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Abstract

The increasing demand of the frequency spectrum for land mobile satellite communi-
cation services has led to the approach of moving the current operating frequency up
to EHF (30/20 GHz) band. In this thesis, the propagation characteristics of the EHF
mobile satellite communication channel are estimated and modeled. Conventioral
and multiple trellis-coded modulation schemes designed for fading environment are
considered for the EHF mobile satellite channel. The design criteria for optimum
trellis-coded modulation scheme on the fading channel are studied. Through com-
puter simulation, the performances of both coherent and differential trellis-coded
modulation systems with selected coding schemes on the EHF channel models are
evaluated. The effects of using channel state information and interleaving technique
on the trellis-coded modulation systems are also studied. Finally the simulation re-

sults are presented and discussed.
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Chapter 1

Introduction

1.1 Mobile Satellite Communications at EHF Fre-
quencies

Land mobile satellite (LMS) communication systems have developed rapidly over the
past few years. Because of the increasing utilization of the spectrum in the present
operating frequency bands and the requirement for wider information bandwidth, it
is necessary to find more frequency resources to accommodate further developments
of mobile satellite communication services, especially those supporting the coming
global personal communication system (PCS) [1]. Limited by the satellite orbit slots,
this spectrum demand leads to extending the current operating carrier frequency
to higher bands, for instance, the 30/20 GHz band referred as the Extremely High
Frequency frequency (EHF) band.

In addition to the available large spectrum, employing higher carrier frequencics
such as 30/20 GHz can also bring several other implementation advantages, including
reduced hardware size and weight cf the terminal equipment [2, 3], smaller antenna

diameters, and the capability of implementing new anti-jamming techniques [4].



1.2 Challenges for EHF System Design

The propagation constraints at 30/20 GHz frequency can be quite severe if compared
with current L-band (1.6/1.5 GHz) satellite systems. It can be expected that the EHF
channels will suffer larger Doppler frequency shifts and more severe signal deteriora-
tion caused by the shadowing effect. Also, the absolute frequency offsets and drifts

of the EHF oscillators will also increase significantly due to the oscillator inaccuracy.

In design and development of an EHF land mobile satellite system, the first chal-
lenge we are facing is how to model the EHF propagation channel properly. Since the
propagation of a LMS communication channel is usually affected by the random na-
ture of the transmission media in space, statistical analysis and modeling techniques
are very useful tools for evaluation of the propagation effects on mobile satellite com-
munication links. Appropriate channel propagation models play an important role in

system design and implementation.

The second challenge is to find efficient modulation/demodulation and error con-
trol strategies for the EHF mobile satellite communication channels. In order to
combat the severe channel impairments to be encountered on an EHF mobile satellite
channel, powerful and efficient signal transmission techniques must be used. Trellis-
coded modulation is a power and bandwidth efficient modulation scheme. Recent
studies have shown that trellis-coded modulation demonstrates a significant bit error
performance in the fading channel environment. It is therefore a good modulation

candidate to be considered for the EHF mobile satellite communication system.

1.3 Related Research

Although the EHF mobile satellite communications have received much attention
in recent years, there are still a limited number of published results that can be
found with respect to the channel modeling and corresponding impairment mitigating

techniques, such as trellis-coded modulation. However, related researches on L-band



LMS systems have been conducted extensively. Some relevant results are summarized

in the following subsections.

1.3.1 LMS Channel Modeling

The propagation characteristics of mobile communication channel can be usually rep-
resented by the Rayleigh and Rician random processes depending on the presence or
not of a LOS component in additicn to the multipath signals [5, 6]. To character-
ize the LMS channel, many studies have been conducted on channel modeling and
statistical analysis (7, 8, 9, 10, 11, 12, 13], among which the log-normally shadowed
Rician model [7] proposed by Loo for the L-band LMS channel is well recognized.
The log-normally shadowed Rician model assumes that the amplitude of the LOS
component under foliage shadowing follows the log-normal distribution with a multi-
path component being Rayleigh distributed. The computer models for the Rayleigh,
Rician and log-normally shadowed Rician channels are described in [10] and a set of
model parameters for the L-band channels are presented, which is especially suited

for an area of high latitude as in Canada.

In order to explore the necessary technologies and collect propagation data at
30/20 GHz bands, several experimental satellites have been launched to meet the
need of the sponsoring agency’s research. These include the European Space Agency's
Olympus satellite, the NASA’s Advanced Communications Technology Satellite (ACTS}
and the ETS-VI satellite of the Japanese National Space Development Agency. Each
of these satellites is capable of working at 30/20 GHz frequencices [1].

The data collected from experimental mobile satellite systems on 30/20 GHz chan-
nel is still not publicly accessible, and it is therefore not possible at this point to de-
velop an EHF mobile satellite propagation model using the actual channel statistics.
In this circumstance, propagation models extrapolated from existing L-band {1.6/1.5

GHz) channel parameters constitute an alternative choice.

In [2, 3, 4], the possible channel interference and propagation impairments on



30/20 GHz frequencies are estimated and analyzed. Due to the limitation of avail-
able measured data for LMS system operating at these frequency bands, a frequency
scaling technique is applied in certain conditions to estimate signal attenuation fac-
tors. Based on (3] and [10], a set of model parameters is derived in [14, 15] for the
Ka-band LMS channel by conducting scaling transformation from L-band parameters.
From estimated channel parameters, performances of coherent and non-coherent PSK

systems are evaluated over the proposed EHF channel model in [14, 15].

1.3.2 Trellis-coded Modulation on Fading Channels

Trellis-coded modulation (TCM), originally proposed by Ungerboeck [16}, is a class
of digital transmission modulation schemes in which the error control coding and
modulation techniques are optimally integrated. it is indicated that the performance
of a conventional TCM code improves when the number of states increases. However,
as the state number exceeds a certain value, the additional coding gain increases
very slowly. In order to achieve higher coding gains, the concept of multidimen-
sional trellis-coded modulation was introduced [17, 18, 19]. As a special form of the
multidimensional TCM modulation, multiple trellis-coded modulation (MTCM) was
proposed by Divsalar [20]. It can be viewed as coding onto a multidimensional signal
set constructed from successive channel symbols. Compared with conventional TCM,

multiple TCM transmits more channel symbols per trellis branch.

Due to the bandwidth efficiency and the significant coding gain over average white
Gaussian noise channel (AWGN), trellis-coded modulation technique has received a
great attention in the application to land mobile satellite communications. The most
influential papers were given by Divsalar and Simon. In [21, 22, 23], they presented a
new design criteria and signal set partitioning method for TCM over fading channel,
which are different from those for TCM on AWGN channel (16, 24]. The code design
methods were demonstrated and a set of multiple TCM codes designed specially for

fading channel was also presented in [23]. With the new code design criteria, Schlegel



and Costello constructed a set of new codes for conventional 8-PSK TCM in [25].
In [26, 27], the rate 2/3, 4-state conventional 8-PSK TCM codes were extensively

studied on fading channels by Wilsun, Leung and Jamali.

Coherent and differential TCM systems are evaluated by computer simulations in
the presence of the Rayleigh, Rician and shadowed Rician fading channel in [21, 26, 28,
29, 30, 31, 32, 33]. On the other hand, several papers concentrated on the analytical
performance bounds. In [21, 22, 34], the error performance of both coherent and
differential M-ary TCM in the Rayleigh and Rician channels has been upper bounded
by the Chernoff bound. A tighter upper bound is derived by McKay, McLanc and
Biglieri for trellis-coded M-ary PSK in the Rayleigh, Rician and shadowed Rician
channels in [35]. In [36], an accurate expression of the pairwise crror probability for
TCM transmitted over the Rayleigh fading channel is presented. Under the correlated
Rician and shadowed Rician fading conditions, the pairwise error probabilities of the
differential trellis-coded M-ary PSK signals are calculated directly and approximated

asymptotically in [37, 38].

1.4 Thesis Objectives

One objective of this thesis is to characterize the 30/20 GHz EHF mobile satellite
communication channel with proper models based on the knowledge of the existing
L-band LMS channel statistics and assumptions made for the EHF channel condi-
tions. The main objective is to set up a computer simulation system, based on the
proposed EHF channel model, to evaluate and assess the performance of the trellis-

coded modulation schemes that are optimally designed for fading channels.

1.5 Thesis Organization

The remainder of this thesis is organized into six chapters and an appendix, which

are summarized as follows:



In Chapter 2, the commonly recognized channel models, which can be used to
characterize the land mobile satellite communication channels, are described in detail.
The corresponding computer models are also presented. Based on the prediction of
the channel characteristics over the EHF frequency band, a set of channel model
parameters is derived from existing L-band model parameters by using a frequency
scaling method. The second order statistics of the channel models are also considered

and computer simulation results of channel model statistics are shown.

Chapter 3 presents the conventional and multiple trellis-coded modulation and
demodulation techniques. The design criteria for an optimum TCM scheme on fading
channel are discussed. According to these design principles, several TCM schemes are
selected and analyzed. The advantage of the interleaving technique is also discussed

in this chapter.

Chapter 4 presents the analytical and asymptotic performance of the coherent
and differential TCM systems on Rician fading channel with respect to the different
channel conditions and system configurations.

In Chapter 5, the computer simulation tool used is briefly described. The im-
plementation of simulation systems and function blocks, as well as the programming

techniques are discussed in detail.

The simulation results of both coherent and differential TCM systems over the
AWGN, Rayleigh, Rician and EHF mobile satellite fading channels are presented and
discussed in Chapter 6.

In Chapter 7, conclusions are reached and suggestions for further research are

given.

Appendix A includes some of the typical SPW block diagrams of the EHF mobile

satellite communication link components used in the computer simulations.



Chapter 2

EHF Mobile Satellite
Communication Channel

2.1 Introduction

In order to predict and analyze the performance of trellis-coded modulation scheme
over EHF land mobile satellite communication channel, mathematical and computer

models should be developed to characterize the channel propagation properties.

Fading process AWGN noise
r(t) n(t)
X | >
Transmitted Received
signal signal

Figure 2.1: Channel model for EHF mobile satellite communications.

In this thesis, the EHF mobile satellite communication channel is mathematically
modeled as a process in which a transmitted signal suffers from a multiplicative fading
distortion and additive white Gaussian noise (AWGN), as shown in Figure 2.1. The

discussions in this chapter focus on modeling the fading processes.



According to different types of propagation environment, the channel fading pro-
cess can be further characterized as Rayleigh, Rician or log-normally shadowed Rician
channel models. In following sections, the basic characteristics of signal propagation
on a LMS channel are introduced first. The Rayleigh, Rician and shadowed Rician
fading statistics and their corresponding application environment are discussed. A
set, of model parameters is derived from the existing L-band (1.6/1.5 GHz) channel
model which are then used to simulate the fading processes on the EHF channels.

Statistics obtained from the simulation of these fading processes are then presented.

2.2 Propagation Characteristics of LMS Fading
Channel

In a land mobile satellite communication system, the signal transmitted between

satellite and mobile terminal is subjected to several propagation factors {2, 3, 4]:

e Free space path losses that increase with the operating frequency.

o Ionospheric distortions, such as Faraday rotation, scintillation and refraction
index variation. These distortions are inversely proportional to the frequency

of operation.

e Tropospheric effects that result from depolarization, hydrometeor (rain, clouds,
fog, snow, ice) attenuation, and atmospheric gas (primarily water vapor and
oxygen) attenuation. These effects induce degradation that is increased with

the operating frequency.

o Multipath propagation effects caused by the signal reflection and scattering
from the terrain and obstacles (buildings and other man-made constructions)

around mebile terminal.

o Vegetative shadowing



o The Doppler frequency shifts introduced by the relative movement between a

mobile vehicle and a transmission signal.

— \ Ionosphere
Tropospm

y, (vegetative shadowing)

direct

Figure 2.2: Propagation of the Land Mobile Satellite Signal.

As shown in Figure 2.2, the signal received at the antenna of a mobile terminal can
be identified as the sum of three components: direct, specular and diffuse waves. The
direct wave arrives at the mobile receiver via a line-of-sight path without refiection.
The specular wave results from the ground reflection. The diffuse wave is produced by
the multipath effect, which is actually the sum of a large number of individual signals
with randomly distributed amplitudes and phases. The interaction among direct,
specular and diffuse components cuuses severe fading of the received signal. Since

the specular reflections can be substantially attenuated by properly adjusting the



directivity of the antenna, the effect of the specular component on direct component
can be ignored.

The Doppler frequency shift affects the bandwidth of the received signals. The
maximum Doppler frequency shift f4 is determined by the traveling speed of vehicle

v and the signal carrier frequency f.

Ja= vl (2.1)
where ¢ represents the speed of light.
Table 2.1 lists, for a carrier frequency f. of 20 GHz and a vehicle speed ranging
from 20 to 130 km/h, the maximum Doppler frequency shift fs, as calculated from
equation (2.1).

Table 2.1: Maximum Doppler frequency shift corresponding to different vehicle speeds
at 20 GHz carrier frequency

speed v (km/h) | Maximum Doppler Shift f; (Hz)
20 370
30 556
40 741
43 800
50 925
60 1111
65 1200
70 1296
80 1481
90 1667
100 1852
130 2400

Since the signal propagation characteristics are strongly dependent on the location
of the mobile terminal, it is necessary to define some typical types of propagation en-
vironments to represent the different channel conditions. As a mobile vehicle travels
through different areas, the signal components received at the antenna are quite dif-

ferent. Generally, three simplified propagation scenarios can be identified as follows:
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1. Received signal consists of diffuse component only.
2. Received signal consists of diffuse and direct components.

