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ABSTRACT

Linear prediction theory has had a profound impact in the field of digital signal processing.
Although the theory dates back to the early 1940s, its influence can still be seen in applications
today. The theory is based on very elegant mathematics and leads to many beautiful insights into
statistical signal processing. Although prediction is only a part of the more general topics of linear
estimation, filtering, and smoothing, this book focuses on linear prediction. This has enabled
detailed discussion of a number of issues that are normally not found in texts. For example, the
theory of vector linear prediction is explained in considerable detail and so is the theory of line
spectral processes. This focus and its small size make the book different from many excellent texts
which cover the topic, including a few that are actually dedicated to linear prediction. There are
several examples and computer-based demonstrations of the theory. Applications are mentioned
wherever appropriate, but the focus is not on the detailed development of these applications. The
writing style is meant to be suitable for self-study as well as for classroom use at the senior and
first-year graduate levels. The text is self-contained for readers with introductory exposure to signal
processing, random processes, and the theory of matrices, and a historical perspective and detailed

outline are given in the first chapter.
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Preface

Linear prediction theory has had a profound impact in the field of digital signal processing.
Although the theory dates back to the early 1940s, its influence can still be seen in applications
today. The theory is based on very elegant mathematics and leads to many beautiful insights into
statistical signal processing. Although prediction is only a part of the more general topics of linear
estimation, filtering, and smoothing, I have focused on linear prediction in this book. This has
enabled me to discuss in detail a number of issues that are normally not found in texts. For example,
the theory of vector linear prediction is explained in considerable detail and so is the theory of
line spectral processes. This focus and its small size make the book different from many excellent
texts that cover the topic, including a few that are actually dedicated to linear prediction. There are
several examples and computer-based demonstrations of the theory. Applications are mentioned
wherever appropriate, but the focus is not on the detailed development of these applications.

The writing style is meant to be suitable for self-study as well as for classroom use at the
senior and first-year graduate levels. Indeed, the material here emerged from classroom lectures that
I had given over the years at the California Institute of Technology. So, the text is self-contained
for readers with introductory exposure to signal processing, random processes, and the theory of
matrices. A historical perspective and a detailed outline are given in Chapter 1.
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CHAPTER 1

Introduction

Digital signal processing has influenced modern technology in many wonderful ways. During the
course of signal processing history, several elegant theories have evolved on a variety of important
topics. These theoretical underpinnings, of which we can be very proud, are certainly at the heart
of the crucial contributions that signal processing has made to the modern technological society we
live in.

One of these is the theory of linear prediction. This theory, dating back to the 1940s, is
fundamental to a number of signal processing applications. For example, it is at the center of many
modern power spectrum estimation techniques. A variation of the theory arises in the identification
of the direction of arrival of an electromagnetic wave, which is important in sensor networks, array
processing, and radar. The theory has been successfully used for the representation, modeling,
compression, and computer generation of speech waveforms. It has also given rise to the idea of
line spectrum pairs, which are used in speech compression based on perceptual measures. More
recently, vector versions of linear prediction theory have been applied for the problem of blind
identification of noisy communication channels.

Another product of the theory is a class of filtering structures called Jattice structures. These
have been found to be important in speech compression. The same structures find use in the design
of robust adaptive digital filter structures. The infinite impulse response (IIR) version of the linear
prediction lattice is identical to the well-known all-pass lattice structure that arises in digital filter
theory. The lattice has been of interest because of its stability and robustness properties despite
quantization.

In this book, we give a detailed presentation of the theory of linear prediction and place in
evidence some of the applications mentioned above. Before discussing the scope and outline, it is
important to have a brief glimpse of the history of linear prediction.

1.1  HISTORY OF LINEAR PREDICTION

Historically, linear prediction theory can be traced back to the 1941 work of Kolmogorov, who
considered the problem of extrapolation of discrete time random processes. Other early pioneers
are Levinson (1947), Wiener (1949), and Weiner and Masani (1958), who showed how to extend
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the ideas for the case of multivariate processes. One of Levinson’s contributions, , which for some
reason he regarded as “mathematically trivial,” is still in wide use today (Levinson’s recursion). For
a very detailed scholarly review of the history of statistical filtering, we have to refer the reader to
the classic article by Kailath (1974), wherein the history of linear estimation is traced back to its
very roots.

An influential early tutorial is the article by John Makhoul (1975) , which reviews the
mathematics of linear prediction, Levinson’s recursion, and so forth and makes the connection to
spectrum estimation and the representation of speech signals. The connection to power spectrum
estimation is studied in great detail in a number of early articles [[{ay and Marple, 1981; Robinson,
1982; Marple, 1987; Kay, 1988]. Connections to maximum entropy and spectrum estimation
techniques can be found in Kay and Marple (1981), Papoulis (1981), and Robinson (1982). Articles
that show the connection to direction of arrival and array processing include Schmidt (1979),
Kumaresan (1983), and Paulraj et al. (1986).

Pioneering work that explored the application in speech coding includes the work of Atal
and Schroeder (1970) and that of Itakura and Saito (1970). Other excellent references for this
are Makhoul (1975), Rabiner and Schafer (1978), Jayant and Noll (1984), Deller et al. (1993),
and Schroeder (1999). Applications of multivariable models can be found even in the early image
processing literature (e.g., see Chellappa and Kashyap, 1985).

The connection to lattice structures was studied by Gray and Markel (1973) and Makhoul
(1977), and their applications in adaptive filtering and channel equalization were studied by a
number of authors (e.g., Satorius and Alexander, 1979). This application can be found in a number
of books (e.g., Haykin, 2002; Sayed, 2003). All-pass lattice structures that arise in digital filter
theory are explained in detail in standard signal processing texts (Vaidyanathan, 1993; Proakis and
Manolakis, 1996; Oppenheim and Schafer, 1999; Mitra, 2001; Antoniou, 2006).

Although the history of linear prediction can be traced back to the 1940s, it still finds new
applications. This is the beauty of any solid mathematical theory. An example is the application of
the vector version of linear prediction theory in blind identification of noisy finite impulse response
(FIR) channels (Gorokhov and Loubaton, 1999; Lopez-Valcarce and Dasgupta, 2001).

1.2 SCOPE AND OUTLINE

Many signal processing books include a good discussion of linear prediciton theory, for example,
Markel and Gray (1976), Rabiner and Schafer (1978), Therrien (1992), Deller et al. (1993),
Anderson and Moore (1979), Kailath et al. (2000), Haykin (2002), and Sayed (2003). The book
by Strobach (1990) is dedicated to an extensive discussion of linear prediction, and so is the early
book by Markel and Gray (1976), which also discusses application to speech. The book by Therrien
(1992) not only has a nice chapter on linear prediction, it also explains the applications in spectrum
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estimation extensively. Another excellent book is the one by Kailath et al. (2000), which focuses on
the larger topic of linear estimation. Connections to array processing are also covered by Therrien
(1992) and Van Trees (2002).

This short book focuses on the theory of linear prediction. The tight focus allows us to
include under one cover details that are not normally found in other books. The style and emphasis
here are different from the above references. Unlike most of the other references, we have included
a thorough treatment of the vector case (multiple-input/multiple-output linear predictive coding,
or MIMO LPC) in a separate chapter. Another novelty is the inclusion of a detailed chapter on the
theory of line spectral processes. There are several examples and computer-based demonstrations
throughout the book to enhance the theoretical ideas. Applications are briefly mentioned so that
the reader can see the connections. The reader interested in these applications should peruse some
of the references mentioned above and references in the individual chapters.

Chapter 2 introduces the optimal linear prediction problem and develops basic equations for
optimality, called the normal equations. A number of properties of the solution are also studied.
Chapter 3 introduces Levinson’s recursion, which is a fast procedure to solve the normal equations.
This recursion places in evidence further properties of the solution. In Chapter 4, we develop lattice
structures for linear prediction. Chapter 5 is dedicated to the topic of autoregressive modeling,
which has applications in signal representation and compression.

In Chapter 6, we develop the idea of flatness of a power spectrum and relate it to predictability
of a process. Line spectral processes are discussed in detail in Chapter 7. One application is in the
identification of sinusoids in noise, which is similar to the problem of identifying the direction of
arrival of an electromagnetic wave. The chapter also discusses the theory of line spectrum pairs,
which are used in speech compression.

In Chapter 8, a detailed discussion of linear prediction for the MIMO case (case of vector
processes) is presented. The MIMO lattice and its connection to paraunitary matrices is also
explored in this chapter. The appendices include some review material on linear estimation as well
as a few details pertaining to some of the proofs in the main text.

A short list of homework problems covering most of the chapters is included at the end,

before the bibliography section.

1.2.1 Notations

Boldface letters such as A and v indicate matrices and vectors. Superscript T,*, and fas in AT, A%
and A" denote, respectively, the transpose, conjugate, and transpose—conjugate of a matrix. The
tilde notation on a function of z is defined as follows:

H(z) = H'(1/2*)
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Thus,

H(z) = Y h(n)z "= H(z) = Y _h'(n)z",

so that the tilde notation effectively replaces all coefficients with the transpose conjugates and
replaces z with 1/z. For example,

H(z) = h(0) + h(1)z ' = H (2) = #(0) + +*(1)z
and

-1 . % *
14 bz~ 14 4f 2

Note that the tilde notation reduces to transpose conjugation on the unit circle:
H(e™) = H(e/*)

As mentioned in the preface, the text is self-contained for readers with introductory exposure to
signal processing, random processes, and matrices. The determinant of a square matrix A is denoted
as det A and the trace as Tr A. Given two Hermitian matrices A and B, the notation A > B means
that A — B is positive semidefinite, and A > B means that A — B is positive definite.



CHAPTER 2

The Optimal Linear Prediction
Problem

2.1 INTRODUCTION

In this chapter, we introduced the optimal linear prediction problem. We develop the equations for

optimality and discuss some properties of the solution.

2.2 PREDICTION ERROR AND PREDICTION POLYNOMIAL

Let x(n) be a wide sense stationary (WSS) random process (Papoulis, 1965), possibly complex.
Suppose we wish to predict the value of the sample x(7) using a linear combination of N most
recent past samples. The estimate has the form

N

R(n) = = afy w(n — ). (2.1)

i=1
The integer NV is called the prediction order. Notice the use of two subscripts for 4, the first one
being the prediction order. The superscript / on the left is a reminder that we are discussing the
“forward” predictor, in contrast to the “backward predictor” to be introduced later. The estimation

error 1s

e(n) = x(n) — T (n), (2.2)

that is,
en(n) = x(n) + > _ aky; x(n — i), (2.3)
We denote the mean squared error as € 1(/:

ELZE((n) ). (2.4)

In view of WSS property, this is independent of time. The optimum predictor (i.e., the optimum
set of coefficients aj;;) is the one that minimizes this mean squared value. From Eq. (2.3), we see
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x(n)—»  Ay(2) —>elm) el(n) —» 1/Ay(z) —»x(n)

(a) FIR prediction filter (b) IIR inverse filter

FIGURE 2.1: (a) The FIR prediction filter and (b) its inverse.

that the prediction error elf\;(n) can be regarded as the output of an FIR filter 4x(z) in response to

the WSS input x(7). See Fig. 2.1. The FIR filter transfer function is given by
N
An(z) =14 bz (2.5)
i=1

The IIR filter 1/Axn(z) can therefore be used to reconstruct x(7) from the error signal elf\;(n) (Fig.
2.1(b)). The conjugate sign on ay; in the definition (2.5) is for future convenience. Because e{;(n)
is the output of a filter in response to a WSS input, we see that elfé(n) is itself a WSS random
process. Ay(z) is called the prediction polynomial, although its output is only the prediction error.
Thus, linear prediction essentially converts the signal x(7) into the set of V numbers {ay;}
and the error signal e{;(n). We will see later that the error elj\;(n) has a relatively flat power spectrum
compared with x(7). For large N, the error is nearly white, and the spectral information of x(7) is
mostly contained in the coefficient {ay;}. This fact is exploited in data compression applications.
The technique of /inear predictive coding (LPC) is the process of converting segments of a real time

signal into the small set of numbers {ay;} for storage and transmission (Section 5.6).

2.3 THENORMAL EQUATIONS
S

From Appendix A.1, we know that the optimal value of ay;; should be such that the error e3(7) is
orthogonal to x(n — i), that is,

Elel(n)x* (n—i)] =0, 1<i<N. (2.6)

This condition gives rise to /V equations similar to Eq. (A.13). The elements of the matrices R and
r, defined in Eq. (A.13), now have a special form. Thus,

R, =Elx(n—1—i)x*(n—1-—m)], 0<im<N-—1



fig2-01.eps
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Define R(%) to be the autocorrelation sequence of the WSS process x(7), that is,’

R(k) = Elx(n)x* (n — &)]. (2.7

Using the fact that R(£) = R*(—#), we can then simplify Eq. (A.13) to obtain

R(0) R1) ...RIN-1)] [an R*(1)
R(1) RO ...RN-2)||aa| |R()

. . T . . - . (28)
P A N PO
Ry —r
For example, with V = 3, we get
R(0) R(1)  R(2) | |4 R*(1)
R*(1) R(0) R(1) | || =~ |R(2) (2.9)
R*(2) R*(1) R(0)] [as3 R*(3)

These equations have been known variously in the literature as normal equations, Yule—Walker
equations, and Wiener—Hopf equations . We shall refer to them as normal equations. We can find a
unique set of optimal predictor coefficients ay ;, as long as the NV X /N matrix Ry is nonsingular.
Singularity of this matrix will be analyzed in Section 2.4.2. Note that the matrix Ry is 7Tveplitz,
that is, all the elements on any line parallel to the main diagonal are identical. We will elaborate
more on this later.

Minimum-phase property. The optimal predictor polynomial Ay(z) in Eq. (2.5), which
is obtained from the solution to the normal equations, has a very interesting property. Namely,
all its zeros, z; satisfies |z;| < 1. That is, Ay(z) is a mimimum-phase polynomial. In fact, the
zeros are strictly inside the unit circle |z;] < 1, unless x(7) is a very restricted process called a
line spectral process (Section 2.4.2). The minimum-phase property guarantees that the IIR filter
1/An(z) is stable. The proof of the minimum-phase property follows automatically as a corollary
of the so-called Levinson’s recursion, which will be presented in Section 3.2. A more direct proof
is given in Appendix C. O

A more appropriate notation would be Ry (%), but we have omitted the subscript for simplicity.
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2.3.1 Expression for the Minimized Mean Square Error

We can use Eq. (A.17) to arrive at the following expression for the minimized mean square error:

N
£ =R(0)+ Y ak, R*(i).
=1

Because £ 1{,[ is real, we can conjugate this to obtain

N
E=R(0)+ > an;R(i). (2.10)

=1
Next, because elf\;(n) is orthogonal to the past NV samples x(n — %), it is also orthogonal to the

estimate QIC(n) Thus, from x(n) = Ec\lf\;(n) + e{;(n), we obtain
E[ |x(n)P) = E[[R(n)]"] + E[ |e4(n)]"]. (2.17)
—_——
&

Thus the mean square value of x(7) is the sum of mean square values of the estimate and the
estimation error.
Example 2.1: Second-Order Optimal Predictor. Consider a real WSS process with auto-

correlation sequence

R(%) = (24/5) x 278 — (27/10) x 37, (2.12)
The values of the first few coefficients of R(%) are

R(0) =2.1, R(1) =1.5, R(2) =0.9, ... (2.13)

The first-order predictor produces the estimate

% (n) = —ay1x(n — 1), (2.14)
and the optimal value of a1 1 is obtained from R(0)a; ;1 = —R(1), that is,
R(1) 5
a = - = ——
T R(0) 7

The optimal predictor polynomial is

Al(z) =1+ al’lz_l =1- (5/7)Z_1 (2]5)
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The minimized mean square error is, from Eq. (2.10),
& = R(0) + a11R(1) = 36/35. (2.16)

The second-order optimal predictor coefficients are obtained by solving the normal equations Eq.
(2.8) with N = 2, that is,

21 15 a1 _ 1.5 (2.]7)
1.5 21 a2 0.9
The resultis ay1 = —5/6 and a; = 1/6. Thus, the optimal predictor polynomial is
Ay(z) =1—(5/6)z "+ (1/6)z 2 (2.18)

The minimized mean square error, computed from Eq. (2.10), is

&/ = R(0) + a1 R(1) + a2,R(2) = 1.0. (2.19)

2.3.2 The Augmented Normal Equation

We can augment the error information in Eq. (2.10) to the normal equations (2.8) simply by
moving the right hand side in Eq. (2.8) to the left and adding an extra row at the top of the matrix
Ry. The result is

R(0) R(1) ... R(N) 1 &l
R*(1)  R(O) ...RIN—1)| | ans 0
. . =1 (2.20)

LR*(N)R*(]\}—l).i.. RO) | [awn] | 0]
_—

Ryi1 ay

This is called the augmented normal equation for the Nth-order optimal predictor and will be used
in many of the following sections. We conclude this section with a couple of remarks about normal

equations.

1. Is any Toeplitz matrix an autocorrelation? Premultiplying both sides of the augmented
equation by vector al;, we obtain

a;vaNHaN == S{v (2.2])

Because Ry is positive semidefinite, this gives a second verification of the (obvious) fact
that 5{\/ > 0. This observation, however, has independent importance. It can be used to
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prove that any positive definite Toeplitz matrix is an autocorrelation of some WSS process
(see Problem 14).

2. From predictor coefficients to autocorrelations. Given the set of autocorrelation coefficients
R(0), R(1),..., R(IN), we can uniquely identify the IV predictor coefficients ay; and the
mean square error £ 1{,[ by solving the normal equations (assuming nonsingularity) and then
using Eq. (2.10). Conversely, suppose we are given the solution ay; and the error 51(,[.
Then, we can work backward and uniquely identify the autocorrelation coefficients R(£),
0 < % < N. This result, perhaps not obvious, is justified as part of the proof of Theorem
5.2 later.

2.4 PROPERTIES OF THE AUTOCORRELATION MATRIX

The N x N autocorrelation matrix Ry of a WSS process can be written as
Ry = E[x(n)xT(n)] (2.22)
where

x(n) = [x(n) x(n—1) ... x(n—N+1)| . (2.23)

This follows from the definition R(%2) = E[x(n)x* (n — %)] and from the property R(£) = R* (—£).
We first observe some of the simple properties of Ry:

1. Positive definiteness. Because x(n)x'(n) is Hermitian and positive semidefinite, Ry is also
Hermitian and positive semidefinite. In fact, it is positive definite as long as it is nonsingular.
Singularity is discussed in Section 2.4.2.

2. Diagonal elements. The quantity R(0) appears on all the diagonal elements and is the mean
square value of the random process, that is, R(0) = E[|x(n)[?].
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3. Toeplitz property. We observed earlier that Ry has the Toeplitz property, that is, the (%, m)
element of Ry depends only on the difference m — £ To prove the Toeplitz property
formally, simply observe that

[Rav] 2

E[x(n — &)x* (n — m)]
E[x(n)x* (n— m + #)]
R(m —#).

The Toeplitz property is a consequence of the WSS property of (7). In Section 3.2, we
will derive a fast procedure called the Levinson’s recursion to solve the normal equations.
This recursion is made possible because of the Toeplitz property of Ry.

4. A filtering interpretation of eigenvalues. The eigenvalues of the Toeplitz matrix Ry can be
given a nice interpretation. Consider an FIR filter

Mz) =vf +ofz 4+ ...+ oz @Y (2.24)
with input x(7). Its output can be expressed as
y(n) = v§x(n) + vfx(n — 1) + ...+ vkt x(n — N+ 1) = v'x(n),
where
vi=la o . ei
The mean square value of y(7) is E[[v'x(n)[*] = v! E[x(n)x' (1n)]v = v Ryv. Thus,
Ely(n)P] = vRyw. (229

That is, given the Toeplitz autocorrelation matrix Ry, the quadratic form v/Ryv is the
mean square value of the output of the FIR filter 7'(z), with input signal x(7). In particular,
let v be an unit-norm eigenvector of Ry with eigenvalue A, that is,

Rw=J\v, viv=1
Then,
viRyv = \. (2.26)

Thus, any eigenvalue of Ry can be regarded as the mean square value of the output y(n) for
appropriate choice of the unit-energy filter (z) driven by x(7).

