, gni(t) # 0 only on

the time interval nT, < t < (n + 1)T,. Since there is no overlap among func-

tions ¢, x(t) and g,1,x(t) for y > 0, matrices Gy are semi-identity for arbitrary
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phase shaping functions. For indexes k for which Gy are not semi-identity for
an arbitrary phase shaping function, the integrals I, ,+1 = f(gff;); In k()G 1 1 (1)t

and I,11, = f(:jISTT Gnt1k t)g;‘%k(t)dt for integers e(.fcl_wj) € {0,1}, and I, 42 =

(n+3)T.

n+3)T. % k w
fél:;)?fc gnvk(t)gn-i-Q,k’ (t)dt a’nd I?’L+2,TL ‘f(n+2 T. g'n,+2 k t)gn,k( )dt fOI" 6 J)

= () should
be minimized. Furthermore, the following proposition shows when the integrals I,, 11,

Intin, Innto2, and I, ,, 4o are approximately zero.

Proposition 8 For the raised cosine (2RC) frequency shaping function, q(t), with
the modulation indices h = 1/2%, where 1 < x < F' — 1, the integrals I, n11, Lntin,

I ny2, and I, 1o are approximately zero.
The proof is shown in Appendix T.

10.4.4 Optimization of Coding Gain Through Codewords

Theorem 5 implies that if the Gy, ;, have semi-identity form, then the ST-CPM coding
gain simplifies to

1/L¢
, (332)

R-1

> QAZAZ

k=0

Eppp (As(t)) = U,V =

2Te
0

where Q) = gr(t)?dt. While it is difficult in general to optimize the exact
coding gain £pgp (As(t)), it is possible to optimize the trace upper bound |U,|'/# <
tr(U,)/Ly on the coding gain. Furthermore, in [9] is shown that for systems with

L,L, > 4, maximization of trace tr(Uy) is a sufficient condition for coding gain

optimization. The trace tr(Uj) is equal to

R—1 R—1
w(U,) = 3 Qutr (AZAZM) =S Qi <zk, Z) (333)
Zz% i]\fil j2 R k0]2 hv (1)
— Q ‘ s 'U _ s 'U
* =1 n=0
R—1 Li Ne—1
= ZQkZZélsm (ﬂ'h( )),
i=1 n=0
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where elements vff)k are defined in (306) and d, (Z, Z:) is the squared BEuclidean
()

distance between the code matrices Zj = [eﬂw}w k] and Z, = [¢/*™""+]. The opti-

mization of tr(U,) is not straight forward because elements in matrices Vj, and V

are obtained as linear combinations of elements in the codewords U and U. Using

(313), the trace of the matrix U, becomes

R-1 L Ne—1
tr(U, Qe > 4sin® (zh (fup (ul?) — fur (a)))), (334)
k=0  i=1 n=0
where functions fi p( - ) are
n—elo Y
fer(U) = Vi = [frpr (ul?)] = > u - Xx0 , (335)
= mod P

X0 = {«“01 2! 25711 A e s 7nz € {0,1} are coefficients in the binary

representation of the symbols un)

, aq;,i € {0,1} are coefficients in the binary rep-
resentation of the index 0 < d;; < 2L=1 _ 1 h = K/P, and P = 2 for 1 < H <
F — 1. From (334) follows that the trace of the matrix U, over all pairs of code-

words U # U € C will be optimized if the squared minimum FEuclidean distances

3, in = min{dy, (e72™7e.r(0), ei2hlep(0)) . U £ U € €} for k € {0,.. — 1} are
maximized.

In [94] is shown that the squared minimum Euclidean distance d%, ;. (exp (j27hC))

of a linear 27-ary block code C with codewords ¢ = 371 2%, is

2
dEmln

( J27"hc) = mln {4 sin (7Th21) dH rmn}7 (336)

where By, By, ..., Bg_1 are binary block codes with the same block length, b; € B;,
and dg,min = min{dy(x;,y;) : ©;,y; € B;} is the minimum Hamming distance for the
code B;.

By observing that each matrix of accumulative values Vi has the form

= fr.p (U ZQQH fre.p(U (337)
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where ®;(-) denotes operation (fi, p(U)/2")moa2 and using (336), the minimum trace

of the matrix U, over all pairs of codewords U # U € C can be written as

Ur;éréc tr(Uy) Z Qr Onn%i1 {4 sin (7rh2 ) dg, kmm} , (338)

where dp, ,min = min{dH (<I>l (fk’p(U)),(I)l(fhp(ﬂ)))} is the minimum Hamming
distance over all code matrices ®;(fi p(U)) and ®;(fip(U)). From (338) follows that
the trace of the matrix U, over all pairs of codewords U # U € C will be optimized
if all minimum Hamming distances dp, min are maximized. When the codewords U
cannot be designed to maximize all minimum Hamming distances dpg, , min, then they
should be designed to maximize the minimum Hamming distances associated with
the matrices Gy, that contain most of the signal energy.

As shown in Proposition 6, the coding gain is optimized when matrices AZy are
orthogonal with maximized trace tr (AZkAZ,Ij ) Since orthogonal space-time block
codes can satisfy these conditions, matrices Z; can be designed as orthogonal space-
time (OST) codewords. We will start with the orthogonal code for two transmit
antennas proposed by Alamouti [95]. The elements in the matrix Zj should be equal
to elements in the Alamouti’s codeword, i.e.,

(1)

1 .
( ) 6]27rhv2’k

jorh
e <MLk 1 T

7y = = , (339)

. 2 . 2
ejQﬂhv§,lz 6]27rhv§7,1 —.T; ff

where 1 and z, are complex numbers from the modulation alphabet. Code elements

2 2
villz and Uél,z should be selected to maximize ‘vil,z‘ + ‘véllz . The other two code

elements vﬁi and v§2,2 should be chosen to satisfy

o = (vem-o)) (340)
and
o = (=) (341)
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where the modulation index is h = 1/P and P = 20 for 1< H< F — 1.
For more than two transmit antennas orthogonal space-time codes are unsuitable
for CPM modulation, because orthogonal space-time codes have some zero elements

@)

J2mhvg are non-zero. Quasi-orthogonal space-

in the code matrices whereas symbols e
time codes may be used instead. The code matrices Vi can be designed using a

similar algorithm as for orthogonal space-time codes.

10.5 FExamples and Numerical Results

Several ST-CPM codewords are constructed using our rank and coding gain design
criteria. Simulation results are presented to verify proposed design criteria. Each
spatial channel is modelled as being independently Rayleigh faded. All simulations
use a frame length of 130. The receiver is designed as in [90] with L, = 1. As pointed
out earlier, we used the linear decomposition of CPM signals with tilted-phase to
derive the rank and coding gain criteria, but these criteria also apply to the original
tilted-phase or excess-phase CPM waveforms. Depending on the CPM waveform that
is transmitted, reduced-complexity receivers can be used, but they are beyond the
scope of this paper.

The first example uses a full-response raised cosine (1RC) frequency shaping func-
tion. Two space-time codewords are constructed from a (4 x 4) 8-ary CPM space-time
code C that satisfies the rank design criterion. We construct codewords U € C as
U = fo‘,gl(Zf:o 2'U;), where fo4( - ) denotes the inverse of the function fos( - )
defined in (335), U; are binary codewords from linear (4 x 4) space-time codes, C,
all codewords Uy € Cy have full rank over F and all codewords Uy satisfy Uy # ﬁo.
Note that any method for constructing CPM space-time codes that satisfies the rank
design criterion can be used. Some of the methods for constructing binary space-time
codes with full rank are described in [10] and [12]. According to the rank design

criterion, the binary codewords Uy, ﬂl, U,, and ﬂg can be arbitrary selected. We

204



first construct binary codewords Uy, le, U,, and ﬂg the same way as codewords U,
and Uy and use them as a benchmark to measure further coding gain improvement.
Following the method described in [12], we use « as a zero of the primitive polynomial
f(x) = 2* + 2+ 1 over F and we use the generator matrix @G = 1 a o o to

construct benchmark codewords:

Uy = (342)
B 7 ¢ 7 B 7 B T )
4 6 77 0010 0100 1000
6 3 30 . 0100 1000 1 011
3 1 2 4 1 0 00 1 011 0110
5 1 5 6 \ 1 011 0110 1 100 )
and
Upn = (343)
B T ¢ 7 B T B T )
5 1 5 6 1 011 0110 1 100
21 2 7 L 0110 1 1 00 0 011
— = f&g +2 +4
5 0 5 4 1 1 00 0011 1 1 01
6 4 3 6 \ 0011 1 1 01 1 01 0 )

According to the CPM rank criterion, these two codewords will achieve full spatial
diversity, if modulation index h takes values from the set {1/2,1/4,1/8}. We now
verify this statement for each h in the set.

First, let h = 1/4. To verify that codewords (342) and (343) achieve full diversity,
we need to check if all functions in the differential matrix As(t), defined in (310),
are linearly independent. This will be satisfied if components of the vector g (t) are
linearly independent and the matrices AZj, have full rank. From (326) we calculate
functions gx(t). Results are presented in the first column of Table 11 from which we
conclude that they are linearly independent. The first column in Table 12 shows the
matrices AZy, = (Zy — Zy), where Z;, = e/27/1.4(Usm) - Observe that all matrices have

full rank, implying that this pair of codewords achieves full spatial diversity.
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Table 11: Modulation functions for 1RC, M=8, L=1, and h=1/4.

k 9k (t) Gk Gkl
0 06165  (2+4) 107 0 0
eI WSO 1ys® (1)@ (r) (2-4)m0* 06165 (2+4j o™ 0 1.44400"
0 (2-4)mo™ 06165 (2+4j no™
0 0 (2-4)m0™ 06165
1 [01489 0 0 0
oW (t)(0) t +To)sD s ) 0 01489 0 0 4.92104
0 0 01489 0
L o 0 0  0.1489]
2 [01489 O 0 0
eI W (t)(0) s ¢ +T.)s? ) 0 01489 0 0 4.9210%
0 0 01489 0
L o 0 0  0.1489]
3 03082 0O 0 0
ol W(t)5(0) t+T)sP e +T)s@ 1) 0 03082 0 0 9.021073
0 0 03082 0
L o 0 0 03082
4 03082 0O 0 0
oW (t)(0) ©s® 5@t +T,) 0 03082 0 0 9.021073
0 0 03082 0
L o 0 0 03082
5 [01489 0 0 0
eI W(t)5(0) t+T)sP ©)s@ ¢t +T,) 0 0148 0 0 4.9210%
0 0 01489 0
L o 0 0 0.1489]
6 (01489 O 0 0
eI W(t)5(0) ©sOt+T,)s? @t +T,) 0 0148 0 0 4920104
0 0 01489 0
0 0 0 01489

Second, let h = 1/2. Functions gi(¢) remain the same as in Table 11. The second
column in Table 12 shows the recalculated matrices AZ;. Since all matrices have full
rank, this pair of codewords achieves full diversity and also satisfies rank criterion
proposed by Zhang and Fitz [41].

Finally, for o = 1/8 it can be similarly verified that full diversity is achieved.