3. Received signal consists of diffuse and shadowed direct components.

Corresponding to these scenarios, three mathematical models; the Rayleigh, Ri-
cian and log-normally shadowed Rician models, are developed to characterize the

LMS fading processes.

2.3 Rayleigh Fading Model

As a mobile vehicle travels in a metropolitan arca, the direct path between the satel-
lite and the mobile vehicle is often obstructed by high buildings and other man-made
constructions. In such case, there is no direct signal component at the mobile re-
ceiver, and the received signal s(t) consists of only the multipath diffuse component

Saifruse(t) reflected from all directions.

i th signal

traveling

direction Q

Figure 2.3: Angle between the ith receiving signal and vehicle traveling direction.

S(t) = Sdiffuse(t)- (22)

The diffuse multipath component can be expressed as the sum of many indepen-

dent scattering sources. Assume there are IV indirect signals received at the mobile

11



terminal. The 4th signal has an arriving angle o; with respect to the traveling direc-
tion of the vehicle as shown in Figure 2.3. The Doppler frequency shift f; of the ith

signal component is given by

fi= Ucfc cos . (2.3)

The ith reflected signal component s;(t) can be represented as

si(t) = ri(t) cos[2n(f. + fi)t + 64 (2.4)
where r(t) is the envelope of the ith signal component and 0; is its phase.

The signal component s;(t) can also be expressed in the in-phase and quadrature

form as
5i(t) = L;(t) cos 27 f.t — Q:(t) sin2m fot (2.5)
where
L(t) = ri(t) cos(2n fit + 0;) (2.6)
Q:(t) = ri(t)sin(27 fit + 6). (2.7)

Therefore, the resulting diffuse signal is given by
() = Saiffuse(t) = I(t) cos 2n ft — Q(t) sin 27 ft (2.8)

where the resulting in-phase and quadrature components are

N
10 =2 10 (2.9)
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N
Q(t) = Z Qi(2). (2.10)

For the heavily built-up city areas, the number of the reflected signal N gets very
large. In this case, according to the Central Limited Theorem, the I(t) and Q(#)
components can be represented as two uncorrelated Gaussian random processes with

zero mean and variance by. The signal envelope r(t) is defined as

r(t) = yI(t)* + Q(t)? (2.11)

where 7(t) is a Rayleigh distributed random process. The Rayleigh probability density

function of the signal envelope r(t) is given by

r —r?
pRayleigh(r) = 'E}; exp(“g‘%‘), T 2 0 (212)

where by represents the average scattered power due to multipath.

The phase ¢(t) of s(t)

(t) = arg[I(2) + jQ(t)] (2.13)

is uniformly distributed in the interval [, x].

2.4 Rician Fading Model

When a mobile vehicle travels in open areas, the direct wave from satellite gencrally
encounters no obstacles and the diffuse wave is produced by the nearby terrain re-
flections. In this case, we assume the line-of sight signal suffers no distortion except
the free space attenuation. The received signal at the mobile terminal is the sum of

the diffuse and the direct components

S(t’) = Sdirect(t) + Sdiffuse(t)- (2.14)
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The direct component is just a signal wave with constant envelope, while the dif-
fuse component consists of multipath signals and its envelope follows the Rayleigh
distribution. Therefore, the received signal s(t) is the sum of a constant direct com-

ponent A; and a Rayleigh distributed diffuse component.

s(t) = [A; + I(t)] cos 2n fet — Q(t) sin 27 ft (2.15)

The envelope r{t) and phase ¢(t) of the resulting signal s(t) are

r(t) = [Ae + IO + Q(1)? (2.16)

o(t) = arg{A + I{t) + jQ(t)] (2.17)
where the envelope r(t) follows the Rician distribution 7] and its probability density

function is given by

(r?
2
where b is the average scattered power due to the multipath, Ac is the envelope of

r —
PRician(T) = B; exp|

2
A Ty 0 (2.18)
bo b

the constant direct wave, and Io() is the modified Bessel function of zeroth order.

The severity of fading of the Rician model is usually determined by the K-factor,
defined as the signal power ratio of the line-of-sight (LOS) and the multipath diffuse
components. It can be expressed as

A
= <, 2.1
In terms of K -factor, the Rician probability distribution function of signal envelope

r can also be given as [12, 34]

Prison(r) = { or(K + 1) exp[— (K + 1)r? = K|L(2r JK(K + 1)), r20; (2.20)

0, r <0.

Al
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The phase statistics of the Rician fading process can be described by [12]

-K —Ksin® ¢ —_—
Prician(4) = 6271_ 1 \/FCO;% [2 - erfc(\/f—(_cos ¢)] (2.21)

where erfc() is complementary error function

erfe(z) = :/2—1_1_/00 e~ dt. (2.22)

2.5 Log-normally Shadowed Rician Fading Model

In most rural and suburban areas, roads arc surrounded by trees and bushes. This
vegetative shadowing causes attenuation to the direct wave component. The shad-
owing attenuation varies as the vehicle moving along the road. The envelope of the
shadowed direct component follows a log-normal distribution [7]. The probability

density function of the log-normal distribution is given by

___exp [—(lnz_ “)2] (2.23)

pLog-—norma.t(z) = 2\/21?—0_; CX 20.?_
where z(t) is the envelope of the shadowed direct wave, u is the mean of In z, and o,

is the standard deviation of In 2.

In this case, the received signal at the mobile receiver is the sum of a multipath
diffuse component with the Rayleigh distribution and a shadowed direct component

with log-normal distribution

S(t) = Sshadmucd—dircct(t) + Sdiffuse (t) (2.24)

The probability density function of the envelope r(t) of the sum s{t) was derived
by Loo [7] and is given by
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ST VN PR a4 P
Psh—Rician (") = bo2nds [0 zcxp[ o g Iy o dz. (2.25)

The pdf of the phase ¢(t) of s(t) is approximately Gaussian (7]

i 2
Psh—Rician (@) = }n’ap exp [ (Q;UQ n) ] (2.26)
P

where by is the average scattered power due to the multipath, /dp is the standard

deviation of Inz, and  is the mean value of In 2 due to shadowing. 7 and o, are the

mean and standard deviation of the signal phase respectively.

Formula 2.25 can be simplified as following expressions [7]

- — )2
o [T > Vi

psh—Rician(r) Rz , (227)
cool 2], revE

The envelope r is log-normally distributed for larger values (i.e.,7 > vbo) whereas
Rayleigh distributed for smaller values (i.e.,r < Vo).

2.6 Computer Models for Fading Processes

Based on the mathematical expressions of the Rayleigh, Rician and log-normally
shadowed Rician fading processes, three computer models can be implemented by
manipulating the Gaussian random processes through lowpass filters [10] as shown
in Figure 2.4. These baseband models assume the fading processes are frequency

non-selective and generate multiplicative fading signals.

In the Rayleigh fading model of Figure 2.4 (a), the complex fading signal is gen-
erated by two narrow band Gaussian random signals with zero mean and variance
by. The bandwidth of the lowpass filters is chosen to be equal to the normalized
fading bandwidth, which is denoted by BT. The BT is determined by the maximum

Doppler frequency shift f; and the signal transmission rate.
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Gaussian Lowpass mean = 0
noise . filter var — b0
Gaussian Lowpass mean = { . rk
noise | ®| filter [ var = b, J
(a) Rayleigh model
AC
Gaussian Lowpass mean = 0 ._*
noise » filter var = b0 L/
Gaussian Lowpass mean = 0 . .
noise filter var = bO > J k
(b) Rician model
Gaussian Lowpass | mean =0 ()
noise »  filter R e
Gaussian Lowpass mean = 0
noise . filter var — b[] \Ll/
Gaussian Lowpass mean = 0 , r
noise > filter var = bu > J k

(c) log-normally shadowed Rician model

Figure 2.4: Computer channel models.
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BT = fax Ty (2.28)
where T, is the signal symbol duration.

The Rician fading signal is produced simply by adding a constant value, which
represents the amplitude of the direct LOS component, to the real part of the complex
Rayleigh fading signal as shown in rfigure 2.4 (b).

Similarly, the log-normally shadowed Rician fading model is composed by two
components, the Rayleigh distributed multipath component and the log-normally
distributed LOS component. The log-normal LOS component is generated by letting
a narrow band Gaussian random process with mean p and variance do pass through
an exponential process as illustrated in Figure 2.4 (c). The bandwidth of the lowpass
filter used to produce the shadowed LOS is normally chosen to be much smaller than
BT since the fade rate of the direct wave is significantly lower than the fading rate

of the multipath diffuse wave.

2.7 Model Parameters for EHF Fading Channel

From the analysis of previous sections, the fading processes of the EHF land mobile
satellite communication channels can be characterized by the Rayleigh, Rician and
log-normally shadowed Rician fading models corresponding to the three different types
of propagation environments respectively. Actually, the Rayleigh and Rician channel
models can be described as the special cases of the log-normally shadowed Rician
model. From the shadowed Rician model, the Rayleigh model is derived if the log-
normal component is set to zero. If the log-normal component is kept constans, the

Rician model is generated.
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2.7.1 Model Parameters for L-tand Channel

By making use of the empirical results and models, an analysis of the overall LMS
channel statistics has been carried out at the L-band frequencies [7, 10]. Based on the
measurement statistics in the area of Ottawa, a sct of parameters was proposed in
[10] for the log-normally shadowed Rician fading model. These parameters are listed

in Table 2.2 for different shadowing conditions.

Table 2.2: The model parameters for the L-band frequency

b p | Vo
Light shadowing, 0.158 | 0.115 | 0.115
Average shadowing | 0.126 | -0.115 | 0.161
Heavy shadowing | 0.0631 | -3.91 | 0.806

The parameters by, 1t and dp are defined in previous sections. The relation between
these parameters and the log-normally shadowed fading model is illustrated in Figure

2.4 (c).

2.7.2 Characteristic Prediction of EHF Channel

Due to the high operating frequency, the 30/20 GHz EHF mobile satellite systern
mainly experiences the tropospheric propagation cffects while the impact of the iono-
spheric distortions can be ignored [2, 3, 4]. Compared with the L-band system, the
EHF channel suffers increased atmospheric attenuation, larger Doppler frequency
shift, and more severe vegetative shadowing and multipath fading. Among thesc
impairments, the additional atmospheric attenuation has less dramatic impact on
the performance of the EHF satellite system [3]. Since the reflection coefficient and
ground conductivity increase with the operating frequency, the multipath cffect at
30/20 GHz frequency becomes much more severe than that at L-band [3]. However,
if only the open and tree-shadowed areas are considered as the propagation environ-
ment, the antenna radiation beam at 30/20 GHz frequencies can be narrow enough

to eliminate almost completely this additional multipath effect [3].
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From these predictions, two basic assumptions are made for open and tree-shadowed

propagation cnvironment.

¢ The multipath fading at 30/20 GHz does not impair system performance more

than that at L-band (3].

o The propagation attenuation results mainly from the foliage shadowing.

2.7.3 Derived EHF Channel Parameters for the Shadowed
Rician Fading Model

Since the downlink design is critical to a satellite system development, the analysis

and simulation of the channel models are concentrated on 20 GHz carrier frequency.

From the assumptions made above, the average scattered power due to multipath

at L-band, bo, can be directly adopted by the EHF model.

bo(eoc Hz) = bo(1.5GHz2)- (229)

For the shadowing parameters, 4 and dg, an empirical formula can be used to

compute the attenuation coefficient a [3].

a~ 045081 for 0<d <14 (2.30)

[+
where f, is the carrier frequency in GHz and d, is the depth of trees in meters

intercepted by LOS signal.

By substituting 20 and 1.5 GHz frequencies into (2.30) respectively, two attenua-
tion coefficients, aocy. and aiscuz, are calculated and the scaling factor ps can be

obtained as

ps = 220GHz 91, (2.31)
X1 5CGHz
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From this scaling factor, the corresponding EHF shadowing parameters can be

easily derived.

HocHz) = 2.100.56Hz) (2.32)

do2oc 4z = 2.1dog156H2)- (2.33)

The derived EHF model parameters corresponding to the 20 GHz downlink trans-

mission channel are listed in Table 3.1.

Table 2.3: Model parameters for 20 GHz carrier frequency

bo H Vdo

Light shadowing 0.158 | 0.2415 | 0.1667
Average shadowing | 0.126 |-0.2415 | 0.2333
Heavy shadowing | 0.0631 | -8.211 | 1.168

2.8 Second-order Statistics of the Shadowed Ri-
cian Model

The models discussed above predict fade distributions for LMS signals. In addition to
the first-order statistics, there are also two second-order statistics considered in this
analysis: average fade duration (AFD) and level crossing rate (LCR). These statistics
provide measures of the dynamics of the propagation which tell us how often severe
fading occurs and how long it lasts. They are very important in characterizing the

fading channel and useful for the design of a reliable LMS transmission system.

2.8.1 Level Crossing Rate

The level crossing rate (LCR) is defined as the expected rate at which the envelope

crosses a specified signal level R with positive slope, which is given by [5]
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Np = fo % tp(R, #)dr (2.34)

where 7 is the changing rate of the signal envelope (i.e., the time-derivative of 7(t))
and p(R,7) is the joint probability density function of 7 and r at » = R. With respect
to the maximum Doppler frequency shift f4, a normalized expression of the LCR for

the log-normally shadowed Rician model is expressed as [10]

= Na_ o (bo + 20+/Bodo)?
Ni= 75 =yl =) [bo(l—p2)+4pm] P(r) (2:35)

in which, p is the correlation coefficient between envelope changing rate 7 and the

receiving envelope 7(t).