In the next few subsections, we study some of the deeper properties of the autocorrelation matrix.
These will be found to be useful for future discussions.
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2.4.1 Relation Between Eigenvalues and the Power Spectrum

Suppose A;, 0 <7 < N — 1 are the eigenvalues of Ry. Because the matrix is positive semidefinite,
we know that these are real and nonnegative. Now, let S,,(¢*) be the power spectrum of the
process x(7), that is,

o0

Sw(e™) = > R(k)e ", (2.27)

k=—o00

We know Sxx(ej“’) > 0. Now, let 8,1, and Sy, denote the extreme values of the power spectrum
(Fig. 2.2). We will show that the eigenvalues \; are bounded as follows:

Smin S )\i S Smax' (228)

For example, if x(7) is zero-mean white, then S,,(e/*) is constant, and all the eigenvalues are equal
(consistent with the fact that Ry is diagonal with all diagonal elements equal to R(0)).

Proof of Eq. (2.28). Consider again a filter ¥(z) as in (2.24) with input x(7) and denote the
output as y(7). Because the mean square value is the integral of the power spectrum, we have

2w
Py = 5 [ 8,(e)as
1 2w

:%0

21
< S / V()|
0

Su(e) [ M) Pdw

do
27

= SmaXVTV

where the last equality follows from Parseval’s theorem. Similarly, E[|y(7)[?] > Spminv'v. With v

constrained to have unit norm (viv = 1), we then have

Simin < E[[9(7)]Y] < Swmax (2.29)

Smax

Jjo
Sex(e™) All eigenvalues
are here

Smin

FIGURE 2.2: The relation between power spectrum and eigenvalues of the autocorrelation matrix.
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FIGURE 2.3: Examples of power spectra that are well and poorly conditioned.

But we have already shown that any eigenvalue of Ry can be regarded as the mean square value
E[|y(n)|? for appropriate choice of the unit-energy filter (z) (see remark after Eq. (2.26)). Because
(2.29) holds for every possible output y(7) with unit-energy ¥(z), Eq. (2.28), therefore, follows. O

With A, and Ayax denoting the extreme eigenvalues of Ry, the ratio

> 1 (2.30)

Amax

min

N:

>

is called the condition number of the matrix. It is well-known (Golub and Van Loan, 1989) that if
this ratio is large, then numerical errors tend to have a more severe effect during matrix inversion
(or when trying to solve Eq. (2.8)). It is also known that the condition number cannot decrease as
the size /Vincreases (Problem 12). If the condition number is close to unity, we say that the system
of equations is well-conditioned. By comparison with Eq. (2.28), we see that

A S
1< N — Zmax - Smax 231
o )‘min o Smin ( )

Thus, if a random process has a nearly flat power spectrum (i.€., Spax/Smin =~ 1), it can be
considered to be a well-conditioned process. If the power spectrum has a wide range, it is possible
that the process is poorly conditioned (i.e., N could be very large). See Fig. 2.3 for demonstration.
Also see Problem 11.

2.4.2 Singularity of the Autocorrelation Matrix

If the autocorrelation matrix is singular, then the corresponding random variables are linearly

13
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x(n) —»  V(z) —» yn)=0

for all time

FIR

FIGURE 2.4: The FIR filter /(z), which annihilates a line spectral process.

dependent (Section A.4). To be more quantitative, let us assume that Ry 1 [the (L + 1) x (L + 1)
matrix] is singular. Then, proceeding as in Section A.4, we conclude that

v x(n) +ofx(n—1)+ ...+ vf x(n— L) =0, (2.32)

where not all v;’s are zero. This means, in particular, that if we measure a set of L successive samples
of x(n), then all the future samples can be computed recursively, with no error. That is, the process
is fully predictable.

Eq. (2.32) implies that if we pass the WSS random process x(7) through an FIR filter (see
Fig. 2.4),

1

Nz)=of +ofz ' +...+ofzF (2.33)

then the output y(#) is zero for all time! Its power spectrum §,,(e/*), therefore, is zero for all w.

Thus
Sw(ej“’) = S,Cx(e]‘°")|V(e]‘°")|2 =0. (2.34)

Because 7(z) has at most L zeros on the unit circle (i.e., | F(e/*)|? has, at most, L distinct zeros in
0 < w < 27), we conclude that §,,(e/*) can be nonzero only at these points. That is, it has the

form

L
Sw(e™) =21 adu(w—w), 0<w<2m, (2.35)
i=1
which is a linear combination of Dirac delta functions. This is demonstrated in Fig. 2.5. The
autocorrelation of the process x(7), which is the inverse Fourier transform of S, (e/*), then takes
the form
L

R(R) =) cel* (2.36)

i=1
A WSS process characterized by the power spectrum Eq. (2.35) (equivalently the autocorrelation
(2.36)) is said to be a /ine spectral process, and the frequencies w; are called the /ine frequencies.
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FIGURE 2.5: Power spectrum of a line spectral process.

Because the process is fully predictable, it is the exact “opposite” of a white process, which has no
correlation between any pair of samples. In terms of frequency domain, for a white process, the
power spectrum is constant, whereas for a fully predictable process, the power spectrum can only
have impulses—it cannot have any smooth component.

In Chapter 7, we present a more complete study of these and address the problem of

identifying the parameters w; and ¢; when such a process is buried in noise.

2.4.3 Determinant of the Autocorrelation Matrix

We now show that the minimized mean square error £ 1{,[ can be expressed directly in terms of the
determinants of the autocorrelation matrices Ry, 1 and Ry. This result is of considerable value in
theoretical analysis.

Consider the augmented normal equation Eq. (2.20) for the Nth-order predictor. We can
turther augment this equation to include the information about the lower-order predictors by
appending more columns. To demonstrate, let N = 3. We then obtain four sets of augmented
normal equations, one for each order, which can be written elegantly together as follows:

100 0 & x x x
1.0 0 0¢&
R, x | @1 - 2 * " (2.37)
oyl 0 0 0 &/ x
Lﬂ&s ay) a1,1 1J L 0 00 SOfJ
This uses the fact that Rj is a submatrix of Ry, that is,
R(0
R, = |RO) x| (2.38)
R3

15
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and similarly, R, is a submatrix of R; and so forth. The entries X are possibly nonzero but will not

enter our discussion. Taking determinants, we arrive at
_elefefef
det Ry = EJE/EVES,

where we have used the fact that the determinant of a triangular matrix is equal to the product
of its diagonal elements (Horn and Johnson, 1985). Extending this for arbitrary V, we have the
following result:

det Ry = L6, ... & (2.39)
In a similar manner, we have
detRy=E&7 &, ... & (2.40)
Taking the ratio, we arrive at
det RN+1
gl = =1 2.41
N det RN ( )

Thus, the minimized mean square prediction errors can be expressed directly in terms of the
determinants of two autocorrelation matrices. In Section 6.5.2, we will further show that

lim (det Ry)"" = lim &l (2.42)

— 00

That is, the limiting value of the mean squared prediction error is identical to the limiting value of
(det Ry)'/™.

2.5 ESTIMATING THE AUTOCORRELATION
In any practical application that involves linear prediction, the autocorrelation samples R(%) have
to be estimated from (possibly noisy) measured data x(7) representing the random process. There
are many methods for this, two of which are described here.

The autocorrelation method. In this method, we define the truncated version of measured
data

0 outside,

xL(n):{x(n) 0<n<L-—1,

and compute its deterministic autocorrelation. Thus, the estimate of R(%) has the form

R(Z) = xr(n)xf (n—#). (2.43)
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There are variations of this method; for example, one could divide the summation by the number
of terms in the sum (which depends on £) and so forth. From the estimated value ﬁ(k), we form
the Toeplitz matrix Ry and proceed with the computation of the predictor coefficients.

A simple matrix interpretation of the estimation of Ry is useful. For example, if we have
L =5 and wish to estimate the 3 X 3 autocorrelation matrix Rj3, the computation (2.43) is

equivalent to defining the data matrix

#0) 0 0
x(1) %(0) O
x(2) x(1) «(0)
X=|x3) x2) (1) (2.44)
x(4) x(3) «(2)
0 x(4) x(3)
| 0 0 x(4)]
and forming the estimate of R3 using
R, = (X'X)" (2.45)
This is a Toeplitz matrix whose top row is R(0), R(1), . ... Furthermore, it is positive definite by

virtue of its form X'X. So, all the properties from linear prediction theory continue to be satisfied
by the polynomial Ax(z). For example, we can use Levinson’s recursion (Section 3.2) to solve for
An(z), and all zeros of Ax(z) are guaranteed to be in |z| < 1 (Appendix C).

Note that the number of samples of x(7) used in the estimate of R(%) decreasesas £ increases,
so the estimates are of good quality only if % is small compared with the number of available data
samples L. There are variations of this method that use a tapering window on the given data instead
of abruptly truncating it (Rabiner and Schafer, 1978; Therrien, 1992).

The covariance method. In a variation called the “covariance method,” the data matrix X is
formed differently:

X=1x3) «x2) «(1) (2.46)

and the autocorrelation estimated as ﬁg = (X'X)*. If necessary we can divide each element of the
estimate by a fixed integer so that this looks like a time average.

In the covariance method, each I/Q\(k) is an average of IV possibly nonzero samples of data,
unlike the autocorrelation method, where the number of samples used in the estimate of R(%)

decreases as 4 increases. So, the estimates, in general, tend to be better than in the autocorrelation
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method, but the matrix Ry in this case is not necessarily Toeplitz. So, Levinson’s recursion
(Section 3.2) cannot be applied for solving the normal equations, and we have to solve the normal
equations directly. Another problem with non-Toeplitz covariances is that the solution An(z) is
not guaranteed to have all zeros inside the unit circle.

More detailed discussions on the relative advantages and disadvantages of these methods
can be found in many references (e.g., Makhoul, 1975; Rabiner and Schater, 1978; Kay, 1988;
Therrien, 1992).

2.6 CONCLUDING REMARKS

In this chapter, we introduced the linear prediction problem and discussed its solution. The solution
appears in the form of a set of linear equations called the normal equations. An efficient way to solve
the normal equations using a recursive procedure, called Levinson’s recursion, will be introduced in
the next chapter. This recursion will place in evidence a structure called the /astice structure for linear
prediction. Deeper discussions on linear prediction will follow in later chapters. The extension of
the optimal prediction problem for the case of vector processes, the MIMO LPC problem, will be
considered in Chapter 8.




CHAPTER 3

Levinson’s Recursion

3.1 INTRODUCTION

The optimal linear predictor coefficients ay; are solutions to the set of normal equations given
by Eq. (2.8). Traditional techniques to solve these equations require computations of the order of
N3 (see, e.g., Golub and Van Loan, 1989). However, the IV X N matrix Ry in these equations is
not arbitrary, but Toeplitz. This property can be exploited to solve these equations in an efficient
manner, requiring computations of the order of N2. A recursive procedure for this, due to Levinson
(1947), will be described in this chapter. This procedure, in addition to being efficient, also places
in evidence many useful properties of the optimal predictor, as we shall see in the next several

sections.

3.2 DERIVATION OF LEVINSON’S RECURSION

Levinson’s recursion is based on the observation that if the solution to the predictor problem is
known for order 7, then the solution for order (7 + 1) can be obtained by a simple updating
process. In this way, we obtain not only the solution to the Nth-order problem, but also all the
lower orders. To demonstrate the basic idea, consider the third-order prediction problem. The
augmented normal Eq. (2.20) becomes

R(0) R(1) R(2) R3] [ 1 gf
{R*(l) R(0) R(1) R(Z)} {@J _ {o } ‘ (3.1)
{R*(Z) R¥(1) R(0) R(l)J Vg,z J {0 J
R*(3) R*(2) R*(1) R(0) | | as5 0
R, a3

This set of four equations describes the third-order optimal predictor. Our aim is to show how we
can pass from the third-order to the fourth-order case. For this, note that we can append a fifth
equation to the above set of four and write it as

19
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R(0) R(1) R(2) R(3) R4 [ 1] &

R*(1) R(0) R(1) R(2) R(3)| | a5, 0

R*2) R“(1) R(0) R(1) R2)| |as2| =10 |. (3.2)
R*(3) R*(2) R (1) R(0) R(1) | |a33 0
(R4 RQ)RQ)R(M)RO)] L0 ] Lo

R;s
where
03=R(4) + a3 1R*(3) + @3 ,R*(2) + a3 3R*(1). (3.9)

The matrix Rs above is Hermitian and Toeplitz. Using this, we verify that its elements satisfy
(Problem 9)

R4*_,"4_k = R,‘k, 0 < i, k< 4. (34)

In other words, if we reverse the order of all rows, then reverse the order of all columns and then
conjugate the elements, the result is the same matrix! As a result, Eq. (3.2) also implies

R(0) R(1) R(2) R(3) RA)] [ 0 o}
R*(1) R(0) R(1) R(2) R(3)| |ais 0
R*(2) R{(1) R(0) R(1) R(2)| |af2 | =| 0 |. (3.5)
R*(3) R*2) R(1) R(0) R(1) | | ais 0
R4 REB)RR)RORO] | 1| |&]
Rs

If we now take a linear combination of Egs. (3.2) and (3.5) such that the last element on the
right-hand side becomes zero, we will obtain the equations governing the fourth-order predictor
indeed! Thus, consider the operation

Eq. (3.2) + /4f x Eq.(3.5), (3.6)

where 44 is a constant. If we choose

k= (3.7)
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then the result has the form

R(0) R(1) R(2) R(3) R#)] [ 1 x
R(1) R(0) R(1) R(2) R(3)| | as 0
R'(2) R(1) R(0) R(1) R(2) | a2 = |0 ], (3.8)
R*(3) R*(2) R*(1) R(0) R(1)| | ass 0
| R*(4) R*(3) R*2) R(1) R(0) | |ass| | O]

where

as1 = a31 + ki a33
asy = a3y + ki a3p
a3 = az3+ ki a3q
a4 4 — ,%;f .

By comparison with Eq. (3.1), we conclude that the element denoted x on the right-hand side of
Eq. (3.8) is 54/[, which is the minimized forward prediction error for the fourth-order predictor.

From the above construction, we see that this is related to 53f as

— &/ — w1 & (from Eq. (3.7)).
= (1- [kP)E].

Summarizing, if we know the coefficients a3 ; and the mean square error 53f for the third-order
optimal predictor, we can find the corresponding quantities for the fourth-order predictor from the
above equations.

Polynomial Notation. The preceding computation of {as,} from {as3,} can be written
more compactly if we use polynomial notations and define the FIR filter

Ap(z) =14+d 1 2 '+ a2 2+ ... +al,,z ™ (prediction polynomial). (3.9)
With this notation, we can rewrite the computation of a4 ; from a3 ; as
Au(2) = A3(2) + kaz [z 2 A5(2)], (3.10)
where the tilde notation is as defined in Section 1.2. Thus,

1

z_mgm(z) =Gpmt Gpm1% ...+ am’lz_(’”_l) + 27" (3.11)
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3.2.1 Summary of Levinson’s Recursion

The recursion demonstrated above for the third-order case can be generalized easily to arbitrary
predictor orders. Thus, let 4,,(z) be the predictor polynomial for the mth-order optimal predictor
and & the corresponding mean square value of the prediction error. Then, we can find the

corresponding quantities for the (2 4 1)th-order optimal predictor as follows:

'%m—i—l — g—mf, (3]2)
Api1(2) = Ap(2) + ksrz 'z " Au(z)]  (order update), (3.13)
Smf+1 = (1~ |ky1|)E], (error update), (3.14)
where
=R (m+1) + a, 1R (m) + a, 2R (m — 1) + ... + a,, ,R*(1). (3.15)

Initialization. Once this recursion is initialized for small 7 (e.g., m = 0), it can be used to

solve the optimal predictor problem for any 7. Note that for 7 = 0, the predictor polynomial is

Ay(z) =1, (3.16)
and the error is, from Eq. (2.3), e({(n) = x(n). Thus,

&/ = R(0). (3.17)
Also, from the definition of «,,, we have

ap = R*(1). (3.18)
The above three equations are used to initialize Levinson’s recursion. For example, we can compute

b = —ab /& = —R(1)/R(0), (3.19)

and evaluate 4 (z) from Eq. (3.13) and so forth. 0

3.2.2 The Partial Correlation Coefficient

The quantity 4; in Levinson’s recursion has a nice “physical” significance. Recall from Section 2.3

that the error e,{(n) of the optimal predictor is orthogonal to the past samples

x(n—1),x(n—2),...,x(n—m). (3.20)
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The “next older” sample x(n — m — 1), however, is not necessarily orthogonal to the error, that
is, the correlation E[ez,(n)x*(n — m — 1)] could be nonzero. It can be shown (Problem 6) that the

quantity &, in the numerator of 4,1 satisfies the relation
oy = E[e,{;(n)x*(n —m—1)]. (3.21)

The coefficient 4,1 represents this correlation, normalized by the mean square error .
The correction to the prediction polynomial in the order-update equation (second term in
Eq. (3.13)) is proportional to this normalized correlation.

In the literature, the coefficients 4; have been called the partial correlation coefficients and
abbreviated as parcor coefficients. They are also known as the /attice or reflection coefficients, for
reasons that will become clear in later chapters.

Example 3.1: Levinson’s Recursion. Consider again the real WSS process with the auto-

correlation (2.12). We initialize Levinson’s recursion as described above, that is,
Ay(z) =1, ap = R(1) = 1.5, and & = R(0) =2.1. (3.22)
We can now compute the quantities

,%1 = —Oé()/gof: —5/7
Ay (z) = Ao(z) + bz ' dy(z) =1 — (5/7)z 7,
&l =1 -8)& =36/35.

We have now obtained all information about the first-order predictor. To obtain the second-order
predictor, we compute the appropriate quantities in the following order:

a1 = R(2) + a11R(1) = (9/10) — (5/7) x 1.5 = —6/35
,%2 = —Oél/glf: 1/6

Ay(2) = A1 (2) + oz 24 1(z) =1 — (5/6)z ' + (1/6)z >
& =01-8)&=10.

We can proceed in this way to compute optimal predictors of any order. The above results agree
with those of Example 2.1, where we used a direct approach to solve the normal equations.

3.3 SIMPLE PROPERTIES OF LEVINSON’S RECURSION

Inspection of Levinson’s recursion reveals many interesting properties. Some of these are discussed
below. Deeper properties will be studied in the next several sections.

1. Computational complexity. The computation of 4,,,1(z) from A4,,(z) requires nearly m
multiplication and addition operations. As a result, the amount of computation required
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for N repetitions (i.e., to find ay;) is proportional to N2 This should be compared with
traditional methods for solving Eq. (2.8) (such as Gaussian elimination), which require
computations proportional to N°. In addition to reducing the computation, Levinson’s
recursion also reveals the optimal solution to a// the predictors of orders < V.

2. Parcor coefficients are bounded. Because &7 is the mean square value of the prediction error,
we know & > 0 for any 7. From Eq. (3.14), it, therefore, follows that |4;|> < 1, for any i.

3. Strict bound on parcor coefficients. Let |k, 1] = 1. Then Eq. (3.14) says that Smf+1 =0.1In
other words, the mean square value of the prediction error sequence e,{j 1(n) is zero. This
means that e,{j +1(n) is identically zero for all 7. In other words, the output of 4,,11(z) in
response to x(7) is zero (Fig. 2.1(a)). Using an argument similar to the one in Section 2.4.2,
we conclude that this is not possible unless x(7) is a line spectral process. Summarizing, we
have

|&;] <1, foranyi, (3.23)

unless x(7) is a line spectral process. Recall also that the assumption that x(7) is not
line spectral also ensures that the autocorrelation matrix Ry in the normal equations is
nonsingular for all NV (Section 2.4.2).