Since this pair of codewords achieves full spatial diversity, the next objective
is to maximize their coding gain. According to the coding gain design criterion
and Proposition 6, the coding gain will be optimized if all the Gy are designed

as semi-identity matrices and the determinant |22:0 Qv AZAZ | is maximized,

2T,

where Q) = |,

gr(t)[2dt. From (325), we calculate matrices Gy, and determinants
|G| for modulation index h = 1/4. The results are presented in the second and

third columns of Table 11. Obtained results confirm theoretical results derived in
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Table 12: Coding gain optimization for full-response CPM space-time codes with

M=S8.
k AZ . —benchmark AZ . —benchmark AZ | —improved AZ —optimized
h=1/4 h=1/2 h=1/4 h=1/4

0 1-j 0 2j 1-j 2 00 2 1-j 2 -2j 1-jl|[-2 1+j -2 -1-j]
0 2j 1-j O 0 020 2 0 -1+j -2 2 2] 1+j -1-j

-2j 1-j 0O 0 0 200 0o -1-j -2 0 2j 1-j -2j 0
1+j 0 -2j 2j -2 000 1+j 0 0 2j || |11+] 2] -1-j 2 |
1 ([1-j -1-j 1+j o0 2 2 -20 1-j 1-j -1-j o]|[-2 1+j -2j -1-j]
0 2j 1-j O 0 0 2 0 2 0 -1+j -2 2 2j  1+j -1-j

-2j -1-j O 0 0 -2 0 0 0 -1+j 2j 0 2j -1-j -2 0
11+) 1+j -1-j 1+]j] -2 -2 2 2 1+ 1+j 1-j 1+j] | [+ 1+j -2 1-j |
2 1[1-j o 2j  1-j] 2 00 2 1-j 2 -2j 1-j [-2 1-] 0 ~-1+]]
0 -2j -1+j O 0 020 2 -2 -1-j O 2 0 1-j -1+j

-2j -1-j 2 2 0 200 0 1+ 2 0 2j 1+j O 2
11+] -2 0 0 | -2 000 1+j -2 2j 0 [1+j 0 1-j 0 |
3| [1-j -1-j 1+j 0 | 2 2 -20 1-j 1-j -1-j 0| [-2 1-j 0 ~-1+j]
0 -2j -1+j O 0 0 2 0 2 -2 -1-j O 2 0 1-j -1+j

-2j -1+j -2j -2j 0 -2 0 O 0 1-j =-2j o0 2j 1-j 0 -2j
|1+ -1+j -1+j 1-j] -2 -2 2 2 1+ -1+j 1+j 1-j] |1+j 1-j 0 -1-j|
4 1-j 0 2j 1-j 2 00 2 1-j 2 -2j 1-j||[-2 1+j -2j -1-]j]
0 2j 1-j O 0 020 2 0 -1+j -2 2 2] 1+j -1-j

-2j 1-j © 0 0 200 0o -1-j -2 0 2j 1-j -2j 0
1+j 0 =-2j 2j -2 000 1+j 0 0 2j || |11+) 2j -1-] 2 |
5 [1-j -1-j 1+j 0] 2 2 -20 1-j 1-j -1-j o ]|[-2 1+j -2j -1-j]
0 2j 1-j O 0 0 2 0 2 0 -1+j -2 2 2] 1+j -1-j

-2j -1-j © 0 0 -2 0 O 0 -1+j 2j 0 2j -1-j -2 0
11+) 1+j -1-j 1+]j] -2 -2 2 2 +j 1+j 1-j 1+j| | |1+ 1+j -2 1-j |

6 |[1-j o 2j  1-j] 2 00 2 1-j 2 -2j 1-j -2 1-j 0 -1+j
0 -2j -1+j O 0 020 2 -2 -1-j O 2 0 1-j -1+j

-2j -1-j 2 2 0 200 0 1+ 2 0 2j 1+j O 2

11+] -2 0 0 | -2 000 1+j -2 2j 0 1+j 0 1-j O

Subsection 10.4.3. The Ggg, k € {1,...,6}, are semi-identity matrices as expected.
For the 1RC frequency shaping function and modulation index h = 1/4, Gqp is
approximately a semi-identity matrix, as shown in Proposition 7. Obtained results
also show that the asymptotic expansion used in the proof of Proposition 7 is justified
because non-diagonal elements of the matrix Gy are either exactly equal to zero or
much smaller than diagonal elements. For practical purposes, the matrix Ggo can
be considered as a semi-identity matrix because the difference between determinants
|Go,o| and |0.6165-14|, where I, is the 4x 4 identity matrix, is negligible (i.e. 3.46-107°).
Finally, the trace upper bound on the coding gain, obtained using codewords Uy,
and Uy, is equal to tr(Uy)/4 = 30_(Qr/4)d%, (Zy, Zy,) = 14.02. The minimum
trace upper bound of this ST-CPM code is 3_0_(Qr/4)domin(Zis Zt) ~ 3.66. This

Emin
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result is obtained from (338), using the fact that the code proposed in [12] has the
minimum Hamming distance dg,,;, = 4.

Since the rank design criterion only requires distinct matrices Uy and U, to have
full rank, the higher bit matrices Uy, U, U,, and U, can be used for coding gain
improvement. In this example, optimization of binary matrices Uy and U, is inef-
fective because the modulation index is h = 1/4 and, hence, these matrices do not
have impact on obtained values in matrices AZ,. Also, we keep matrices Uy and U,
unchanged, since they satisfy the rank criterion. Using the binary space-time code
proposed in [96] with elementary polynomial f(z) = 1+ 32z + 28822 + 51223 + 25624
and minimum Hamming distance dg,:, = 8 for codewords U; and ﬁl, we construct

the improved codewords:

Uiy = (344)
B T ¢ . B T B T )
6 3 2 0 0111 1 011 1 0 00
4 5 3 2 . 01 00 0 001 1 011
1 3 31 1 1 01 0010 0110
5 0 6 5 \ 1110 0 010 1 100 )
and
ﬁimp = (345)
B 7 ( [ T B 7] B T )
4 2 3 7 0010 01 00 1100
21 4 6 L 0111 1 110 0 011
7 6 4 3 1 110 1 000 1 101
6 5 1 6 \ 01 00 1 101 1 010 )

The fourth column of Table 12 shows the matrices AZj ;,, obtained using code-
words U, and ﬂimp. Observe that all matrices still have a full rank. The trace
upper bound on the coding gain, obtained using codewords U, and ﬂimp, is equal
to tr(Uy)/4 = Zgzo(Qk/él)dQEk(Zk, Z:) = 15.24. However, the minimum trace upper

bound of this ST-CPM code is still 3p_o(Qr/4) Ao (Zk, Z1.) ~ 3.66.
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Further enhancement of the coding gain can be obtained if matrices Uy and U,
are constructed not only to have full rank, but also to optimize coding gain. Using
the binary space-time code proposed in [96] for codewords Uy, Uy, Uy, and Uy, we

obtain the optimized codewords:

Uyp = (346)
r 7 ¢ 7 B 7 B T )
4 4 3 5 0010 0010 1 0 00
4 730 . 01 00 0111 1 011
330 2 1 0 00 1110 0110
51 30 \ 1 011 01 00 1100 )
and
Ugpt = (347)
B T ¢ N B T B T )
5 1 3 0 1 011 01 00 1 1 00
2 1 4 5 . 0110 1 110 0011
— = f(;s +2 +4
76 3 4 11 00 1 0 00 1101
6 4 3 6 \ 0011 1 1 01 1 010 J

The fifth column of Table 12 shows the matrices AZj ,,; obtained using codewords
U, and ﬂopt. The trace upper bound on the coding gain, obtained using codewords
U, and Uy, is equal to tr(Uy) /4 = S0 (Qw/4)d%, (Zy, Zy) = 18.61. The minimum
trace upper bound of this ST-CPM code is increased to S p_o(Qk/4)dbumin (Zk, Zi) ~
7.31.

Figure 75 compares the performance curves obtained for full-response 8-ary, h =
1/4, 1RC, CPM with L; = {1,2,3,4} transmit antennas. The codewords used to
obtain the second, third, and fourth curve are constructed to satisfy only the rank
design criterion. The fifth curve is obtained using the optimized codewords. Figure 75
plots the frame error rate versus the signal to noise ratio (E,/Ny, where Ej, denotes the

received energy per bit) and shows that full diversity and coding gain improvement are
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achieved when the space-time codes meet both the rank and coding gain optimization

criteria.
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Figure 75: Frame-error rate of 8-ary ST-CPM with 1RC and h = 1/4 in quasi-static
fading.

The second example uses a partial-response raised cosine (2RC) frequency shaping
function. The space-time codewords are chosen from a (4 x 4) 16-ary CPM space-
time code C, where codewords U € C are constructed as U = f; (0, 2'U)), where
fode( - ) denotes the inverse of the function fo16( - ) defined in (335), U, are binary
codewords from linear (4 x 4) space-time codes, C;, all codewords Uy € Cy have full
rank over F and all codewords Uy satisfy Uy #£ ﬂo.

Figure 76 compares the performance curve obtained for partial-response 16-ary
CPM signals with 2RC frequency shaping function, h = 1/4, and L, = {1,2,3,4}
transmit antennas. As in the first example, the codewords used to obtain the second,
third, and fourth curve are obtained using the binary space-time code described in

[12]. The codewords used to obtain the fifth curve are obtained using the binary
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space-time code proposed in [96]. Figure 76 shows that full diversity and coding gain
improvement are achieved when the space-time codes are constructed to satisfy the
rank and coding gain optimization criteria.
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Figure 76: Frame-error rate of 16-ary ST-CPM with 2RC and h = 1/4 in quasi-static
fading.

The last example uses a full-response 1RC frequency shaping function. The space-
time codewords are chosen from a (2 x 2) 8-ary CPM space-time code C, where
codewords U € C are constructed as U = f, L1327, 2'Uy), where fos (+) denotes the
inverse of the function fyg( - ) defined in (335), U, are binary codewords from linear
(2 x 2) space-time codes C; described in [12] with the generator matrix G'=[1 o] ,
where « is a zero of the primitive polynomial f(z) = 2%+ + 1 over F. All codewords
U, € Cy have full rank over F and all codewords U satisfy Uy # U,. The performance
curves for this 8-ary, 1RC, h = 1/4, CPM space-time code with L; = {1,2} transmit
antennas are plotted in Fig. 77. Results shows that full diversity is obtained using

this space-time code. The minimum trace upper bound of this ST-CPM code is
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Zzzo(Qk/2)dQEmin(Zk7 Z1) ~ 3.66. The coding gain can be improved if the codewords
are constructed as in (339), using the orthogonal code for two transmit antennas [95].
The minimum trace upper bound of this ST-CPM code is 30 _ (Qr/2)domin (Zs Zi) =~
7.31. We refer to this design as orthogonal space-time full-response CPM (OST-
FCPM) design. Further enhancement of the coding gain can be obtained if the
codewords are constructed using the super-orthogonal 2-state trellis space-time code
for two transmit antennas proposed in [97]. The minimum trace upper bound of
this ST-CPM code is 3p_o(Qr/2)d%min(Zr, Z1) ~= 9.78. We refer to this design as
super-orthogonal space-time full-response CPM (SOST-FCPM) design. Figure 77
compares our OST-FCPM and SOST-FCPM designs with OST-FCPM design [44]
and ST-FCPM design with mapping scheme [45], respectively. Results show that our
SOST-FCPM design has similar performance as ST-FCPM with mapping scheme [45]
and performs better than the OST-FCPM design [44] and our OST-FCPM design.

1
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Figure 77: Frame-error rate of (2 x 2) 8-ary ST-CPM with 1RC and h = 1/4 in
quasi-static fading.
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In Subsection 10.4.3 is shown that the raised cosine frequency shaping function
satisfies the coding gain design criterion. Figures 78 and 79 illustrate how much the
coding gain is sacrificed if other frequency shaping functions are used instead of the
raised cosine frequency shaping function. The results are obtained using the (2 x 2)
8-ary orthogonal space-time code and modulation index h = 1/4. In Fig. 78, the sec-
ond curve is obtained using the Gaussian frequency shaping function (GSP, frequency
shaping function used in GMSK) with normalized filter bandwidth BT = 0.25, the
third curve is obtained using the full-response rectangular frequency shaping function
(IREC), and the fourth curve is obtained using the full-response raised cosine shap-
ing function (1RC). Results show that the full-response raised cosine shaping function
improves the coding gain for approximately 0.89 dB compared to the Gaussian fre-
quency shaping function and approximately 0.57 dB compared to the full-response
rectangular frequency shaping function. In Fig. 79, the second and the third curve
are obtained using the rectangular frequency shaping function with L = 3 (3REC)
and L = 2 (2REC), respectively. The fourth curve is obtained using the Gaus-
sian frequency shaping function (GSP) with normalized filter bandwidth BT = 0.25.
Finally, the fifth and the sixth curve are obtained using the raised cosine shaping
function with L = 3 (3RC) and L = 2 (2RC), respectively. Results show that the
Gaussian frequency shaping function with BT = 0.25 performs similar to the raised
cosine shaping function with L = 3. The raised cosine shaping function with L = 2
improves the coding gain for approximately 0.47 dB compared to the Gaussian fre-
quency shaping function and approximately 0.86 dB compared to the rectangular
frequency shaping function with L = 2. Finally, note that the full-response raised co-
sine shaping function outperforms the partial-response raised cosine shaping function
with L = 2 for approximately 0.34 dB. This is expected result because all matrices
Gii, k € {1,...,R — 1}, defined in (311), are exactly diagonal matrices for full-

response frequency shaping pulses, where as for partial-response frequency shaping
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pulses, these matrices are semi-diagonal (non-diagonal elements are much smaller

than diagonal ones), which decreases the coding gain.
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Figure 78: Frame-error rate of 8-ary OST-CPM with Gaussian frequency shap-
ing function (BT = 0.25), full-response rectangular, and full-response raised cosine
frequency shaping function and h = 1/4 in quasi-static fading.

