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Chapter 1 Introduction

Periodically Time-Varying (PTV) digital filters possess many interesting characteristics,
which are different from time-invariant and.'genersl time-varying difital filters. By means of
these characteristics, many signal processing processes in commumication systems, speech
and image processing systems can be implemented compactly and speedy. Frequency scramble,
Time Division Multiplex-Frequency Division Multiplex (TDM-FDM) transmultiplexers,
MOdulator / DEModulator (MODEM), and bandwidth compressor are some application
examples of PTV digital filters. Also, PTV digital filters can be used to process cyclos-
tationary signals and implement multiplierless IR time invariant digital filters. Moreover,
multirate digital signal processing and Quadrature Mirror Filter (QMF) banks are closely
related to PTV digital filters. However, few studies have been given on the design of PTV
digital filters with high precision and high efficiency.

In general, PTV digital filters are designed according to the procedure as shown in Fig. 1.
First of all, a difference equation to approximately implement the given specifications is

designed. It is called approximation. When a difference equation is implemented on hardware,
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finite wordlength effects such as roundoff

Specification

noise and coefficient quantization errors occur.

State-space approach is a powerful tool to

e : i ! ipti Approximation
analyze and minimize roundoff noise and coef- Difference equation description | Approximati

ficient sensitivity. After approximation, the
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Figure 1 * Design procedure of PTV
digital filters.

. . . Synthesis
difference equation is therefore transformed

into state-space description. Using state-spac
e approach, optimalstructuressuchasminimum
roundoff noise realizations and minimum
sensitivity realizations are designed. It is
called synthesis.

This thesis provides a unified design (appro-
ximation and synthesis) of PTV digital filters
with high precision and high efficiency.

Chapter 2 Fundamental study of PTV digital filters

PTV digital filters are defined firstly. Then properties of PTV digital filters such as
linearity, causality, stability, and cascade and parallel combinations of PTV digital filters
are investigated. In particular, several special cases of cascade combination, which relate
closely to the design of PTV digital filters, are considered.

“Equivalent models ” is an important concept in the analysis and design of PTV digital
filters. From the definition of PTV digital filters, we derive four equivalent modeld of PTV
digital filters, i.e., Input Sampling Polyphase (ISP), Output Sampling Polyphase (OSP),
transformed ISP, and transformed OSP models. Input-output characteristics of these four
models in time and frequency domains are also investigated.

In addition, state-space and difference equation descriptions of PTV digital filters are
discussed. Impulse responses and transfer functions are derived by using the PTV coefficients
of state-space equations and difference equations respectively. It is shown that under some
condition, defference equations can be trnasformed into state-space description. Thisis diffe-

rent from the time-invariant case.

Chapter 3 Approximation of PTV digital filters

In general, specifications of time-invariant digital filters of the equivalent model of a PTV
digital filter are usually given as the specifications of the PTV digital filter. For this situation,
we propose an efficient approximattion method. With this method, time-invariant digital

filters of the equivalent model of a PTV digital filter are designed firstly to approximately
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implement the given specifications. These filters are easily designed by using time-invariant
approximation a'pproach. Then a difference equation with PTV coefficients is designed by
using extended Padé approximation to approximately implement the equivalent model. It is
shown that the hardware and computation required to implement the difference equation

compare favorably with existing approximation methods.

Chapter 4 Analysis of finite wordlength effects of PTV state-space digital filters

Equivalent block realizations of PTV state-space digital filters is introduced firstly. This
is because the block realizations are Multi-Input and Multi-Output (MIMO) time-invariant
state-space digital filters, and thus the analysis of finite wordlength effects of PTV state-
space digital filters can be given with the help of time-invariant approaches.

Using the block realization of a PTV state-space digital filter, statistical analysis is
discussed. In statistical analysis, we evaluate covariance of the state and variance of the
output to a Gaussian input. Covariance matrices and covariance matrices of dual PTV state-
space digital filters are derived.

Also, controllability and observability of PTV state-space digital filters are discussed.
Necessary and sufficient conditions for controllability and observability are given.
Controllability and observability Grammians are defined and derived, and are shown to be
equal to the covariance matrices and the covariance matrices of dual PTV state-space digital
filters. Using these Grammiams, we define balanced realizations which are important in the
synthesis of minimum sensitivity realizations and model reduction,

Roundoff noise due to the quantization error of the multiplication results is defined and
derived. It turns out that roundoff noise is expressed by so-called noise matrices which are
the covariance matrices of dual PTV state-space digital filters.

Coefficient sensitivity is also investigated. Statistical sensitivity and frequency sensitivity
are defined and derrived. It is shown that the expressions of statistical sensitivity and

frequency sensitivity are the same although their definitions are extremely different.

Chapter 5 Synthesis of finite wordlength PTV state-space digital filters

Equivalent transformation is the foundation of the synthesis of state-space degital filters,
and thus is introduced firstly.

Based on the statistical analysis results, I scaling is considered.

Minimum roundoff noise realizations are synthesized under the I2 scaling constraints, A
synthesis procedure of minimum roundoff noise realizations is presented.

Synthesis of minimum sensitivity realizations is also discussed. Itisshown that when Period

= 2 balanced realizations have minimum sensitivity. Therefore synthesis of minimum
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sensitivity realizations can be done by synthesizing balanced realizations. A synthesis procedure

for balanced realizations is also presented.

Chapter 6 Applications of PTV digital filters

Implementation of TDM-FDM transmultiplexers by using PTV digital filters is proposed.
Design examples of FIR and IR PTV digital filters for 4 channel TDM-FDM transmultiplexers
are given to verify the effectiveness of the proposed implementation. Comparison with three
conventional methods shows that the proposed implementation greatly reduces the compu-
tation and hardware required.

In frequency scramble, original signals can not be reconstructed perfectly. This is because
both frequency scramble and descramble make use of several bandpass filter, and these
bandpass filters with ideal attenuation characteristics can not be designed and implemented
in practical. In order to solve the problem, an encryption method using PTV digital filters is
proposed. This method makes use of the principle of perfect reconstruction QMF banks, With
the proposed encryption method, a digital signal can be encrypted without any expansion of
bandwidth and reconstructed perfectly. A design example is given to verify the effectiveness
of the encryption method. In particular, we make an experiment using speech signal and
Digital Signal Processor (DSP) to investigate the encryption and decryption effects of the

proposed encryption method and frequency scramble.
Chapter 7 Conclusions

Main analysis results of Chapters2, 3, 4, 5, and 6 are summarized. Several unsolved

problems are pointed out. Future research topics in the related fields are also introduced.
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