4. Minimized error is monotone. From Eq. (3.14) it also follows that the mean square error is a

monotone function, that is,
&l <& (3.24)

with equality if and only if 4,1 = 0. It is interesting to note that repeated application
of Eq. (3.14) yields the following expression for the mean square prediction error of the
N'th-order optimal predictor:

=1 ) (1 = [tva?) . (1= [P)E
= (1—|an) (1 = |&v-1l?) .. (1= &) R(0)

Example 3.2: Levinson’s recursion. Now, considera WSS process x(7) with power spectrum
S, (e7+) as shown in Fig. 3.1 (top). The first few samples of the autocorrelation are

R(0)  R(1) RQ2)  RQ) R(4)  R(S5)  R(6)
0.1482 0.0500 0.0170 —0.0323 —0.0629 0.0035 —0.0087
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FIGURE 3.1: Example 3.2. The input power spectrum S, (e ) (top), the prediction error &l plotted
for a few prediction orders 7 (middle), and the prediction error & shown for more orders (bottom).
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If we perform Levinson’s recursion with this, we obtain the parcor coefficients

Val ky &3 k4 ks ke
—-0.3374 —0.0010 0.2901 0.3253 —0.3939 0.1908

for the first six optimal predictors. Notice that these coefficients satisfy |£,| < 1 as expected from
theory. The corresponding prediction errors are

e & & & e & &
0.1482 0.1314 0.1314 0.1203 0.1076 0.0909 0.0876

The prediction errors are also plotted in Fig. 3.1 (middle). The error decreases monotonically as the
prediction order increases. The same trend continues for higher prediction orders as demonstrated
in the bottom plot. The optimal prediction polynomials Ay(z) through A4(z) have the coefficients
given in the following table:

Ay(z) 1.0

Ai(z) 1.0 —0.3374

A(z) 1.0 —03370 —0.0010

Ay(x) 1.0 —03373 —0.0988 0.2901

Ay(z) 1.0 —02429 —0.1309 0.1804 0.3253

As(zx) 1.0 —03711 —02020 02320 04210 —0.3939

As(x) 1.0 —0.4462 —0.1217 02762 03825 —0.4647 0.1908

The zeros of these polynomials can be verified to be inside the unit circle, as expected from our
theoretical development (Appendix C). For example, the zeros of 4g(z) are complex conjugate
pairs with magnitudes 0.9115, 0.7853, and 0.6102.

3.4 THE WHITENING EFFECT

Suppose we compute optimal linear predictors of increasing order using Levinson’s recursion. We
know the prediction error decreases with order, that is, €1 < &;. Assume that after the predictor
has reached the order 7, the error does not decrease any further, that is, suppose that

f=¢l,=¢€l,=6,= .. (3.25)

This represents a szalling condition, that is, increasing the numberof past samples does not help to
increase the prediction accuracy any further. Whenever such a stalling occurs, it turns out that the
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error ¢}, (n) satisfiesa very interesting property, namely, any pair of samples are mutually orthogonal.

That s,

E[e,{f(n) [e](n+ z‘)]*} = {gmf i 8‘ (3.26)

In particular, if x(7) has zero mean, then el (n) will also have zero mean, and the preceding equation
means that ez)(n) is white. Now, from Section 2.2, we know that x(7) can be represented as the
output of a filter, excited with eh(n) (see Fig. 2.1(b)). Thus, whenever stalling occurs, x(7) is the
output of an all-pole filter 1/4,,(z) with white input; such a zero-mean process x(7) is said to be
autoregressive (AR). We will present a more complete discussion of AR processes in Section 5.2.
For the case of nonzero mean, Eq. (3.26) still holds, and we say that e (n) is an orthogonal (rather
than white) random process.

Theorem 3.1. Stalling and whitening. Consider the optimal prediction of a WSS process
x(n), with successively increasing predictor orders. Then, the iteration stalls after the mth-order
predictor (i.e., the mean square error stays constant as shown by Eq. (3.25)), if and only if the
prediction error e (n) satisfies the orthogonality condition Eq. (3.26). &

Proof. Stalling implies, in particular, that £ mf = 5{;, that is, 4,11 = 0 (from Eq. (3.14)).

As aresult, 4,,11(z) = 4,,(z). Repeating this, we see that
A,(2) =Api1(z) =A4,00(z) = ... (3.27)

The prediction error sequence egf (n), therefore, is the same for all ¢ > m. The condition 4,11 = 0
implies o, = 0 from Eq. (3.12). In other words, the cross-correlation Eq. (3.21) is zero. Repeating
this argument, we see that whenever stalling occurs, we have

E[e,{;_,_g(n)x*(n —m—{—1)]=0, £>0. (3.28)

But e,{;%(n) = ¢} (n) for any ¢ > 0, so that
Elef(n)(n—m— 0~ 1)] =0, £>0 (329

By orthogonality principle, we already know that £ (e (n)x*(n — i)] = Ofor1 < i < m. Combining

the preceding two equations, we conclude that

Ele/(n)a*(n —0)] =0, £>1. (3.30)
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In other words, the error e7)() is orthogonal to all the past samples of x(7). We also know that

e,{:(n) is a linear combination of present and past samples of x(7), that is,

ef(n) = x(n) + > @i x(n— i). (3.31)

Similarly,
ef(n—0) = x(n—L0)+ Y i x(n—L—i). (3.32)
i=1
Because ¢7,(n) is orthogonal to all the past samples of x(), we, therefore, conclude that ei}(n)

is orthogonal to e,{j(n — (), ¢ > 0. Summarizing, we have proved, E[e,{j(n) [e,{j(n —0)]*] =0 for

¢ > 0. This proves Eq. (3.26) indeed. By reversing the above argument, we can show that if e,{(n)
has the property (3.26) then the recursion stalls (i.e., Eq. (3.25) holds). O

Example 3.3: Stalling and Whitening. Consider a real WSS process with autocorrelation
R(%) = p*, (3.33)
where —1 < p < 1. The first-order predictor coefficient a1 ; is obtained by solving
R(0)a1 1 = —R(1), (3.34)

so that @; ; = —p. Thus, the optimal predictor polynomial is 4;(z) = 1 — pz~1. To compute the

second-order predictor, we first evaluate
o = R(2) + a11R(1) = p* — p* = 0. (3.35)

Using Levinson’s recursion, we find %4, = —af /Slf: 0, so that 4,(z) = A1(z). To find the
third-order predictor, note that

Q) = R(S) + 612’1R(2) + 612’2R(1) = R(S) — pR(Z) =0. (336)

Thus, 45 = 0 and 43(z) = 41(z). No matter how far we continue, we will find in this case that
A, (z) = A1(z) for all m. That is, the recursion has stalled. Let us double-check this by testing
whether elf(n) satisfies Eq. (3.26). Because elf(n) is the output of 4;(z) in response to x(7n), we

have

elf(n) = x(n) — px(n—1). (3.37)
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Thus, for 2 > 0,

Elel (n)e] (n — #)] = R(%) + p*R(%) — pR(E—1) — pR(k+1) = 0, (3.39)

as anticipated. Because R(00) = 0, the process x(7) has zero mean. So, elf(n) is a zero-mean white

process.

3.5 CONCLUDING REMARKS
Levinson’s work was done in 1947 and, in his own words, was a “mathematically trivial procedure.”
However, it is clear from this chapter that Levinson’s recursion is very elegant and insightful. It can
be related to early work by other famous authors (e.g., Chandrasekhar, 1947). It is also related to
the Berlekamp—Massey algorithm (Berlekamp, 1969). For a fascinating history, the reader should
study the scholarly review by Kaliath (1974; in particular, see p. 160). The derivation of Levinson’s
recursion in this chapter used the properties of the autocorrelation matrix. However, the method
can be extended to the case of Toeplitz matrices, which are not necessarily positive definite (Blahut,
1985).

In fact, even the Toeplitz structure is not necessary if the goal is to obtain an O(N?) algorithm.
In 1979, Kailath et al. introduced the idea of displacement rank for matrices. They showed that as
long as the displacement rank is a fixed number independent of matrix size, O(N?) algorithms can
be found for solving linear equations involving these matrices. It turns out that Toeplitz matrices
have displacement rank 2, regardless of the matrix size. The same is true for inverses of Toeplitz
matrices (which are not necessarily Toeplitz).

One of the outcomes of Levinson’s recursion is that it gives rise to an elegant structure for
linear prediction called the Zaztice structure. This will be the topic of discussion for the next chapter.







CHAPTER 4

Lattice Structures for Linear
Prediction

4.1 INTRODUCTION

In this chapter, we present lattice structures for linear prediction. These structures essentially
follow from Levinson’s recursion. Lattice structures have fundamental importance not only in linear
prediction theory but, more generally, in signal processing. For example, they arise in the theory
of all-pass filters: any stable rational all-pass filter can be represented using an IIR lattice structure
similar to the IIR LPC lattice. As a preparation for the main topic, we first discuss the idea of
backward linear prediction.

4.2 THE BACKWARD PREDICTOR

Let x(n) represent a WSS random process as usual. A backward linear predictor for this process
estimates the sample x(n — N — 1) based on the “future values” x(n —1),...,x(n — N). The

predicted value is a linear combination of the form

i(n—N—1) = —Zg;kv,ix(n — i), (4.1)

and the prediction error is

K(n) =x(n—N—1) —x3(n—N—1)

N
— Zé}kv’ix(n — i) +x(n—N-1).
=1

The superscript b is meant to be a reminder of “backward.” Figure 4.1 demonstrates the difference
between the forward and backward predictors. Notice that both p/c\]/;(n) and %o(n — N — 1) are based
on the same set of N measurements. The backward prediction problem is primarily of theoretical
interest, but it helps us to attach a “physical” significance to the polynomial z_’”jm(z) in Levinson’s
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observed data

backward predictor / j\ \

estimates this
forward predictor
estimates this
T T T T T [ ime
'Y
L

n—-N-1 n-N n—1 n

FIGURE 4.1: Comparison of the forward and backward predictors.

recursion (3.13), as we shall see. As in the forward predictor problem, we again define the predictor

polynomial
N
BN(Z) = Z 57\/’1‘2:_2 + Z_(N+1). (42)
i=1

The output of this FIR filter in response to x(7) is equal to the predictor error &(7).

To find the optimal predictor coefficients 4, ;, we again apply the orthogonality principle,
which says that &},(72) must be orthogonal to x(n — #), for 1 < % < N. Using this, we can show that
the solution is closely related to that of the forward predictor of Section 2.3. With ap; denoting
the optimal forward predictor coefficients, it can be shown (Problem 15) that

byi = annyi—is 1 <1< N, (4.3)

This equation represents time-reversal and conjugation. Thus, the optimum backward predictor

polynomial is given by
By(z) = 2~ M Ap(2), (4.4)

where the tilde notation is as defined in Section 1.2.1. Figure 4.2 summarizes how the forward and
backward prediction errors are derived from x(7) by using the two FIR filters, Ay(z) and Bx(z). It

is therefore clear that we can derive the backward prediction error sequence &,(#) from the forward

prediction error sequence elf\;(n) as shown in Fig. 4.3. In view of Eq. (4.4), we have

Ba(z) 2 D 4y(z)
vz - A (43)
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x(n) M Ay —> el

forward prediction filter

By(z) — ey(n)

v

backward prediction filter

FIGURE 4.2: The forward and the backward prediction filters.

4.2.1 All-Pass Property

We now show that the function

N
Az VAn(z)
G 4.6
N(Z) AN(Z) ( )
is all-pass, that is,
|GN(ej°")| =1, Vuw. (4.7)

To see this, simply observe that

NAv(z) 2 VAn(2)

AMN(Z) An(2)

Gn(2)Gu(z) = =1, Vz

But because
Hy(e™) = Hy (e7),

the preceding implies that |Gy(e’*)|> = 1, which proves Eq. (4.7). From Fig. 4.3, we therefore
see that the backward error &,(7) is the output of the all-pass filter 7' Gy(z) in response to the

61\/:(’7) x(n) eNh(n)
—— /Ay y By ——
inverse of forward backward prediction filter

prediction filter

FIGURE 4.3: The backward prediction error sequence, derived from the forward prediction error

sequence.
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input e{;(n), which is the forward error. The power spectrum of elfé(n) is therefore identical to that

of &(#). In particular, therefore, the mean square values of the two errors are identical, that is,
b of
E=¢ (4.8)

where Y, = E[|&(n)|*] and 51(,[ = E[|e{;(n) |?]. Notice that the all-pass filter (4.6) is stable because
the zeros of Ay(z) are inside the unit circle (Appendix C).

4.2.2 Orthogonality of the Optimal Prediction Errors

Consider the set of backward prediction error sequences of various orders, that is,

e(n), &(n), &(n),... (4.9)

We will show that any two of these are orthogonal. More precisely,
Theorem 4.1. Orthogonality of errors. The backward prediction error sequences satisfy the

property

E[e;<n>[ez<n>]*] _ {gb frk e (4.10)

forall £, m > 0. &

Proof. It is sufficient to prove this for 7 > . According to the orthogonality principle, &2 (7)
is orthogonal to

x(n—1),... ,x(n—m). (4.11)

From its definition,

E(n) =wln—k—1)+bix(n — 1) 4 bgax(n —2) + ... + bppx(n — k).

From these two equations, we conclude that E[¢® (#)[&()]*] = 0, for m > %. From this result, Eq.
(4.10) follows immediately. O

In a similar manner, it can be shown (Problem 16) that the forward predictor error sequences
have the following orthogonality property:

E[e,{j(n)[e{(n =0, m>e (4.12)

The above orthogonality properties have applications in adaptive filtering, specifically in improving
the convergence of adaptive filters (Satorius and Alexander, 1979; Haykin, 2002). The process

of generating the above set of orthogonal signals from the random process x(7) has also been
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interpreted as a kind of Gram—Schmidt orthogonalization (Haykin, 2002). These details are beyond
scope of this chapter, but the above references provide further details and bibliography.

4.3 LATTICE STRUCTURES

In Section 3.2, we presented Levinson’s recursion, which computes the optimal predictor polynomial
Api1(z) from 4,,(z) according to

Api1(2) = Ap(2) + bpyrz " A(2)] (4.13)

On the other hand, we know from Section 4.2, that the optimal backward predictor polynomial is
given by Eq. (4.4). We can therefore rewrite Levinson’s order update equation as

Api1(z) = A4,(2) + £,11B,(2). (4.14)
From this, we also obtain
Byy1(2) = 2 1 An(2) + Bu(2)], (4.15)

by using B,.1(z) = 2~ "4, 1(z). The preceding relations can be schematically represented as

in Fig. 4.4(a). Because e,{(n) and & (n), are the outputs of the filters 4,,(z) and B,,(z) in response

to the common input x(7), the prediction error signals are related as shown in Fig. 4.4(b). By

Am(2) > 4 4 > Aps1(2)
k*
m+1 (a)
km+l
By (z) > > z™! Bv1(2)
ef(n) » ) ° » o/ (n)
m v v " Smtl
m+1
(b)
m+1
e’l;l (n) b > z! emb+1 (n)

FIGURE 4.4: (a) The lattice section that generates the (7 + 1)th-order predictor polynomials from
the mth-order predictor polynomials. (b) The same system shown with error signals indicated as the
inputs and outputs.
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x(n) eof(n) elf(n) R ezf(n) . e}\{(n)
4,() Ay(z) — Ap(z)
ky ky ce ky
e o NG
P Rl -

km

" k
(b) m
— —

FIGURE 4.5: (a) The FIR LPC lattice structure that generates the prediction errors el (n) and & (n)
for all optimal predictors with order 1 < 7 < N. (b) Details of the mth lattice section.

using the facts that 4y(z) = 1 and By(z) = 2~}

each rectangular box is the two multiplier lattice section shown in Fig. 4.5(b). In this structure,

, we obtain the structure of Fig. 4.5(a). Here,

the transfer functions 4,(z) and B,,(z) are generated by repeated use of the lattice sections in
Fig. 4.4. This is a cascaded FIR lattice structure, often referred to as the LPC FIR /lattice. If we
apply the input x(7) to the FIR lattice structure, the optimal forward and backward prediction
error sequences e,{(n) and & () appear at various nodes as indicated. Lattice structures for linear

prediction have been studied in detail by Makhoul (1977).

4.3.1 ThelIlIR LPC Lattice

From Fig. 4.4(b), we see that the prediction errors are related as

el 1(n) = e/ (n) + knraéd (n),
& (n) = Eoprel(n—1)+ & (n—1).

S S

Suppose we rearrange the first equation as ey, (n) = e’ ;(7) — Au4165,(n), then these two equations

become

ef(n) = e (1) = kuyadhy(n),

i1 (n) = kg1 (n — 1) + &, (n = 1).

These equations have the structural representation shown in Fig. 4.6(a). Repeated application of
this gives rise to the IIR structure of Fig. 4.6(b). This is precisely the IIR all-pass lattice structure
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k m+1
(a) *
z ¢ < 4

This box is labelled as K+ |

e]\‘]/(n) . eN/-—l (n) R elf(n) eof(n) =x(n)
k ke . k
er(n) N eNlil (n) A elb(n) ! e(f(n)

FIGURE 4.6: (a) The IIR LPC lattice section. (b) The IIR LPC lattice structure that generates the
signal x(7) from the optimal prediction error elj\;(n). The lower-order forward prediction errors e,,]:(n)

and the backward prediction errors are also generated in the process automatically.

studied in signal processing literature (Gray and Markel, 1973; Vaidyanathan, 1993; Oppenheim
and Schafer, 1999). Thus, if we apply the forward prediction error e7,() as an input to this structure,
then the forward and backward error sequences of all the lower-order optimal predictors appear at
various internal nodes, as indicated. In particular, the Oth-order prediction error e({ (n) appears at
the rightmost node. Because e({ (n) = x(n), we therefore obtain the original random process x(7)
as an output of the IIR lattice, in response to the input e{;(n). We already showed that the transfer

function

LGz :Z—<N+1>@
e

is all-pass. This is the transfer function from the input eljé(n) to the node &,(#) in the IR lattice.
The transfer function from the input to the rightmost node in Fig. 4.6(b) is the a//-pole filter
1/An(z), because this transfer function produces x(7) in response to the input elfé(n) (see Fig. 4.2).

4.3.2 Stability of the IIR Filter

It is clear from these developments that the “parcor” coefficients %, derived from Levinson’s
recursion are also the lattice coefficients for the all-pass function z~VAn(z) /An(z). Now, it is well

37
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known from the signal processing literature (Gray and Markel, 1973; Vaidyanathan, 1993) that the
polynomial Ay(z) has all its zeros strictly inside the unit circle if and only if

b <1, 1<m<N. (4.16)

In fact, under this condition, all the polynomials 4,,(z), 1 < m < N have all zeros strictly inside
the unit circle.

On the other hand, Levinson’s recursion (Section 3.2) has shown that the condition |£,,| < 1
is indeed true as long as x(7) is not a line spectral process. This proves that the IIR filters 1/4,,(z)
and 27" 4,,(z)/4,,(z) indeed have all poles strictly inside the unit circle so that Fig. 4.6(b) is, in
particular, stable. Although the connection to the lattice structure is insightful, it is also possible
to prove stability of 1/4,,(z) directly without the use of Levinson’s recursion or the lattice. This is

done in Appendix C.

4.3.3 The Upward and Downward Recursions

Levinson’s recursion (Eq. (4.14) and (4.15)) computes the optimal predictor polynomials of
increasing order, from a knowledge of the autocorrelation R(%) of the WSS process x(#). This is
called the upward recursion. These equations can be inverted to obtain the relations

(1 - |'%m+1|2) X Am(z) = Am+1(z) - '%m—!—lZBm-H(Z)a

(1 — |Apy1|?) X Bu(z) = —kpi1 Api1(2) + 2B,i1(2). (4.17)
Given 4,,11(z), the polynomial B, 1(z) is known, and so is

:%m+1 - ﬂ;+1’m+1 . (4]8)

Using this, we can uniquely identify 4,,(z), hence, B,,(z), from (4.17). Thus, if we know the
Nth-order optimal prediction polynomial Ax(z), we can uniquely identify all the lower-order
optimal predictors. So Eq. (4.17) is called the downward recursion. This process automatically
reveals the lower-order lattice coefficients £;. If we know the prediction error £ 1{, we can therefore
also identify the lower-order errors £ if, by repeated use of Eq. (3.14), that is,

&=/~ k) (4.19)
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4.4 CONCLUDING REMARKS

The properties of the IIR lattice have been analyzed in depth by Gray and Markel (1973), and lattice
structures for linear prediction have been discussed in detail by Makhoul (1977). The advantage of
lattice structures arises from the fact that even when the coefficients £,, are quantized the IIR lattice
remains stable, as long as the quantized numbers continue to satisfy |£,| < 1. This is a very useful
result in compression and coding, because it guarantees stable reconstruction of the data segment
that was compressed. We will return to this point in Sections 5.6 and 7.8.







CHAPTERS

Autoregressive Modeling

5.1 INTRODUCTION

Linear predictive coding of a random process reveals a model for the process, called the autoregressive
(AR) model. This model is very useful both conceptually and for approximating the process with a
simple model. In this chapter, we describe this model.

5.2 AUTOREGRESSIVE PROCESSES
A WSS random process w(7) is said to be autoregressive (AR) if it can be generated by using the

recursive difference equation

= —Zdi*w(n — i) + e(n), (5.1)

where

1. e(n) is a zero-mean white WSS process, and
2. the polynomial D(z) =1+ Zf\il d*z" has all zeros inside the unit circle.