10.6 Summary

In this chapter, we have derived sufficient conditions under which M-ary partial-
and full-response CPM space-time codes will attain both full spatial diversity and
optimized coding gain. Using a linear decomposition of CPM signals in a tilted-phase
representation, we have identified the rank criterion for the M-ary partial- and full-
response CPM that specifies the set of allowable modulation indices. We have also
proposed a coding gain design criterion. It is shown that the optimization of the
coding gain for ST-CPM depends on selection of phase shaping pulses, modulation
indices, and codewords. We have specified the set of allowable modulation indices and

phase shaping functions which can be used toward ST-CPM coding gain optimization
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Figure 79: Frame-error rate of 8-ary OST-CPM with Gaussian frequency shaping
function (BT = 0.25), partial-response rectangular, and partial-response raised cosine
frequency shaping function and h = 1/4 in quasi-static fading.

(improvement or maximization) and we have established rules for ST-CPM and OST-
CPM codeword optimization. Several examples and simulation results show that full
spatial diversity and optimal coding gain are achieved for ST-CPM systems that meet

the proposed CPM rank criterion and the coding gain design criterion.
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CHAPTER XI

RESEARCH CONTRIBUTIONS AND
FUTURE RESEARCH DIRECTIONS

11.1 Research Contributions

The demand for high-speed wireless services makes MIMO M-to-M systems the lead-
ing candidates for future communication systems. To enable the successful design of
MIMO M-to-M systems, our research was focused on modeling of SISO and MIMO
M-to-M multipath fading channels and on diversity techniques for MIMO systems.

The contributions of our research are summarized below.

e New SoS simulation models are proposed for SISO F-to-M Rayleigh fading chan-
nels and compared with existing simulation models. First, a deterministic model
is proposed. The statistical properties of the deterministic model are derived
and verified by simulation. Compared to existing models, the deterministic
model yields a lower cross-correlation between different faded envelopes and be-
tween the in-phase and quadrature components of each complex faded envelope.
However, the auto-correlation functions of the in-phase and quadrature compo-
nents still do not exactly match the theoretical functions. To overcome this
disadvantage, a new non-ergodic statistical model is proposed. The proposed
statistical model has correct statistical properties, converges faster than existing
statistical models, and has lower cross-correlations between different complex
envelopes and between the quadrature components of each complex envelope.
This new statistical model yields adequate statistics with only 30 simulation

runs.
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e A new statistical SoS simulation model is proposed for SISO M-to-M Rayleigh
fading channels. The new model employs the double ring model, where or-
thogonal functions are chosen as the in-phase and quadrature components of
the complex faded envelope. The statistical properties of the proposed model
are derived and verified by simulation. Compared to existing models, the new
statistical model converges faster, has a lower variance of the auto-correlation
functions and has a lower correlation between the in-phase and quadrature com-
ponents of the complex faded envelope. Finally, unlike existing M-to-M models,

the new model generates multiple uncorrelated faded envelopes as well.

e A single- and double-bounced two-ring parametric reference model is proposed
for MIMO M-to-M Ricean fading channels. From the new reference model, a
closed-form joint space-time correlation function and a space-Doppler power
spectrum are derived for a 2-D non-isotropic scattering environment. Also,
space-time correlation functions of the in-phase and quadrature components of
the complex faded envelope are derived, assuming 2-D isotropic scattering en-
vironment. Finally, two new SoS simulation models for MIMO M-to-M Ricean
fading channels are proposed. The statistics of the simulation models are ver-
ified by simulation. The results show that the simulation models are a good
approximation of the reference model and that they outperform existing simu-

lation models.

e A 3-D “two-cylinder” geometrical propagation model for narrowband MIMO
M-to-M communications is proposed. Based on this geometrical model, a 3-D
reference model for narrowband MIMO M-to-M multipath fading channels is de-
veloped. From the reference model, a closed-form joint space-time correlation
function for a 3-D non-isotropic scattering environment is derived. Further-

more, the SoS simulation models for 3-D non-isotropic scattering environment
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are proposed. The statistical properties of the simulation models are derived
and verified by simulations. These simulation models are used to evaluate the
effect of space-time correlation on the outage capacity of uniform linear antenna
arrays. The effect of antenna spacing and antenna orientations on the outage
capacity are studied. Finally, the capacities of linear, circular, and spherical
antenna arrays are compared. The results show that if volume available for
antenna array realization is a constraint, circular antenna arrays placed in the

x-y plane will provide the highest capacity.

A 3-D “concentric-cylinders” geometrical propagation model for wideband

MIMO M-to-M communications is proposed. Based on the geometrical model,
a 3-D parametric reference model for wideband MIMO M-to-M multipath fad-
ing channels is developed. From the reference model, a space-time-frequency
correlation function is derived for a 3-D non-isotropic scattering environment.
It is shown that the time and frequency dispersion of a wide sense stationary
uncorrelated scattering channel cannot be treated independently, contrary to
common practice. From the space-time-frequency correlation function, a space-
Doppler power spectral density and a power space-delay spectrum are derived
and compared with SISO measured data. Finally, two SoS simulation models
for wideband MIMO M-to-M Ricean fading channels are proposed. The statis-
tics of the simulation models are verified by simulation. The results show that

the simulation models are a good approximation of the reference model.

The first-order statistics of the channel impulse response are not sufficient to
assess system characteristics such as handoff, velocities of the transmitter and
receiver, and fading rate. To assess the aforementioned system characteristics,
accurate characterization of the second-order statistics, such as envelope level

crossing rate and average envelope fade duration, is necessary. Using our 3-D
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reference models for narrowband and wideband MIMO M-to-M channel models,
we derive the envelope level crossing rate and average envelope fade duration

for M-to-M multipath fading channels.

We proposed the 3-D channel models and simulators for narrowband and wide-
band MIMO M-to-M channels. To validate these theoretical and simulation
models, an experimental MIMO M-to-M channel-sounding campaign was con-
ducted for M-to-M vehicular communication with vehicles travelling along sur-
face streets and expressways in a metropolitan area. To compare the first and
second-order channel statistics obtained from the models with those obtained
from the empirical measurements, a new maximum likelihood based stochastic
estimator is derived to extract the relevant model parameters from the measured
data. Finally, the measured data is processed and compared with the analytical
results. The close agreement between the analytically and empirically obtained
channel statistics confirms the utility of the proposed reference model and the

method used to estimate the model parameters.

Sufficient conditions are derived under which M-ary partial- and full-response
CPM-ST codes will attain both full spatial diversity and optimal coding gain.
General code construction rules are desirable because of the nonlinearity and
inherent memory of the CPM signals which makes manual design or computer
search difficult. Using a linear decomposition of CPM signals with tilted-phase,
a rank criterion for M-ary partial- and full-response CPM that specifies the
set of allowable modulation indices is identified. A coding gain design criterion
is proposed. Optimization of the coding gain for CPM-ST codes is shown to
depend on the CPM frequency/phase shaping pulse, modulation index, and
codewords. The modulation indices and phase shaping functions that optimize

the coding gain are specified. Finally, optimization of coding gain for CPM-ST
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and orthogonal CPM-ST codewords is discussed.

11.2 Future Research Directions

In this thesis, we have addressed the problem of 3-D narrowband and wideband chan-
nel modeling and simulation of MIMO M-to-M multipath fading channels. Further-
more, we have verified the accuracy of our models by comparing them with measured
data. Although the close agreement between the analytical and empirical curves is
obtained, there is still room for improvements. For example, our models assume that
all scattering objects are stationary, which is an unrealistic assumption. Therefore,
our models can be extended to include non-stationary scattering objects, such as cars
and people. Another possible enhancement is to develop new MIMO M-to-M channel
models that account for antenna coupling effects. Since capacity of MIMO systems is
strongly dependent on the number of antennas in the transmitter and receiver, it is
highly desirable to use as many antennas as possible. On the other hand, transmit-
ter/receiver usually has limited space/volume to distribute antenna elements. The
general belief is that mutual coupling between antenna elements will deteriorate the
channel, increase the correlation, and reduce achievable capacity. However, recently is
found that mutual coupling has a de-correlating effect on the channel coefficients, and
thereby improve capacity. Hence, the future research efforts may be devoted to devel-
oping MIMO M-to-M channel models that will allow us to study spatial correlation
and coupling effects separately and jointly.

A possible extension of our work is the development of 3-D wideband models for
relay channels. Relay channels are encountered in systems that utilize co-operative
diversity or virtual antenna arrays. It is found that the overall channel from the
source to the destination via the relay in amplify and forward systems is “double”
Gaussian with properties quite different from typical F-to-M or M-to-M channels.

Hence, there is the need for 3-D wideband relay channel models.
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This thesis has also proposed the design criteria for space-time coded CPM sys-
tems. In particular, we have proposed the rank and coding gain optimization criteria
for M-ary partial- and full-response CPM. However, we did not find the design criteria
for space-time coded multi-h CPM system. The future research efforts may be di-
rected toward finding the design criteria for such system. Another possible extension

of our work is the development of optimal space-time codes that satisfy our design

criteria for ST-CPM.
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APPENDIX A

DERIVATIONS OF THE STATISTICAL PROPERTIES OF

THE F-TO-M DETERMINISTIC MODEL

Derivation of the auto-correlation function of the in-phase component is presented

below

Rgikgik (T) = E [gik (t)gik<t + 7—)] (348)

M M
8 A
- N >0, 5 Elcos(walt + 7) cos aiy + wat cos ank + ity + Pur)]

n=0 =0

8 n i
+ N ;) ; a2a E [cos(wq(t + T) cos i, — wat cOS Qg + Qi — Gngk)] -

Since ¢, and ¢, are independent when n # 4, and all other terms in the sums are
deterministic, we obtain
M
4 a?
Ryygu(T) = Z 7" s(wat cos aug). (349)
n:O

Furthermore, Riemann integral theory can be used to show that as N — oo the

auto-correlation of the in-phase component has the limiting value

im Ry,q.(7) = Jo(war) + Ja(war). (350)

N—o0

Likewise, the auto-correlation function of the quadrature component is

lim Ry (1) =l E[gu(thgu(t +7) (351)
4 L XLy, b
= lim — E [cos(wq(t + 7) sin ayy, — wat sin ag, + i — )]
n=0 i=0
b b
— th N E [cos(wq(t + T) sin aig, + wat sin apg + i + Ong)]
> n=0 =0
fim 5% o ) = Jolwar) — Jafear)
= lim — 2 cos(wgT sin a, waT) — Jy(wgt).
VN 22 d k o(wq 4(wq
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The cross-correlation function of the in-phase and quadrature components is

o

Rgikqu <T> - IqkGik (T) =E [gik (t)qu<t + T)] =E [qu(t)gik(t + T)] (352>

M M
anbi . .
5 E [sin(wg(t + 7) sin g + wat cos apg + ik + Onk)]

(]
g

3
Il
=)
~
I
o

2

E [sin(wg(t + 7) sin cijr, — wyt oS g + di — Ok )]

3
Il
=)
o~
Il
)

+
S zle Ze
NE
Q

The auto-correlation function of the multiple complex envelopes is

M
2 a?
nggk (7) = N Z - COS WdT sin Ctnk NZ 5 COS(wdT COSs ank)
= Jo (wdT) (353)
Finally, the auto-correlation of the squared envelope is

_ 4 4 2
R\gkl |9k| - N2 Z N2 Zb +2R )

+ 2R2 ()+432 (7). (354)

Yay, 9ay, iy, 9ay,

223



APPENDIX B

DERIVATIONS OF THE STATISTICAL PROPERTIES OF

THE F-TO-M STATISTICAL MODEL

Derivation of the auto-correlation function of the in-phase component is presented

below

4 M M
R!]ik!]ik (T) = M Z Z E [COS Bk €OS ﬁzk]

n=1 i=1
X  E[cos(wgt cos ang + dnk) cos(wa(t + 7) cos iy + dir)]

1
- Z E cos wd cos OlnkT)]

2rn 27k 0 —7
= MQWZ/ (wdTCOS( N +PN+ i ))d&. (355)

As in [14], the proof can be completed by replacing the variable of integration § with

Yok = 2 /N + (27k)/(PN) + (f — 7)/N and integrating

+

M
A}lin Ry 00 (T) = ]\/1]1£>noo Mﬁ Z cos(wqT €08 Y )AM dyni = Jo(waT). (356)

z\

27rn 27 k
+ PN

The auto-correlation function of the quadrature component is

lim Ry, (7) = lim — Z Z E [sin G, sin G (357)

N—oo N—oo M
n=1 =1

X B [sin(wgt sin iy + i) sin(wy(t + 7) sin agg + dix)]

M
— J\PLHOOMZE cos(wg Sin Q7))
M ™
11 2 2k 6 —
S oo (4 5 )
= Jo(war)
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The cross-correlation function of the in-phase and quadrature components is

Ryg(7) = Elga(t)gor(t +7)] = Z Z E [cos B sin Gig]

n=1 =1
X E[cos(wgt cos app + ¢ni) sin(wg(t + 7) sin g, + ¢i)] = 0. (358)

Similarly, the auto-correlation function of the multiple complex envelopes is

(Elgin()gir(t + 7)] + E [gqr (£)gqr (t + 7)]) = Jo(war).  (359)

N | —

Ry, 1 (7')

Finally, derivation of the auto-correlation function of the squared envelope is given

below. We follow a procedure similar to the one outlined in [30].