2.8.2 Average Fade Duration

The average fade duration (AFD) is defined as the average length of time over which
the signal attenuation is higher than a specified value. Corresponding to the normal-

ized LCR, the normalized AFD is given as [5]

pr< R)

o (2.36)

1 (R
TN——ﬁ——R-/O p(r)dr =

2.9 Computer Simulation of EHF Channel

The Rayleigh, Rician and log-normally shadowed Rician fading processes are simu-
lated by using a computer software package SPW (which is described in Chapter 3).
The simulations are carried out with parameters in Table 3.1 and with the normalized
fading bandwidth BT equal to 0.25, which corresponds to a vehicle speed of 65 km/h
if the signal transmission rate is 4800 symbols per second. 50,000 samples are gener-
ated for each simulation to obtain these resuits. The first and second order statistics
of the simulated fading models under different conditions are graphically illustrated

in Figures 2.5 - 2.7.
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Figure 2.5 shows the cumulative distributions of the signal envelopes for the
Rayleigh, Rician and shadowed Rician models with different parameters. It is in-
dicated that the heavy shadowing experiences higher signal amplitude losses than
that of the light and average shadowing in the log-normally shadowed Rician fading
channel. For the Rician channel, the average amplitude level of the fading model
increases with the value of K-factor. The amplitude levels of the heavy shadowed

Rician model is quite close to that of the Rayleigh model with by equal to 0.158.

In Figure 2.6, the curves show that the maximum value of the level crossing rate
moves toward to the small signal amplitude as the power of the LOS component
decreases. Figure 2.7 demonstrates that the average fade duration increases as the

shadowing effect increases.

R T
) ......-b.-..-:g.-..-..-.::.':ﬁ.-..-..-.

—O0—— Average

—eegeene 0=+~ Rayleigh (b0=0.158)
-=-b--= Rician (K=5) -=@==+  Rician (K=10)

Signal level relative to LOS (dB)

[
»
-
-
.
*
.
.
*
‘.
‘.
.
»
»
-
-
.
.
-
..

0 10 20 30 40 50 60 70 80 90 100

% of the received signal > ordinate

Figure 2.5: Envelope distributions of Rayleigh, Rician and shadowed Rician fading
models {BT=0.25).
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Figure 2.6: Level crossing rate of Rayleigh, Rician and shadowed Rician fading models
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models (BT=
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2.10 Summary

The EHF mobile satellite communication channel is characterized by the combined
effects of a multiplicative fading process and an additive white Gaussian noise. De-
pending on the different transmission conditions, the fading process can be repre-
sented by the Rayleigh, Rician or log-normally shadowed Rician model. The EHF
model parameters are tentatively derived from the existing L-band channel model pa-
rameters by using frequency scaling technique. In system analysis and performance
evaluation, these channel models play important roles for both theoretical derivation

and computer simulation.
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Chapter 3

TCM and Its Design Criteria on
Fading Channel

3.1 Introduction

The basic idea of trellis-coded modulation (TCM) is to combine the coding and mod-
ulation {or decoding and demodulation) processes into one step operation instead of
separating them as two independent functions [16}. The significant advantage of TCM
is that it can provide coding gain without bandwidth expansion. This technique is es-
pecially suited for channels with limitations on bandwidth and power, like the mobile
satellite communication channel. The design of a particular TCM scheme is deter-
mined by signal mapping and set partitioning. Under different channel conditions, the
design criterion for optimum TCM code differs. On fading channels, multiple trellis-
coded modulation (MTCM), which is a special form of multidimensional TCM, allows
for flexibility in code design as well as a time diversity property. To combat the burst
errors usually encountered in a fading channel, interleaving techniques can be used

in conjunction with an error correcting code.

In this chapter, we introduce the basic concepts of both conventional and mul-
tiple trellis-coded modulation techniques, as well as the corresponding demodula-
tion/decoding method. The TCM code design criteria for the fading channel are

presented. TCM schemes that are optimized for fading channels are presented and
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studied. The advantage of using interleaving is also discussed.

3.2 Conventional Trellis-coded Modulation

The general structure of a rate m/n conventional TCM cncoder /modulator is shown
in the Figure 3.1. It has m input bits during cach output symbol duration. These
m bits are grouped into two subsets with m; and m, bits each. Here m; -+ my = m.
Through a rate m;/n; convolutional encoder, the m, bits are encoded into n, bits.
The n bits (n = n1+ma2) are mapped into one of the M-ary (M = 2") output symbols

by certain mapping criteria depending on the different channel applications.

m, n, n
>
Convolutional 1 M-ary
Encoder > M-ary symbol
m bits Signal
Mapper & >
# Modulator
o
mz

Figure 3.1: General structure of a conventional TCM encoder/modulator.

A conventional TCM coding scheme can be illustrated by a trellis diagram. In
the trellis diagram, the encoder states at time index s (referred as stage in a trellis
diagram) are the nodes of the trellis. With each output symbol, we associate a branch
that stems from each state at stage s and reaches the next state at stage s +- 1. The
branch is labeled by a number that represents the corresponding M-ary symbol in the
signal constellation. Parallel transitions occur when two or more branches connect

the same pair of nodes. The trellis structure is determined by the coding scheme of a
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TCM code. Examples are shown in Figure 3.2 - 3.4: 4-state, 8-state and 16-state rate
2/3 conventional trellis-coded 8-PSK modulation schemes are shown. A TCM coding
scheme can also be described by using a state transition table (see Table 3.1, in which

a rate 2/3 64-state conventional trellis-coded modulation scheme is specified).

3.3 Multiple Trellis-coded Modulation

Generally, a multiple TCM encoder consists of a rate b/l convolutional encoder and
a memoryless signal mapper/modulator as shown in Figure 3.5. In each transmission
interval, the multiple TCM encoder first encodes the b input bits to a [ bits convolu-
tional codeword, and then maps these encoded [ bits into ¢ M-ary output symbols.
In the common case, the ! binary encoded bits are equally partitioned into g groups.
Each group has log, M bits and is mapped into a M-ary output symbol. Therefore
the [ encoded bits must conform to { = qlog, M. Here the parameter g is referred as
the multiplicity of the MTCM scheme. The ¢ output symbols are selected from an
expanded g-tuple M-ary signal set. Such a MTCM encoder has a throughput of b/g
bits/symbol and a unity bandwidth expansion when compared to an uncoded system

with a 2%9 point signal constellation [22].

For instance, a 4/6 4-state multiple trellis-coded 8-PSK modulation scheme is
equivalent to rate 2/3 4-state conventional TCM/8-PSK in code rate. In this encoder,
four input bits (b = 4) are first encoded into six output bits ({ = 6), then these six
bits are partitioned into 2 groups (g = 2). Finally these two 3-bit groups are mapped

into two 8-PSK symbols and transmitted within four information bit periods.

Similarly, a multiple TCM scheme can be represented by a trellis diagram. The
trellis structure consists of 2° transitions stemming from each state. Each transition
is associated with ¢ M-ary output symbols, which are chosen from a g-tuple M-ary
signal set in such a way as to meet certain code design and set partitioning criteria.
The trellis structure is dependent on the coding scheme of the MTCM code. The trellis
diagrams of a rate 4/6 4-state trellis-coded 8-PSK modulation (MTCM/8-PSK) and
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8-PSK signal constellation Squared Euclidean distances
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d1 = 0.586
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ds = 3.414
5
2
dia=4
d1
branch stage stage stage stage
symbols s s+1 s+2 s+3

0426 @ 00 (input data)

Figure 3.2: Trellis diagram of a conventional rate 2/3 4-state 8-PSK TCM
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Figure 3.3: Trellis diagram of a conventional rate 2/3 8-state 8-PSK TCM
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Figure 3.4: Trellis diagram of a conventional rate 2/3 16-state 8-PSK TCM
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Table 3.1: Transition table of a conventional rate 2/3 64-state 8-PSK TCM

Current | Branch Next Current | Branch Next
state | symbols* states** state | symbols states
0 0426 | 0541557 32 0426 | 16383141
1 1537 (33234624 33 1537 | 497628
2 0426 | 1551456 34 0426 17393040
3 1537 132224725 35 1537 | 486639
4 0426 | 2521339 36 0426 183629 43
5 1537 135214426 37 1537 | 5156010
6 0426 | 3531258 38 0426 | 1937 28 42
7 1537 | 34204527 39 1537 | 50461 11
8 0426 | 4501161 40 0426 {20342745
9 1537 |37194228 41 1537 | 58335812
10 0426 5511060 42 0426 | 21352644
11 1537 |[361843 29 43 1537 | 5225913
12 0426 6 48 9 63 44 0426 122322547
13 1537 |39174030 45 1537 | 5515614
14 0426 7 49 8 62 46 0426 |23332446
15 1537 | 38164131 47 1537 | 54005715
16 0426 862749 48 0426 | 244623 33
17 1537 (41313816 49 1537 15715540
18 0426 963648 50 0426 | 2547 22 32
19 1537 (40303917 51 1537 | 5614551
20 0426 | 10605 51 52 0426 {2644 21 35
21 1537 43293618 53 1537 | 3913522
22 0426 | 1161450 54 0426 | 274520 34
23 1537 (42283719 55 1537 | 5812533
24 0426 | 1258333 56 0426 28421937
25 1537 [45273420 57 1537 | 6111504
26 0426 | 1359252 58 0426 | 294318 36
27 1537 [44263521 59 1537 | 6010515
28 0426 | 14561 55 60 0426 | 304017 39
29 1537 (47253222 61 1537 | 639486
30 0426 | 1557054 62 0426 | 31411638
31 1537 46243323 63 1537 | 628497

+ The 4 symbols correspond to input 00, 01,10 and 11 respectively;
+x The 4 states correspond to input 00, 51,10 and 11 respectively.
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1 bits

M-ary
b > Convolutional > Signal >q
bits Encoder Mapper & symbols
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Figure 3.5: General structure of 2 multiple TCM encoder/modulator.

a rate 3/6 8-state MTCM/8-PSK schemes are shown in Figure 3.6 and 3.7.

3.4 TCM Decoding/Demodulation with Viterbi
Algorithm

To decode/demodulate the TCM signal, the most commonly used method is the
Viterbi algorithm (VA), which was originally developed for decoding convolutional
codes [40]. In applying VA to TCM decoding, the decoder directly takes the Fu-
clidean distance between the received symbol sequence and the possible transmitted
symbol sequence as metrics to determine the most likely coded sequence, i.e., the sym-
bol sequence with the smallest squared Euclidean distance from the received sequence
is decoded as the transmitted sequence. This algorithm performs the maximum like-

lihood sequence estimation procedure [39].

The Viterbi algorithm for TCM decoding can be described based on the trellis
diagram. The VA decoding process moves sequentially through the trellis, stage by
stage, to find the path with the minimum cumulative path metric. As indicated
before, the stage represents the time index, and the state transitions occurs between

those stages. The VA decoding procedure is briefly stated as following steps.
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Figure 3.6: The trellis diagram of a rate 4/6 4-state 8-PSK MTCM
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Figure 3.7: The trellis diagram of a rate 3/6 8-state 8-PSK MTCM
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Step 1: Calculate all the branch metrics.

In the trellis diagram of & TCM encoder, every branch associated with a transition
is assigned with a symbol for conventional TCM or several symbols for multiple TCM.
The branch metric for conventional TCM can be obtained by calculating the Euclidean
distance between the received symbol and the corresponding branch symbol at that
stage. For multiple TCM, the branch metric is the sum of the Fuclidean distances
between the received symbols and their corresponding branch symbols within the two
stages.

Step 2: Compute the partial metrics for all the paths through each state

The partial metric for a path entering a state is calculated by adding the branch
metric, entering the state, to the metric of the connecting survivor path at the pre-

ceding stage.
Step 8: For cach state, select and store the surviving path and its metric.

The survivor path for each state is simply the path with the smallest partial

metric.
Step 4: Repeat step 1, 2, 8 until received sequence ends.
Step 5: Make decision.

By comparing the metrics of all the surviving paths at different states, the sur-

viving path with the smallest metric is decoded as the transmitted sequence.

Due to the time delay and memory problems, it is generally not possible to make
decision at the end of the whole transmission. In practice, a truncated Viterbi algo-
rithm is applied. In this case, a decision is made after each truncation length, which is
also referred as decoding depth. By using the truncation technique, the Viterbi algo-
rithm loses its cptimality and increases the error probability. However, this increase
can be negligible if the truncation length is chosen sufficiently large. It is suggested
[40] that 5 to 6 times of the code constraint length is needed to reach almost all the

theoretical coding gain.
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3.5 Design Criteria for TCM on Fading Channels

The design criterion for trellis-coded modulation on the AWGN channel is the maxi-

mization of the squared free Euclidean distance d%,.. [16, 24].

For fading channels, the criteria for designing an optimum TCM scheme are quite
different. Under the conditions of ideal interleaving and deinterleaving, the TCM code
designed for a Rician fading channel with small values of K is mainly determined by

the following two factors [22]:

e L: length of the shortest error event path, and

e P: branch distance product along the shortest cerror event path.

For a Rician fading channel with small K, the free Euclidean distance is treated as
a secondary consideration. Therefore, under the conditions mentioned above, the
optimum TCM code design criteria are to maximize the length L (also referred as
effective length) and the product P. L actually represents the number of non-zero
distances between the shortest error event path and the correct path while P is the
product of all these non-zero distances. At different signal-to-noise ratios (SNR),
these two factors have different effects on the performance of a code. At low SNR,
the product P has a major impact on the code performance, while at high SNR, the

length L plays a more important role.