In other words, we can generate w(7) as the output of a causal, stable, all-pole IIR filter 1/D(z) in
response to white input (Fig. 5.1). If dy # 0, we say that the process is AR(IV), that is, AR of order
N. Because e(7) has zero mean, the AR process has zero mean according to the above definition.
Now, how does the AR process enter our discussion of linear prediction? Given a WSS
process x(7), let us assume that we have found the Nth-order optimal predictor polynomial Ay(z).
We know, we can then represent the process as the output of an IIR filter as shown in Fig. 2.1(b).

The input to this filter is the prediction error e{;(n). In the time domain, we can write

ay x(n — i) —1—31]\;( ). (5.2)

Mz

=1
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em) ——» 1/D(z) ——»wn)

white process AR process
IIR allpole filter

FIGURE 5.1: Generation of an AR process from white noise and an all-pole IIR filter.

In Section 3.4, we saw that if the error stalls, that is, Smf does not decrease anymore as 7 increases

beyond some value NN, then elfé(n) is white (assuming x(7) has zero mean). Thus, the stalling

phenomenon implies that x(n) is AR(N).
Summarizing, suppose the optimal predictors of various orders for a zero-mean process x(7)
are such that the minimized mean square errors satisfy

g>el> .. >&l  >€&l=¢/, m>N (5.3)
Then, x(n) is AR(V).
Example 5.1: Levinson’s recursion for an AR process. Consider a WSS AR process
generated by using an all-pole filter ¢/ D(z) with complex conjugate pairs of poles at
0.8e02/™ (.85 04/
so that

D(z) = 1.0000 — 1.8198z "1 + 2.0425z 2 — 1.2714z3 + 0.4624z*.

The power spectrum Sy, (e/*) of this AR(4) process is shown in Fig. 5.2 (top plot). The constant
¢in ¢/D(z) is such that S, (e/) has maximum magnitude unity. The first few autocorrelation

coetticients for this process are as follows:

R(0)  R(1)  R(Q) R(3) R(4) R(5)
02716 0.1758 —0.0077 —0.1091 —0.0848 —0.0226

If we perform Levinson’s recursion with this, we obtain the lattice coefficients

/3] 3 &3 ky ks kg
—0.6473 0.7701 —0.5469 0.4624 0.0000 0.0000
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Power spectrum
o
a

0.8 1

w/n

Prediction error
o
N

o
.

1

0 1

BARARARREAN

Prediction order m

0.16

0.12f

Prediction error

o | LTy

01 2 14
Prediction order m

FIGURE 5.2: Example 5.1. The input power spectrum Sq,(e/*) of an AR(4) process (top) and the
prediction error &l plotted for a few prediction orders 7 (middle). The prediction error for the non-AR
process of Ex. 3.2 is also reproduced (bottom).
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for the first six optimal predictors. Notice that these coefficients satisfy |£,| < 1 as expected from
theory. The optimal prediction polynomials 4y (z) through 4s(z) have the coefficients given in the
following table:

A(z) 1.0
Ai(z) 1.0 —06473 0 0 0
A(z) 1.0 —1.1457 0.7701 0 0
Ay(z) 1.0 —15669 13967 —05469 0
Ay(z) 1.0 —1.8198 20425 —12714 0.4624
As(z) 1.0 —1.8198 20425 —12714 0.4624
Ao(z) 1.0 —1.8198 20425 —12714 0.4624

S O O O O O
S O O O O O

The prediction filter does not change after 44(z) because the original process is AR(4). This is also
consistent with the fact that the lattice coefficients past 44 are all zero. The prediction errors are
plotted in Fig. 5.2 (middle). The error £,, decreases monotonically and then becomes a constant for
m > 4. For comparison, the prediction error £,, for the non-AR process of Ex. 3.2 is also shown
in the figure (bottom); this error continues to decrease.

5.3 APPROXIMATION BY AN AR(N) PROCESSES

Recall that an arbitrary WSS process x(7) (AR or otherwise), can always be represented in terms

of the optimal linear prediction error e{;(n) as in Eq. (5.2). In many practical cases, the error e{;(n)

tends to be nearly white for reasonably large V. If we replace elfé(n) with zero-mean white noise

e(n) having the mean square value £ 1{,[, we obtain the so-called AR model y(7) for the process x().

@  el) — 1/dyE) —»x(m)
original
IR allpole filter process

en) —¥ 1/Ay(z) —» y(m)

(b) white process

AR approximation
IIR allpole filter

FIGURE 5.3: Generation of the AR(V) approximation y(7) for a WSS process x(7). (a) The exact
process x(7) expressed in terms of the Nth-order LPC parameters and (b) the AR(V) approximation

y(n).
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This is shown in Fig. 5.3. The process y(n) satisfies

Mz

ajiy(n—1i)+ e(n) (5.4)
N

=1 .
' white

The model process y(n) is also called the AR(NV) approximation (Nth-order autoregressive

approximation) of x(7).

5.3.1 IfaProcessis AR, Then LPC Will Reveal It

If a zero-mean WSS process x(7) is such that the optimal LPC error e{;(n) is white, then we know
that x(7) is AR. Now, consider the converse. That is, let x(7) be AR(V). This means that we can
express it as

x(n) = — Z hix(n—1i)+e(n), (5.5)

for some set of coefficients ¢y ;, where e(7) is white. This is a causal difference equation, so that, at

any time 7, the sample x(7) is a linear combination

x(n) = g(0)e(n) + g(L)e(n — 1) + g(2)e(n —2) + .. (5.6)
Similarly, x(n — i) is a linear combination of

e(n—i),e(n—1i—1)...
Now consider
Ele(n)«(n — )] = E[e(n) [ g0)e(n — i) + g(D)e(n —i = 1) + .. |
Because ¢(7) is white (i.e., E[e(n)e"(n — £)] = 0, £ > 0), this means that
Ele(n)x"(n—1)] =0, i>0. (5.7)

In other words, ¢(n) is orthogonal to all the past samples of x(7). In view of the orthogonality

principle, this means that the linear combination

N
— Z C}k\/’l‘x(i’l — i)
=1

is the optimal linear prediction of x(7). As the solution to the optimal Nth-order prediction
problem is unique, the solution {ay;;} to the optimal predictor problem is therefore equal to cy ;.
Thus, the coefficients ¢y ; of the AR(IV) process can be identified simply by solving the N th-order




46 THE THEORY OF LINEAR PREDICTION

optimal prediction problem. The resulting prediction error elfé(n) is white and equal to the “input

term” ¢(n) in the AR equation Eq. (5.5). Summarizing, we have:
Theorem 5.1. LPC of an AR process. Let x(n) be an AR(N') WSS process, that is, a zero-mean
process representable as in Eq. (5.5), where ¢(7) is white. Then,

1. The AR coefficients cy; can be found simply by performing Nth-order LPC on the process
x(n). The optimal LPC coefficients ay; will turn out to be ¢y ;. Thus, the AR model y(7)
resulting from the optimal LPC (Fig. 5.3) is the same as x(#), that is y(n) = x(n).

2. Moreover, the prediction error elf\;(n) is white and the same as the white noise sequence ¢(7)
appearing in the AR(N) description Eq. (5.5) of x(n). &

5.3.2 Extrapolation of the Autocorrelation
Because elf\;(n) is white, the autocorrelation R(%) of an AR(N) process x(n) is completely
determined by the filter 1/4x(z) and the variance £ 1{,[ Because the quantities Ay(z) and € 1{,[ can be

found from the NV + 1 coefficients

using Levinson’s recursion, we conclude that for /R(IV) processes, all the coefficients R(%), || > N
are determined by the above N + 1 coefficients. So, the determination of Ax(z) and € 1{,[ provides
us a way to extrapolate an autocorrelation. In other words, we can find R(£) for |%| > N from the
first N+ 1 values in such a way that the Fourier transform S..(e’*) of the extrapolated sequence is
nonnegative for all w.

Extrapolation equation. An explicit equation for extrapolation of R(%) can readily be written
down. Thus, given R(0), R(1),...R(N) for an AR(N) process, we can find R(%) for any 2 > N

using the equation
R(%) = _”7\/,1R('% -1)— a}‘mR(k —-2)...— ”;V,NR('% —N).

This equation follows directly from normal equations. See Appendix D for details. O

In many practical situations, a signal x(7) that is not AR can be modeled well by an AR
process. A common example is speech (Markel and Gray, 1976; Rabiner and Schafer, 1978; Jayant
and Noll, 1984). The fact that x(n) is not AR means that the prediction error ei(n) never gets
white, but its power spectrum often gets flatter and flatter as 7 increases. This will be demonstrated
later in Section 6.3 where we define a mathematical measure for spectral flatness and study it in the

context of linear prediction.
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54 AUTOCORRELATION MATCHING PROPERTY
Let x(n) be a WSS process, An(z) be its optimal N th-order predictor polynomial, and y(7) be
the AR(NN) approximation of x(7) generated as in Fig. 5.3. In what mathematical sense does y(7)
approximate x(7), that is, in what respect is y(7n) “close” to x(7)? We now provide a quantitative
answer:

Theorem 5.2. Let R(%) and 7(%) be the autocorrelations of x(7) and the AR(IN') approxima-
tion y(n), respectively. Then,

R(&) = r(k), |# <N (5.8)

Thus, the AR(N) model y(n) is an approximation of x(7) in the sense that the first N+ 1

autocorrelation coefficients for the two processes are equal to each other. &

So, as the approximation order N increases, more and more values of R(%) are matched to
r(%). If the process x(n) is itself AR(N), then we know (Theorem 5.1) that the AR(N) model
y(n) satisfies y(n) = x(n) so that Eq. (5.8) holds for all £, not just |2 < N. A simple corollary of
Theorem 5.2 is

which can be used to prove that for any WSS process x(7),

27
f 1 dw
R(0) = _— .
(0) SN/O |AN(CJW)|2 27T (5 9)

To see this, observe first that the AR process y(7) in Fig. 5.3(b) is generated using white noise e(7)
with variance £ 1{,[, so that

0) /2” &l dw
r(0) = —_
o |dn(e)]? 2m
But because 7(0) = R(0), Eq. (5.9) follows readily.
Proof of Theorem 5.2. By construction, the AR(N) process y(n) is representable as in

Fig. 5.3(b) and therefore satisfies the difference equation Eq. (5.4). Now consider the sample
y(n — %). Because Fig. 5.3(b) is a causal system,

y(n — %) = linear combination of e(n — 2 — 1), > 0. (5.10)
But because e(7) is zero-mean white, we have Ee(n)e*(n — £)] = 0 for 2 # 0. Thus,

Ele(n)y"(n—#)] =0, £>0. (5.11)
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Multiplying Eq. (5.4) by y*(n — %), taking expectations, and using the above equality, we obtain
the following set of equations.

f0) (1) ... /() ! 2
)0 N | e | X (5.12)
PN FN=1) . (0) | [awn] |0

where 7(£) = E[y(n)y"(n — #)]. This set of equations has exactly the same appearance as the
augmented normal equations Eq. (2.20). Thus, the coefficients a; are the solutions to two optimal
predictor problems: one based on the process x(7) and the other based on y(n).

We now claim that Eq. (2.20) and (5.12) together imply R(%) = (%), for the range of values
0 < £ < N. This is proved by observing that the coefficients ay; and £ 1{,[ completely determine the
lower-order optimal prediction coefficients a,, ; and errors 5,,{ (see end of Section 4.3.3, “Upward
and Downward Recursions”). Thus, a,,; and &l satisfy smaller sets of equations of the form
Eq. (2.20). Collecting them together, we obtain a set of equations resembling Eq. (2.37). We
obtain a similar relation if R(%) is replaced by 7(%). Thus, we have the following two sets of
equations (demonstrated for N = 3)

70) #(1) #2) 3)] 1 0 0 0 & x x x
(1) 7(0) #(1) 72) | |asa1 0 O |0 & x x
#(2) 7#(1) 7(0) (1) | |@2aa1 Of |0 0 & x
7(3) 7(2) (1) ~(0) a3 ap a1 000 Sof
 yan] Ay Aul
R(0) R(1) R(2) R3)][1 0 0 o & x x x
R'(1)R(0) R(1) R2)| |as1 0 0o |0& x x
RQ)R(1)RO) RA)| |a2mi1 0 |0 0& x
R*(3) R*(2) R"(1) R(0) | | a33 @22 4111 0 00 Sof

The symbol X stands for possibly nonzero entries whose values are irrelevant for the discus-
sion. Note that A, is lower triangular and A, and A, are upper triangular matrices. We
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have not shown that A, = A, so we will take a different route to prove the desired claim

Eq. (5.8). By premultiplying the preceding equations with A}, we get

AZrN—HAE = AZAW
ARy A, = AlA,.

The right-hand side in each of these equations is a product of two upper triangular matrices and
is therefore upper triangular. The left-hand sides, on the other hand, are Hermitian. As a result,
the right-hand sides musz be diagonal! It is easy to verify that these diagonal matrices have &l
as diagonal elements, so that the right-hand sides of the above two equations are identical. This
proves that AZRNHAE = AZIN+1A@. Since A, is nonsingular, we can invert it, and obtain
Ry11 = 4. This proves Eq. (5.8) indeed. O

In a nutshell, given {ay;} and the error 51(,[, we can use the downward recursion (Section
4.3.3) to compute a,, ; and Elform=N—1,N—2,...Sowe uniquely identify R(0) = Sof. Next,
from the normal equation with 72 = 1, we can identify R(1). In general, if R(0), ..., R(m — 1) are
known, we can use the normal equation for mth order and identify R(m) from the mth equation in
this set (refer to Eq. (2.8)). Thus, the coefficients R(0), R(1), ...R(IV), which lead to a given set
of {ay;} and 51{, are unique, so r(£) and R(%) in Egs. (2.20) and (5.12) must be the same!

R(k) is Matched to the Autocorrelation of the IIR Filter. The AR(V) model of Fig. 5.3(b)

can be redrawn as in Fig. 5.4 where e; () is white noise with variance equal to unity and where

/
H(z) \/g (5.13)

" Anz)

H(z) is a causal IIR filter with impulse response, say, A(7). The deterministic autocorrelation of

the sequence A(7) is defined as

> b (n— k).

n

Because ¢4 () is white with E[|e; (1)|?] = 1, the autocorrelation 7(%) of the AR model process y()
is given by

(&) = ()b (n — &) (5.14)

So we can rephrase Eq. (5.8) as follows:
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e(n) —»  H(z) —»yn)

white, variance = 1 AR model of x(n)
IIR allpole filter

FIGURE 5.4: Autoregressive model y() of a signal x(7).

Corollary 5.1. Let x(n) be a WSS process with autocorrelation R(#) and An(z) be the
Nth-order optimal predictor polynomial. Let A(7) be the impulse response of the causal stable IIR

filter 4/ Slé/AN(z). Then,

R(R) = h(n)h(n—A), (5.15)
n=0

for |2 < N. That is, the first N+ 1 coefficients of the deterministic autocorrelation of 4(7) are
matched to the values R(%). In particular, if x(n) is AR(N ), then Eq. (5.15) holds for all 4. O

5.5 POWER SPECTRUM OF THE AR MODEL
We just proved that the AR(IV) approximation y(7) is such that its autocorrelation coefficients
7(£) match that of the original process x(n) for the first N+ 1 values of 4. As N increases, we
therefore expect the power spectrum S,,(e/*) of y(7) to resemble the power spectrum S, (e/) of
x(n). This is demonstrated next.

Example 5.2: AR approximations. In this example, we consider a random process generated
as the output of the fourth-order IIR filter

3.9 — 2.7645z71 + 1.41502 2 — 0.5515z 3

G =
4(2) 1—0.961821 + 0.7300z—2 — 0.5315z3 + 0.5184z—*

This system has complex conjugate pairs of poles inside the unit circle at 0.9¢*%2/™ and 0.8e=%¢ /™,

With white noise of variance o driving this system, the output has the power spectrum
i 2 wy|2
Su(e®) = 2| Gyfe ).

This is shown in Fig. 5.5 (dotted plots), with o assumed to be such that the peak value of S, (e/*)
is unity. Clearly S,,(e/) is not an AR process because the numerator of G4(z) is not a constant.
Figure 5.5 shows the AR(N) approximations §,,(e/') of the spectrum Sy, (e/) for various
orders NV (solid plots). We see that the AR(4) approximation is quite unacceptable, whereas
the AR(5) approximation shows significant improvement. The successive approximations are
better and better until we find that the 4R(9) approximation is nearly perfect. From the
preceding theory, we know that the AR(9) approximation and the original process have matching
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FIGURE 5.5: AR approximations of a power spectrum: (a) AR(4), (b) AR(S5), (c) AR(6), (d) AR(7),
(e)AR(8), and (f) AR(9).



fig5-05a.eps

52 'THE THEORY OF LINEAR PREDICTION

(d)

(e)

U]

Power spectrum
o
[$)]

00
w/r

1t
g original
3 — AR(8)
Q
20.5¢
(]
3
o
o

00

[0
1+
original

€
5 — AR(9)
©
(9]
Q
0.5¢
(]
2
o
o

original

— AR(®)

0.2 0.4

FIGURES5.5:

0.6 0.8 1
o/t

Continued.


fig5-05b.eps

AUTOREGRESSIVE MODELING

autocorrelation coefficients, that is, R(m) = r(m) for 0 < m < 9. This is indeed seen from the

following table:
m R(m) 7(m)
0 0.1667  0.1667
1 0.0518 0.0518
2 —0.0054 —0.0054
3 0.0031 0.0031
4 —-0.0519 —0.0519
5 —0.0819 —0.0819
6 —0.0364 —0.0364
7 —0.0045 —0.0045
8 0.0057  0.0057
9 0.0318 0.0318
10 0.0430 0.0441
11 0.0234  0.0241

The coefficients R(m) and 7(m) begin to differ starting from m = 10 as expected. So the AR(9)
approximation is not perfect either, although the plots of S,.(e’*) and S, (e/*) are almost
indistinguishable.

The spectrum S, (e/*) of the AR approximation y(#) is called an AR-model-based estimate of
S.(e7). This is also said to be the maximum entropy estimate, for reasons explained later in Section
6.6.1. We can say that the estimate Sw(ej“’) is obtained by extrapolating the finite autocorrelation

segment
R(%), |4 <N (5.16)

using an AR(N) model. The estimate §,,(e/*) is nothing but the Fourier transform of the
extrapolated autocorrelation 7(%). Note that if R(%) were “extrapolated” by forcing it to be zero for
|2| > N, then the result may not even be a valid autocorrelation (i.e., its Fourier transform may not
be nonnegative everywhere). Further detailed discussions on power spectrum estimation techniques
can be found in Kay and Marple (1981), Marple (1987), Kay (1988), and Therrien (1992).

Peaks are well matched. We know that the /R(V) model approximates the power spectrum
S.c(e7*) with the all-pole spectrum power spectrum

S
5, () = ¥

ZCak 1

53




54 THE THEORY OF LINEAR PREDICTION

If S,.(e’*) has sharp peaks, then Ay(z) has to have zeros close to the unit circle to approxi-
mate these peaks. If, on the other hand, Sxx(ej“’) has zeros (or sharp dips) on the unit circle,
then §,,(e/*) cannot approximate these very well because it cannot have zeros on the unit
circle. Thus, the AR(IN) model can be used to obtain a good match of the power spectrum

Original
— AR(18)

o
[3)

Power spectrum

o/n

Original
— AR(31)

o
)

Power spectrum

0 0.2 0.4 0.6 0.8 1
o/n

FIGURE 5.6: Demonstrating that the AR approximation of a power spectrum shows good agreement
near the peaks. In the AR(18) approximation, the peaks are more nicely matched than the valleys. The
AR(31) approximation is nearly perfect. The original power spectrum is generated with a pole-zero filter
as in Ex. 5.2, but instead of G4(z), we have in this example a 10th-order real-coefficient filter Gyo(x)
with all poles inside the unit circle.
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S..(e’) near its peaks but not near its valleys. This is demonstrated in the example shown in
Fig. 5.6. Such approximations, however, are useful in some applications such as the AR represen-
tation of speech. O

Spectral factorization. If the process x(7) is indeed AR(IV), then the autoregressive model
is such that $,.(e/*) = §,,(e’*). So,

&

WY — _
Sxx(e ) - |AN(e/W)|2

(5.18)

In other words, we have found a rational transfer function Hy(z) = ¢/An(z) such that
Sw(e™) = [Hy(e™)[.