Ry 2p (™) = Elga®)gi(t+7)] +E [g5) g2t + 7)]

+ E [gfk(t)gﬁk(t + 7')} +E [gik(t)gfk(t + 7')] . (360)

The computation of the first term in the right-hand side of (360) is shown below

¢y _dn (361)

n=1

R|9¢k\2|9¢k\2 (T) - _E

=
@@
™
QQ“
M=

where a, = cos(Byr) cos(wa(t + 7) cos apr, + Ppi), bj = cos(Bx) cos(wqat cos o + i),
cq = co8(Byk) cos(wa(t + T) cos agr, + dgi), and d, = cos(Buk) cos(wat cos auy + Gni)-
The mutual independence of the ¢;;’s ensures that all terms in the above equation
are zero, except the four terms with: 1) n =j=p=q¢; 2)n =74, p=4q, j # p;
3)yn=p j=q, n#j4)n=gq, j=p n#j. Wecompute each of these terms
individually to derive overall expression.

Term 1: n=j3=p=g¢q

M

where w,, = (1+cos(2wgt cos i +2¢0nk)) and y, = (1+cos(2wy(t+7) cos g +20nk))-
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Term 2: n=j, p=q, j#p

M
16
YV Z 2 [COSQ (Bjx) cos” (wat cos aji, + ¢jk>]
j=1

M
X Z E [cos2 (Bo) cos? (wa(t + 7) cos ayy, + ¢pk)}
p=1,p#j

S

M

16 1 1 11 M-1
- -z .z = 363
M? Z 2 2 2 2 M (363)
J=1 p=1,p#j
Term 3: n=p, j=q, n#j
_ ME 3 E _ M1 364
= e Z [cos (wqT cos apy)] Z [cos (wqT cos ayy,)] = TR (wqt) .(364)
n=1 j=1,j#n
It can be shown that Term 4 is equal to Term 3. Adding all four terms gives
M —1 M —1 3 3
E g7 0)gn(t+7)] = R 2 i Js (war) + o T mJo (2wqT) .(365)
Similarly can be shown that
E [g,?k(t)gsk(t + 7)} =E [ggk(t)gizk(t + 7)} ) (366)
M—1 1

L o (Qwar) (367)

E [gfk(t)ggk(t + T)} =k [gsk(t)ggk(t T T)} Y + 2M * 4M

Substituting the above terms in (360) and letting M — oo, gives the desired expres-
sion (8).
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APPENDIX C

DERIVATIONS OF THE STATISTICAL PROPERTIES OF

THE SISO M-TO-M STATISTICAL MODEL

Derivation of the auto-correlation function of the in-phase component of the k** com-

plex faded envelope is presented below

No,M No,M

2. 2 [ (ws(t + ) <08 Byui)

n,m=1 p,r=1

Rgikgik (T) = E[gik (t + T)gzk t NOM

X €08 (wat cos Bpk) cos (w1 (t + T) cos Ak + Grmi;) €OS (w1t COS g + Ppric) }

) cos (w1 T oS )]
M
1 1 [ 2mm 2k Y —
= MZQW/WCOS (w27'008<2M +2PM+ 5N ))dl/)

2mn 21k 0—m
de.
X ZQW/ cos (wchos <4N0+4PN0+ N, )) (368)

As in [27], the derivation can be completed by replacing the variables of inte-

gration, 0 and v, with v, = (2mn)/(4Ny) + (27k)/(4PNy) + (0 — ) /(4Np) and
Omk = (2mrm)/(2M) + (27k)/(2PM) + (¢» — 7)/(2M), respectively.

1 9 [m/2+2mk/4PNo
lim Ry, (1) = lim —— / cos (w17 oS Ynk ) dYnk (369)
: 2k /4P No

1 1 7T+2ﬂ'k‘/2PM
X —— / o8 (waT €08 Ok ) AOmp = Jo (w1 T) Jo (WaT) .
ok /2P M

Likewise, the auto-correlation function of the quadrature component of the &
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complex faded envelope is

lim qukqu()

No,M—oc0

. 4

ol Blga(t+ T)ggre(O)] = | lim NoAl (370)
No,M No,M

Z Z [sm wa(t + 7) cos B sin (wat cos Byr)
n,m=1 p,r=1
sin (w1 (t + 7) Sin Qg + Gpomi) sin (Wit Sin agg + Gpric)

No M
No,lli\4rri>oo Nl ; mzl E [cos (waT €08 Bk €os (w17 sin apy )]
1 9 [m/2+27k/4PNo
lim / cos (w1 T 8in Yk ) dYnk

No,M—oo No 27k /4P Ny

11 w427k /2P M
U / o8 (waT €08 O ) Abpie = Jo (w1T) Jo (waT) .
ok /2PM

The cross-correlation function of the in-phase and quadrature components is

Rgikqu (T> = E[qu(t + T)gzk t

No,M No,M

Z Z {sm wo(t + 7) cos Bmk)  (371)

n,m=1 p,r=1

NOM

X cos (wat cos Byi) sin (w (t + 7) sin g + Grmk) €O (Wit €OS Qg + Ppric)

= 0.

Finally, the auto-correlation function of the multiple complex envelopes is

Ry, 01 (T) =

N | —

(E[gix (1) gin(t + 7)] + E[ggr (t) gqr (t + 7)]) = Jo(wiT)Jo(waT). (372)
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APPENDIX D

DERIVATIONS OF EQUATIONS (77) - (82)

From Fig. 18, using the cosine law, the distances €y, €mgq; €pn, and €,, can be written

as

e = [(0.5L, + 0.5 — p)or]* + R2 — 2(0.5L; + 0.5 — p)Sy R, cos (eT - a;m)) .(373)
e = [(05L,+0.5—q)d)* + €2, — 2(0.5L, + 0.5 — q)dpey, cos (@gf” - eR) (374)
2, = [(05L,+0.5 = p)or]” + & = 20.5L + 0.5 — p)ore, cos (b — o), (375)
&, = [(0.5L, + 0.5 — q)dn]* + R2 — 2(0.5L, + 0.5 — q)dxR, cos (a;’;) - 9R> .(376)

By applying the sine law to the triangles AOTSém) Opg and AOTSJ(Q") Op, respectively,

we obtain following identities

€m Rt D

sin ozrfp ) sin <7r — agn)) sin (7r — a(Tm) — <7r — a;m)»
R, n D
= ‘ - . (378)
S Qe sin (ﬂ' — 04?) sin (7T — ozg,?) — <7T — ozﬁ?))

From Fig. 18, we observe that m — a%n) < arcsin(R,;/D) and ag?) < arcsin(R,./D).
Based on the assumption min{R;, R,} < D, we can conclude that arcsin(R;/D) ~
R,/D = Ar and arcsin(R,./D) =~ R,/D = Ag, and consequently 7 — ag%m) and ozg? )
are small angles. From (377) and (378), using approximations sinz ~ z, cosz =~ 1,

and 1+ ~ 1+ x/2, for small z, the distances €,,, €mg, €pn, and €,, become

€pm ~ Ry — 5 cos(fp — &(Tm)), (379)
€mq ~ D— w [A7 sin O sin a&m) —cosOg], (380)
€~ D — (Lot 12_ 2p)or [Apg sin 07 sin ozgg)+cos Or], (381)
€ng~ R, — (L, + 12_ 24)0r cos(ozgg) —0r). (382)
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From Fig. 18, by applying the sine law to the triangle ASY™SW O, we obtain

the following identity

R, Emn €m

— = = . (383)
SILX sin <a§%m) — ag)) sin (7r - X — <oz§%m) — a?))

From (383), using approximation sinxz ~ z for small z, the distance €, can be

written as

sin (ozgzm) — ag))

€m
sin (X + (agn) — a?))

From Fig. 19, using the cosine low, the distance €,, can be written as

~ D. (384)

emn

e, = [(0.5L, +0.5—q)5g)° + € — 2(0.5L, + 0.5 — q)dgecos (afy® — Or) , (385)

rq

where €2 = [(0.5L; 4+ 0.5 — p)dr]” + D? — 2(0.5L; 4+ 0.5 — p)orD cosfy. Using the

approximation /1 + z ~ 1 + /2, the distance ¢,, becomes

~ D—(0.5L;+0.5—p)dorcosOr — (0.5L, + 0.5 — q) 0 cos (aIL%fIS — 0r) .(386)

€pq

230



APPENDIX E

DERIVATIONS OF THE SPACE-TIME CORRELATION
FUNCTIONS FOR THE I AND Q COMPONENTS OF
THE 2-D REFERENCE MODEL

Derivation of the space-time correlation function of the in-phase component is pre-

sented below

Rpﬁ,f,q(éT,dR, ) =B [ 0n ¢ +7)] ) /VEIRD D)2 = (387)
g—T cos [2; (p — p)or cos (6r — ar) + 2;( — q)0r (Arsin O sin ar — cosOg)
)

— 27T frmax €08 (ar — Y1) — 277 f Rmax (A7 sinyg sin ar — cosyg) ] dor

2 2
+ Z_R oS {Tﬂ(q q)drcos (ar — Og) + Tﬂ(p p)or (Agsin Oy sin ag + cos )
T

— 7277 frmax (Agr sinyr sin ag + cosyr) — 277 frmax €0s (g — YR) 1 dop

2 A

1 4 2
X Py cos {—;(d — q)dgcos (ar — Or) — 27T fRuax €OS (g — yR)}daR
7T —Tr

g 2
+ TR cos {—W(ﬁ — p)dr cos (ar — O1) — 27T frmax cos (g — ’yT)}daT

2 2
+ \/ Kp Kp5c08 [Tﬂh cos O — ;53 coS Op — 27T frmax COS Y1 + 27T f Rmax COS /YR] )
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Using the trigonometric equality cos(z — y) = cos(x) cos(y) + sin(x) sin(y), equation

(387) can be rewritten as

R (07,0R,T) =

Pq,pq
" cos {z, tyisprsinar}dar | (Mg cos{z; +yisprsinag}d
/ T COS\TisBT COS O T YisBT S O y AT i TR COS\Z;SBR COS R T YiSBR SIN AR yAQR
27 2

—T —TT
"cos{x;pp cosar + yippsinartdar [Tcos{z;ppcosar + w;ppsinag}tdag
+ Nrr
2 21

—T —Tr

2 2
+ / Kpg Iy g cOS [;% cos O — ;51{ coS Op — 27T frmax COS Y7 + 27T f Rimax COS ”yR] ,

where parameters T;spr, YisBT, TiSBR, YiSBR; TiDB, YiDB; 2ipB, and w;pp are defined
below (108). Finally, using the equality [63, eq. 3.032-2]
/ cos (acosx + bsinx) de = 2/ cos (\/ a? 4 b? cos 1;) dz, (388)
- 0
the space-time correlation function of the in-phase component becomes expression
in (107). Similarly can be shown that the space-time correlation function of the
quadrature component is as in (107).