However, when channel conditions change, the design criteria also change. On the
Rician fading channel, if the ratio K is very large, then the performance of the code

is affected by all three factors: L, P and d?( For the EHF mobile satellite channel,

ree’
the line-of-sight signal power would be very small due to the severe shadowing effect,
which corresponds to small K values. The optimum TCM code design for BHF mobile

satellite channels should be guided by the effective length L and the product P.

With respect to the effective length L, the multiple TCM shows some potential

advantages in the optimum code design for fading channels, when compared to the
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conventional TCM. Since the conventional TCM has only one M-ary output symbol
corresponding to each trellis branch, the shortest error event path is that error event
path with the fewest number of branches having non-zero pairwise distance from the
correct path. This also corresponds to the shortest length (in branches) error event
in most cases. Therefore, L is just the number of branches on this path [22]. For
multiple TCM, there are more than one M-ary symbol corresponding to each trellis
branch. The effective length L of the shortest error event path is always equal to, or

greater than, the number of branches along the shortest error event path {22].

From the properties of the conventional TCM and multiple TCM, it is reasonable
to conclude that the parallel transitions in the trellises should be avoided in the
design of a conventional TCM scheme for fading channel, but it is acceptable for the
design of multiple TCM. This is because the minimum distance of error event path for
conventional TCM scheme is often the parallel path and, thus, the length L has to be
equal to 1. This limits the possibilities for the improvement of the error performance.
However, & multiple TCM has more than one non-zero Euclidean distance along the
paralle] transitions and the length L is greater than 1. Therefore, the performance of

a multiple TCM is not restricted by the parallel transitions.

Based on above design principles, a set partitioning method for designing an opti-
mum multiple TCM codes used over the Rician fading channel is proposed by Divsalar
and Simon [23]. In this method, g fold cartesian products of the same M-ary PSK

signal sets are partitioned in such a way that guarantees:

1. Within each of the M partitioned sets, any g-tuple signal element is distinct

from other g-tuple signal clements;

2. The minimum product of the FEuclidean distance between any g-tuple elements

in a partitioned set is maximized.

By using this design method, the shortest error event length L is at least g. This

method can also be used to design the conventional TCM codes {34].

38



3.6 TCM Schemes Considered for EHF Fading
Channels

Based on the design criteria mentioned above, six TCM schemes are considered for
the EHF mobile satellite channels to investigate the impairment mitigating effect of

these codes.

First, a class of the conventional rate 2/3 8-PSK TCM schemes are selected.
These include 4-state, 8-state, 16-state and 64-state codes. The corresponding coding
schemes are illustrated in Figures 3.2 - 3.4 and Table 3.1. As shown in Figures 3.2,
the 4-state TCM does not have parallel transitions. Although this code is designed
for AWGN channel, it demonstrates a good performance in Rayleigh fading channel
[27]. The other three codes are constructed by maximizing the L and P according to
the design criteria for fading channels [25]. The optimum codes of the 8-state and 16-
state conventional TCM for fading channel, coincidentally, have the same structures
as their counterparts for AWGN in [16], which made these two codes potentially
robust on both fading and AWGN channels.

Secondly, two multiple TCM schemes, designed for fading channels by using Di-
vsalar and Simon’s set partitioning methods, are considered [23]. These are ratc 4/6
4-state multiple 8-PSK TCM and rate 3/6 8-state multiple 8-PSK TCM codes. Their

trellis diagrams are shown in Figures 3.6 and 3.7.

According to the code structures of these TCM schemes, the corresponding cof-
fective lengths and minimum squared Euclidean distance products (Pmrn) can be
calculated, as listed in Table 3.2. In Figures 3.2 - 3.4 and Figure 3.7, the shortest
error event paths corresponding to the minimum squared Euclidean distances are
indicated. For the rate 4/6 4-state multiple TCM scheme, the shortest error cvent

paths are the parallel transitions.

As shown in Table 3.2, the 64-state conventional TCM has the largest effective
length. This indicates that the 64-state TCM should have the best performance
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Table 3.2: List of effective length and product of TCM schemes

code L | Pnin

TCM2/3.4s | 2 | 1172
TCM2/38s | 2| 8

TCM2/3.16s | 3 | 4.68
TCM?/364s | 4| 8
MTICM4/64s | 2| 4
MTCM3/6.8s | 3 8

among all six TCM schemes on fading channel, especially at high signal-to-noise ra-
tio. The 4-state multiple TCM and the 4-state conventional TCM schemes do have
the same effective lengths of 2 but different minimum distance products. A better
performance may be expected for the 4-state MTCM in comparison with its conven-
tional counterpart since the former has a larger Ppin. With the same effective length,
the 16-state conventional TCM and the 8-state multiple TCM would demonstrate

similar performances.

In the comparison of the different TCM schemes, the bandwidth occupancy and
the complexity are the main aspects to be considered. As defined in [23], the normal-
ized complexity per 2-dimensional signal is equal to b+ /a, where the b is the number
of encoded input bits, Therefore, 95 is the number of paths leaving a given node in
the trellis except parallel paths, 2* is the total number of the encoder states, and ¢
represents the multiplicity of MTCM. For conventional TCM, ¢ = 1. The normalized
complexity and throughput of the six TCM schemes are listed in Table 3.3.

Table 3.3: Normalized complexity and throughput of TCM schemes

Code Complexity | Throughput (bits/symbol)
TCM2/34s 16 2
TCM2/3.8s 32 2
TCM2/3.16s 64 2
TCM2/3_64s 256 2
MTCM4/6_4s 8 2
MTCM3/6_8s 32 1.5
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As is seen in the Table 3.3, the complexity of the TCM schemes increases with

the number of encoder states.

3.7 Interleaver and Deinterleaver

In mobile satellite communications, the channel experiences fading and multipath dis-
tortions and exhibits burst error characteristics. Many efficient error control codes,
such as TCM codes, perform wcll in correcting independent channel errors. To trans-
form a burst error channel into a channel with statistically independent errors, an
effective technique is to interleave the coded information data in a proper way. There
are two kinds of interleavers: block interleavers and convolutional interleavers [39].
Both interleavers perform the same function but with different techniques. In this

thesis, only block interleavers and aeinterleavers are discussed and implemented.

The function of an interleaver is to scramble the order of the transmitted symbols’
sequence, while a deinterleaver just performs the reverse operation to restore the
original sequence order. A block interleaver can be constructed by using a buffer
with D rows and S columns, where D is defined as the interleaving depth and S
the interleaving span [21]. Thus the size of the interleaver is D x S (in symbols).
The transmitting coded symbols are read into a memory buffer in successive rows
and shifted out of the buffer column by column. At the recciving side, the block
deinterleaver, with a buffer of the same size, stores and outputs the received symbols

in their original order.

The ideal interleaver/deinterleaver size would be infinity. However, in practice,
long transmission delays are intolerable. Practical limits must set for the memory
buffer size of interleaver/deinterleaver. The interleaving depth should be chosen de-
pending on the maximum fade depth expected on the channel [21], while the inter-
leaving span should be determined by decoder buffer size. In our simulation, the

interleaving depth is chosen as 16 symbols long and the span is 8 symbols wide.
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3.8 Summary

Trellis-coded modulation is a power and bandwidth efficient coding/modulation tech-
nique, which is specially suited for mobile satellite communications. Compared with
conventional TCM, multiple TCM shows some advantages in code design flexibility
and the potential of performance improvement on fading channels. The factors that
determine the performance of & TCM scheme on fading channel are different from
that on the AWGN channel. The code design criterion for the AWGN channel is
to maximize the free Fuclidean distance d%,,, while for fading channels, the criteria
are to maximize the effective length L and the product P. According to the design
criteria for fading channels, good TCM schemes are selected for the application on
the EHF mobile satellite channels. The Viterbi algorithm is an optimal demodulation
method for TCM signals. To tackle the burst error problem, the use of interleavers

and deinterleavers provides an effective means.
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Chapter 4

Performance Analysis of TCM
Systems over Fading Channels

4.1 Introduction

In Chapter 2, the EHF mobile satellite channel is characterized by a fading process
combining with AWGN corresponding to certain fading conditions. In this chapter,
we discuss how trellis-coded modulation performs over fading channels. The emphasis
is on the analysis of factors that determines the performance of TCM scheme over
fading channels. These factors are very important to the design of trellis codes as

described in Chapter 3. The performance analysis is based on Rician fading channel.

4.2 Coherent M-PSK TCM on Fading Channels
4,21 System Description

The baseband system model of a coherently detected trellis-coded modulation over
fading channel is illustrated in Figure 4.1. In the block diagram, input data bits are
first encoded by a trellis encoder. The encoded bits are then interleaved and properly
mapped into M-ary PSK symbols. Passing through the channel, these transmitted
symbols are distorted by the fading process and additive white Gaussian noise. At

receiver side, the received symbols are deinterleaved and decoded by a soft decision
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Viterbi decoder. To achieve a better performance, channel state information (CSI)
may also be provided to the Viterbi decoder to optimize the decoding metrics. The
channel state information provides a measure of the fading amplitude obtained from
the channel and can be used as additional information for the Viterbi decoding pro-
cedure. In practice, dual pilot tone calibration technique, in which two pilot tones of
same power are inserted on both sides of main data signal spectrum, can be imple-
mented to assist a robust carrier recovery [41, 42]. The channel state information can

therefore be obtained from the power of received pilot tones.

4.2.2 Performance Analysis

In the system model described above, several important assumptions are made for
simplifying the theoretical performance analysis. First, we assume that perfect co-
herent detection is achieved. Under this condition, there will be no signal phase
distortion and only the amplitude fading effect is involved. Secondly, theoretically
infinite interleaving and deinterleaving are assumed so that the channel can be viewed
as memoryless one. Thirdly, both encoded signal and fading amplitude over a symbol

interval can be represented by a single sample.

Let us express x as the transmitted M-ary PSK symbol sequence of length L from
the TCM transmitter to channel, y as the channel output sequence and X (X # x) as

the decoded sequence from the Viterbi decoder. At time k, there is
Yk = Tk + T 4.1)

where 7 represents the normalized fading amplitude and ng is a complex additive
Gaussian white noise with zero mecn and variance g% in each dimension. The prob-
ability that the decoder selects X as the decoded sequence instead of x, when x is

transmitted, is defined as the pairwise error probability. It is expressed as [25, 35]

P(x — %) = Prm(y, %) < m(y,x)[x] (4.2)
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Figure 4.1: Baseband system diagram for coberent trellis-coded modulation over EHF
mobile satellite channel
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where

L
m(y, %) = Y m(y, Zx) (4.3)
Joa=

—

m(Yk, Tk) (4.4)

IIMR:'-

—ka - rka:k|2, with CSI;

m{ye, Te) = (4.5)
—|yk - :Bkl?, no CSI

are the decoding metric depending on the availability of channel state information.
Under the assumed conditions of the system model and by using union bound, the

bit error probability of this system s upper bounded by [22]

P <3 Y a(x,%)P(x)P(x — %) (4.6)

x,k €C
where a(x, ) represents the number of information bit errors that occur when symbol
sequence X is sent and symbol sequence X is decoded, P(x) is a priori probability of

transmitting x, and C is the set of all possible coded sequences.

In order to evaluate the average bit error probability P, one has to determine the
pairwise error probability P(x — %), which depends on the choice of the decoding

metric and the presence of channcl state information.

The Rician channel model discussed in Chapter 2 is considered. The Rayleigh fad-
ing model condition can simply be viewed as a special case of Rician model by letting
the K-factor be equal to zero. The probability density function of the normalized

Rician fading amplitude r is given by

2r(K + 1) exp[—(K + 1)r? - K|L(2rK(K + 1)), 2> 0;
P(r) = (4.7)

0, r < 0.
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A. Ideal Channel State Information

Here we assume that perfect CSI is provided and a Gaussian decoding metric is
used. By substituting (4.1) into (4.2) and applying Chernoff bounding technique, the

conditioned pairwise error probability is found to be [21]

. E, R
P(x — %x|r) < exp[-—m 2r%|x,¢ - xkl2] (4.8)
ken

where rj represents the normalized fading amplitude at kth symbol interval, F,/Np
stands for the ratio of M-ary PSK symbol encrgy to spectral density of noise, 7 is
the set of all k£ for which z;, # Iy, and |zx ~ Zx|? is defined as the squared pairwise
distance that refers to the squared FEuclidean distance between corresponding symbols

on the compared paths.

By averaging the conditioned pairwise crror probability (4.8) over the probability
density function (4.7), the pairwise error probability is upper bounded by [22]

K+1 o K Loz, — &2
K+ 1+ 3|z — dif?

Plx—%) < ]

: T o ] (49
ken K+ 1+ F-loe — 2l
where E,/Ny is the ratio of average symbol energy to noise spectral density. For
sufficiently high signal to noise ratio, i.e. E./Ny > K, the formula (4.9) can be

simplified as

. C~—K 4!;,., (K 41 (:‘-K Ly
P(x - x) < H E, ime—zx|? = [ ) ]

EsNg N
ken p ey ()P Tken 12 — il
where L, is defined as the length of the error event path and its value is equal to the

(4.10)

number of elements in the set 7.