We see that Hy(z) is a spectral factor of S,,(e’*). Thus, when x(7) is AR(N), the Nth-order
prediction problem places in evidence a stable spectral factor Hy(z) of the power spectrum S,., (e ).
When x(n) is not AR(N), the filter Hy(z) is an AR(IV) approximation to the spectral factor.

Example 5.3: Estimation of AR model paramaters. We now consider an AR(4) process
x(n) derived by driving the filter 1/4,(z) with white noise, where

Ay(z) = 1.0000 — 1.8198z 1 +2.0425z % — 1.27142 > 4 0.46242*
This has roots
0.2627 4 0.8084 7, 0.6472 4 0.4702 ;

with absolute values 0.85 and 0.8. A sample of the AR(IV) process can be generated by first
generating a WSS white process e(7) using the Matlab command randn and driving the filter
1/A4(z) with input ¢(n). The purpose of the example is to show that, from the measured values
of the random process x(7), we can actually estimate the autocorrelation and hence, the model
parameters (coefficients of 44(z)) accurately.

First, we estimate the autocorrelation R(%) using (2.43), where L is the number of samples
of x(n) available. To see the effect of noise (which is always present in practice), we add random
noise to the output x(7), so the actual data used are

Xnoisy (7) = x(n) + 1(n).

The measurement noise 7)(7) is assumed to be zero-mean white Gaussian. Its variance will be
denoted as 0. With L = 2" and o) = 107", and aneisy (7) used instead of x(7), the estimated
autocorrelation R(%) for 0 < % < 4 is as follows:

R(0) = 8.203, R(1) = 4.984, R(2) = —1.032, R(3) = —3.878, R(4) = —2.250.
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FIGURE 5.7: Example 5.3. Estimation of AR model parameters. Magnitude responses of the original
system 1/A44(z) and the estimate 1 /A4(z) are shown for three values of the measurement noise variance
o} = 107*, 0.0025, and o2 = 0.01, respectively, from top to bottom. The segment length used to
estimate autocorrelation is £, = 2'°.
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From this, the estimated prediction polynomial can be obtained as
Ay(z) = 1.0000 — 1.8038z " + 2.0131z 2 — 1.2436z > + 0.4491z*

This should be compared with the original 44(z) given above. The roots of 44 (z) are 0.2616 +
0.8036 and 0.6403 £ 0.4679 7, which are inside the unit circle as expected.

Figure 5.7 (top plot) shows the magnitude responses of the filters 1/44(z) and 1/44(z),
which are seen to be in good agreement. The middle and lower plots show these responses with
the measurement noise variance increased to 0127 = 0.0025 and 0127 = 0.01, respectively. Thus, the
estimate deteriorates with increasing measurement noise. For the same three levels of measurement
noise, Fig. 5.8 shows similar plots for the case where the number of measured samples of x(7) are
reduced to L = 2*. Decreasing L results in poorer estimates of 44(z) because the estimated R(%)

is less accurate.

5.6 APPLICATION IN SIGNAL COMPRESSION

The AR(N) model gives an approximate representation of the entire WSS process x(7), using
only N+ 1 numbers, (i.e., the V autoregressive coefficients aj;; and the mean square value 51(,[).
In practical applications such as speech coding, this modeling is commonly used for compressing
the signal waveform. Signals of practical interest can be modeled by WSS processes only over short
periods. The model has to be updated as time evolves.

It is typical to subdivide the sampled speech waveform x(7) (evidently, a real-valued sequence)
into consecutive segments (Fig. 5.9).! Each segment might be typically 20-ms long, corresponding
to 200 samples at a sampling rate of 10 kHz. This sequence of 200 samples is viewed as representing
a WSS random process, and the first IV autocorrelation coefficients R(%) are estimated. With
N << 200 (usually NV ~ 10), the finiteness of duration of the segment is of secondary importance
in affecting the accuracy of the estimates. There are several sophisticated ways to perform this

estimation (Section 2.5). The simplest would be to use the average

L—
> w(mx(n—4), 0<E<N. (5.19)

n=»

Ju

R(#) ~

N~

Here, L is the length of the segment. If N << L, the end effects (caused by the use of finite
summation) are negligible. In practice, one multiplies the segment with a smooth window to reduce
the end effects. Further details about these techniques can be found in Rabiner and Schafer (1978).

"Note that when x(#) is real-valued as in speech, the polynomial coefficients an;;, the parcor coefficients 4;, and the

prediction error sequence ejé(n) are real as well.
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x(n)
signal to be segment k k+1 k+2
compressed 20 ms

Perform LPC pression

M /LPC
A (z) and
N() an gN parameters

(b)

white, variance gN

IR allpole filter

FIGURES5.9: (a) Compression of a signal segment using LPC and (b) reconstruction of an approxima-
tion of the original segment from the LPC parameters Ay(z) and € I\J; The %th segment of the original
signal x(7) is approximated by a segment of the 4R signal y(n). For the next segment of x(7), the LPC
parameters Ay(z) and Ex are generated again.

Note that with segment length Z. = 200 and the AR model order V = 10, a segment of 200
samples has been compressed into 11 coefficients! The encoded message

|:LZN’1 any - .- ANN 515 (520)
is then transmitted, possibly after quantization. At the receiverend, one generates a local white-noise

source e(7) with variance & 1\/,[ and drives the IIR filter

1 1
An(2) 1+ Ef\il ay,iz”"

(5.21)

with this noise source as in Fig. 5.9(b). A segment of the output y(7) is then taken as the AR(V)
approximation of the original speech segment.

Pitch-excited coders and noise-excited coders. Strictly speaking, the preceding discussion
tells only half the story. The locally generated white noise ¢(7) is satisfactory only when the speech
segment under consideration is unwoiced. Such sounds have no pitch or periodicity (e.g., the part

59
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“Sh” in “Should I.” By contrast, voiced sounds such as vowel utterances (e.g., “I”) are characterized
by a pitch, which is the local periodicity of the utterance. This periodicity 7"of the speech segment
has to be transmitted so that the receiver can reproduce faithful voiced sounds. The modification
required at the receiver is that the AR(N') model is now driven by a periodic waveform such as an
impulse train, with period 7. Summarizing, the AR(N') model is excited by a noise generator or a
periodic impulse train generator, according to whether the speech segment is unvoiced or voiced.
This is summarized in Fig. 5.10. There are further complications in practice such as transitions

from voiced to unvoiced regions and so forth. O

Many variations of linear prediction have been found to be useful in speech compression. A
technique called differential pulse code modulation is widely used in many applications; this uses
the predictive coder in a feedback loop in an ingenious way. The reader interested in the classical
literature on speech compression techniques should study (Atal and Schroeder, 1970; Rabiner and
Schafer, 1978; Jayant and Noll, 1984; Deller et al., 1993) or the excellent, although old, tutorial
paper on vector quantization by Makhoul et al. (1985).

Quantization and stability. It is shown in Appendix C that the unquantized coefficients
ay;, which result from the normal equations are such that 1/4y/(z) has all poles inside the unit circle
(i.e., it is causal and stable). However, if we quantize ay ; before transmission, this may not continue
to remain true, particularly in low bit-rate coding. A solution to this problem is to transmit the
“parcor” or lattice coefficients £,,. From Section 3.3, we know that |£,,| < 1. In view of the relation
between Levinson’s recursion and lattice structures (Section 4.3.1), we also know that 1/4y(z) is
stable if and only if |£,,| < 1. Suppose the coefficients £,, are quantized in such a way that |£,,| < 1
continues to hold after quantization. At the receiver end, one recomputes an approximation 4 fj ) (2)
of An(z), from the quantized versions %,. Then, the AR(IN) model 1 /Ali,q )(z) is guaranteed
to be stable.

white noise
generator

Jfor unvoiced signals

T iy ——> o

Q reconstructed

o AR(N) model of speech segment
pel.‘IOdIC impulse speech segment
train generator

for voiced signals

FIGURE 5.10: Reconstruction of a speech segment from its AR(/N) model. The source of excitation
depends on whether the segment is voiced or unvoiced (see text).
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In Section 7.8, we introduce the idea of /ine-spectrum pair (LSP). Instead of quantizing

and transmitting the coefficients of Ay(z) or the lattice coefficients %,,, one can quantize and

transmit the LSPs. Like the lattice coefficients, the LSP coefficients preserve stability even after
quantization. Other advantages of using the LSP coefficients will be discussed in Section 7.8.

5.7 MA AND ARMA PROCESSES
We know that a WSS random process x(7) is said to be AR ifit satisfies a recursive (IIR) difference
equation of the form

N

x(n) = =) dix(n— i) + e(n), (5.22)

=1

where e(7) is a zero-mean white WSS process, and the polynomial D(z) =1 + Zf\il d¥*z " has
all zeros inside the unit circle. We say that a WSS process x(7) is a moving average (MA) process
if it satisfies a nonrecursive (FIR) difference equation of the form

x(n) = Zpi*e(n — 1), (5.23)
=0

where ¢(n) is a zero-mean white WSS process. Finally, we say that a WSS process x(7) is an

ARMA process if

N N
x(n) == dix(n— i)+ Y ple(n—i), (5.24)
=1 i=0
where e() is a zero-mean white WSS process. Defining the polynomials
N N
D(z) =1+ Z diz~" and P(z) = Zpi*z_’, (5.25)
i=1 i=0

we see that the above processes can be represented as in Fig. 5.11. In each of the three cases, x(7) is
the output of a rational discrete time filter, driven by zero-mean white noise. For the AR process,
the filter is an all-pole filter. For the MA process, the filter is FIR. For the ARMA process, the
filter is IIR with both poles and zeros.

We will not have occassion to discuss MA and ARMA processes further. However, the
theory and practice of linear prediction has been modified to obtain approximate models for these
types of processes. Some discussions can be found in Marple (1987) and Kay (1988). In Section
5.5, we saw that the AR model provides an exact spectral factorization for an AR process. An
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(a) e(n) ——» 1/D(z) ——Px(n) AR process

white

IIR allpole filter

(b) e(n) ——»  P(z) —— x(n) MA process

white

FIR filter

(c) e(n) ——» P(z)/D(z) —» X(n) ARMA process

white

IIR pole-zero filter

FIGURE 5.11: (a) AR, (b) MA, and (c) ARMA processes.

approximate spectral factorization algorithm for MA processes, based on the theory of linear

prediction, can be found in Friedlander (1983).

5.8

SUMMARY

We conclude the chapter with a summary of the properties of AR processes.

1. An AR process x(n) of order N (AR(N) process) satisfies an N th-order recursive difference

equation of the form Eq. (5.22), where e(#) is zero-mean white noise. Equivalently, x(7) is
the output of a causal stable IIR all-pole filter 1/D(z) (Fig. 5.11(a)) excited by white noise

o(n).

. If we perform Nth-order linear prediction on a WSS process x(7), we obtain the represen-

tation of Fig. 5.3(a), where elj\;(n) is the optimal prediction error and Ay(z) is the predictor

polynomial. By replacing e{,() with white noise, we obtain the AR(N) model of Fig.
5.3(b). Here, y(n) is an AR(IV) process, and is the AR(NN) approximation (or model) for

x(n).

3. The AR(N) model y(n) approximates x(7) in the sense that the autocorrelations of the two

processes, denoted 7(%) and R(%), respectively, are matched for 0 < |£| < N (Theorem 5.2).

4. The AR(N) model y(n) is such that its power spectrum S,,(e /*) tends to approximate

the power spectrum S, (e ) of x(#). This approximation improves as NV increases and is
particularly good near the peaks of S,,(e ) (Fig. 5.6). Near the valleys of S,.(e ), it is
not so good, because the AR spectrum §,,(e /) is an all-pole spectrum and cannot have

zeros on or near the unit circle.
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5. If x(n) itself is AR(N), then the optimal N th-order prediction error elfé(n) is white. Thus,
x(n) can be written as in Eq. (5.22), where ¢(n) is white and d; are the solutions (usually
denoted ay;) to the normal equations Eq. (2.8). Furthermore, the AR(N') power spectrum
51\/,[/ |An(e 7)|? is exactly equal to S,,(e #). Thus, we can compute the power spectrum
S.(e /) exactly, simply by knowing the autocorrelation coefficients R(%), |£ < N and
identifying An(z) using normal equations. This means, in turn, that all the autocorrelation

coefficients R(%) of an AR(N) process x(n) are determined, if R(%) is known for |£] < V.







CHAPTER 6

Prediction Error Bound and Spectral
Flatness

6.1 INTRODUCTION

In this chapter, we first derive a closed-form expression for the minimum mean-squared prediction
error for an AR(V) process. We then introduce an important concept called spectral flatness. This
measures the extent to which the power spectrum S, (e ) of a WSS process x(#), not necessarily
AR, is “flat.” The flatness v2 is such that 0 < 2 < 1, with v2 = 1 for a flat power spectrum (white

process). We will then prove two results:

1. For fixed mean square value R(0), as the flatness measure of an AR(V) process x(n) gets
smaller, the mean square optimal prediction error £ 1\/,[ also gets smaller (Section 6.4). So, a
less flat process is more predictable.

2. For any WSS process (not necessarily AR), the flatness measure of the optimal prediction
error e,{(n) increases as m increases. So, the power spectrum of the prediction error gets

flatter and flatter as the prediction order # increases (Section 6.5).

6.2 PREDICTION ERROR FOR AN AR PROCESS

If x(n) is an AR(IV) process, we know that the optimal prediction error elfé(n) is white. We will
show that the mean square error £ 1\/,[ can be expressed in closed form as

1 27 .
51(,[: exp(E/O LnS,.(e” )dw) (6.1)

where S, (e’*) is the power spectrum of x(z). Here, Ln is the natural logarithm of a positive
number as normally defined in elementary calculus and demonstrated in Fig. 6.1. Because x(7) is
AR, the spectrum S, (e/*) > 0 for all w, and LinS,,(e/*) is real and finite for all w. The derivation
of the above expression depends on the following lemma.

65
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i}
9

2t

LIly 1t

FIGURE 6.1: A plot of the logarithm.

Lemma 6.1. Consider a polynomial in 27! of the form 4(z) = 1 + Ziv:1 a,z"", and let all
the zeros of A(z) be strictly inside the unit circle. Then,

1 2

2 ), Ind(e’) dw = j2mk (6.2)

for some integer 4. This implies fo27T In|4(e’*)|*dw /27 = j2mm for some integer m, so that

1 2 )
= /0 Lol (e ) Pdw = 0, (6.3)

where Ln(.) stands for the principal value of the logarithm. &

Because the logarithm arises frequently in our discussions in the next few sections, it is
important to bear in mind some of the subtleties in its definition. Consider the function In w, with
w = Re’’. Here, R > 0 and 6 is the phase of w. Clearly, replacing 6 with 6 + 27% for integer %
does not change the value of w. However, the value of In w will depend on 4. Thus,

Inw = LnR + 70 + j 27k, (6.4)

where Ln is the logarithm of a positive number as normally defined in calculus (Fig. 6.1). Thus, In w
has an infinite number of branches, each branch being defined by one value of the arbitrary integer
k (Kreyszig, 1972; Churchill and Brown, 1984). If we restrict 6 to be in the range —m < 0 <7
and set £ = 0, then the logarithm In w is said to be evaluated on the principal branch and denoted
as Lnw (called the principal value). For real and positive w, this agrees with Fig. 6.1. Note that
Lnl = 0, but In1 = 7274, and its value depends on the branch number 4.

Because the branch of the function In w has not been specified in the statement of Lemma
6.1, the integer £ is undetermined (and unimportant for our discussions). Similarly, the integer 7 is
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undetermined. However, in practically all our applications, we deal with quantities of the form Eq.
(6.1), so that it is immaterial whether we use In(.) or Ln(.) (because exp(j27m%) = 1 for any integer
k). The distinction should be kept in mind only when trying to follow detailed proofs.

Proof of Lemma 6.1. Note first that because 4(z) has no zeros on the unit circle, In 4(e/*)

is well defined and finite there (except for branch ambiguity). We can express

N

Ae™) =TJ(1 - ae), (6.5)

=1

so that
N
Ind(e™) = In(1— e ) + 27k (6.6)
i=1
It is therefore sufficient to prove that
1 27 )
— In(1 — a;e™) dw = j27k4;, (6.7)
2 0

where %; is some integer. This proof depends crucially on the condition that the zeros of A4(z)
are inside the unit circle, that is || < 1. This condition enables us to expand the principal value
Ln(1 — aje /) using the power series’

o0

1}7[
Ln(1 — v) :—2;, o] < 1. (6.8)
Identifying v as v = ;e ™, we have
ey age
In(1—ae™)=— +727k;. (6.9)
n
n=1

The power series Eq. (6.8) has region of convergence |v| < 1. We know that any power series
converges uniformly in its region of convergence and can therefore be integrated term by term
(Kreyszig, 1972; Churchill and Brown, 1984). Because

2
/ e "dw =0, n=1,2,3..., (6.10)
0

"This expansion evaluates the logarithm on the principal branch because it reduces to zero when v = 0.
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Eq. (6.7) readily follows, proving (6.2). Next, 4*(e/*) = Hf\il(l — afe’™). Because || < 1, the
above argument can be repeated to obtain a similar result. Thus,

1 27 ) 1 27 ) 1 27 .
E/O 1n|A(e]“’)|2dw — E/O InA(e’)dw + E/O InA*(e’)dw = j27m

for some integer 2. This completes the proof. O

Derivation of Eq. (6.1). Recall that elf\;(n) is the output of the FIR filter Ay(z), in response

to the process x(7). So, the power spectrum ofe{;(n) is given by S, (e/*)[An(e’*)|?. Because e{;(n)

is white, its spectrum is constant, and its value at any frequency equals the mean square value £ 1{,[ of
e, (n). Thus
n72)- )

Ed = Sule?)|An(e?) P

= exp | Ln[Sule™)dn(e) ]

= exp (% /027T Ln [Sxx(ejw)|AN(e/w)|2} dW>

1 27 ) 1 27 )
:exp<g /0 LnS.(e) do + 5 /0 Laldx(e ) dw)

1 2w )
= exp (E/o LnS,,(e’) dw),

because fo27T Ln|4n(e/)|? dw = 0 by Lemma 6.1. This establishes the desired result. The third

equality above was possible because S, (e )[An(e”)|* is constant for all w.

6.3 A MEASURE OF SPECTRAL FLATNESS

Consider a zero-mean WSS process x(7). We know that x(n) is said to be white if its power
spectrum S, (e/*) is constant for all w. When x(7) is not white, it is of interest to introduce a
“degree of whiteness” or “measure of flatness” for the spectrum. Although such a measure is by no
means unique, the one introduced in this section proves to be useful in linear prediction theory,
signal compression, and other signal processing applications.
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Motivation from AM/GM ratio. The arithmetic-mean geometric mean inequality (abbre-
viated as the AM—GM inequality) says that any set of positive numbers x1, . . ., xy satisfies the
inequality

]lv zf; x> (ﬁ xi> " (6.11)

with equality if and only if all x; are identical (Bellman, 1960). Thus,

GM
0<—<1 6.12
<M< (612
and the ratio GM/AM is a measure of how widely different the numbers {x;} are. As the numbers
get closer to each other, this ratio grows and becomes unity when the numbers are identical. The
ratio GM/AM can therefore be regarded as a measure of “flatness.” The larger this ratio, the flatter

the distribution is. O

By extending the concept of the GM/AM ratio to functions of a continuous variable (i.e.,
where the integer subscript 7 in x; is replaced with a continuous variable, say frequency) we can
obtain a useful measure of flatness for the power spectrum.

Definition 6.1. Spectral flatness. For a WSS process with power spectrum S, (e/*), we define

the specz‘ml ﬂm‘ness measure as

V= o (6.13)
— [ Su(e™)d
o ), (e”) dw
where it is assumed that S, (e/“) > 0 for all w. O

We will see that the ratio 72 can be regarded as the GM/AM ratio of the spectrum S, (e/*).
Clearly, 72 > 0. The denominator of 7?2 is

1 27 )
— See(e7)dw = R(0),
2 0

which is the mean square value of x(7). We will first show that

1 27

: 1 [ :
— S (e7?) dw > exp(z—/ LnS,,(e’) dw) (6.14)
0

2 Jo m
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with equality if and only if S, () is constant (i.e., x(7) is white). Because of this result, we have
0<v2 <1,

with 42 = 1 if and only if x(7) is white. A rigorous proof of a more general version of (6.14) can
be found in Rudin (1974, pp. 63—64). The justification below is based on extending the AM—GM
inequality for functions of continuous argument.