The space-time correlation function of the I and Q component can be obtained by
substituting (87) and (88) into (89), assuming 2-D isotropic scattering, integrating,
and using the equality [63, eq. 3.032-2]

/ sin (acosx + bsinx) de = 2/ sin (\/ a? + b? cos m) dz. (389)
—7 0

The final result is

R9D (57,65, 7) = (390)

pg.p'q’

2 2
/ KK sin [TﬂéT cos Op — ;6}3 cOS 0p — 27T frmax COS Y7 + 27T f Rimax COS fyR] )
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APPENDIX F
DERIVATIONS OF EQUATIONS (125) - (129)

To derive expressions for the distances €, €5.m, €ng, €ng, a0 €y, We use the law
of cosines, assume that max{dr(p,p),dr(q,q)} < min{R;, R,} < D, and denote the
distance between two points a and b as d(a,b). From Fig. 29, the distance ¢,,, can

be written as

’ / 2 ’ / 2
o = d(Ag?),S:(,,m)) + {d(S}m),S(Tm)> —d(Ag,?),Ag?))] . (391)

By observing the triangle AA&? ) OTSém) , the distance d(Ag? ) ,S;m) ) can be approx-

imated as
(Agz», Sgr») A(S57,0r) cos G — d( AP, 0r) cos v cos (a &m>—9§?))-<392>

Similarly, the distances d(S m) S(m ) and d(Ag?), Agp) ) are equal to d(ST ,OT) smﬁ
and d(A (®) , Or) sin @Z)(p) respectively. Using approximations v/1 +z ~ 1+ 2/2, R; =
d(S ,Or) for |6T | <20°, and the inequality 2d(A§?),OT) < d(S ,Or) cos (m),

the distance ¢,,, can be approximated by

R m
€pm R t( ) d(AT, Or) smw sin ( ) _ d(Agf’), Or) cos H(Tp) cos w%’)
cos By
X CoS a(Tm) oS ﬁ(Tm) - d(Agg), Or) sin 6’%’) oS ¢§E’) sin oz(m) Ccos (m), (393)

Using similar reasoning, the distances €, € 4, €i,q, and €, ,, can be approximated

by
Iy () (») I
€p,m cos 5 d(AT, Or) sin ¢ sin — d(Ay Or) cos b7 cos iy
T
X COS a(Tm) cos ﬁ}m) —d (Ag? ) Or) sin 6’%3 ) cos 2/15? ) sin Oz(Tm) cos B(Tm), (394)
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RT’ n
eng X —5 — d(A OR)sm@/) sin () d(AggzOR)coseg)cos%(g)
cos B’

x cosal cos B — d(AY Og) sin 81 cos ¥ sin o' cos BT (395)

R, o ; "
(n) d(A OR)SHM/) sin 337" d(AgzOR)cosﬁg)cos%(g)

B
Q

COS

X cosag% cosﬁgl) —d(AR,OR) 51n9R cosz smaR Cosﬁ(n), (396)

From Fig. 29, the distance €,,, can be written as

/ / 2 / / 2
e = d(s;”” ,S;m) - {d(sg,mhsgm) — d(sgm,s;”) >] . (397)

’

Observing triangles AAg? ) Ag‘? ) ST " and AAR (o) A S the distance d(S (m S;z) )
is equal to d(SY™ S = D — Rycosal™ + R,cosall) ~ D. Similarly, ob-
serving triangles ASY™ S Or and ASUSY ()’ Op, the distances d(S\™, S4™ ) and

d(S](%"), SI(;) ) can be written, respectively, as

d(S(Tm), Sim ) = hg+ Ry tan 807, (398)
) o'\ _ (n)
d(SR .Sk ) = hr+ R, tanf)’. (399)

Since max{dr(p,p),dr(q, §)} < min{R:, R,} < D, the distance €, ,, can be approxi-

mated by

ern = \/D? + (hr — hi)” O (400)
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APPENDIX G

DERIVATIONS OF THE SPACE-TIME CORRELATION
FUNCTIONS OF THE 3-D MIMO M-TO-M SIMULATION
MODELS

The outline for derivation of the space-time correlation function of the deterministic

simulation model is presented below

Rpgpilm] =~ (401)
My _ _
lim 1 Z@j%{(d%p) cos agﬂm)-l-dgf;’p) sin agﬂm))—j%m-meax Cos(a(Tm)—'yT)
M 4 —00 MA
m=1
1 <A 2n (0. (n) (@) 5 (n)y_ (n)
5 lim GJT(dRz cosap +dRy sinay ) —=j27T fRmax cos(ay ' —YR)
Np—o0 NA
n=1
b 05) ;) L (@8 . 40
- 27 D) s i - 27 2q) k
% lim — GJTdTFZP sin B lim N_ edelgzq sln,@R
Mp—o0 Ng—oo
e o e Er=1
™ i - 270 d(‘lv‘i) d(qu) s
— e_] FTmeax COS(aR_"/R)J’_]T( Ra cosar+ Ry s aR)f(@R)daR
-
™ i - 27 d(Pyﬁ) d(Pyﬁ) B
X e_] FTmeax COS(OZT—’YT)"‘] 7( s cosar+ Ty sin O‘T) f(OéT)dOéT
-
BTy, _ BRm _
QJd(Pap) sin .QJd(q’Q) sin
[ R oy [ O 5,
—BTp, ~BRum

where pdfs f(ar), f(ar), f(Br), and f(Ggr) are defined in (96) and (152), respectively.
Using trigonometric transformations and the equality [63, eq. 3.338-4], the space-time

correlation function becomes

Rppilr] = Rpplr] Rz l7] (402)

Io(Jm ) cos (%ﬂﬁde%ﬁ)) ]°<\/m> o <2TﬁﬁRm d%?)
48p P\ 2 185, dg D\
To(kr) |1 (’"T) folha) | 1= (MT>
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where parameters x1, yi, 21, and w; are defined in (155) - (158). Similarly, the
space-time correlation function of the statistical simulation model has the form in

(402).

236



APPENDIX H

ANGLES OF ARRIVAL AND ANGLES OF DEPARTURE
FOR SINGLE-BOUNCED RAYS

Applying the sine law to the triangles AO}S;m’l)” » and AO’TSI(;’IC)HO}E in Fig. 43,

respectively, we obtain following identities

D R
l ! - t D\’ (403)
sin <7T — ozgpm’ ) _ <7r — ozgn’ ))> sin <7r — ag%m’ )>
D R
(n.k) (n.k) T k) (404)
sin(w—aT’ —(w—aR’ )) sin oy’

From Fig. 43, we observe that W—ag%m’l) < arcsin(R\"” /D) and a&?’k) < arcsin(R" /D).
Based on the assumption min{ R, R.o} < D, we conclude that arcsin(Rgl) /D) =~
Rgl) /D = Ag) and arcsin(Rﬁk) /D) =~ Rr® /D = Ag), and consequently m — a;’””) and
ozgfl *) are small angles. Using (403) and (404), and the approximations sin z ~ x and

cosx ~ 1 for small z, we derive the following approximations for the azimuth angles

of arrival and departure, respectively,

ozg%m’l) R~ W—Ag) sina(Tm’l), (405)
a?’k) ~ Ag) sin ag"’”. (406)

Furthermore, using (405) and (406), we obtain the following approximations

cos (ag”’l) — 73) A —CosYg+ Agﬂ) sin g sin a(Tm’l), (407)
coS a(n,k) B ~ Anpsi . (n,k)
T yr) &~ cosypr+ Agpsinypsinag . (408)
Finally, observing Fig. 43, we obtain the following identities
R® tan ﬁg’k) — Ay = (D+R®)tan ﬂ(Tn’k), (409)
B tan 87" + Ay = (D= RY)tan (r - 85", (410)
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where Ay = h, — h,. Using (409) and (410), the assumption min{ R, R,2} < D,
and approximations sinx &~ z and cosx =~ 1 for small x, we derive the following

approximations for the elevation angles of arrival and departure, respectively,
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APPENDIX I
DERIVATIONS OF EQUATIONS (197) - (202)

To derive expressions for the distances €, m 1, €m.1,q5 €pnks €nk,gs Emiim,k, a0d €, 4, We use
the cosine law, assume that max{dr,dr} < min{Ry, R,1} < min{Ryp, R»} < D,
and denote the distance between two points a and b as d(a,b). From Fig. 43, the

distance €, ,,; can be written as

/ ’ 2 ’ , 2
E]%,m,l — d(A:(_[{’) ’Sém,l) ) + |:d (Séme), S,}m,l) ) . d(A:(Z?), Ag{’) ):| ) (413)

)

By using the inequality dr < Rgl , the distance € ,,,; can be approximated as

!
. RV
’mal m
b cos? ﬁ(T 2
(m (m,l)

— RV (Ly + 1 — 2p) |dpy cos ay. Dy drysinay ™ + dr, tan ﬂém’l) :

(414)

where dp, = dpcosipcosOr, dp, = dpcosirsinfr, and dr, = drsinyp. Using
approximations 1+ ~ 1 + z/2 and RV ~ d(S(Tm),O'T) for |6(Tm)| < 20°, the
distance €,,,; becomes

B Li+1—-2p

2

X [dp, cos o™ cos BT 4 dipy sin o7 cos B + dy, sin @Erm,l)} .

ot~ Ry (415)

Using similar reasoning, the distances €,,14, €pnk, €nkgs Emink, and €,, can be

approximated as in (198) - (202).
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APPENDIX J

THE CLOSED-FORM STF-CFS OF THE SBT, SBR AND
DB COMPONENTS

After replacing (186), (187), and (191) with (233) - (235), respectively, calculating
the new single-bounced transmit, single-bounced receive and double-bounced com-
ponents of the time-variant transfer function, using trigonometric transformations,
the equality [” exp{asin(c) 4+ beos(c)}dc = 2rly (Va® + b?) [63, eq. 3.338-4], and
the results in Chapter 6, the closed-form STF-CFs of the single-bounced transmit,

single-bounced receive, and double-bounced components can be written as

2 ~
_ﬁTm(p - p)de) o
BT (ANRSET(Af) — OB Ispre %@ Dins 416
pqqu( ) pq,pq( f) IO(kT) L <4ﬁTm(p—ﬁ)de>2 SBTE ( )

. e “co
—727 At fRmax COSYR 2 2
Xo€ R _ 12 Io\\/ 551 + YsBT1) >
t2 t1l

nr €08 (3 Brm(q — §)dg:)

RSBE At RSBE A T eJ'QTﬁ(P*ﬁ)de 417
pq,pq( ) pq,pq( f) IO(kR) . <4ﬂRm(qé)dRz)2 SBR ( )
A
j2m AL f e TP
X e.] TAL Tmax COS YT IO<\/I2 + yQ ) ,
Rgz — Rzl SBR1 SBR1
RDBw(At)RDBw(Af) _ nNrr COS (QTWﬁTm(p - ﬁ)de> COS (QTWﬁRm(q - Q)dRz)
e Io(kr)Io(kr) | _ (45Tm<p—ﬁ>dn>2 1 (4ﬁRm<q—q)dRz>2
p) P\
e—j27rAfD/co . ;
X I +
(R, — Rh) (B2, — R2) 0<V "om yw)
X

IO(\/ Zhp1 + w%B) (Ir11r2 + Iralpa), (418)
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where a = 27 Af/cy, c =~/D, and

rspr1 = J(27/N)(p — P)dry + j2m AL frmax cOs yr + kr cos ur, (419)
yspr1 = j2m(p — p)dry/A + j2m(q — §)dry(Ru + 0.5(Ri2 — Ru1))/(DA)
+ 2w At frmax Sinyr + 20 AL frmax Sin Yr( Ry + 0.5(Ry2 — Ry1))/D
+  kpsin pr,
vspri = J27/A)(q — @)dRrs + J2TAL fRmax cOS YR + kg COS iR,
yspri = Jj2m(q — q)dry/A + j27(p — P)dry (R + 0.5(Rp2 — Rp1))/(DA)
+ 27 At fRmax SIN VR + J27 AL frmax sinyr(Rq + 0.5(R2 — Ry1))/D
+ kgsinug,
xpp1 = J21/N)(p — p)dre + j2T AL frmax cOSyr + kr cos ur,

zppr = J(27/A)(q = @)drs + j27 AL fRmax COS VR + kR COS iR,

2 ) .