Therefore, the average bit error probability is bounded by

] 45K 4 1)eK]in
Py Y alxR)P(x)— L[( ) ]ﬁ >
X% €C (“ﬁf;) " [Mken 12k — &l

(4.11)
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B. No Channel Slate Information

With no CSI, we assume coherent detection system using Gaussian decoding met-
ric. The corresponding expression for the pairwise error probability was derived by

Divsalar and Simon in [22, 34]. For E,/Ny > K, there is

- (EE)L" |zs ~ i”k]z -2 -K1L
Plx — %) < =4 - K T, 4.12
(x— %) < f’o)L" (kleln (Teey |70 — :Ek|2)§) [(K+1)e ] (4.12)

The upper bound for bit error probability is given by

. (£)5m T — Zif? _ _

P < Ega(x,x)P(x) (%‘é)bn (,CI;[,, (EklnTxk _klgkp)%) (K + e K)fn, (4.13)

To evaluate the (4.11) and (4.13). a specific TCM coding scheme must be analyzed.
However, looking at the P, bounds of (4.11) and (4.13), we find that either of them
is dominated by the term in summation which has the smallest number of elements
in . This corresponding path is referred to the shortest error event path and its
length is represented by the effective length L. Thus, the generalized average bit
error probability is approximately equal to {34]

11

(KN SNL - /Ny > K (4.14)

B Ea/No

where b is the number of input bits to trellis encoder, 3 is a constant that is determined
by the distance structure of a specific TCM coding scheme. Corresponding expressions

of B are
45 ken 26 — 261?71, with CSI;

B= .
2)E([Tpey =2 —1)=2, 1o CSL
(2) ke (S ien f2x—24]D) )7 pe

Independent of CSI, the average bit error probability /% in (4.14) varies inversely

(4.15)

with (E,/No)t, which shows some kind of diversity effect. L denotes the number
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of the implied diversity. Therefore, to achieve the optimal performance on Rician
fading channel, it is important to design the TCM code with & maximum L. In
addition, as shown in 4.15, the code design should also minimize 8. This corresponds
to maximizing the squared branch distance product of the shortest error event path
|, — Zx]?, which is denoted as P in Chapter 3. This indicates that the design criteria
for optimum TCM scheme on the Rician fading channel are to maximize both L and
P.

C. No Interleaving and Deinlterleaving

As we consider the system with coherent detection and a Gaussian decoding met-
ric, but without interleaver and deinterleaver, the assumption of & memoryless channel
condition is no longer valid. In this case, the average bit error probability is approx-

imately [34]

15
K+1 AFree(7)

P, 2 C1 — exp(—K ;
K+1+ d?rce(a%aa) K+ 14 d}ruu(ﬁa)

where C1 is a constant and d2,, is the squared free Euclidean distance of the TCM

ree

) (4.16)

code

d?free = T)I(Hin Z |$k - -'Ek|2' (4'17)
! kEY}

For large E;/Ny, (4.16) can be simplified as

K4l

4.18
) (4.18)

In (4.18), the changing rate of P, varies inversely with E,/Ny if the TCM coding
schemes keep unchanged. It is noted that, without interleaver and deinterleaver, the
implicit diversity of a TCM code is equal to one and the performance is determined
by maximizing the squared free Euclidian distance. Therefore, the trellis-coded mod-

ulation can not fully exhibit its potential without interleaving/deinterleaving.
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4.3 Differential M -PSK TCM over Fading Chan-
nels

In Section 4.2, the discussion on coherent TCM systems is based on the idealistic as-
sumption that perfect synchronization is achieved. To achieve this, a carrier recovery
method must be used to track the synchronization reference. However, in practice,
the tracking of the carrier reference is sometimes difficult, especially during the deep

fades. In such cases, a differential TCM system might be a preferable choice.

4.3.1 System Description

As shown in Figure 4.2, the baseband model for differentially detected M—PSK TCM
system over fading channels is similar to that for coherent TCM systems which is
illustrated in Figure 4.1. The main difference between them is the addition of differ-
ential encoder and detector. As usual, the input bits are first encoded, interleaved
and properly mapped into M-ary PSK symbols. Then, these M-PSK symbols are
differentially encoded before being transmitted over the channel. Finally, at the re-
ceiving end, these corrupted symbols are differentially detected, deinterleaved and
softly decoded. Over the channel, the transmitted signal suffers distortion from both
amplitude and phase. Since carrier recovery technique is not needed in this case,

there is no CSI available for Viterbi decoder.

4.3.2 Performance Analysis

Again for simplification, the assumption of infinite interleaving and deinterleaving is
made. Since the optimum decoding metric derived by Divsalar and Simon in [22, 34]
for differential M-PSK TCM on fading channels is quite complicated to implement
and that it is rather difficult to analyze the error performance by using the optimum
metric, the squared Euclidean distance is used as the decoding metric. Although

this metric is only a suboptimum one for decoding on fading channels, its simplicity
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and easy implementation are of much practical interest. From the system model, the
analytical representations of the signals at different stages are expressed as follows.

The transmitted signal from differential encoder is
Vi = TpUk—1- (4.19)
At receiving end, received signal from channel becomes
Up = TrVk + Nk (4.20)
The signal at the output of the differential detector is
Yk = Up_ Uk = Tp_1TkZk - noise terms (4.21)
where 7 and n represent the fading amplitude and white Gaussian noise at time &

respectively.

Following similar procedures described in section 4.2.2, analogue expressions of the
pairwise error probability and bit error upper bound for the differential M-PSK TCM
system over Rician fading channel for sufficiently high SNR, are derived in [22, 34].
A. On Slow Fading Channels

Since in a slow fading channel the speed variation of the fading process is much
slower than the signal transmission rate, it is reasonable to assume that ry = re_y.

Under this assumption, there is

~K 8L [(K + 1)e K]t
P(X—) i) < H E ea:k—i'k? =7E LF( i )e ]« 2
ken Np 8(K+1) (%) Tl 26 — Zil

(4.22)

and

P <Y Y alx %)P(x) 8La[(K + 1)e=¥]in

8 " (4.23)
XX €C (82 Tlien |2k — Exl?

The approximate P, at high signal-to-noise ratio is

~ L A — e“K —
Py = & [Ty lzx — 221 (B8, Bo/No > K. (4.24)
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This expression of P, has similar form to that of coherent system illustrated in
(4.14) and (4.15). It is obvious that the performance of the differential TCM on slow
fading Rician channel is also determined by the effective length L and the product P.
B. On Fast Fading Channels

On a fast fading channel, the fading process varies rapidly over transmission signal
intervals. In this case, the rr_, and 7, are considered to be correlated. The expression
and computation of the pairwise error probability for the Rician fading channcl are
very complicated as described in [34]. However, for the Rayleigh channel, a special
case of the Rician channel with K = 0, the asymptotic pairwise error probability and

bit error probability bound are given by {34]

1
Px—%) < [[ — e (4.25)
ken 1+ B
and
1
B, <Y S a(x,%)P(x)[] — (4.26)
x% €C ken 1 - 22l o

where £ is a constant and 0 < [£| < 1.

From the upper bounds (4.25) and (4.26), we note that the expression of the
pairwise error probability does not related to the 5;/Ny. This means that despite the

increase of the signal to noise ratio, there is always an irreducible crror probability.

4.4 Asymptotic Performances of the Considered
TCM Schemes

Based on the expressions of (4.14), (4.15) and (4.24) as well as the TCM code struc-
tures described in Chapter 3, the asymptotic results on average bit error probability at
high E,/N, can be calculated. For performance comparison, the asymptotic BERs for -
the six considered TCM schemes on Rician fading channel are simplified as functions
of K and Ey/Ny.



4.4.1 BERSs for Coherent TCM Systems

Under the condition of ideal interleaving, the bit error probabilities of the coherent

TCM systems on Rician fading channel can be approximately expressed as follows.

1. Rate 2/3 4-state conventional TCM scheme

L7L(YEIER)2, with CSI;

IR

P, (4.27)

4.50( %205y, no CSL

2. Rate 2/3 &state conventional TCM scheme

K+1)e :
0.25(%H0e)2,  with CST;
B = (4.28)

0.52(%£0e5)2, o CSLL

3. Rate 2/3 16-state conventional TCM scheme
0.85(E+0e N3 ivh CSI;

Ey{Na
B = (4.29)

4.83(%FUZ)3, no CSI.

4. Rate 2/3 64-state conventional TCM scheme

LO(YEEEZ), with CST;
P, = (4.30)

682(“‘“};,0 ¥, no CSL

5. Rate 4/6 4-state multiple TCM scheme

0. 50(‘—“;}33—0) . with CSI;
P = (4.31)
0. 92(“‘;,;‘),30 )2, no CSIL.

6. Rate 3/6 8-state multiple TCM scheme

0.79(&e" )3, with CSI;

P, = (4.32)

K
4. 7( B Z ;;1/)130 3%,  no CSL
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As demonstrated by the above expressions, the bit error probabilities of the consid-
ered coherent TCM schemes at high Ey/N; are determined by their effective lengths.
Among these TCM schemes, the rate 2/3 64-state conventional TCM has the lowest

bit error probabilities due to its lar~est effective length L = 4.

From (4.27) - (4.32), it is observed that the performances of the TCM schemes
are improved with CSI. By comparing (4.27) and (4.31), it is shown that the 4-state
multiple TCM has a better performance than the 4-state conventional TCM scheme.
The performance of the 16-state conventional TCM is almost the same as that of the

8-state multiple TCM scheme as shown in (4.29) and (4.32).

4.4.2 BERs for Differential TCM systems

For differential TCM systems with ideal interleaving and deinterleaving, the approx-

imations of the bit error probabilities on the slow Rician fading channel are given by

the following expressions.

1. Rate 2/3 4-state conventional TCM scheme

K+ 1)ek

Pb§6.83(( BTN, ) (4.33)

2. Rate 2/3 8-state conventional TCM scheme

(K :}‘ ].)C_K 2
L,/ Ny

3. Rate 2/3 16-state conventional TCM scheme

Py 2 1.0( (4.34)

coq (K e Xy :
P, = 6.84(——m————)". 4.35
b ( E{;/NO ) ( )

4. Rate 2/3 64-state conventional TCM scheme

K +1)e ¥ n

P, & 16(( EN, (4.36)
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5. Rate 4/6 4-state multiple TCM scheme

(K + 1)e~¥

P, 2 2.0( BTN,

)2, (4.37)

6. Rate 3/6 8-state multiple TCM scheme

(K + e K,

(4.38)

When compared to coherent case, the BER performance obtained with differen-
tial TCM is slightly worse than that of coherent TCM without CSI. The bit error
probabilities of the differential TCM schemes on slow fading channels at high E}/Ny
are also determined by their effective lengths. As shown in (4.33) - (4.38), on slow
fading channel, the 64-state conventional TCM has the best performance. The 4-state
multiple TCM performs better than the 4-state conventional TCM. Similar BER per-

formances are found for the 16-state conventional and 8-state multiple TCM schemes.

4.5 Summary

In this chapter, the performances of coherent and differential TCM systems over Ri-
cian fading channel are analyzed in the form of asymptotic expressions. From these
expressions, it is obvious that over the Rician fading channel the performance of TCM
with interleaving/deinterleaving is mainly determined by the length of the shortest
error event path L and the branch distance product [xe, |2+ — Zx|* along that path.
These results lead to the design criteria for TCM on fading channel as described
in Chapter 3. However, without interleaving/deinterleaving, the performance of the
TCM is determined by the free Euclidean distance. On the fast Rayleigh fading condi-
tion, the differential TCM systems always have the irreducible error probabilities. To
compare the performances of the considered TCM schemes on Rician fading channel,

the asymptotic bit error probabilities are derived in the functions of K and Ey/No.
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Chapter 5

Communication System
Simulation

5.1 Introduction

To assess the performance of a communication system, there arc two commonly used
methods in addition to on-site testing. The first one consists in deriving the mathe-
matical solutions to determine the system performance bounds. The other relies on
computer simulation to evaluate the system performance. As described in Chapter
4, the derivation of the analytical results for TCM system is quite tedious, especially
when the number of states in the trellis diagram is large. In such a case, a computer

simulation constitutes a more expedient way to determine the performance.

A general description of the simulation platform used is given in the next section.
The third section describes the simulation of the different components of the TWHF
mobile satellite communication system. It also provides the design and programming

details of the key system modules,

5.2 Overview of the Computer Simulation Tool

The EHF mobile satellite communication system is simulated by using a computer

simulation tool called Signal Processing WorkSystem (SPW), which is a software
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package developed by Comdisco System Inc. for digital signal processing and com-

munication system simulation [43].

SPW software provides an interactive environment for simulation design and anal-
ysis with graphical capabilities. It consists of a collection of general-purpose DSP and
communication function blocks. Each of these blocks performs a signal processing op-
eration that corresponds to a specific system device or function. One of the advantages
to use SPW is that user can program his own function blocks in C language and build
them into the SPW block library. A simulation system can be established by using
both the SPW function blocks and the user-defined blocks. In SPW platform, the

simulation process is conducted in time domain.

The SPW framework consists of two separate programs, Block Diagram Editor
(BDE) and Signal Display Editor (SDE). BDE is used to construct and edit the block
diagrams of a simulated system. All the necessary function blocks or modules and
their connections are graphically displayed on the screen of the workstation, After
editing, this finished block diagram can be simulated or used as another module to
build more complicated systems. The results of a simulation can be viewed by using
SDE. The SDE can also be used to perform signal analysis and transformation in

both time and frequency domains.

5.3 Simulation of the Communication System Com-
ponents

There are several basic considerations for the simulation systems. It is assumed
that system is perfectly synchronized and there is no intersymbol interference. To
reduce the time for running the simulations, only one sample is used to represent a
transmitted 8-PSK symbol. Corresponding to each 8-PSK symbol, the fading and
AWGN processes are represented respectively by one sample following the desired

distribution.