Justification of Eq. (6.14). Consider a function f(y) > 0 for 0 < y < a. Suppose we divide
the interval 0 < y < 4 into IV uniform subintervals of length Ay as shown in Fig. 6.2. From the
AM-GM inequality, we obtain

v = 11 [y
= exp (Ln 1:[ [f(nAy)} 1/N>
n=0
= exp (— g Lnf(nAy))
n=0

Equality holds if and only if f (nAy) is identical for all n. We can replace 1/N with Ay/a
(Fig. 6.2) so that the above becomes

a
n=0

e e
z Z f(nAy)Ay > exp (; Z Lnf(nAy)Ay) .
n=0

1)

| | | | | | b
0 T T T T T T v

Ay 2Ay NAy =a
=a/N

FIGURE 6.2: Pertaining to the proof of Eq. (6.14).
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If we let Ay — 0 (i.e., N — 00), the two summations in the above equation become integrals. We
therefore have

1/O () dyZeXpG/o Lof(y) dy)- (6.15)

a

With £(y) identified as S,.(e/*) > 0 and @ = 27, we immediately obtain Eq. (6.14). 0

Example 6.1. Spectral Flatness Measure. Consider a real, zero-mean WSS process x(7)
with the power spectrum S, (e/*) shown in Fig. 6.3(a). Fig. 6.3(b) shows the spectrum for various
values of a. It can be verified that

1

27
R(0) = — Se(e?) dw = 2.
O =50 [ Sule) o

The quantity in the numerator of Eq. (6.13) can be computed as

1 27 ) 1
exp(E/O LnS,.(e’) dw) = exp (aLn(a + 1>> ,

A
Sw(e””)
(@ 1+ (w/w,.)
a
o=w0./T
1
(0]
| >
0 . T
. A ) A
jo jo jo
S (e ) Sex (e ) Shx (e )
(b) small o medium o max o (=1)
2
! ® 1 ® @
T 0 T 0 T

FIGURE 6.3: (a) Power spectrum for Ex. 6.1 and (b) three special cases of this power spectrum.
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where o = w, /7. We can simplify this and substitute into the definition of 72 to obtain the flatness

1 (0%
72 =05 (1 + —)
«

This is plotted in Fig. 6.4 as a function of a. We see that as «v increases from zero to unity, the

measure

spectrum gets flatter, as expected from an examination of Fig. 6.3(b).

6.4 SPECTRAL FLATNESS OF AN AR PROCESS

We know that if x(#) is an AR(V) process, then the mean square value of the optimal prediction
error is given by Eq. (6.1). The spectral flatness measure 2 defined in Eq. (6.13) therefore becomes

s_ &
= 6.16
%= R(0) (6.16)
For fixed R(0), the mean square prediction error € 1{,[ is smaller if the flatness measure 7?2 is
smaller. Qualitatively speaking, this means that if x(7) has a very nonflat power spectrum, then the
prediction error £ 1{ can be made very small. If on the other hand the spectrum S, (e/*) of x(#) is
nearly flat, then the prediction error £ 1{ is nearly as large as the mean square value of x(7) itself.
Expression in Terms of the Impulse Response. An equivalent and useful way to express the

above flatness measure is provided by the fact that x(#) is the output of the IIR filter

1
T 0.8
06
04

0.2

0 02 04 06 08 1
o —>

FIGURE 6.4: Flatness measure 72 in Ex. 6.1.
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in response to the input eN( ) (Fig. 2.1(b)). Because x(7) is AR(V), the error e{;(n) is white, and

therefore, the power spectrum of x(7) is

&

Jw) — _
Se(e) = (e

The mean square value of x(7) is therefore given by

21
s, L !
R(0) = £/ x 27r/0 |AN(efw do =& Z|g

where g(7) is the causal impulse response of G(z). So, Eq. (6.16) becomes

ot 1
TSP B

where
E, = Z lg(n)[* = energy of the filter G(z).

Summarizing, we have

Theorem 6.1. Spectral flatness of AR process. Let x(n) be an AR(IV') process with mean square
value R(0) = E[|x(n)|?]. Let Ax(z) be the optimal Nth-order prediction polynomial and 51(,[ the
corresponding mean square prediction error. Then, the spectral flatness v2 of the process x(7) can

be expressed in either of the following two forms:

1. 42 = &/R(0), or
2. =1/ ()P,

where g(7) is the causal impulse response of G(z) = 1/4n(z). O
Example 6.2. Spectral Flatness of an AR(1) Process. In Ex. 3.3, we considered a process

x(n) with autocorrelation
R(%) = p,
with —1 < p < 1. The optimal first-order prediction polynomial was found to be

Ai(z) =1 — pz !
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1
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FIGURE 6.5: The flatness of an AR(1) process as a function of the correlation coefficient p.

We also saw that the first-order prediction error sequence elf (n) is white. This means that the

process x(7) is AR(1). The IIR all-pole filter G(z) defined in Theorem 6.1 is
1 1

Glz) = A=) 1-pz!

and its impulse response is g(1) = p"U(n).So Yo, &(n) = 1/(1 — p?), and the flatness measure
for the AR(1) process x(n) is

n=1-p"

This is plotted in Fig. 6.5. So, the process gets flatter and flatter as p? gets smaller. The power
spectrum of the process x(7), which is the Fourier transform of R(%), is given by
. 1— p2 1—p2
Sxx(e]w) — p i — p
|1 —pe2 1+ p2—2pcosw

This is depicted in Fig. 6.6 for two (extreme) values of p in the range 0 < p < 1. (For —1 < p <0,

it is similar except that the peak occurs at 7.) As p increases from zero to unity (i.e., the pole of

20
=0.1 =09
1 p | P
. jo
Sxx (e ]w) Sxx (e )
10
05
0 0
0 0 —p T 0 o —» T

FIGURE 6.6: The power spectrum of an AR(1) process for two values of the correlation coefficient p.
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G(z) gets closer to the unit circle), the spectrum gets more and more peaky (less and less flat),

consistent with the fact that 2 decreases as in Fig. 6.5.

6.5 CASEWHERE SIGNALISNOT AR
We showed that if x(#) is an AR(V) process, then the Nth-order mean square prediction error is
given by (6.1). When x(7) is not AR, it turns out that this same quantity acts as a lower bound for
the mean square prediction error as demonstrated in Fig. 6.7. We now prove this result.

Theorem 6.2. Prediction error bound. Let x(n) be a WSS process with power spectrum
Syc(e/+) finite and nonzero for all w. Let & be the mean square value of the optimal mth-order

prediction error. Then,

1 27 )
ES> exp(E/ LnS,.(e’) dw). (6.17)
0

Furthermore, equality holds if and only if x(7) is AR(N) and m > N. &

Proof. We know that the prediction error e (n) is the output of the FIR filter 4,,(z) with
input equal to x(z) (Fig. 2.1(a)). So, its power spectrum is given by S,,.(e/*)|4,,(e*)|?, so that

() An(e)? dw

<2
I
[\
-
S—
[N}
3
tn
g

us

Ln [sm(eJ'W)|Am(eJ‘W)|2} dw) (by Eq. (6.15))

2 27
/ LnSu(e™) dw + / Lnl4,, (e)? de
0 0

27
/ LnS,.(e/) dw) (by Lemma 6.1).
0

s~

F= F= F|-

Il

o

o]

©
N N N

theoretical bound

I N I > ot
(prediction
0 1 2 ym order)

FIGURE 6.7: The optimal prediction error &7 decreases monotonically with increasing 7 but is lower
bounded by Eq. (6.1) for any WSS process.
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Equality holds if and only if S,.(e/*)|4,,(e/*)|? is constant, or equivalently, x(7) is AR with order
< m. The proof is therefore complete. O

6.5.1 Error Spectrum Gets Flatter as Predictor Order Grows
We will now show that the power spectrum of the error e (n) gets “flatter” as the prediction order

m increases. With S,,(e/*) denoting the power spectrum of e (n), we have
Sm(ejw) = Sxx(ejw) |Am(ejw) |2'

The flatness measure 2 for the process eéf(n) is

1 2w )
exp| — / LnS,,(e’) dw
5 2T 0

Ym = 1 P
_— S, Y d
o ), (e”) dw

exp(% /0 %Ln[sxx(efwum(efwﬁ} dw)

&l

Using fo27T Ln|4,,(e’)|? dw = 0 (Lemma 6.1), this simplifies to

1 2w )
2 exp E/o LnS,,(e’) dw

(6.18)

The numerator is fixed for a given process. As the prediction order increases, the error &,, decreases.

This proves that the flatness is an increasing function of prediction order 7 (Fig. 6.8).

»Y2

m

flatness
of error (I
Ci » m (prediction

0 1 2 order)

FIGURE 6.8: The flatness 72 of the optimal prediction error increases monotonically with increasing
m. It is bounded above by unity.
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We can rewrite 2 in terms of the flatness measure 2 of the original process x(7) as follows:

2 _ 7§R(0)

Here, 72 and R(0) are constants determined by the input process x(7). The flatness 2 of the error
process e,{j(n) is inversely proportional to the mean square value of the prediction error &l
Example 6.3: Spectral Flattening With Linear Prediction. In this example, we consider an

AR(4) process with power spectrum

1

N — _
=) = e

where
A(z) =1—1.8198271 +2.0425272 — 1.271423 + 0.46242~*

The first few elements of the autocorrelation are

R(0) R(1) R(2) RB) R4 RS R6) RO
7.674 4967 —0.219 —-3.083 —-2.397 —0.639 —0.087 —0.474

If we do linear prediction on this process, the prediction polynomials are

A(z) 1.0

Ai(z) 1.0 —06473 0 0 0
A(z) 1.0 —1.1457 0.7701 0 0
Ay(z) 1.0 —15669 13967 —05469 0
Ay(z) 1.0 —1.8198 20425 —12714 0.4624
As(z) 1.0 —1.8198 20425 —12714 0.4624
Ao(z) 1.0 —1.8198 20425 —12714 0.4624

S O O O O O
S O O O o O

Thus, after A4(z), the polynomial does not change, because the original process is AR(4). The
lattice coetticients are

3 ) k3 ky ks ks A7
—0.6473 0.7701 —0.5469 0.4624 0.0 0.0 0.0

Again, after 44, all the coefficients are zero because the original process is AR(4).




78 THE THEORY OF LINEAR PREDICTION

Fig. 6.9 shows the power spectrum §,,(e/*') of the prediction error e,{j(n) for1 < m < 4.The
original power spectrum S, (e /) = Sy(e/*) is shown in each plot for comparison. For convenience,
the plots are shown normalized so that S,,(e/*) has peak value equal to unity. It is seen that the
spectrum §,,(e/*) gets flatter as m grows, and S4(e’*) is completely flat, again because the original
process is AR(4). The flatness measure, calculated for each of these power spectra, is as follows:

0 oh V2 0 A S R 71

0.1309 0.2248 0.5517 0.7862 1.0 1.0 1.0

@  1f

Error power-spectrum
o
o

0.8 1

m=0

— m=2

Error power-spectrum
o
3

0 0.2 0.4 0.6 0.8 1
o/t

FIGURE 6.9: Original AR(4) power spectrum (dotted) and power spectrum of prediction error
(solid). (a) Prediction order = 1, (b) prediction order = 2, (¢) prediction order = 3, and (d) prediction
order = 4.
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FIGURE 6.9: Continued.

6.5.2 Mean Square Error and Determinant
In Section 2.4.3, we found that the minimized mean square prediction error can be written in

terms of the determinant of the autocorrelation matrix. Thus,
detR, =&/ .67 .. & (6.19)
We know that the sequence &7 is monotone nonincreasing and lower bounded by zero. So it

reaches a limit Sofo as m — 00. We will now show that

m—00

1/m
lim (det Rm> =&t (6.20)
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The quantity (det R,,)/”

(Cover and Thomas, 1991, p. 273). We will say more about the entropy in Section 6.6.1.

can be related to the differential entropy of a Gaussian random process

Proof of (6.20). If a sequence of numbers v, o1, @z, . . . tends to a limit o, then

| M2
im — = a. 21
A}JEEOMZ;% a (6.21)

That is, the average value of the numbers tends to o as well (Problem 26). Defining o; = Ln &, if,
we have from Eq. (6.19)

Ln <det Rm> —Ln&/  +Ln&/, . +Ln&/
Because Ln(x) is a continuous function when x > 0, we can say

lim Ln&/ = Ln &Y. (6.22)

11— 00

(Problem 26). We therefore have

1 1
lim —Ln (detR,) = lim —(Lné'mf_l +LnEl , .. —|—Ln50f>

m—oo M m—oo M

=Ln&7,

by invoking Eq. (6.21) and (6.22). This implies

exp (JI—IEO %Ln <det Rm>> = exp <Lr1 Sofo> .

Because exp(x) is a continuous function of the argument x, we can interchange the limit with
exp(.). This results in (6.20) indeed. O

A deeper result, called Szego’s theorem (Haykin, 1986, pp. 96), can be used to prove the
further fact that the limit in Eq. (6.20) is really equal to the bound on the right-hand side of
Eq. (6.17). That s,

1/m 2
1 .
lim (det Rm> =& =exp (2— / LnS,.(e”) dw) . (6.23)
0

m— oo TT
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In other words, the lower bound on the mean square prediction error, which is achieved for the
AR(N) case for finite prediction order, is approached asymptotically for the non-AR case. For
turther details on the asymptotic behavior, see Grenander and Szego (1958) and Gray (1972).

Predictability measure. We now see that the flatness measure in Eq. (6.13) can be written
in the form

&

R(0) (6.24)

=

For very small 72, the power &4 in the prediction error is therefore much smaller than the power
R(0) in the original process, and we say that the process is very predictable. On the other hand, if
7?2 is close to unity then the ultimate prediction error is only slightly smaller that R(0), and we say
that the process is not very predictable. For white noise, 7> = 1, and the process is not predictable,
as one would expect. The reciprocal 1/72 can be regarded as a convenient measure of predictability
of a process. O

6.6 MAXIMUM ENTROPY AND LINEAR PREDICTION

There is a close relation between linear prediction and the so-called maximum entropy methods
(Burg, 1972). We now briefly outline this. In Section 6.5, we showed that the mth-order prediction
error £ for a WSS process x(7) is bounded as

1 27 )
ES> exp(z—/ LnS,.(e’) dw). (6.25)
0

™

We also know that if the process x(7) is AR(V), then equality is achieved in Eq. (6.25) whenever
the prediction order 7 > N. Now consider two WSS processes x(7) and y(7) with autocorrelations
R(#) and (), respectively, and power spectra S,,(e/*) and §,,(e/*'), respectively. Assume that

R(E) = r(k), |H] <N

Then the predictor polynomials 4,,(z) and the mean square prediction errors & will be identical
for the processes, for 1 < m < V.
Suppose now that y(7) is AR(V), but x(#) is not necessarily AR, then from Section 6.2, we

know that
1 271' .
exp E/o LnS,,(e’”) dw | = 51(,[




82 THE THEORY OF LINEAR PREDICTION

From Theorem 6.2, on the other hand, we know that

1 27 )
SI{Z exp(E/O LnS,.(e”) dw)

Comparison of the two preceding equations shows that

1 2 ) 1 2 .
eXP(E/O LnSw(e]w) dw) > eXP(E/O LnS,.(e”™) dw)'

Moreover, they are equal if and only if x(#) is also AR(V) (by Theorem 6.2). Because exp(v) is a

monotone-increasing function of real v, the above also means

2m 27
/ LnS,,(e/)dw > / LnS,, (e’ )dw.
0 0

Summarizing, we have proved the following result.
Theorem 6.3. Let x(7) and y(n) be two WSS processes with autocorrelations R(%) and

r(k), respectively, and power spectra S,.(e’) >0 and §,,(e/*) > 0, respectively. Assume that
(k) = R(#) for |4 < Nand that y(n) is AR(V), then

27 27
/ LnS, (/) duw > / LnSo(e ) dw (6.26)
0 0

AR(N) process

with equality if and only if x(7) is also AR. O

6.6.1 Connection to the Notion of Entropy

The importance of the above result lies in the fact that the integrals in Eq. (6.26) are related to the
notion of entropy in information theory. If a WSS process y(#) is Gaussian, then it can be shown
(Cover and Thomas, 1991) that the quantity

27
6=atb /0 LnS, () dw (6.27)

is equal to the entropy per sample (entropy rate) of the process, where a = In v/2we and 4 = 1 /4.
Details. For discrete-amplitude random variables, entropy is related to the extent of
“uncertainty” or “randomness.” For a continuous-amplitude random variable, the entropy is more

appropriately called differential entropy and should be interpreted carefully. Thus, given a random
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variable x with differential entropy H., consider the quantized version x with a fixed quantization
step size A. Then the number of bits required to represent x is

5A:Hx+fv

where ¢ depends only on the step size A (Cover and Thomas, 1991, p. 229). Thus, for fixed step
size, larger differential entropy implies more number of bits, uncertainty, or randomness. O

Although the integral in the second term of (6.27) will be referred to as “entropy” and
interpreted as “randomness” in the following discussions, the details given above should be kept
in mind. The problem of maximizing ¢ under appropriate constraints is said to be an entropy
maximization problem. Theorem 6.3 says that, among all Gaussian WSS processes with fixed
autocorrelation for || < N, the entropy has the maximum value for AR(N') processes. Furthermore,
all AR(IV) processes with autocorrelation fixed as above have the same entropy.

Now assume that y(7) is the AR(V) model for x(7) obtained by use of linear prediction as
in Fig. 5.3. We know that in this model e(7) is white noise with variance £ 1{,[ If we also make ¢(n)
Gaussian, then the output y(7) will be Gaussian as well (Papoulis, 1965). In other words, we have
obtained an AR(V) model y(7) for the process x(7), with the following properties.

1. The AR(IV) process y(n) is Gaussian.

2. The autocorrelation () of the AR(V) process y(7) matches the autocorrelation R(%) of
the given process x(7) (i.e., R(%) = r(%)), for |£| < N (as shown in Section 5.4).

3. Under this matching constraint, the entropy f02 "LnS,,(e/) dw of the process y(n) is the
largest possible. In other words, y(7) is “as random as it could be,” under the constraint

7(k) = R(%) for |k| < N.

The relation between linear prediction and maximum entropy methods is also discussed by Burg
(1972), Robinson (1982), and Cover and Thomas (1991). Robinson (1982) also gives a good
perspective on the history of spectrum estimation. Also see Papoulis (1981).

6.6.2 A Direct Maximization Problem

A second justification of Theorem 6.3 will now be mentioned primarily because it might be more
insightful for some readers. Suppose we forget about the linear prediction problem and consider
the following maximization problem directly: we are given a WSS process x(7) with autocorrelation
R(%). We wish to find a WSS process y(7) with the following properties.

1. Its autocorrelation (%) satisfies 7(2) = R(%) for |4 < N.
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2. With §,,(e/) denoting the power spectrum of y(n), the entropy fo27T LnS,,(e™) dw is as
large as possible. This must be achieved by optimizing the coefficients 7(£) for |£| > N.

A necessary condition for the maximization? of the entropy ¢ definedin Eq. (6.27) is ¢ /9r (k) = 0
for || > N. Now,

ar(%) n

L) 27 9[LnS,, (e /)]
_[7/0 510

1 08,(e”)
‘5/0 5,0 ol

27 1 .
:é/ —e 7 dw
0 Sw(eﬂ")

The last equality follows by using S,,(e/) =Y~ _ r(k)e " Setting 9¢/0r(k) =0, we
therefore obtain

2

1 .

/-—f{wm:m 4> N.
0 Sw(eﬂ")

This says that the inverse Fourier transform of 1/ Sw(ej“’) should be of finite duration, restricted to

the region || < N. In other words, we must be able to express 1/8,,(e/) as

1

= ar|dn(e)P?,
or equivalently

- Jan(e )

where An(z) is an FIR function of the form An(z) =1+ Zf\il ayz"". Thus, §,,(e/*) is an
autoregressive spectrum.

Because the desired solution has been proved to be AR(2V), we can find it simply by finding
the AR(V) model of the process x(7) using linear prediction techniques (Section 5.3). This is
because we already know that the AR(/V) model y(7) arising out of linear prediction satisfies
(%) = R(k) for |k| < N (Section 5.4) and, furthermore, that an AR(V) spectrum satisfying the

constraint (%) = R(%), |4| < Nis unique (because the solution to the normal equations is unique).