I = — (e77*2(1+ jaRy) — e 7™ (1 + jaRy)),
a
2 -

T = 2 (0 4 aR) — e o).
a

1 ,
Ispr = e {e_QJ“RtQ (jc + 2ja2Rt2 +a— 2caRyy — 2jcaQRt22)

— e Hin (jc +2ja’ Ry +a — 2caRy — 2jca2R?1)} ’

1 .
Ispr = 503 {6_23‘“%’“2 (jc + 2ja2Rr2 +a—2caR,5 — 2jC@2R32)

— e Halin (jc +2ja* Ry + a — 2caRyy — 2jca2R21)1 '

1 .
Iy = — {emRtQ <2jC + ja’ Ry + a — 2caRyy — jCGQRt22>
a

_ g—JaBa (Qjc + ja®Ry + a — 2caRy — ]'CGZR?l)} ’

1 .
Ipy = pe] |:€_JQRT2 (Qjc + ja*Ryg + a — 2caRy — jca2R32>

p—iaR1 (2]-0 +ja*R, +a — 2caR,, — jCa2R$1>:|.
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APPENDIX K

THE SD-PSDS OF THE SBT, SBR, DB, AND LOS
COMPONENTS

The sD-psds of the single-bounced components can be obtained by noting that the

functions I (wx%BT - y%BT> and (wx%BR - y%BR) can be written as

. 2
Iy j27Tmeax (At + ASBT)2 + (pmsBT S . Pyspr COSYT . Wyspr ) : (420)
meax meax 27Tmeax

. 2
[0 jQWmeaX\/(At + ASBR)2 + (pxSBR R - pySBR SR + wySBR ) ’ (421)

f Rmax f Rmax 27Tf Rmax

and by using equality fOOOJO(om/t2 + u2) cos(Bt)dt = cos(ury/a? — 32)/+/a% — 32 [63,
eq. 6.677-3]. Parameters in equations (420) and (421) are defined as follows:

Aspr = (2TDrgpy COSYT + 2Ty g py SIN YT — Wagpr) /27 frmaxs (422)

pxSBT = (p _ﬁ)de/)\?

Wegpr = Jkrcos(yr — pr),

Pyssr = (P —D)dry + (¢ — §)dry (R + 0.5(Riz — Ri1))/ D]/ A,
Wyspr = Jhrsin(yr — pr),

Aspr = (2MPuspr COSVR + 2MPyspp SINVR + Wagpy) /27 fRmax,

Pzspr = (C] - (j)de/)\a

Wigpn = —Jkrcos(Yr — pir),
Pyssr = (@ —@)dry+ (p = D)dry(Rr1 +0.5(R2 — R1))/ D]/,
Wyspr = —jkr Sin(’}/R — /LR).
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After extensive calculations, the sD-psds of the single-bounced transmit and the
single-bounced receive components can be written as in (237), (238), respectively.
The first step to calculate the sD-psd of the double-bounced component is to note

that

F{u{y b+ vy 21 + ) | =
iy -+ 1)} © F{uly sbs + )| (123)

where ® denotes convolution. Then,noting that the functions I, <\/x% 5t yh B) and

I <\/z%B + w%B) can be written as

. 2
Io | 527 frmaxt | (At 4+ App1)® + (pzDB SEOT _ Pyps COSVT | Yups ) ., (424)
f Tmax f Tmax 27Tf Tmax

. 2
]0 jQWmeax (At+AD32)2 + (pZDB SIN YR _ Pwpp COSTR + Vwpp ) ’ (425)
meax meax 27rmeax

where

Appr = (2pay, COSYr + 2Py, SN YT + Vsp ) /27 frmaxs (426)

p:EDB = (p_ﬁ)de/)V

Veppy = —Jkr cos(yr — pr),

Pyps = (p—D)dry/A,

Vypy = —Jjkrsin(yr — pr),
Apps = (27p.p, COSVR + 2TPwp s SINVR + V2p ) /27 fRmaxs
Peps = (@ — @)dra/A,

Vepy = —Jkrcos(yr — pr),

Pwpp = (q - (DdRy/)\,
Vwpp = LI Sin(fyR - MR)>

and using the equality [63, eq. 6.677-3], we obtain the sD-psds of the double-bounced

component in (239).
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Finally, calculating the Fourier transform of the space-time correlation function

in (232), we obtain the sD-psd of the LoS component in (240).
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APPENDIX L

THE PSDS OF THE SBT, SBR, DB, AND LOS
COMPONENTS

We start the derivation for the psds of the single-bounced components by noting that

the functions Iy ( /22 5 + 42 and Iy (/2% 55, + Y2 can be written as
sBT T YsBT SBR SBR

. 2R, 2 Cspreo\”
— Af—B 42
Iy | jm 0 \/( f SBT) +( SRm ) ; (427)
2R, C 2
Io | (Af — Bsgr)® + ( 3BE9) ) (428)
Co 2R, m

respectively, where

BSBT = (271'(]) — ﬁ)de/)\ — ]kT COS ,U,T)Co/<2Rt7T), (429)
Cspr = 2m(p —p)dry /A +21(q — §)dry(Ru + 0.5(Rie — Ru1)) /(D) — jkp sin ur,
Bsgr = (27(q — q)drs/\ — jkrcos ur)co/ (2R, ),

Cspgr = 27m(q— q)dry/N+27(q¢ — §)dry(Ry1 + 0.5(R2 — Ry1)) /(D) — jkgsin pg.

Using the equality [63, eq. 6.677-3] and after extensive calculations, the psds of the

single-bounced components can be written as in (241), (242), respectively.

Using (423), noting that the functions Iy <\/x%B + y%B> and I, (x/z%B - w%B,)

can be written as

. 2Ry CDBCO
— 4
[0 g o \/(Af BDB) 2Rt7'[' ) ( 30)
. 2R, EDBCO
— 431
IO g o \/(Af DDB) QRTT(' ) ( 3 )
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respectively, where

Bpg = (27(p — p)dra/ A — jkr cos pr)co/ (2Rym), (432)
Cps = 2n(p—D)dpy/A — jkrsin ur,
Dpp = (2m(q — @)dra/A — jkr cos pr)co/ (2R, ),
Epp = 2m(q— §)dry/A — jkrsin ug,
and using the equality [63, eq. 6.677-3], we obtain the psds of the double-bounced
component in (243).

Finally, calculating the inverse Fourier transform of the space-frequency correla-

tion function in (232), we obtain the psds of the LoS component in (244).
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APPENDIX M
DERIVATIONS OF EQUATIONS (277) - (279)

The derivation of parameter b757 is as follows:
bIBT = og bSBT/ / flar)f(Br) [meaX cos(ap — 7yr) cos fBr (433)
Br,, J —T

A
+  fRmax COS (ATﬁT + fH) (cosyr — Arpsinygsinar) — fLOS} dardfr

SBT Bt
— bo T |:/ CcoO (7T ﬁ > CcoS 6Td6T/ meax COS(aT - ’VT)

Io(kr) 40T, | J—ps,, 2 Br,,
5T7VL A
kr cos(ar—pr) ™ BT H
X d - A —|d
e OéT—l-/_ﬁTmcos(QﬁTm) ( 01 + D) Br
X JRmax [cOs YR — Ap sin yg sin o et COS(&T_MT)daT] - 27TbgBTfLos

by BT [ cos fBr, N ko
m B COS(aT*,LLT)d
IO(kT> - 45’12),1 /—7r meaX COS(aT 7T>e o

(COS(ATﬁTm + Ag/D)  cos(ArfBr,, — AH/D)>
2(m> — 4AL07,) 2(m> — 4AL07,)

X frmax [cO8 YR — A sinyg sin ar] 7 COS(&T_”T)dCYT] — 210577 fros.

—T

The integral fjﬂ frmax cos(ap —vp)eFr «os(@r=rr) day can be solved by applying the Eu-
ler transformation on the cosine function and by using the equality [7 e imtizsiné g
= 21 Jm(2) [63, eq. 8.411], where J,,,( - ) is the m™-order Bessel function of the first

kind, i.e.,

™ 7'rf
- Tmax j
Frmax cos(aq — yp) ek @ =1) oy _—/ J T'max eﬂT{e jar+i= doir
—T

T sin(ap—pp+m/2)
2

—Tr

+ /ﬂ_meaX e~ IT {e—j(—aT)-i-j —
2

Using the similar reasoning as above, we obtain the following result

k. .
bz SIn(aT—uT+7r/2)}daT = 21 cos(pup — yp)Ii(kr).  (434)

™

fRmax[cOS Vg — A sin yg sin ap|e” cos(ar =) oy =

—T

= 27 fRmax[COS YR + Apsinyg sin pr Iy (kr)]. (435)

247



Finally, substituting (434) and (435) into (433), we obtain the result in (277).
The parameters byBE pPB pIBT p3BE and PP in (278) - (279) are similarly

obtained.
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APPENDIX N

CRAMER-RAO LOWER BOUND

This Appendix derives the Cramér-Rao lower bound for the estimator proposed in Sec-
tion 9.3. The CRLB for each element of the vector © = [6,]5_, = [Br,,, kr, i1, Br,,

kg, itr, 1, nr) can be obtained from the inverse Fisher information matrix. The (i, )%
element of the Fisher information matrix can be written as [F(©)]; ; = —E[0?L(©)/
00,00;], where i,j € {1,...,8}. To obtain the elements of the Fisher information
matrix, we calculate the first and the second derivative of the log-likelihood function

in (287) as follows:

0LOrr) _ OO {R(Orr, TAL, FA f)'R(TAt,, FAf)})
00, : 00;
_y O |R(Orp, TAL, FAL)|)

00;
= —Nstr |:|:ILtLR —R(G‘)T’F, TAtS7 FAfs)_IR(TAts, FAfs)i|

xR(Orp, TAt,, FAf,) 'De,(Orr, TAt,, FA fs)] : (436)
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D*L(O1F)

0 s
96,00, —Nstr{a—@j [ (ILtLR —R(Ogp, TAt,, FAf,)'R(TAt,, FAfs))

X R(®T,F7 TAtsa FAfs)_lDQi((—)T,Fy TAtsa FAfs):|

T (ILtLR — R(Opp, TAt,, FAf)'R(TAt,, FA f5)>

2 {R(@T,F, TAt, FAf) Do, (5, TAL, FAfs)} }

J

— Nstr{R(@Tf, TAt,, FAf,)'De, (O, TAt,, FA,)

X R(Opp, TAt, FAf)'R(TAt,, FAf)R(Orp, TAt,, FAf,)™

X D®i(®T,F7 TAts, FAf5> + (ILtLR — R(@T,Fa TAtS, FAfs)_l

x R(TAt,, FA fs)> % [R(@T,F, TAt,, FAf,)™!
J

X D®i(@T,F7 TAtS, FAfS)‘| }, (437)

where D@i(@TVF, TAtS, FAfS) = 8R(®T7F, TAtS, FAfS)/ﬁ@Z, ILtL'r' is the LtLr X
LiL, identity matrix, and De,(O1,r, TAt,, FAf,) = OR(O1r, TAts, FAf,)/00;.
By observing that E[R(TAt,, FAf,)] = R(Orr, TAt,, FAf,), the (i,5)" element

of the Fisher information matrix becomes

I o CNN I S o
F®)i; = —B [a@ia@jl  tmaxfra TZ% FX::O (438)

tr{R(@)T,F, TAt,, FAf,) ' De,(Or,p, TAt,, FAf,)

X R(@T,F,Tms,FAfS)—lD@i(GT,F,TAtS,FAfS)},

where the derivatives Dg,(Or , TAts, FAfs) for i € {1,...,8} are given by
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[De, (O1 p, T Aty, FAfS)]q-‘,—LT(p—l)ﬁ—‘rLr(ﬁ—l)
B {aR(@T,F, TAt,, FAfs)]
0B, ¢+Lr(p—1),G+Lr(5—1)