In our simulation, two types of systems, coherent and differential TCM 8-PSK
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systems, are implemented. As shown in Figures 4.1 and 4.2, their baseband models are
primarily made up by modules for the encoders, channels, interleavers, deinterleavers,
Viterbi decoders, differential encoders and detectors. The representative SPW block
diagrams of the coherent and differential TCM bascband systems are given in Figures
A.5- A.8 (see Appendix A).

In coherent TCM system, perfect coherent detection is assuned, and therefore
only amplitude distortion is considered. Taking into account different conditions such
as channel models, conventional or multiple TCM, number of trellis states, decoding
with or without the reference of CSI, as well as the utilization of interleaving, there
are several communication system configurations. Each configuration also has its own
parameters such as truncation length and interleaver size. In differential TCM system,
both amplitude and phase distortions arc included in the performance evaluations.

CSI is not provided in differential TCM system configurations.

Several basic system modules used in the system implementations, such as TCM
encoder, interleaver, deinterleaver, and Viterbi soft decoder with availability of CSI,
are programmed in C language and built into SPW library for our specific usage.
Some other systern modules, such as the AWGN and fading channels, are built using

the existing SPW function blocks.

5.3.1 Average White Guussian Noise Module

The average white Gaussian noise (AWGN) module generates complex Gaussian white
noise samples with zero mean and variance adjusted to provide the desired signal-to-
noise ratio. This module is constructed by making use of the existing SPW function

blocks, which is shown in Figure A.1 of Appendix A.

The complex noise samples are produced by following method. As illustrated in
the block diagram, the AWGN module first takes the average signal power as reference
and calculates the values of the desired noise variance coefficient based on the given

module parameter Ey/Np (in dB). Then, to obtain the necessary noise power, these
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calenlated coefficient values are used to multiply the compiex noise samples with zero
mean and unit variance, which arc gencrated by a complex white Gaussian noise
generator.

The calculation of the variance value is based on the following expressions [44]. We
assume that z, represents a complex signal sample and n is 2 noise sample generated

by this moduie. Therefore, the average signal-to-noise ratio SNR is given by

_ B{jzf’} _ B{lzl’}
E{|n«|*} 202

where E{} denotes expectation, E{|zi|?} represents the average signal power and

SNR (5.1)

E{|ng|?} the average noise power. o = Np/2 is the variance of the complex noise

samples along each of the noise dimensions.

Since the average signal-to-noise ratio is equivalent to the average symbol energy
to spectral noise power density ratio /Ny, the cquation (5.1) can also be rewritten

as

_ E{|z«|?
Bu/Ny = _{-2%'-—}- (5.2)

The values of variance coefficient can be derived from equation (5.2).

E 2
2 _ Bz} (5.3)
2E3/N0
Two different values of o2 are used in the computer simulation, that is:
E{lzl 5 _ op.
43:;,\,_'6': E.B = 2Ebr
0? = (5.4)
E{lz®} p _3F
3E:fNo » EBs= EEb

where £, = 2, corresponds to the case of using rate 2/3 conventional TCM and
rate 4/6 multiple TCM, while the E, = 3£, corresponds to rate 3/6 multiple TCM

system.

60



5.3.2 Fading Channel Modules

Based on the computer models described in Chapter 2, the Rayleigh, Rician and
log-normally shadowed Rician channel modules are implemented by using the exist-
ing SPW function blocks. The block diagrams of these three modules are given in
Figures A.2 - A.4 of Appendix A. In these fading channel modules, the third-order
Butterworth lowpass filters are used to shape the fading spectrum of the models {10).
The bandwidth of these filters is adjusted according to the normalized fading band-
width BT used in the simulation, which is defined in Chapter 2. The other channel
parameters are chosen from Table 3.1 for the EHF channel according to the different

channel conditions.

5.3.3 TCM Encoders/Modulators

The TCM encoder block encodes the input random data bits and produces coded
complex output symbols. The cumplex symbols can be thought of as the complex
envelope representation of a modulated signal. There are two classes of TCM 8-1’SK
encoders used in our simulation systems. Onec is the conventional TCM encoder.
The other is the multiple TCM encoder. Details of both encoders are discussed in
Chapter 3. In each of the two classes, there are also many different encoder structures
according to the code rate and number of states. In our simulation, the 4-state, 8-
state, 16-state and 64-state rate 2/3 conventional 8-PSK TCM encoders, the 4-state
rate 4/6 multiple 8-PSK TCM as well as the 8-state rate 3/6 multiple 8-PSK TCM
encoders are simnulated. The signal constellation and state transition diagrams of these
encoders are shown in Figures 3.2 - 3.4, Figures 3.6 - 3.7 and Table 3.1. Since the TCM
encoder is an encoder with memory, the encoder output symbols are determined by
both the current input bits and the preceding input bits. At any moment in time, the
encoder is in one of a number of states, The current state of the encoder is therefore a
function of the previous history together with current input stimuli. With the change

from one state to another, the encoder outputs the appropriate branch symbol or
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symbols according to the state transition diagram. From its characteristics, a TCM
encoder is described as a finite state machine in our programming. First, an input
file is edited based on the state transition diagram of a specific encoder. This file is
then read in by the encoder program and transformed in two tables, a state table and
an action table. After initialization of these tables, a driven program is executed and

the complex symbols are output with respect to the input bit combinations.

Based on the above design method, three general-purpose encoder blocks are con-
structed. One is for the conventional rate 2/3 8-PSK TCM. The other two are for
rate 4/6 and rate 3/6 multiple 8-PSK TCMs respectively. With each of the three
blocks, an encoder with any number of states and 8-PSK symbol partition, but with

same code rate, can be simulated by changing only the encoder input file.

5.3.4 Viterbi Soft Decoder

The Viterbi soft decoder block perfcrms the TCM decoding function. This block
decodes the incoming complex symbols and produces the decoded bits at the output.
For the three TCM encoder blocks mentioned above, three general-purpose Viterbi
soft decoder blocks are programmed. For each of the three blocks, a specific decoding
procedure is performed by selecting the corresponding decoding input file, which is
the same as the input file of the associated encoder. The VA decoding procedure is
as described in Chapter 3. The computation of branch metrics for conventional TCM
and multiple TCM are different. Since the knowledge of channel state information
(CSI) is taken into account in the decoding process for the coherent demodulation

case, the decoding metrics are weighted by the fading information.

For conventional TCM decoder, the branch metrics M, at stage s are computed

as
|lys — 7sxs]%, with CSI;
M, = (5.5)
lys — 52, mno CSI

where y, represents the received and corrupted symbol at stage s, z is the branch

symbol of the associated encoder, and r, denotes the estimate of channel fading
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amplitude at stage s.

For multiple TCM decoder with multiplicity ¢ equal to 2, the branch metric at
stage s is calculated by

50— rDSOPR 4 [yf? — P22, with CST
B = 2 + g — 2, o CSI

where 3{" and »{? represent the two received symbols within the time unit from one
stage to another stage, z{" and z{? represent the corresponding two symbols on the
branch, and r{" and r{? denote the channel amplitudes corresponding to the two

received symbols in the same time unit.

For differential TCM system, the minimum distance metric used for VA decoding
is not an optimum metric as discussed in Chapter 4 and is used as a suboptimum
solution, which is given by

e — 4|2, conventional TCM;

Mb = (5’7)
A0 — V)2 4 |90® — 232, multiple TCM.

5.3.5 Block Interleaver and Deinterleaver

The block interleaver and deinterleaver are developed according to the interleaving
rules described in Chapter 3. The Figure 5.1 illustrates the interleaving procedure

for an interleaver with interleaving depth D = 3 and span S = 7 symboals.

As demonstrated in Figure 5.1, the interleaver reads in the incoming symbols and
stores them sequentially into the buffer positions 1,2,3,4,5,6,7,8,9,.... When the
buffer is full, the interleaver reads out these symbols from buffer positions in the
order of 1,8,15,2,9,16, and so on. The deinterleaver reads in the received symbols
and put them into the buffer positions 1,8, 15,2,9,16,.... Once the buffer is full,
the deinterleaver reads out symbols sequentially from positions 1,2, 3,4, 5,6,7,8,9, ....

Since a symbol is represented by a complex value, each of the buffer positions actually
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Figure 5.1: Example of a block interleaver of size 3 x 7 symbols

consists of real and imaginary components.

5.4 Summary

In this chapter, the simulation platform SPW is briefly introduced. The EHF mobile
satellite communication link components are described and their implementations in
the SPW simulation software package are presented in detail. The simulation systems
are set up by the existing SPW function blocks and the self-programmed component
modules. The key link component modules like the TCM encoder, block interleaver/

deinterleaver and Viterbi soft deceder are programmed in C language.
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Chapter 6

Simulation Results and Discussion

6.1 Introduction

In this chapter, the performance results obtained by computer simulation arc pre-
sented. In order to make comparison between conventional TCM and multiple TCM
schemes, all the selected TCM schemes in the simulation are designed based on an
8-PSK signal constellation. The signal transmission rate of the simulation system is
4800 symbols per second. For Viterbi decoder, the truncation length is set with 32

symbols. The block interleaver takes the size of 16 x 8 symbols.

During the simulation, to obtail. the bit error probability /% under given signal-
to-noise ratios, the total number of the transmitted data bits (V) is chosen according
to the magnitude of the resulting BER P,. By using a normal approximation [44],
the confidence intervals for each of the calculated bit error probability P, can be
computed. For those values of P, above 107, the total number of the transmitted
bits IV is chosen to be at least 100 divided by the oder of magnitude of P, which
produces a 95% confidence interval of about [0.8 7, 1.25/). For instance, if the order
of magnitude of P, is 1073, then the number of transmitted bits N is at least 107,
For those bit error rates of the order of 1075, ¥V is chosen as 10/107° ,i.e., 10, which

gives a 95% confidence interval of about [0.5557, 1.8F5).
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6.2 Performance of Coherent TCM Systems

The general model for a coherent TCM simulation system is illustrated in Figure 4.1.
Based on this model, six TCM schemes, as described in Chapter 3, are evaluated over
the AWGN, Rayleigh, Rician and log-normally shadowed Rician channels. All the
performance results are obtained from the simulation system implemented under the
assumption that perfect coherent detection is achieved, i.e., only amplitude fading
distortion is considered. In the simulations, the normalized fading bandwidth BT is

chosen as 0.25 or 0.5,

6.2.1 Coherent TCM Schemes on AWGN Channel

In Figure 6.1, the BER performances of the six coherent TCM schemes on the AWGN
channel are presented. The curves obtained for the 4-state, 8-state and 16-state rate
2/3 conventional TCM schemes conform well to the published simulation results in
[21, 26, 31}. This verifies that our TCM simulation systems are properly calibrated.
From this figure, it is observed that: (1) the performance of the conventional TCM
schemes improve as the number of the encoder states increases; (2) with the same
code rate and the same number of states, 4-state conventional TCM has the same
performance as 4-state multiple TCM at low Ey/Ng, but performs better than 4-
state MTCM as the £,/Ny is beyond 6 dB (the rcason for this is that the 4-state
MTCM code is optimized for fading channels instead of AWGN); (3) the 16-state and
8-state conventional TCM schemes demonstrate robust performances since they are
optimized for both fading and AWGN channels [25]; (4) it is also observed that the
rate 3/6 8-state MTCM scheme shows a strong performance at low Ey,/Ny.

6.2.2 Coherent TCM on EHF Fading Channels

A. General Performance of Coherent TCM Schemes

The results in Figures 6.2 - 6.4 are obtained from the evaluation of the coherent
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Figure 6.1: BER performances of coherent TCM schemes on AWGN channel.

TCM system, with interleaving and channel state information, on the log-normally
shadowed Rician model in the presence of white Gaussian noisc. The performances
of the coherent TCM schemes over the light, average and heavy shadowed Rician

channels demonstrate a similar performance behavior.

In Figures 6.2 - 6.4, it is shown that the performances of the TCM schemes on
the fading channel are determined by their effective lengths and distance products,
as listed in Table 3.2 of Chapter 3. The 64-state conventional TCM demonstrates the
best performance in the fading channel since it has the largest cffective length (L = 4)
and minimum distance product (P = 8) among the six considered TCM schemes.

However, this code has the largest complexity as shown in Table 3.3 of Chapter 3.

Contrary to the case on AWGN channel, the performance of the 4-state MTCM
scheme is better than its counterpart, the conventional 4-state TCM scheme, on the
fading channels. This indicates that the 4-state MTCM scheme is more suitable
for fading channels than the 4-state conventional! scheme. This can be explained

by the impact of effective length L and product %, on the performances of the
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Figure 6.2: BER performances of coherent TCM schemes on light shadowed EHF
channel with interleaving and CSI.
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Figure 6.3: BER performances of coherent TCM schemes on average shadowed EHF
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BT =0.25, with CSl, Dx §= 16 x 8 symbols
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Figure 6.4: BER performances of coherent TCM schemes on heavy shadowed EHF
channel with interleaving and CSI.