“The fact that this maximizes rather than minimizes ¢ is verified by examining the Hessian matrix (Chong and
Zak, 2001; Antoniou and Lu, 2007).
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6.6.3 Entropy of the Prediction Error

Let ¢f,(n) be the mth-order optimal prediction error for a WSS process x(#), and let S,,(e/*') be

the power spectrum for e,{j(n). With S, (e’*) denoting the power spectrum of x(7), we have

Su(e™) = Sule™) |4, (e ™)

and Sy(e”) = S, (e’*). Because fo27T Ln|A,,(e’*)|?dw = 0 (Lemma 6.1), we have

27 27
/ LS, (e ) dw = / LnS,.(e7) dw,
0 0

for all w. If x(n) is Gaussian, then so is e;(7), and the integral above represents the entropy of
f
en(n).
Thus, in the Gaussian case, the entropy of the prediction error is the same for all prediction
orders 7 and equal to the entropy of the input x(7). From Eq. (6.18), we see that the flatness 2

of the error 7, (n) is given by

K
2
Vm = 5
&l

where K is independent of 72 and depends only on the entropy of x(7). So, the flatness of the

(6.28)

prediction error is proportional to 1/ 7. Thus, as the prediction order m increases, the error
spectrum becomes flatter, not because the entropy increases, but because the mean square error &l
decreases.

6.7 CONCLUDING REMARKS

The derivation of the optimal linear predictor was based only on the idea that the mean-squared
prediction error should be minimized. We also pointed out earlier that the solution has the
minimum-phase property and that it has structural interpretations in terms of lattices. We now
see that the solution has interesting connections to flatness measures, entropy, and so forth. It is
fascinating to see how all these connections arise starting from the “simple” objective of minimizing
a mean square error.

Another interesting topic we have not discussed here is the prediction of a continuous-time
band-limited signal from a finite number of past samples. With sufficiently large sampling rate, this
can be done accurately, with predictor coefficients independent of the signal! This result dates back
to Wainstein and Zubakov (1962). Further results can be found in Vaidyanathan (1987), along
with a discussion of the history of this problem.







CHAPTER 7

Line Spectral Processes

7.1 INTRODUCTION
A WSS random process is said to be line spectral, if the power spectrum S, (e/') consists only of

Dirac delta functions, that is,

L
Sex(e™) = Zchiéa(w - w;), 0<w<2m, (7.1)

=1

where {w;} is a set of L distinct frequencies (called /ine frequencies) and ¢; > 0. If ¢; > 0 for all 4,
then L represents the number of lines in the spectrum as demonstrated in Fig. 7.1, and we say that
L is the degree of the process. We also sometimes abbreviate this as a Linespec(L) process. Note

that the power of the signal x(7) around frequency w; is ¢;, that is,

1 w;+e€

ar ), Sele™)dw=aq (7.2)

for sufficiently small € > 0. So we say that ¢; is the power at the line frequency w;.

In this chapter, we study line spectral processes in detail. We first express the Linespec(L)
property concisely in terms of the autocorrelation matrix. We then study the time domain
properties and descriptions of Linespec(L) processes. For example, we show that a Linespec(L)
process satisfies a homogeneous difference equation. Using this, we can predict, with zero error,
all of its samples, if we know the values of L successive samples. We then consider the problem of
identifying a Linespec(L) process in noise. More specifically, suppose we have a signal y(7), which

is a sum of a Linespec(L) process x(7) and uncorrelated white noise e(7):

y(n) = x(n) + e(n).

We will show how the line frequencies w; and the line powers ¢; in Eq. (7.1) can be extracted from

the noisy signal.

87
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27[61
27TC2

Sl

T
0 0)1 w2 [0)3 o

FIGURE 7.1: Power spectrum of a line spectral process with L lines. The 4th line is a Dirac delta
function with height 27¢;.

7.2 AUTOCORRELATION OF A LINE SPECTRAL PROCESS

The autocorrelation of the line spectral process is the inverse Fourier transform of Eq. (7.1):

L

R(A) =) cel*. (7.3)

i=1

This is a superposition of single-frequency sequences. Consider the (L + 1) x (L + 1) autocorre-
lation matrix Ry 1 of a WSS process:

R(0) R(1) R(L)
. R*:(1) R(ZO) - R(L:—l) -
|R(L) R@L-1) ... RO

The Linespec(L) property can be stated entirely in terms of R; 1 and Ry, as shown by the following

result.

Theorem 7.1. Line spectral processes. A WSS process x(#) is line spectral with degree L if and
only if the matrix Ry ; is singular and Ry, is nonsingular. O

Proof. We already showed in Section 2.4.2 that if R 4 is singular, then the power spectrum
has the form Eq. (7.1) (line spectral, with degree < L). Conversely, assume x(7) is line spectral
with degree < L. If we pass x(7) through an FIR filter /() of order < L with zeros at the line

frequencies wj, the output is zero for all . With the filter written as

L
M) => iz, (7.5)
=0
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the output is
oix(n) +ovfx(n—1)+ ...+ vfx(n— L) =0. (7.6)

Defini
efining -

x(n) = [x(n) x(n—1)... x(n—L)

T
and v= [1}0 v1...v7| , we can rewrite (7.6) as vix(n) =0. From this, we obtain

vl E[x(n)x!(z)]v = 0, that is,
viR; v =0.

Because Ry 11 is positive semidefinite, the above equation implies that Ry ;1 is singular. Summa-
rizing, Ry 41 is singular if and only if x(7) is line spectral with degree < L. By replacing L + 1
with L, it also follows that Ry, is singular if and only if x(7) is line spectral with degree < L — 1.
This means, in particular, that if x(7) is line spectral with degree equal to L, then Ry, has to be
nonsingular and, of course, Ry 11 singular.

Conversely, assume Ry, is nonsingular and Ry ;1 singular. The latter implies that the process
is line spectral with degree < L, as we already showed. The former implies that the degree is not
< L — 1. So the degree has to be exactly L. O

Notice, by the way, that Ry is a principal submatrix of Ry ;4 in two ways:

RL X
x R(0)

R(0) x

R, (7.7)

Rii1=

We now show that if x(7) is Linespec(L), there is a unigue nonzero vector v (up to a scale factor)
that annihilates Ry, 1:

RL+1V: O (78)

Proof. Because Ry is singular, it is obvious that there exists an annihilating vector v. To
prove uniqueness, we assume there are two linearly independent vectorsu # 0 andw # 0, such that
R/ 1u = Ry 1w = 0, and bring about a contradiction. The Oth elements of these vectors must be
nonzero, that is, #y # 0 and wy # 0, for otherwise the remaining components annihilate Ry, in
view of (7.7), contradicting nonsingularity of R;.. Now consider the vectory = u/uy — w/wy. This
is nonzero (because u and w are linearly independent), but its zeroth component is zero:

[o
y:
VA

Because Ry 1y = 0, it follows that R;z = 0,  z # 0, which violates nonsingularity of R;. a

£0
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The result can also be proved by using the eigenvalue interlace property for principal
submatrices of Hermitian matrices (Horn and Johnson, 1985). But the above proof is more direct.

7.2.1 The Characteristic Polynomial
The unique vector v that annihilates Rz 1 has zeroth component vy # 0. For, if vy = 0, then the

smaller vector

T
W = |:'01'U2"'7}L:|

would satisfy Rzw = 0 (in view of Eq. (7.7)) contradicting the fact that that R; is nonsingular.
So, without loss of generality, we can assume vy = 1. So the FIR filter 7(z) in Eq. (7.5), which

annihilates the line spectral process x(7), can be written as

This filter, determined by the unique eigenvector v, is itself unique and is called the characteristic
polynomial or characteristic filter of the line spectral process. From Eq. (7.6), we see that a

Linespec(L) process x(n) also satisfies the homogeneous difference equation

L
x(n) = —Z’fo(n—i). (7.9)

This means, in particular, that all future samples can be predicted with zero error if a block of L

samples is known.

rank of R,

—

m

1] #

L

FIGURE 7.2: The rank of the autocorrelation matrix R,, as a function of size m, for a Linespec(L)

process.
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7.2.2 Rank Saturation for a Line Spectral Process

From the above discussions, we see that if x(n) is Linespec(L), then Ry, as well as R; 1 have rank
L. It can, in fact, be proved (Problem 24) that

for1<m<
rankR, ={ 7 =" L (7.10)
L form > L.

This is indicated in Fig. 7.2. Thus, the rank sazurates as soon as m exceeds the value L.

7.3 TIME DOMAIN DESCRIPTIONS

Line spectral processes exhibit a number of special properties, which are particularly useful when

viewed in the time domain. In this section, we discuss some of these.

7.3.1 Extrapolation of Autocorrelation
We showed that a Linespec(L) process x(n) sastisfies the homogeneous difference equation
Eq. (7.9). If we multiply both sides of (7.9) by x*(n — %) and take expectations, we get

L
R(k) = — Z FR(E— i), (7.11)

where we have used R(£) = E[x(n)x*(n — £)]. Conversely, we will see that whenever the autocor-
relation satisfies the above recursion, the random process x(7) itself satisfies the same recursion,
that is, (7.9) holds.

Thus, if we know R(%) for 0 < 2 < L — 1 for a Linespec(L) process x(7), we can compute
R(%) for all £ using (7.11). This is similar in spirit to the case where x(7) is AR(N), in which case,
the knowledge of R(%) for 0 < 2 < N would reveal the polynomial Ay(z) and therefore the value
of R(%) for all % (Section 5.3.2).

7.3.2 All Zeros on the Unit Circle

From the proof of Theorem 7.1, we know that ¥(z) annihilates the process x(7). This implies, in
particular, that all the L zeros of

L
Mz) =14 dhz " (7.12)
m=1
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are on the unit circle at the L distinct points w;, where S,,(e/*) has the lines." This means, in

particular, that the numbers v; satisty the property
v =i, |d=1, 0<i<L, (7.13)

where vy = 1. That is, (z) is a linear phase filter. Because 7(z) has the L distinct zeros e/, the
solutions to the homogeneous equation Eq. (7.9) necessarily have the form

L
x(n) = Z die ™, (7.14)
i=1

Note that there are only L random variables 4 in Eq. (7.14), although the “random” process x(7) is an
infinite sequence. The WSS property of x(7) imposes some strong conditions on the joint behavior
of the random variables @;, which we shall derive soon. The deterministic quantity ¢; in Eq. (7.3) is
the power of the process x(n) at the line frequency w;, whereas the random variable d; is said to be
the random amplitude (possibly complex) at the frequency w;.

7.3.3 Periodicity of a Line Spectral Process
The process (7.14) is periodic if and only if all the frequencies w; are rational multiples of 27
(Oppenheim and Schafer, 1999). That is,
K;

w; = <Mi>27r
for integers K;, M;. In this case, we can write w; = 27w L;/ M where M is the least common multiple
(LCM) of the set {M;}, and L; are integers. Thus, all the frequencies are harmonics of the
fundamental frequency 27 /M. Under this condition, we say that the process is periodic with period
M or just harmonic. Because R(%) has the same form as x(n) (compare Egs. (7.3) and (7.14)), we
see that R(#%) is periodic if and only if x(7) is periodic. In this connection, the following result is
particularly interesting.

Theorem 7.2. Let x(n) be a WSS random process with autocorrelation R(%). Suppose
R(0) = R(M) for some M > 0. Then, x(#) is periodic with period M, and so is R(%). &

Proof. Because R(0) = R(M), we have
El[x(n)x*(n)] = E[x(n)x*(n — M)]. (7.15)
! Another way to see this would be as follows: R(%) satisfies the homogeneous difference equation (7.11). At the

same time, it also has the form (7.3). From the theory of homogeneous equations, it then follows that the L zeros
of ¥(z) have the form e/,
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The mean square value of x(n) — x(n — M), namely,

E[(x(n) — a{n— M) (#(n) — (- M))] ,

can be written as

p = El|x(n)|’] = Elx(n)a*(n — M)]
—E[x(n — M)x*(n)] + El|x(n — M)|].

The first and the last terms are equal because of WSS property. Substituting further from
Eq. (7.15), we get 1 = 0. So the random variable x(7) — x(n — M) has mean square value equal
to zero. This implies x(n) = x(n — M). So x(n) is periodic with period M. Using the definition
R(%) = E[x(n)x*(n — #)], it is readily verified that R(£) is also periodic, with period M. O

7.3.4 Determining the Parameters of a Line Spectral Process

Given the autocorrelation R(%), 0 < £ < L of the Linespec(L) process x(7), we can identify the
unique eigenvector v satisfying Ry ;v = 0. Then, the unique characteristic polynomial 7(z) is
determined (Eq. (7.12)). All its L zeros are guaranteed to be on the unit circle (i.e., they have the
form e /). The line frequencies w; can therefore be identified. From Eq. (7.3), we can solve for the

constants ¢; (line powers) by writing a set of linear equations. For example, if L = 3, we have

1 1 1] [a R(0)
e/ g2 g Jws ol =|R1)]. (7.16)
eFW1 22 s Q3 R(2)

The 3 x 3 matrix is a Vandermonde matrix and is nonsingular because w; are distinct (FHorn and
Johnson, 1985). So, we can uniquely identify the line powers ¢;. Thus, the line frequencies and
powers in Fig. 7.1 have been completely determined from the set of coefficients R(%), 0 < £ < L.
Identifying amplitudes of sinusoids in x (7). Similarly, consider the samples x(7) of
the Linespec(L) random process x(n). If we are given the values of L successive samples, say
%(0),%(1),...x(L — 1), we can uniquely identify the coefficients &; appearing in Eq. (7.14) by
solving a set of equations similar to (7.16). Thus, once we have measured L samples of the random
process, we can find all the future and past samples exactly, with zero error! The randomness is only
in the L coefficients {d;}, and once these have been identified, x(7) is known for all 7. O

7.4 FURTHER PROPERTIES OF TIME DOMAIN DESCRIPTIONS

Starting from the assumption that x(7) is a line spectral process, we derived the time domain
expression Eq. (7.14). Conversely, consider a sequence of the form Eq. (7.14), where d; are random
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variables. Is it necessarily a line spectral process? Before addressing this question, we first have to
address WSS property. The WSS property of Eq. (7.14) itself imposes some severe restrictions on
the random variables 4;, as shown next.

Lemma 7.1. Consider a random process of the form

L
x(n) = Zdiejwin, (7]7)
=1

where d; are random variables and w; are distinct constants. Then, x(7) is a WSS process if and

only if

1. E[d;]] = 0 whenever w; # 0 (zero-mean condition).
2. E[dd,] = 0 for i # m (orthogonality condition). &

Proof. Recall that x(7n) is WSS if E[x(n)] and E[x(n)x*(n — %)] are independent of n. First,
assume that the two conditions in the lemma are satisfied. We have E[x(n)] = ZZ‘L:1 E[d]e/*™. By
the first condition of the lemma, this is constant for all 7. Next,

L L

Elx(n)a(n— )] =Y Y Eldd]e e (7.18)

i=1 m=1
With 4 satisfying the second condition of the lemma, this reduces to

L

Elx(n)a(n— B)] =Y _ E[|d:[*]e ", (7.19)

=1

which is independent of 7. Thus, the two conditions of the lemma imply that x(7) is WSS. Now
consider the converse. Suppose x(7) is WSS. Because E[x(7)] is independent of 7, we see from
Eq. (7.17) that E[d;] = 0 whenever w; # 0. So the first condition of the lemma is necessary. Next,
Eq. (7.18) can be rewritten as

L L

E[x(n)x*(n — £)] = Z Z e MM E[did)y ]e /o e Sk,

=1 m=1
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ein 0 ... 0 g ik
0 e .. 0 g 2k

[efan eranD | T .

Express the right-hand side as

0 0 ...eJwn e /wLk

——
call this A(n) t(k)

where D is an L x L matrix with [D];, = E[did,;]. WSS property requires that A(7)t(%) be
independent of #, for any fixed choice of 4. Thus, defining the matrix

T = [¢(0) ¢(1) ... t(L — 1)],

we see that A(7)T must be independent of 7. But T is a Vandermonde matrix and is nonsingular
because w; are distinct. So A(7) must itself be independent of 7. Consider now its mth column:

L
[A(n)],, = > Eldid, e’ )",

i=1
Because w; are distinct, the differences w; — w,, are distinct for fixed m. So the above sum is
independent of 7 if and only if E[did,;| = 0 for i # m. The second condition of the lemma is,
therefore, necessary as well. O

From Eq. (7.19), it follows that R(£) has the form

L
R(?) = ZEndﬂeM (7.20)

so that the power spectrum is a line spectrum. Thus, if 4; satisfies the conditions of the lemma,
then x(7) is not only WSS, but is also a line spectral process of degree L. Summarizing, we have
proved this:

Theorem 7.3. Consider a random process of the form

L
x(n) = Z die ™", (7.21)
i=1

where d; are random variables and w; are distinct constants. Then, x(7) is a WSS and, hence, a line
spectral process if and only if

1. E[d] = 0 whenever w; # 0 (zero-mean condition).
2. E|dd,;] = 0 for i # m (orthogonality condition).

95
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Under this condition, R(#) is as in Eq. (7.20), so that E[|d;|?] represents the power at the line
frequency w;. ¢

Example 7.1: Stationarity and Ergodicity of Line spectral Processes. Consider the random
process x(n) = Ae/“*" where wy # 0 is a constant and A4 is a zero-mean random variable. We see
that E[x(n)] = E[A]e’*" = 0and E[x(n)«x*(n — %)] = E[|4|*]e/***. Because these are independent
of n, the process x(n) is WSS.

If a process x(#) is ergodic (Papoulis, 1965), then, in particular, E[|x(7)|?] must be equal to

the time average. In our case, because |x(7)| = | 4|, we see that
1 N
2 2
= |4
et X =

and is, in general, a random variable! So the time average will in general not be equal to the ensemble
average E|[|A|*], unless |4]? is nonrandom. (For example, if 4 = e/, where ¢ is a constant and 6 is
a random variable, then |4|? would be a constant.) So we see that, a WSS line spectral process is
not ergodic unless we impose some strong restriction on the random amplitudes.

Example 7.2: Real Random Sinusoid. Next consider a real random process of the form
x(n) = A cos(won + 0),
where 4 and 6 are real random variables and wy > 0 is a constant. We have
x(n) = 0.54e e /" 4 0.54e e w0m,
From Lemma 7.1, we know that this is WSS if and only if
E[4e”’) =0, E[4e?] =0, and E[4%7*]=0. (7.22)

This is satisfied, for example, if 4 and 6 are statistically independent random variables and 6 is
uniformly distributed in [0, 27). Thus, statistical independence implies

E[Aeje] — E[A]E[eje] and E[A2e]20] _ E[A2]E[ej20],

and the uniform distribution of 6 implies E[e/?] = E[e/2°] = 0, so that Eq. (7.22) is satisfied.
Notice that Lemma 7.1 requires that 4e/ and e’ have zero mean for WSS property, but it is not
necessary for A itself to have zero mean! Summarizing, x(n) = A4 cos(won + 6) is WSS whenever

the real random variables 4 and 6 are statistically independent and 6 is uniformly distributed in
[0, 27r]. It is easily verified that E[x(n)] = 0 and

R(%) = Elx(n)x(n — %)] = 0.5E[4*]cos(wok) = Pcos(wyk),
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where P = 0.5E[A4?]. So the power spectrum is
. P
Se(e’?) = 7 X 27 <5a(w — wyp) + Ou(w + w0)>, 0<w<2m.

The quantity P is the total power in the two line frequencies £wy.
Example 7.3: Sum of Sinusoids. Consider a real random process of the form

= 4, cos(win + 6;). (7.23)
i=1
Here A4; and 0; are real random variables and w; are distinct positive constants. Suppose we make
the following statistical assumptions:

1. A4; and 0,, are statistically independent for any 7, 7.
2. 0; and 0, are statistically independent for 7 # .
3. 0, is uniformly distributed in 0 < 6,, < 27 for any .

We can then show that x(7) is WSS. For this, we only have to rewrite x(7) in the complex form
Eq. (7.21) and verify that the conditions of Theorem 7.3 are satisfied (Problem 25). Notice that
no assumption has been made about the joint statistics of 4; and 4, for 7 # m. Under the above
conditions, it can be verified that E[x()] = 0. How about the autocorrelation? We have

[x(n)x(n — 4)]
E[x(0)x(—4)] (usmgWSS)

N
EZA, cos( ZA cos(—kw,, +6,,).
i—1

m=1

by

R(%)

Using the assumptions listed above, the cross terms for 7 # 7 reduce to
E[A4:A,,)E[cos(6;)] E[cos(—kw,, + 0,,)] =

When 7 = m, the terms reduce to P; cos(w;£) as in Ex. 7.2. Thus,
N
R(%) = Elx(n)x(n — #)] = > Prcos(wik),
i=1
where P; = 0.5E[4?] > 0. The power spectrum is therefore

xx ]w _FZP< +5(W+W)>, 0§W<27T

The total power at the frequencies w; and —wj is given by 0.5P; + 0.5P; = P,.
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cos(m,n)
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FIGURE 7.3: Plot of the cosine.