_ aRSBI(TAtS,FAfS) + aRDB~(TAt57FAfS) _ { e
= - IO

Pq,pq Pq,pq
(kr)

9P, 0B,

—J2rT At s Frrmas €OS iz Re\ —j2xpafD+r) . [ [ 2 5
e J sJ Rmax YR 1 _ 75 e co IO ISBT + ysBT

Ru
2R,

e jmpaf [ 2 2 BETIIN
wth + / 2e “co Rt]() Tpp + Yps th / e "~ < Rr
12 t1 R

Ry 1

Rr2 .on
Io(\/w%B + Z%BXl - v%)dm + / 26330““%10(\/%3 + Z%B)dRr

R'rl

B2 on pagiR Ry
/ CETE tRJO(\/ Thp + ?J%)B)(l - 75)th}
R

t1

NrR cos (2 Brmdp-) e—J2nFAfsD/co } (27rd )
IO(kT>[0(kR) 1-— (%)2 (R?2 - R?l)(R?Q - R%) A e

8 cos (3 Brmdr:) (3 Brmdr.) +4 (QTWﬁdesz sin (2% Brmdr.) — sin (32 Brmdr.)
1-38 (2%5de%)2 +16 (QfﬁdeTz)4

(439)

—j2(q—q)dRa

X

X

X

X

X

9
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Do, (Or.r, TAL;, FAL)] (1, (1) g .65-1)
ORpsa(TAL FAL) | ORpL/(TAL, PAS)

8kT 8 k'T

_ ?7T cos (%ﬂdeTZ) €_j2T7T(q_‘i)dRze_j27TTAtszmax COS'YR{ — Il(kT) /Rt2<1 — Rt)
- 2
Io(kr) 1 — (4rgdr.) Io(kr) JRy,

_om / 2R, Rez R _jom
e jCOFAfs(D+Rt)IO< x%BT—i_y%BT)RQ R2 th+/ (1 _75t> e JCOAf(D-‘rRt)
t1

Ry

TSBT COS (i + Ysprsin pur 21 TR
11<, I ) th} Lo MR
SPT - ISBT Vg + Yipr Ry — R}y Io(kr)Io(kr)

X

X

y COoS (27”5de%') COoS (QfﬁRdez) eI FALD/ o - [1(kT) /22 2—”FAstt
1— (—MT*)'\“ITZ)2 1— (—45Rmd32)2 (R — Riy)(RY, — 1Y) Lo(kr) |/ R,y
Rro
e TR R,
X Rt-[()( 'IDB +yDB>th/ FAstrR -[O( wQDB +Z2DB><1 _ 75>dRr +
er
R Rio
7"2_'77_r R
/ %¢ Jio FAfSRTRTIO( /wDB 4 zDB)dR COFAstthI()( /x%)B + yQDB)(l o fy‘Dt)
Rr1 Rtl

Rz op Tpp COS Ut + sin B2 o
th} +/ oo jCOFAstthll( /xQDB +y%3) DB ,u2T yDZB ,UTth/ JEFAfR,
R VIt YpB Rr1

t1
/ R, 2o g /
X RTI()< w%B + Z%B)(l — Vf)dRr + / 2e e ® 7nRTI()( w%B + Z%B)dRr
R
Rt2 Lo R
X / ejiOFAfSRthh(\/ Thp + y%B) Zpp COS iz + yps Sin #T/l — t>th,
R Y Thp + Ybs \ D

r1
tl
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[D@3(®T Fy TAtS? FAfS)]q+LT p 1) quLT(p 1) (44].)

_ ORSG(TAL, FAL) | ORES,(TAL, FAL,)

8,MT a/lT
2T R
TIT COS (TﬂdeTZ) eijTﬂ’(qfq)de eijﬂ'TAtszmax COSYR { / " (1 _ &)

~ dolkr) g - (Wrmdrs)? Ral

_j2m kg cos pr — ko si 2R

e 7o FAfS(D+Rt)[1(\/$C§BT +y§BT)ySBT . l;T xSfT e R2 th th}
V Tspr T Yspr 2 7

nrr €08 (2 Brmdr.) cos (ZBrmdr:) o—i2mFAfD/co

[O(kT>[0(kR) 1-— (%)2 1-— (%)2 (Rgz - Rfl)(R% - R72«1)

kr cos — xppkrsin
X {/26 FAfSRthll(\/x%B—l—y%B)yDB T NQT DQB T MTth
R VIpp T Ypp

tl

RTijQJFAstT 5 5 R, Hr 2 FALR,
X e "o R Iy\\/whg + 255 1—75 dR, 4+ [ 2e 7<o R,
R er

1

R
[0(\/ whp + ZDB>dR / FAfSRthll(\/ Thp + 341233)
Rt

k — k R
 YDBRT COS[iT — TDB TSlHMTfl_ t)th’

V $DB + yDB \ D

X

X

[D@4 (@TFa TAtsa FAfS)]q—f—Lr(p 1),G+ L, (5—1) (442)

ORp5a(TAL, FAL) | ORpS,(TAL, FAF)

O0Br,, OBR,,

27 R,
— { nR COS (TﬁRdeZ) ejz%(p_ﬁ)deejaﬂ-TAtszmax COS’YT/ 2<1 — 7&)
IO(kR) 1 _ (4/6RT)Y\LdRZ)2 Ry D

27
—j2= FAfs(D+R;) 2 2 2R, TR cos (76RdeZ)
: 1o/ " —dR,
o 0( Tser ¥ ySBR) %~ RE T Tyl lolkn) 1 — (4

e~ J2mFAfsD/co [/RtZ_-%FA R R— 2’*FA R
X 2e e A p 1 (\/:E + 2 )dR/ fs "R,
(R}, — R2)(R%, — R%) g POV RE T IRE

t1

Rr2 .on
Io<\/ whp + Z%B)(l — 7%)6&2 + / Qe_JioFAfSRTRTIOQ/w%B + Z%B)dRr
R'rl
2 o0 R 2
X / e_JioFAstthlo(y/x%B +y§)3)(1 - t)th}} ; dg.
Ry

% 8 cos (%ﬁRdez) (Q_IﬁRdez) +4 (QTFﬁRdez) sin (Tﬂ—ﬁRdez) — sin (QTWBRdez)

1-8 (%5Rdez)2 +16 (27”6Rdez)4

X

X
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Doy (Or.r, TALs, FALS)] 11, (10342, 5-1)
ORZIA(TAL, FAL) | ORES,(TAL, FAL,)

Okgr kg

—_ R cos (QTﬂ/BRdeZ) ejoﬂ(p_ﬁ)deejzﬂ'TAtszmax COS’YT{ — Il(kR) /RT2(1 - RT)
= 2
Io(kr) 1 — (#Pmdnz ) folhs)

e_jigFAfS(DJrRT)[( tipp + Y ) ———dR, +/Rr2(1—7&)
Ry R D

— 2T FAS,(D+Ry) ZESBR Cos ,UR +ysprsinpur 2R,
0 I 5 —dR,
ISBR + Y3nr Ry — R
TR cos (2 Brpdr.) cos (% Brmdr:) e~ I2mFAfD/co { I
Lo(kr)lo(kr) 1 — (48rndr)? | — (40mndn=)? (R, — BY)(RY, — RY)

Ry, Ryo
|:/ 26_]iOFAstthIO( /xDB + yDB)th / FAfeRrR IO( /'LUZDB + Z2DB)
Rt1 er

R, B2 on pagR B2 con pa R
<1—75>dRT+/ 2¢ e TRTIO(\/w%B+z,%B)dRT e e SR,
er

X

X

e ISBR +YéBR

X

X
Ri1
9 9 Rt fiz2 —j2EFAfsRy 2 2
x Io(v/255 +yhp | 1 — dR;| + [ 2e "< Rilo\\/ 2 + Ypp |dR:
Ry

Rr2 Lo : R
[ ssrsn g nco M; Euomsinn () (-
R VZ2pp +WhHp D

rl

Rra o Zpp COS wpp sin
b [ (g + ) RS S g,
VZpp T Whp

er

BEFEIUN [ 2 2 Ry
R

t1
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Doy (Or,r, TAL:, FAf)] 4 1 o1y a1t 15-1) ey
aRSBE(TAtS,FAfS) ORDB (TAt,, FAf,)

Pq,pq Pq,Pq

Opr Opr

2 -

_ 77R COS (TﬂRdez) ejQTﬂ(p*ﬁ)de ejzﬂ'TAtszmax COS'YT{ /R 2(1 _ RT)

_ / T
IO(kR) 1 _ <4ﬂR7;dRz> Rr1 D

2w krcosup — x kg sin 2R,
% o5 FAfS(D—i-RT)[l( /5’3%33 _i_y%BR)ySBR R l;R SJQBR R HUR = = dRr}
VZspr t Yser r2

e €08 (ZBrmdr.) cos (ZBrmdr:) o—i2mFAf.D/co { /R2
Io(kr)Io(kr) 1 — (—4’%’/’\“‘1“)2 1- (—medRz)z (RE — R (R, — RY)

Ry

Rya R

_ 527 "

x e e FAfSRthJO(, [a% + yDB>th/ Bk g, 11<, Jwhp + z]gB) (1 - 7—)
Ry

wppkp Cos — zppkpsin j2x
x —DPBTR KR DBTR 'uRdR +/ COFAfSR’”Rrh(\/w%BﬂLZ%B)
VWb + 2hp R
kp cos — kg si Rz on R
y WpBKR I;R ZDQB R m’uRdRT/e ]COFAstthI()( /x%B"‘yzQ)B)(l —’th)tha
VZpp T Whp Ru

[D97(®TF7 TAts, FAfs)]quLT (p—1),G+Lr(p—1) (445)
_ ORpG(TAL, FAL) 8R££,Q(TAtS, FAL) 1
Onr onr Io(kr)

2n R
% cos ( A ﬁdeTz) e*jQTﬁ(quj)dRzefj%rTAtszmax COS’YR/ (1 _ ,}/Rt —]%FAfs(D-FRt)
_ (MBrmdr:)? D
1 ( A ) i

X ]-<y/;;___;T;;__>-——gfﬁ———dl% _ 1 COS(%gﬁhWndTZ)COS(%gﬁhhndRz)
AV IS T ESET IR, — R To(kr)Io(kR) 1 — (%)2 1_ (4ﬁm§dm)2
e J2mFALsD/co {/ ) i FAfR ( Rr2 JEFALR
X 26 s tR I x -+ )dR/ fs ’I‘RT
(R, — Rj)(RY — R2) g t20\\V “DB ypp AR, .

tl

Rr R'r2_ o
x Io<, [w? , + Z%B)(1 - VF)dRT + / 2¢ 7% FAfSRTRTIO(, [wd g + z]gB)dR,

er

fi2 jox pag, R / Ry
X / e "o ° thI0< Z’%B + y2DB)<1 D )th}
R

t1
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[D98 <®T,F7 TAtsa FAfs)]q+LT(p71)7q~+LT(ﬁ71) (446)
_ ORp(TAL, FAL) N ORNZ(TAt, FAf) 1

Ong onr  Io(kg)

2m Bra ,

cos ( A ﬁRdeZ) ej%(p_ﬁ)deejQﬂ-TAtszmax cosyr / (1 _ ,.)/RT e_J %FAfS(D"'RT‘)
_ 4/8Rdez 2 D

1 ( A ) Er1

2T 2T
< I \/W 2R, o 1 cos (3 Brmdr.) cos (3 Brmdr-)
SR T YSBR R e O T T e To(kr) 1 (46T,;de)2 1— (4,3R7;\zdRz)2
—j2rFAfsD/co Rz, Rz o
- ){ / 2e‘]3>“stthfo(\/x%B+y%3)th / e R R,
R

X
(R — Ri)(BY = BL) Uk,

Rr Rr27 o
X 10<, Jw? , + Z%B)(1 - vﬁ)dRT + / 2¢ 7% FAfSRTRTI()(, [wd g + ZQDB)dRT

er

B2 con pafoR, R,
X /e " SR IOV 2h s + Uhg 1—75 dRy; .
R

t1

Finally, the Cramér-Rao bound of the estimated parameter ©; is the diagonal

element of the inverse Fisher information matrix that corresponds to the parameter

O;.
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APPENDIX O
DERIVATIONS OF EQUATIONS (303) - (305)

Similar to Laurent’s decomposition [91], M-ary partial-response CPM signals with
tilted-phase can be presented as
—~ 0)
s(t,u) = eﬂﬁthAich(.l) (t —nT,), (447)
I=0 i=0 n=0

where functions cl@ (t) and symbols Aflzb are defined below. Functions cl@ (t) are
L-1
Ot) = 0 T[ 5O [t + (1 + Lasn) T, (44
n=0

where W (t) is defined in (296), functions s)(¢) are defined as in (300), 0 < i <
2071 — 1,0 <t < T. - min,[L(2 — a;,,) —n], and [ =0, ..., F — 1. Symbols AZ(?L are

n L-1
- Z Ym,l — Z Tn—m,1Qim, (449)
m=0 m=0

where a;,,, € {0,1} are coefficients in the radix-2 representation of i = Y54 2m=1g, .