TCM schemes. The 4-state MTCM has L = 2 and P,;, = 4, while the 4-state
TCM has L = 2 and P,;, = 1.172. Both schemes have the effective length of 2.
Since the P, of the 4-state MTCM is larger than that of the 4-state conventional
TCM, the performance of the 4-state MTCM should be better according to the code
design criteria for fading channels. In addition, as shown in Figures 6.2 - 6.4, at
P, = 107*, the performances of the 4-state MTCM are 2 dB, 1.8 dB and 1 dB better
than that of the conventional 4-state TCM corresponding to the light, average and
heavy shadowing conditions. This demonstrates that the performance improvement

decreases as the shadowing effect increases,

Compared to the 16-state conventional TCM, the rate 3/6 8-state MTCM scheme
demonstrates a better performance at low £,/Np, but almost the same performance
at high E,/No, on the fading channels. This is because both schemes have the same
effective length (L = 3), but the 8-state MTCM has a larger minimum branch product
value (Ppn = 8) than that of the 16-state TCM (P = 4.68) scheme. As described in

69



Chapter 3, the performance of a TCM code is mainly determined by the product P
at low E,/No, and by the effective length L at high E,/Np. From Figures 6.2 - 6.4, it
has been seen that the theoretical analysis is verified by the simulation results with
respect to the 8-state MTCM and the 16-state conventional TCM schemes. It is also
noted that the effects of the type of shadowing on the performances of the 8-state
MTCM and the 16-state TCM are quite different.

Table 6.1: Performance degradation as compared with AWGN due to the fading
effect.

channel B, TC4s TC8 | TC16s | TC64s | MTC4s | MTC8s
light 10-% ] 35dB | N/A |28dB{23dB| 2.0 dB | 24 dB
shadowing | 1074 | 5.3dB | N/A |35dB|27dB| 27dB | 31dB
average | 1073 | 5.8dB | 45dB |44 dB137dB| 5.3dB | 3.9dB
shadowing | 1074 | 9.3dB |64 dB | 5.7dB | 4.9 dB| 6.8dB | 5.0dB
heavy 107 | 88dB |64dB [ 63dB|53dB]| 69dB | 5.1dB
shadowing | 10~ [ 12.3dB | 94dB | 59dB ] 6.7 dB | 10.3dB| 6.8dB

The performance degradations caused by the fading effects under certain shad-
owing conditions compared to AWGN condition are summarized in Table 6.1. From
these resuiis, it can be seen that the performance degradation is quite severe due
to the fading distortion. For example, the 4-state conventional TCM scheme needs
an additional 9.3 dB to combat fading in order to keep the bit error probability at
P, = 10~ for the average shadowed channel. For all the TCM schemes, the perfor-
mance degradation increases as the shadowing effect becomes more severe. At a bit
error rate of 10, the performance degradation of the 4-state TCM is 5.3 dB on light
shadowed channel and 12.3 dB on heavy shadowed channel in comparison with the

AWGN environment.

Table 6.2 lists the actual values of E,/No, at which bit error rates of 1073 and
10—* are achieved, for different TCM schemes with interleaving and CSI under the
conditions of light, average and heavy shadowing. It indicates that: (1) as channel
changes from the light to average shadowing, the schemes generally have around 1 to

2 dB degradation except for the two 4-state schemes, which have up to 4 dB losses.
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This means that the performances of both 4-state schemes are strongly affected by
shadowing; (2) the degradation for all schemes is about 2 to 3 dB when channel
changes from the average to heavy shadowing, which demonstrates severe distortion

caused by the heavy shadowing condition,

Table 6.2: Corresponding E/Ny for a given BER performance.

channel By TC4s TC8s | TClos | TCb4s | MTC4ds | MTCS8s
light 10-°] 9.9dB N/A 7.8dB | 7.0dB | 87dB | 7.5 4B
shadowing | 107 | 13.0dB | N/A 04dB | 8.4dB |(109dB| 94dB
average 1078 122dB| 98dB | 94dB | 8.4dB [ 11.0dB | 9.04dB
shadowing 1074 17.0dB | 126 dB | 11.6 dB | 10.6 dB | 15.0 dB | 11.3 dB
heavy 107%]15.2dB | 11.7dB | 11.3dB [ 10.0 dB | 13.6 dB | 10.2 dB
shadowing | 10~% | 20.0 dB | 15.6 dB | 13.8 dB3 | 12.4 dB | 18.5dB | 13.1 dB

As can be expected, the stronger the LLOS component is, the better the TCM
codes perform. This can also be shown for the cases on the Rayleigh and Rician fad-
ing conditions with BT = 0.5, as illustrated on Figure 6.5 - 6.7. Taking the Rayleigh
channel as a reference (i.e., no LOS), the performances of the TCM schemes on the
Rician channel improve as the K factor increases. This is clearly shown on Figure 6.8,
which presents the performances of the 4-state MTCM scheme over different chan-
nel conditions. It is noted that the code has almost the same performance on both
Rayleigh and heavy shadowed Rician channels. This phenomenon conforms to the
statistic results of the simulated channel models, which demonstrated similar statis-

tics for both channels as presented in Figures 2.5 - 2.7.

B. Effects of Interleaving and CSI

To evaluate the effects of channel state information and interleaving technique,

simulations are conducted with following configurations:

e TCM scheme without interleaving and without CSI,

o TCM scheme with interleaving and without CSI,
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Figure 6.5: BER performances of coherent TCM schemes on Rayleigh channel with
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BT=0.5, K=10, with CSI, Dx § = 16 x 8 symbols
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Figure 6.7: BER performances of coherent TCM schemes on Rician channel (K = 10)
with interleaving and CSI.
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Figure 6.8: Performance comparison of coherent rate 4/6 4-statc MTCM on Rayleigh,
Rician, and shadowed Rician EHF channels.
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e TCM scheme with interleaving and CSIL.

The simulation results for showing the impact of interleaving and CSI are obtained

by applying different TCM schemes on various channel conditions.

Figures 6.9 - 6.11 gives the resu'ts of the 4-state conventional TCM on the light,
average and heavy shadowed EHF channels respectively. It is shown in Figure 6.9 that,
without interleaving and CSI, to achieve a BER of 10~ over the light shadowed EHF
channel, Ey/Ny of more than 16 dB is required for the 4-state TCM scheme. When
interleaving is added, only 14.4 dB E},/Np is needed. Therefore, 1.6 dB improvement,
is achieved by interleaving under this condition. If the ideal CSI is used, another 1
dB gain is obtained. When shadowing becomes heavier, as illustrated in Figures 6.10
and 6.11, the effect of the interleaving is reduced. However, the CSI still plays an

important role in the performance improvement (i.c., about 0.5 d3 improvement).

The effects of interleaving and CSI on the 4-state MTCM schemne are shown in
Figures 6.12 - 6.14. It is shown that the interleaving technique is more cffective, espe-
cially at higher Ey/Ny, on the performance improvement of the 4-state MTCM than
the conventional 4-state TCM. As an example, at the BER of 1074, the interlcaving
provides about 3 dB of improvement for light shadowing. The interleaving cffect is
diminishing as the shadowing increases. CSI provides similar improvement for the

4-state MTCM as in the case of the 4-state conventional TCM.

When applied to the conventional 8-state and 16-statc TCM, symbol interleaving
and CSI have the similar effects on the BER performances as to the 4-state TCM and
MTCM schemes. Asshown in Figures 6.15 - 6.19, the interleaving provides almost no
improvement at low E,/Np, but at high FE,/Ng, the improvement is significant. Under
the heavy shadowing condition, interleaving provides no improvement to the 16-state
TCM except at very high E,/Ny, and very little improvement to the 8-state TCM.

However, the CSI can give significant improvement to both of these two schemes.
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BT =0.25, Light, D x S = 16 x 8 symbols, TCM2/3_4s
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Figure 6.9: Comparison of coherent rate 2/3 4-state TCM on light shadowed EHF
channel with different system configurations.
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Figure 6.10: Comparison of coherent rate 2/3 4-state TCM on average shadowed EHF
channel with different system configurations.
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BT =0.25, Heavy, Dx § = 16 x 8 symbols, TCM2/3_4s
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Figure 6.11: Comparison of coherert rate 2/3 4-state TCM on heavy shadowed EHF
channel with different system configurations.

Figures 6.20 - 6.25 present the effects of CSI and interleaving on the performances
of the 8-state MTCM and 64-state conventional TCM schemes. Both CSI and in-
terleaving provide significant improvement to the performance even under the heavy
shadowed condition. This demonstrates a strong error control capability of these two

schemes.

Figures 6.26 - 6.32 present the performances of the TCM schemes on the Rayleigh
and Rician channels under the condition of normalized fading bandwidth BT = 0.5.
These figures demonstrate that interleaving has almost no effect on the performances
of the TCM schemes under high BT. This is because that, as BT becomes larger, the
fading amplitudes changes faster. For fast fading channel, the effect of the interleaving
is limited. On the other hand, the CSI still has a strong effect on the performance
improvement of the TCM scheme. Comparing the Figures 6.26, 6.27 and 6.28, it
shows that, for 16-state conventional TCM, the performance improvement that results

from CSI increases as the LOS signal decreases (i.c., K decreases). For example, at
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Figure 6.12: Comparison of coherent rate 4/6 4-state MTCM on light shadowed EHF
channel with different system configurations.
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Figure 6.13: Comparison of coherent rate 4/6 4-state MTCM on average shadowed
EHF chsnne! with different system configurations.
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BT =025, Heavy, Dx S = 16 x 8 symbols, MTCM4/6_ds
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Figure 6.14: Comparison of coherent rate 4/6 4-state MTCM on heavy shadowed
EHF channel with different system configurations.
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Figure 6.15: Comparison of coherent rate 2/3 8-state TCM on average shadowed EHF
channel with different system configurations.
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Figure 6.16: Comparison of coherent rate 2 /3 8-state TCM on heavy shadowed EHF
channel with different system configurations.

1E+00

1E-01

1E-02

1E-03

Bit error probability Pb

1E-04

1E-05

BT =0.25, Light, D x $ = 16 x 8 symbols, TCM2/3_16s

lllllllil]‘llllllIllll“l‘]lll']lI‘Illl‘lllllllll
—eo— Interleaver & CSI
g [nterleaver but no CSI
No interleaver & no CSI
._‘.'... -...ﬂ
"o,
",
_IlII‘IIILlilII'|llt|l|ll‘l|lllllll!lll[ll[ll'.ollll
3 4 5 6 7 8 9 10 11 12 13

Eb/No (dB)

Figure 6.17: Comparison of coherent rate 2/3 16-state TCM on light shadowed EHF
channel with different system configurations.
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BT =10.25, Average, D x §= 16 x 8 symbols, TCM2/3_16s
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Figure 6.18: Comparison of coherent rate 2/3 16-state TCM on average shadowed
EHF channel with different system configurations.
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Figure 6.19: Comparison of coherent rate 2/3 16-state TCM on heavy shadowed EHF
channel with different system configurations.
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BT=0.25, Light, D x§ =16 x 8 symbols, MTCM3/6_8s
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Figure 6.20: Comparison of coherent rate 3/6 8-state MTCM on light shadowed EHF
channel with different system configurations.
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Figure 6.21: Comparison of coherent rate 3/6 8-state MTCM on average shadowed
EHF channel with different system configurations.
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BT =0.25, Hecavy, Dx § =16 x 8 symbols, MTCM3/6_8s
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Figure 6.22: Comparison of coherent rate 3/6 8-state MTCM on heavy shadowed
EHF channel with different system configurations.
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Figure 6.23: Comparison of coherent rate 2/3 64-state TCM on light shadowed EHF
channel with different system configurations.
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BT =0.25, Average, D x S = 16 x 8 symbols, TCM2/3_64s
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Figure 6.24: Comparison of coherent rate 2/3 64-state TCM on average shadowed
EHF channel with different system configurations.
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Figure 6.25: Comparison of coherent rate 2/3 64-state TCM on heavy shadowed EHF
channel with different system configurations.
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a BER of 104, the 16-state TCM scheme produces about 0.5 di3, 1.3 dB3 and 2 dB3
improvement for K-factors equal to 10 dB, 5 dB and 0 dB (i.e., the Rayleigh channel)
respectively. Similar property is observed on Figures 6.29, 6.30 and 6.31 for the 8-
state conventional TCM. Figure 6.32 shows that almost no improvement is made by
using interleaving for the 4-state multiple TCM scheme on Rayleigh channel with BT
equal to 0.25.

In order to evaluate the effect of the interleaving depth and span on the perfor-
mance of a TCM scheme, the BER. performances of the 4-state MTCM scheme on
the average shadowed Rician channel with different interleaver sizes (D x S) are pre-
sented in Figure 6.33. The results show that the changes of the interleaving depths
and spans do not have much effect on the performance of the 4-state MTCM. This is
because the fading rate becomes fast under larger BT and larger interleaving depths

and spans do not lead to better BER performances on fast fading channels [45].
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Figure 6.26: Comparison of coherent rate 2/3 16-state TCM on Rician (K = 10)
channel with different system configurations (BT = 0.5).
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Figure 6.27: Comparison of coherent rate 2/3 16-state TCM on Rician (K = 5)
channel with different system configurations (BT = 0.5).
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Figure 6.28: Comparison of coherent rate 2/3 16-state TCM on Rayleigh channel
with different system configurations (BT = 0.5).
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Figure 6.29: Comparison of coherent rate 2/3 8-state TCM on Rician (K = 10)
channel with different system configurations (BT = 0.5).
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Figure 6.30: Comparison of coherent rate 2/3 8-state TCM on Rician (K = 5) channel
with different system configurations (BT = 0.5).
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Figure 6.31: Comparison of coherent rate 2 /3 8-state TCM on Rayleigh channe] with
different system configurations (BT = 0.5).
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Figure 6.32: Comparison of coherent rate 4/6 4-state MTCM on Rayleigh channel
with different system configurations (BT = 0.5).
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BT =0.25, with CSI, Average shadowing, MTCM4/6_4s
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Figure 6.33: Effect of interleaver size on coherent 4-state MTCM system.