The output signal s(t,u) in (447) is presented as a product of two sums, what
makes our further analysis difficult. To simplify equations, we modify the output
signal s(¢,u) following the algorithm proposed by Mengali and Morelli [56]. We start

from radix-25~! representation of an integer j from the interval 0 < j < (Q(L*I)F —1)

F-1
j=> 20y, (450)
=0

where d;; € {0,...,2571 —1}. Then, for each pair (j,1), we choose the corresponding

d;; and use it as a subscript for functions cd (t) defined in (448). As the next

step, we form the vector T = {1 p1,Tjr 2, .., Tjo}, where elements of the vector,
O]

T;,;, are durations of the functions Ca;, (t). Then, for a given T;, we choose the F-

tuples e {ej 1 J F 9y e ]0 } that have integer components which satistfy
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0< e(l) <Tj -1, HF ! (m =0,and m =0,1,2,.... It can be shown that there
are M; such F-tuples [56], where M; is equal to []1_y' T — [11—g (Tju — 1). This

result implies that index m can take only values in the interval 0 <m < M, — 1.

Now, the signal s(t,u) in (447) can be modified to

R—1Ne—1
s(t,u) =Y > Brage(t — nTy), (451)
k=0 n=0
where R = (2F — 1)2F(=Y and the Laurent functions gi(¢) and symbols By, are
defined as
F-1
ge(t) = [T ), [t +el'T] (452)
1=0
Fo1
By = exp <]27th2 A;])ln o >> ’ (453)
1=0 pt
respectively, where cgj)l are defined in (448), A® o are defined in (449), and

dj,m— €

k =m+ )" M,. Finally, by substituting (448) in (452) and using the equality
k=m+ Zf;lo M.,,, we obtain the expression in (304). Similarly, by substituting

(449) into (453), we obtain the expression in (305).
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APPENDIX P

PROOF OF LEMMA 2

We will prove this lemma by contradiction. Assume that not all functions in the
vector g(t) are linearly independent. Then, there exists some nonzero complex vector

Koo, -, Kchl,Rfl]T that satisfies

ZkR:_ol {Koxgor(t)+ -+ Kn.—1x9n.-1£1)} =0 - (454)

Note that every function g, x(¢) has nonzero value only over the interval n7, <t <
(n+ L+ 1)T,, where 0 < n < N.— 1. Hence, for an arbitrary time interval (T, <t <

(I 4+ 1)T., (454) can be modified to

S MNK kg k) + -+ Ky prgiino(t)} =0 - (455)

From (304), observe that functions gi(t) and g,x,(t) have different combinations of

functions s (t), defined in (300). Then, (455) can be rewritten as

K pwgi—nk(t)+ -+ Kiegie(t) -+ Kippggienx(t) =0, (456)

for 0 <k < R—1. For L =1, (456) reduces to

Ki_1kgi-16(t) + Kip1,9141,6(t) = K egir(t), (457)

for non-zero coefficients Kj_q 5, Kj41,. When (I — 1)T. < t < [T,, the right term
in (457) is equal to zero, because g;;(t) = 0. The left term in (457) is equal to
Ki_11g1-1%(t) = 0. This equality is satisfied only if K;_;;, = 0. Similarly, when
(1+2)T. <t < (I+3)T., the right term in (457) is equal to zero, because g;x(t) = 0.

Following the similar argument as above, it follows that Kjy;; = 0. The fact that
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Ki_1, = 0 and K41 = 0 causes a contradiction. Therefore, for L = 1 all functions
gnx(t) are linearly independent.

Using the similar reasoning as above, we now show that all functions in g(t)
are linearly independent for an arbitrary L. For (I — L)T, <t < (I — L + 1)T,,
(456) simplifies to K1 xg—k(t) = 0. This equality is satisfied only if K;_r; = 0.
Similarly, for (I +3L — 1)T. <t < (I + 3L)T,, (456) simplifies to Ky xgi+rx(t) = 0.
Following the similar argument as above, it follows that K1, = 0. For (I—L+1)T, <
t <(l—L+2)T,, (456) simplifies to K;_r, xgi—rx(t) + Kj— 41 £91-1+1.%(t) = 0. Since
K;_1; = 0, the equality is satisfied only if K;_74;1 = 0. Similarly, for (I4+3L—2)T, <
t < (l+3L—1)T., (456) simplifies to Ki1r—1kG1+1-1%() + Kivr kgi+nx(t) = 0 and
it follows that Kji; 14 = 0. Using the similar reasoning (or induction) for other
time intervals, it follows that coefficients K;_r x, ..., Ki—1x, Kis1 4, - - -, Kjy 11 are zero
which causes a contradiction. Therefore, all functions g, x(¢) are linearly independent

for an arbitrary L. [J
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APPENDIX Q

PROOF OF LEMMA 3

We will prove this lemma by contradiction. Assume that the elements of the differ-

ential ST-CPM vector As(t) are not linearly independent. Then there exists some

nonzero complex vector [ky, ko, ..., kr,]7 that satisfies

]ﬁASl (t) + -+ kLtASLt (t) = (458)
Ne—1

= Z [klAz,% + -+ kLtAz,(f()t)] Gno(t) +
n=0
Ne—1

+ ) [klAZ%q +ooot kLtAZT(L,Lé)A} gn.r-1(t) =0,
n=0

where Azﬁf)k are elements of the matrices AZy, for 0 < k< R—-1,1<1i < L;. Since

all functions g, x(t) are linearly independent (as shown in Lemma 2), it follows that
kA 4 kA =0, (459)

for each k € {0,...,R—1} and n € {0,..., N. — 1}. Equation (459) implies that the

matrices AZy do not have full rank, which contradicts our assumption. [
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APPENDIX R
DERIVATION OF EQUATION (329)

Using (326) and M = 2% the integral I,,,,.1 can be written as

[n,nJrl - (460)

(n+2)T. F-1
_ / H 6jTrhVV(t—nTc)€—j7rhVV(t—(n-i—l)Tc)S(l)(t _ ’I’LTC)S(Z) (t . (TL + 1)T0)*dt
(n+1)T, 1—0

(n+2)Te F-1 — T\ sin (Th2! — 2nh2'3(t — DT
_ / exp (jwh(2F—1)t . C)Sm (w2 = 2nh25(t — (n + DT:)
(

nDTe 12 1. sin(mh2!)

X

—jmh(2F — 1
P ( Jmhl ) T. sin(mwh2!)

t—(n+ 1T jml) {Sin (27h2'B(t — (n + 1)T.)) } .
= exp (j2rh(2" — 1))

/<n+2>Tc T sin (wh2! — 2mh2!B(t — (n + 1)T,)) sin (20h28(t — (n + 1)T.))
(DT 1 sin(mh2!) sin(mwh2?)

dt.l-]
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APPENDIX S
PROOF OF PROPOSITION 7

Proof: The proof of this proposition starts by evaluating the integral I,, ,+1 with the
phase shaping function defined in (330). Choosing parameters a = 0.5 and b = 0, the
integral I, ,,+1 is equal to

I jorh(2F 1) /(”+2)Tc Lsin (7h2! — wh2")) sin (7h2')
nnt+l = €

dt =0. (461
(n+15)T. 1= sin(7h2!) sin(mwh2!) (461)

Also, if we choose parameters a = 1, b = 2, and the modulation index h = 1/2, the

integral I, ,,4+1 is equal to

In,n—l—l - (462)

T, F-1 l l
¢ 2 2
ll_ol sin <7r2l_1 — %) sin (WT:) dr = 0.

€j27rh(2F -1)
- -1 I-1Y g -1 /
1o sin(m2=1) sin(72!1) Jo
Note that the same result can be obtained for other values of parameters a and b.
If the raised cosine function (1RC) is selected as the phase shaping function ()

and modulation index is h = 1/2%, where 1 < x < F — 1, the integrals I,, 41 are

equal to

In,n+1 = ej27rh(2F71) (463>

/Tc fi_[l sin (7r21_x — izl <2;—CT — sin <2;—:>>> sin (21_””_1 (2;—: — sin <2:7Fr—:>>> .

sin(m2i=*) sin(72!-7)

T.
0 =0

Using the asymptotic expansion of integrals [98], (463) can be simplified to yield

- 1
]nn ~ 6]27rh(2F—1) 464
e HZF:_UI sin(72l—=)2 (464)

Trl Yy r\° 4 ar\°
x/o 11 gsin(wzlﬂ)zl*l*ﬂf (?> —1—531n(721*x)21*1*x (?) dr = 0.

=0

By noting that I,,11, = (Innt1)” and that all functions inside the integrals I, 11,

are real functions, we can conclude that integrals I,,1; , are also equal to zero. [J
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APPENDIX T

PROOF OF PROPOSITION 8

Proof: Proof of this proposition begins by evaluating the integral I,, ,+1 for all integers

eg.ﬁ_wj ) equal to zero. The integral I, ,,1; can be written as
n+2)T, F—1 . 2
Lompr = P27 / e Ty sin (2rh2'5( — nT)) (465)
’ (n+)Te 120 sin(h2')?
sin (27h2'3(t — (n+ 1)T.)) sin (wh2" — 27h2'B(t — (n + 1)T.)) "
X
sin(mwh2t) sin(mwh2t)
L e /<n+3>Tc " sin (wh2! — 2h2B(t — (n + 2)T.))
(n+2)T. 1 sin(h2')?
sin (2rh2!3(t — (n+ 1)T.)) sin (wh2" — 27h2'B(t — (n + 1)T.)) "
X .
sin(mwh2t) sin(mwh2!)

For the raised cosine function (2RC) and modulation index h = 1/2*, where 1 < z <

F — 1, the integral I,, ,,+1 is equal to

2
. _ . (2n(r4T,
T. F-1 sin <7r21 I (—T;TTC — 4l sin <—”(;+ c)>>>
_ j2mh(2F 1) / c i c
=e | I

Inn - 466
e 0 1o sin(72!i-7)2 (466)
sin (727 (S — Lsin (22)) ) sin (72 (1= o + Lsin (%2)))

X

sin(x2 ) n(r2 )
F-1gj l—e (1 - 4 1 gy (27T 2 l—z (74T | 1 i [ 20(+Te)
sin ( 72 1 — g5 + sin (7 sin ( 72 o T xS —r
* i sin(m2l-=)?2 sin(m2l==)
—x T+T, : 2 (T+Te

in (22 (1= 58 + i (457))

X dr.
sin(m2l-7)
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Using the asymptotic expansion of integrals, (466) can be rewritten as

. 1
I, ~ ef2mh"=D) 467
i H{;Bl sin(m2l-=)4 (467)

T, F—-1

1

3
3 sin(w2'77)2"7" (1 — cos(m27771)?) (E)
0

T

X
S~

=

B!
_

1
+ (Sin(WQIx)2 sin(m27" )2 4 5 sm(wzlx)%”%) dr = 0.

C

~
Il
=)

By noting that the value of the integral I, 1, , is equal to a complex conjugate
value of the integral I,, ,+1 and that all functions inside the integral are real functions,

we can conclude that integrals I,, 41, are also equal to zero. Similarly can be shown

(k—wj)

that integrals I, ,41 and I, 41, for other combinations of integers €

wj)

€ {0,1} and

integrals I,, o and I, ,, 4o for all efl* = 0 are equal to zero. [
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