6.3 Performance of Differential TCM Systems

In practice, differential detection is often used for mobile satellite communication
systems. The simulation model for the differential TCM system was shown in the
Figure 4.2 of Chapter 4 and the corresponding SPW block diagrams are illustrated in
Appendix A. In this section, the performance results of the simulated TCM systems
are presented. For differential detection, it is assumed that the receiving signals suffer
both amplitude and phase distortions due to the fading process and white Gaussian
random noise. Interleaver and deinterleaver with memory size of 16 x 8 symbols
are also used throughout the simulations. Since carrier recovery is not nceded in
the differential detection, therc is no channel state information available for TCM
decoder. Therefore, CSI is not considered in the simulation of the differential TCM

system.
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6.3.1 Differential TCM Schemes on AWGN Channel

Figure 6.34 presents the performances of the six considered differential TCM schemes
on an AWGN channel. The simulation system is calibrated by comparing the perfor-
mance result of the rate 2/3 8-state TCM code with that published in reference [31}.
It is observed that: (1) the performance of the 4-state MTCM scheme is worse than
the 4-state conventional TCM scheme at high Ey/No; (2) the 8-state conventional
TCM has almost the same performance as the 8-state MTCM; (3) the 16-state and
8-state conventional TCM schemes demonstrate much better performances in com-
parison with the 4-state TCM; (4) the performance of the 64-state conventional TCM
scheme is even worse than 16-state TCM at high Ey/Ng. The observation shows that
the differential 4-state, 8-state and 16-state conventional TCM schemes have better
performances than their counterpaits in terms of the number of states and complexity
in the AWGN environment since these schemes are optimized for the AWGN channel

too.
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Figure 6.34: Performances of DTCM schemes on AWGN channel.
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6.3.2 Differential TCM on Light Shadowed EHF Channel

The performances of the differential TCM schemes over light shadowed Rician model
with different fading bandwidth in the presence of white Gaussian noise are illustrated
in Figures 6.35 - 6.37.
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Figure 6.35: Performances of DTCM schemes on light shadowed EHF channel (BT =
0.02).

In Figure 6.35, the performances of the differential 4-state and 16-state conven-
tional TCM and 8-state MTCM schemes under the condition of BT = 0.02 are
compared to the corresponding performances on AWGN channel. At a bit error rate
of B, = 107, the performances of the differential 4-state, 16-state TCM and 8-state
MTCM schemes on light shadowed EHF channel arc worse by 6.4 dB, 4.8 dB and 4.9
dB respectively, than with AWGN channel. It shows that the differential 4-state TCM
has about 1.5 dB more degradation in performance than the other two schemes. This
indicates that the differential 4-state TCM is more sensitive to fading. In this figure,
it is also shown that the differential 4-state MTCM scheme has a better performance

than its 4-state conventional counterpart when the F,/Np is high. At P, = 1074, the
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BT=0.167, Lightshadowing, D x S = 16 x 8 symbols
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Figure 6.36: Performances of DTCM schemes on light shadowed EHF channel (BT =
0.167).
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Figure 6.37: Performances of DTCM schemes on light shadowed EHF channel (BT =
0.25).
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differential 4-state MTCM and 16-state TCM schemes offer about 0.8 dB and 3.4 dB

improvement respectively over the differential 4-state conventional TCM scheme.

Figure 6.36 presents the BER performances of the differential TCM schemes on
the light shadowed EHF model with BT = 0.167. It is secn that most of the schemes
under this condition have irreducible error floors. It is noted that the performance
of the differential 8-state MTCM is even 1 dB better than that of the 64-state TCM

scheme at P, = 1073,

As is seen in Figure 6.37, error floors occur on all considered differential TCM
schemes when the normalized fading bandwidth BT is increased up to 0.25. 8-state
MTCM still demonstrates the best performance over other schemes, which has an
error floor that is approximately one order of magnitude lower than that of the 54-

state conventional TCM.

Figures 6.38 - 6.40 provide BER performance comparison for the TCM schemes
under different fading bandwidths. These figures show that the bit error performance
of the differential TCM is greatly degraded as the normalized fading bandwidth BT
of the EHF fading channel is increased from 0.02 to 0.25 (see Figure 6.38 for 16-
state differential TCM scheme on light shadowed EHF channel). This is because the
fading bandwidth determines the variation rate of the fading process. The larger
of the product BT is, the faster the fading process changes. The phase distortion
becomes more severe with the increase of the BT and this phase variation directly
affects the bit error performance of the differcntially detected TCM system. Similar
performances are demonstrated by the 4-state and 64-state conventional TCM as
well as “he 4-state and 8-state multiple TCM schemes, as shown in Figures 6.39
and 6.40. The better performance of the 8-state MTCM scheme indicates that the
multiple TCM is less sensitive to the phase variation than the conventional TCM due

to properties of the multidimensional signal.
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Figure 6.38: Performance of the rate 2/3 16-state DTCM on light shadowed EHF
channel for different values of the BT product.
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Figure 6.39: Performances of DTCM schemes on light shadowed EHF channel for
different values of the BT product (I).
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Figure 6.40: Performances of DTCM schemes on light shadowed EHF channel for
different values of the BT product (II).

6.3.3 Differential TCM on Average and Heavy Shadowed
EHF Channels

The performance results of the differential TCM schemes over the average and heavy
shadowed EHF mobile satellite channels in the presence of white Gaussian noise are
illustrated in Figures 6.41 and 6.42. It is observed that the error floor occurs when
BT is equal to 0.1 for the average shadowed condition. On the heavy shadowed EHF
channel, the differential TCM scher.ies perform poorly even when the product BT is
only 0.05. 8-state MTCM provides a better performance than the 16-state and 64-
state conventional TCM schemes. The results demonstrate that the combined effect

of the Doppler shift and shadowing causes serious degradation on the performance of
the differential TCM.
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Figure 6.41: Performances of DTCM schemes on average shadowed EHF channel

(BT = 0.1).
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Figure 6.42: Performances of DTCM schemes on heavily shadowed EHF channel
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6.4 Summary

In this chapter, the simulation results of the coherent and differential TCM systems
over the EHF mobile satellite channels are presented and discussed. The emphasis
is given on the evaluation and analysis of the coherent TCM schemes based on 8-
PSK modulation. The effects of the CSI and interleaving on TCM performance are

extensively explored.

From the analysis of the simulation results, the performances of the coherent TCM

schemes can be summarized as follows.

o For the EHF fading channels, the performance of a TCM scheme is primarily
determined by its effective length L and the product P. The larger the values
of L and P, the better the performance of the TCM scheme.

e In comparison with their performances on AWGN channel, the performances of
the TCM schemes under censideration degrade significantly on the EHF fading

channels.

e With the same code rate and similar complexity, the 4-state multiple TCM
demonstrates a better performance than its 4-state conventional counterpart

on the EHF fading channels.

e The system performance can be improved by providing the interleaving and
CSI. CSI is shown to be always effective in improving the system performance.
However, in the case of heavy shadowing and large fading bandwidth BT, the

effect of the interleaving is limited.

e On the Rician channel with smaller K value, the CSI is shown to be more

effective in improving the TCM performance.

e The interleaver size does not show much impact on the performances of the

coherent TCM schemes over the EHF fading channel with large BT.
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The performance of the differential TCM is seriously degraded by the severe phase
and amplitude distortions that are typically encountered in the EHF mobile satellite
communication channel. For the fast fading conditions, the performances of the
differential TCM schemes are characterized with irreducible bit error probabilities.
As discussed in Chapter 4, the optimum code under the fast fading condition is no
longer determined by the effective length and branch distance product. From the
performance behavior of the 8-state MTCM scheme, it is shown that this scheme is
quite insensitive to the phase jitter and provides the best BER performances among

these considered TCM schemes.
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Chapter 7

Conclusions and Suggestions

7.1 Thesis Summary

The main objective of this thesis is to investigate the propagation impairments on
EHF (30/20 GHz) mobile satellite communication channels, and to study the corre-

sponding error control and modulation techniques to combat these impairments.

Corresponding to the different signal propagation environments, the behavior of
the EHF mobile satellite communication channel is represented by Rayleigh, Rician
and log-normally shadowed Rician statistical models. The channel fading impair-
ments expected at the 30/20 GHz EHF frequency band are dominated by the effects
of multipath fading as well as vegetative shadowing. By rescaling L-band (1.6/1.5
GHz) mobile satellite channe! parameters, a set of modified parameters is derived
for the log-normally shadowed EHF fading model. With these parameters, the log-
normally shadowed Rician fading process is identified by light, average and heavy

shadowed conditions.

The bandwidth and power efficient coding and modulation technique, trellis-coded
modulation, is considered to be a good choice to mitigate the severe propagation
impairments on EHF mobile satellite channel. The interleaving technique is shown to
be an effective means to combat the burst errors. In conjunction with the interleaving

and the provision of channel state information, trellis-coded modulation exhibits a
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significant error control capability on the fading channels. Multiple TCM schemes

have been shown to improve the code design flexibility and performance results.

The performance of a TCM scheme on fading channels is primarily determined by
the effective length L and the product P of the code. The free Euclidean distance,
which is the major criterion for optimum TCM code on AWGN, is only of secondary
importance for the fading channel context. Six TCM schemes, optimized for fading
channels, are presented and their properties based on 8-PSK modulation are discussed

in detail.

The performances of the coherent and differential trellis-coded modulation systems

are analyzed as error probability upper bounds for the Rician fading channel.

Due to the complexity in deriving the analytical performance expressions, com-
puter simulation method is used to investigate the TCM schemes. Based on the
proposed EHF channel models, computer simulation systems are set up for boti the
coherently detected and the differentially detected TCM strategies. The performances
of the selected TCM schemes are evaluated extensively in the presence of the different

fading conditions.

The results obtained from the simulations show the behavior of TCM systems over
the modeled EHF fading channels. Through analysis of these simulation results, the
performances of these TCM schemes are appraised. This assessment should provide a

useful insight for the design and implementation of the EHF mobile satellite modems.

7.2 Concluding Remarks

Based on the performance analysis and computer simulation of the trellis-coded mod-
ulation technique over the EHF mobile satellite channel, following conclusions can be

drawn:
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A. Coherent Trellis-coded Modulation System

o the coherent TCM schemes demonstrate good performance on the EHF fading
models, even under Rayleigh and heavy shadowed Rician channel conditions.
The performance of the TCM scheme is improved as the code effective length

increases;

¢ with interleaving and channel state information, the applied TCM schemes
demonstrate their best performances over the fading channel; a 2 to 3 dB gain

is achieved at BER of 10~ over TCM schemes without CSI and interleaving;

o the interleaving effect on the performance improvement of the TCM schemes
depends on the fading bandwidth, shadowing condition, and the code error

correcting capability;

¢ the 4-state multiple TCM scheme outperforms the 4-state conveutional coun-
terpart by 1 to 2 dB at a bit error rate of 10™* under the different fading
conditions; the 4-state multiple TCM appears as a good modulation scheme if

the code complexity is the primary consideration;

B. Differential Trellis-coded Modulation System

e the performances of the differential TCM schemes degrade significantly with the
increase of the normalized fading bandwidth BT and shadowing effects; under
large BT and severe shadowing conditions, the performances of the differential

TCM schemes are affected by the irreducible error probability floors;

s the performance of a TCM code is not determined by the effective length L

under the fast fading condition;

e the rate 3/6 8-state multiple TCM scheme is less sensitive to the phase jitter
than the other TCM schemes.
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7.3 Suggestions for Future Research
With respect to this subject, scveral aspects are of interest for further study.

1. Since the frequency scaling factor used in deriving the EHF channel model
parameters is obtained from a conditioned propagation environment (3], there-
fore, further modification would be necessary once actual EHF mobile satellite

propagaticn statistics are made available.

2. Diversity techniques such as antenna diversity can be applied to further improve

the performance of the TCM schemes.

3. For differential TCM system, multiple symbol differential detection would achieve

better performance results.

4. Other TCM techniques such as multidimensional TCM and multi-level trellis

coding methods can also be considered for EHF mobile satellite channels.
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Appendix A

SPW Block Diagrams of
Simulation Systems and Modules

This appendix contains the SPW block diagrams of the simulation systems and mod-
ules developed for our performance evaluations. Since there are a lot of variations
of the system implementation with respect to different system conditions, a limited

number of typical system configuratiotis are chosen for demonstrative purpose.

The average Gaussian channel module used in TCM system simulations is shown
in Figure A.1. By taking E;,/Ny as the signal to noise parameter, the corresponding

complex Gaussian white noise is generated at the output of this module.

In Figure A.2 - A4, the block diagrams of SPW for Rayleigh, Rician and log-
normally shadowed Rician channel modules are presented. These modules are used

as system components throughout the simulations.

Figures A.5 - A.8 present some typical block diagrams of the simulated systems,
including the coherent and differential system, as well as the conventional and multiple
TCM examples. All the other system diagrams are similar to these but with different

configurations and parameters.
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Figure A.4: Block diagram of SPW for log-normally shadowed Rician channel module.
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Figure A.5: Block diagram of SPW for rate 2/3 differential TCM system.
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Figure A.6: Block diagram of SPW for coherent conventional TCM system with

interleaver and CSI.
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Figure A.7: Block diagram of SPW for coherent rate 4/6 MTCM system with inter-

leaver and without CSL
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