Philosophical Discussions. A random process of the form Eq. (7.21), where there are only L
random variables 4;, always appears to hold some conceptual mystery. If we measure the L random
variables 4; by some means, then we know the entire waveform x(7). So the samples are fully
predictable, as also seen from the difference equation Eq. (7.9). Furthermore, a plot of x(7) does
not look “random.” For example, consider A4 cos(wyn + 6) discussed in Ex. 7.2. Here, the random
variables 4 and 6 do not depend on 7, and the plot of x(7) as a function of  (Fig. 7.3) is just a nice
and smooth cosine!

So, where does the randomness manifest? Recall that a random process, by definition, is
a collection (or ensemble) of waveforms (Papoulis, 1965; Peebles, 1987). Each waveform is an
outcome of an experiment. For example, the result of an experiment determines the values of the
random variables 4 and 6 to be 4y and 6y, and the outcome Ay cos(won + 6p) is fully determined
for all 7 and is said to be a realization of the random process. It is for this reason that it is somewhat
tricky to force ergodicity (Ex. 7.1); ergodicity says that time averages are equal to ensemble averages,
but if a particular outcome (time function) of the random process does not exhibit “randomness”
along time, then the time average cannot tell us much about the ensemble averages indeed.

7.5 PREDICTION POLYNOMIAL OF LINE SPECTRAL
PROCESSES

Let x(n) be Linespec(L) and let Ry, 1 be its autocorrelation matrix of size (L + 1) X (L +1).In

Section 7.2, we argued that there exists a unique vector v of the form

V:[l’Ul...WL]T

such that R; ;v = 0. By comparison with the augmented normal equation Eq. (2.20), we see that
if we take the coefficients of the Lth-order predictor to be

ar.; — Ui,
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then the optimal Lth-order prediction error SJL[ becomes zero. The optimal predictor polynomial
for the process x(7) is therefore

Ar(z) =1+0jz ...+ ozt = Vz).

In Section 7.3.2, we saw that V() has all the L zeros on the unit circle, at the points e/, where w;
are the line frequencies. We therefore conclude that the optimal Lth-order predictor polynomial
Ar(z) of a Linespec(L) process has all L zeros on the unit circle. This also implies

*
a, — cay_,

for some ¢ with |¢| = 1. For example, in the real case, a, is symmetrical or antisymmetrical. In what

follows, we present two related results.

Lemma 7.2. Let R(%) be the autocorrelation of a WSS process x(7), and let R(%) satisfy the

difference equation

L

R(A) ==Y _aR(k—1i). (7.24)

=1

Furthermore, let there be no such equation of smaller degree satisfied by R(%). Then the process
,‘Lzl @z~ necessarily has all

the L zeros on the unit circle. O

x(n) is line spectral with degree L and the polynomial 4 (z) =1+

Proof. By using the property R(%) = R*(—*%), we can verify that Eq. (7.24) implies
R(0) R(1) ... R(L) 1
R*(1) R(0) ...R(L—1)] |aL 0

LR*&L) R*(L:—l).i.' R(:0) JL”LJ

R;1

So Ry is singular. If R, were singular, we could proceed as in Section 7.2.1 to show that x(#)
satisfies a difference equation of the form Eq. (7.9) (but with lower-degree L — 1); from this, we
could derive an equation of the form Eq. (7.24) but with lower degree L — 1. Because this violates
the conditions of the lemma, we conclude that Ry, is nonsingular. Using Theorem 7.1, we therefore
conclude that the process x(7) is Linespec(L). It is clear from Section 7.3 that the polynomial
A (z) is the characteristic polynomial ¥(z) of the process x(7) and therefore has all zeros on the

unit circle. O
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We now present a related result directly in terms of the samples x(7) of random process.
This is a somewhat surprising conclusion, although its proof is very simple in light of the above
discussions. (For a more direct proof, see Problem 23.)

Theorem 7.4. Let x(n) be a random process satisfying

x(n) = — Z alx(n —1). (7.25)

Furthermore, let there be no such equation of smaller degree satisfied by x(n). If the process x(n) is
WSS, then

1. The polynomial 47(z) =1+ ZZ‘L:1 a’z " has all the L zeros on the unit circle.
2. x(n) is line spectral with degree L. &

Thus, if a process satisfies the difference equation Eq. (7.25) (and if L is the smallest such number),
then imposing the WSS property on x(7) immediately forces the zeros of 4y (z) to be all on the
unit circle!

Proof. Suppose the process is WSS. If we multiply both sides of Eq. (7.25) by x*(n — £)
and take expectations, this results in Eq. (7.24). If there existed an equation of the form Eq. (7.24)
with L replaced by L — 1, we could prove then that Ry is singular and proceed as in Section 7.2.1
to derive an equation of the form Eq. (7.25) with L replaced by L — 1. Because this violates the
conditions of the theorem, there is no smaller equation of the form Eq. (7.24). Applying Lemma
7.2, the claim of the theorem immediately follows. O

7.6 SUMMARY OF PROPERTIES

Before we proceed to line spectral processes buried in noise, we summarize, at the expense of being
somewhat repetitive, the main properties of line spectral processes.

1. Spectrum has only impulses. We say that a WSS random process is Linespec(L) if the power

spectrum is made of L impulses, that is,
‘ L
Sw(e™) =21 alu(w—w), 0<w<2m, (7.26)
i=1

with ¢; > 0 for any 7. Here, w; are distinct and called the line frequencies and ¢; are the
powers at these line frequencies. In this case, the process x(7) as well as its autocorrelation
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R(%) satisfy an Lth-order recursive, homogeneous, difference equation:

L L

x(n) == wf(n—i), R(R)=—_ ofR(k—i). (7.27)

=1 =1

So all the samples of the sequence x(7) can be predicted with zero error, if L successive
samples are known. Similarly, all the autocorrelation coefficients R(%) of the process x(7)
can be computed if R(£) is known for 0 < 2 < L — 1.

. Characteristic polynomial. In the above, v} are the coefficients of the polynomial

Mz) =1+ iz (7.28)

This is called the characteristic polynomial of the Linespec(L) process x(7). This polynomial
has all its Z zeros on the unit circle at z = e/*".

. Sum of sinusoids. The random process x(n) as well as the autocorrelation R(%) can be
expressed as a sum of L single-frequency signals

L

L
x(n) =Y de™”, R(E) = e (7.29)
=1

=1

where d; are random variables (amplitudes at the line frequencies w;) and ¢; = E[|d;|*]
(powers at the line frequencies w;).

. Autocorrelation matrix. A WSS process x(n) is Linespec(L) if and only if the autocorrelation
matrix Ry 1 is singular and Ry, nonsingular. So Ry has rank L. There is a unique vector
v of the form

V= [1 vl...vL}T (7.30)

satistying Ry 11v = 0, and this vector uniquely determines the characteristic polynomial
V(z). Furthermore, the rank has the saturation behavior sketched in Fig. 7.2.

. Sum of sinusoids, complex. A random process of the form x(n) = 37 | die /" is WSS and,
hence, line spectral, if and only if (a) E[d;] = 0 whenever w; # 0 and (b) E[d;d,;] = 0 for
i # m. Under this condition, R(%) = ZZ‘L:1 E||d;|?]e/** (Theorem 7.3).

. Sum of sinusoids, real. Consider the process x(n) = Zf\il A; cos(wn + 0;), where A; and
0; are real random variables and w; are distinct positive constants. This is WSS, hence,
line spectral, under the conditions stated in Ex. 7.3. The autocorrelation is then R(%) =
Zf\il P; cos(w;k), where P; = 0.5E[4?] is the total power in the line frequencies +w;.
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7. Identifying the parameters. Given the set of autocorrelation coefficients R(%), 0 < 2 < L of
the Linespec(L) process x(n), we can determine v; in Eq. (7.28) from the eigenvector v
of Rz 41 corresponding to zero eigenvalue. The line frequencies w; can then be determined
because e/ are the zeros of the characteristic polynomial 7{z). Once the line frequencies
are known, the constants ¢; are determined as described in Section 7.3.4.

8. Periodicity. If a WSS process x(n) is such that R(0) = R(M) for some M > 0, then x(n) is
periodic with period M, and so is R(%) (Theorem 7.2). So the process is line spectral.

9. Prediction polynomial. If we perform optimal linear prediction on a Linespec(L) process,
we will find that the Lth-order prediction polynomial 47 (z) is equal to the characteristic

polynomial ¥(z) and therefore has all its zeros on the unit circle. The prediction error
gl =o.

7.7 IDENTIFYINGA LINE SPECTRAL PROCESS IN NOISE

Identification of sinusoids in noise is an important problem in signal processing. It is also related
to the problem of finding the direction of arrival of a propagating wave using an array of sensors.
An excellent treatment can be found in Therrien (1992). We will be content with giving a brief
introduction to this problem here. Consider a random process

y(n) = x(n) + e(n), (7.31)

where x(7) is Linespec(L) (i.e., a line spectral process with degree L). Let ¢(7) be zero-mean white

noise with variance o2, that is,
Ele(n)é*(n — k)] = 026(%).

We thus have a line spectral process buried in noise (popularly referred to as sinusoids buried in
noise). The power spectrum of x(z) has line frequencies (impulses), whereas that of e(#) is flat,
with value o2 for all frequencies. The total power spectrum is demonstrated in Fig. 7.4. Notice that
some of the line frequencies could be very closely spaced, and some could be buried beneath the
noise level.

Assume that x(7) and e(m) are uncorrelated, that is,

E[x(n)e*(m)] = 0, for any n, m.
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FIGURE 7.4: A Linespec(L) process with additive white noise of variance o
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Let (%) and R(%) denote the autocorrelation sequences of y(7) and x(n), respectively. Using this

and the whiteness of (), we get

r(#) = Ely(n)y"(n — 4)]
= E[x(n)x*(n — k)| + Ele(n)e*(n — )]
= R(k) + 076 (k),
which yields
(%) = R(%) + 025 (k) (7.32)
Note, in particular, that #(2) = R(%), % # 0. Thus, the m X m autocorrelation matrix r,, of the
process y() is given by
r, =R, + 771, (7.33)

where R,, is the m X m autocorrelation matrix of x(7). We say that R,, is the signal autocorrelation
matrix and r,, is the signal-plus-noise autocorrelation matrix.

7.7.1 Eigenstructure of the Autocorrelation Matrix
Let 7, be an eigenvalue of R,, with eigenvector u;, so that

R,u; = nu;.
Then
R, + 0L, u; = [ + o7]us.
T
Thus, the eigenvalues of r,, are
ANi=n+ Uf.

The corresponding eigenvectors of r,, are the same as those of R,,,.
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FIGURE 7.5: (a) The decreasing minimum-eigenvalue of the autocorrelation matrix R,, as the size m
increases and (b) corresponding behavior of the minimum eigenvalue of r,,,.

The Minimum Eigenvalue. Because x(7) is Linespec(L), its autocorrelation matrix R,,
is nonsingular for 1 < m < L and singular for m = L + 1 (Theorem 7.1). Thus, the smallest
eigenvalue of R, is positive for 7 < L and equals zero for m > L. It is easily shown (Problem
12) that the smallest eigenvalue A, (R,,) of the matrix R, cannot increase with 7. So it behaves
in a monotone manner as depicted in Fig. 7.5(a).

Accordingly, the smallest eigenvalue of r,, behaves as in Fig. 7.5(b). In particular, for m > L
it attains a constant value equal to 2. We can use this as a means of identifying the number of
line frequencies Z in the process x(#), as well as the variance o2 of the noise (7). (This could be
misleading in some cases, as we cannot keep measuring the eigenvalue for an unlimited number of
values of m2; see Problem 29.)

Eigenvector corresponding to the smallest eigenvalue. Let v be the eigenvector of 171

corresponding to the smallest eigenvalue o2, So
£V = o2v. (7.34)
In view of Eq. (7.33) this implies
Rpy1v+olv = olv,

that is,

RL+1V =0.
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Thus, v is also the eigenvector that annihilates R; ;. The eigenvector corresponding to the
minimum eigenvalue of r7; can be computed using any standard method, such as, for example,
the power method (Golub and Van Loan, 1989). Once we identify the vector v, then we can find
the characteristic polynomial 7(z) (Eq. (7.28)). Its roots are guaranteed to be on the unit circle
(i.e., have the form e/*), revealing the line frequencies. The smallest eigenvalue of 17 1 gives the
noise variance o2, U
7.7.2 Computing the Powers at the Line Frequencies
The autocorrelation R(%) of the process x(7) has the form (7.3), where ¢; are the powers at the line
frequencies w;. Because we already know w;, we can compute ¢; by solving linear equations (as in
Eq. (7.16)), if we know enough samples of R(%). For this note that R(%) is related to the given
autocorrelation 7(%) as in Eq. (7.32). So we know all the samples of R(%) (because o has been
identified as described above).

What if we do not know the noise variance? Even if the noise variance o2 and, hence,
R(0) are not known, we can compute the line powers as follows. From Eq. (7.32) we have
R(k) = r(%), #+# 0. So we know the values of R(1), ..., R(L). We can write a set of L linear

equations
{ejwl e L. el } {q R(1)
R R ) R(2)
= (7.35)

Ljiwl eJiwz eji”‘ LL‘ {R(L)‘

The L x L matrix above is Vandermonde and nonsingular because the line frequencies w; are
distinct (FHorn and Johnson, 1985). So we can solve for the line powers ¢; uniquely. a

The technique described in this section to estimate the parameters of a line spectral process
is commonly referred to as Pisarenko’s harmonic decomposition. Notice that the line frequencies need
not be harmonically related for the method to work (i.e., w; need not be integer multiplies of a
fundamental wy).

Case of Real Processes. The case where x(7) is a real line spectral process is of considerable
importance. From Ex. 7.3 recall that a process of the form

x(n) = ZA,‘ COS(W,‘?’Z + 91)

=1

is WSS and hence, harmonic, under some conditions. If x(7) in Eq. (7.31) has this form, then the
above discussions continue to hold. We can identify the eigenvector v of 171 corresponding to
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its minimum eigenvalue (Eq. (7.34)) and, hence, the corresponding line frequencies as described
previously. In this case, it is more convenient to write R(£) in the form

R(%) = Z Picos(wik),

where P; > 0 is the total power at the frequencies £w;. Because R(£) is known for 1 < 2 < N, we
can identify P; by writing linear equations, as we did for the complex case.
Example 7.4: Estimation of sinusoids in noise. Consider the sum of sinusoids

x(n) = 0.3 sin(0.177) + 1.6 sin(0.577) + 2.1 sin(0.97n), (7.36)

and assume that we have noisy samples

y(n) = x(n) + e(n),

where ¢(7) is zero-mean white noise with variance 02 = 0.1. We assume that 100 samples of y(#)
are available. The signal component x(7) and the noise component e(7) generated using the Matlab
command randn are shown in Fig. 7.6. The noisy data y(7) can be regarded as a process with a line
spectrum (six lines because each sinusoid has two lines), buried in a background noise spectrum
(as in Fig. 7.4). We need the 7 x 7 autocorrelation matrix R of the process y(n), to estimate the
lines. So, from the noisy data y(n), we estimate the autocorrelation R(%) for 0 < %2 < 6 using the
autocorrelation method described in Section 2.5. This estimates the top row of Ry:

[3.6917 2098 05995 —14002 21572 —0.1149 —1.8904}

From these coefficients, we form the 7 x 7 Toeplitz matrix R; and compute its smallest eigenvalue

and the corresponding eigenvector

T
v:[0.6065 0.0083 —0.3619 0.0461 —0.3619 0.0083 0.6065} .

With the elements of v regarded as the coefficients of the polynomial 7(z), we now compute the
zeros of V(z) and obtain

0.0068 £ 0.9999;, 0.9414 £0.3373;, —0.9550 & 0.2965;.

From the angles of these zeros, we identify the six line frequencies +w;, +w,, and +wj3. The three
sinusoidal frequencies wy, ws, and wj are estimated to be

0.10297, 0.49857, and 0.9034r,
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FIGURE 7.6: Example 7.4. Estimation of sinusoids in noise. The plots show the signal and the noise
components used in the example.

which are quite close to the correct values given in Eq. (7.36), namely, 0.1, 0.57, and 0.97. With
wy thus estimated and R(£) already estimated, we can use (7.35) to estimate ¢; and finally obtain
the amplitudes of the sinusoids (positive square roots of ¢; in this example). The result is

0.3058, 1.6258, and 2.1120,
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which should be compared with 0.3, 1.6, and 2.1 in Eq. (7.36). Owing to the randomness of noise,
these estimates vary from experiment to experiment. The preceding numbers represent averages
over several repetitions of this experiment, so that the reader sees an averaged estimate.

Large number of measurements. In the preceding example, we had 100 noisy measurements
available. If this is increased to a large number such as 5000, then the accuracy of the estimate

improves. The result (again averaged over several experiments) is
0.10017, 0.50007, and 0.90017
for the line frequencies and

0.2977, 1.5948, and 2.1019

for the line amplitudes. If the noise is large, the estimates will obviously be inaccurate, but this
effect can be combated if there is a large record of available measurements. Thus, consider the above
example with noise variance increased to unity. Fig. 7.7 shows the signal and noise components
for the first few samples—the noise is very significant indeed. With 10,000 measured samples y(7)
used in the estimation process (an unrealistically large number), we obtain the estimate

0.10057, 0.4999m, 0.90007,
for the line frequencies and
0.3301, 1.6140, and 2.1037

for the line amplitudes. Considering how large the noise is, this estimate is quite good indeed.
Figure 7.8 shows even larger noise, almost comparable with the signal (noise variance o2 = 2).

With 10,000 measured samples y(7) used in the estimation process , we obtain the estimate
0.10307, 0.50397 and 0.90107
for the line frequencies and
0.2808, 1.6162, and 2.0725

for the line amplitudes. O

In this section, we have demonstrated that sinusoids buried in additive noise can be identified
effectively from the zeros of an eigenvector of the estimated autocorrelation. The method outlined
above reveals the fundamental principles as advanced originally by Pisarenko (1973). Since then,
many improved methods have been proposed, which can obtain more accurate estimates from a small
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FIGURE 7.7: Example 7.4. Estimation of sinusoids in large noise. The plots show the signal and the

noise components used in the example.

number of noisy measurements. Notable among these are minimum-norm methods (Kumaresan and
Tufts, 1983), MUSIC (Schmidt, 1979, 1986), and ESPRIT (Paulraj et al., 1986; Roy and Kailath,

1989). These methods can also be applied to the estimation of direction of arrival information in
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FIGURE 7.8: Example 7.4. Estimation of sinusoids in very large noise. The plots show the signal and

array processing applications (Van Trees, 2002). In fact, many of these ideas originated in the array
processing literature (Schmidt, 1979). A review of these methods can be found in the very readable
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7.8 LINE SPECTRUM PAIRS

In Section 5.6, we discussed the application of linear prediction theory in signal compression. We
explained the usefulness of the lattice coefficients {%,,} in the process. Although the quantization
and transmission of lattice coefficients {%,} guarantees that the reconstruction filter 1/A4n(z)
remains stable, the coefficients %, are difficult to interpret from a perceptual viewpoint. If we knew
the relative importance of various coefficients %,, in preserving perceptual quality, we could assign
them bits according to that. But this has not been found to be possible.

In speech coding practice, one uses an important variation of the prediction coefficients called
line-spectrum pairs (LSP). The motivation comes from the fact that the connection between LSP
and perceptual properties is better understood (Itakura, 1975; Soong and Juang, 1984, 1993; Kang
and Fransen, 1995). The set of LSP coefficients not only guarantees stability of the reconstruction
filter under quantization, but, in addition, a better perceptual interpretation in the frequency domain

is obtained. To define the LSP coefficients, we construct two new polynomials
P(z) = An(z) + 2 TV An(2),
Q(z) = An(z) — 2= M An(z). (7.37)

Notice that these can be regarded as the polynomial 4y, 1(z) in Levinson’s recursion for the cases
kniy1 =1 and Ayy1 = —1, respectively. Equivalently, they are the transfer functions of the FIR
lattice shown in Fig. 7.9.

Let us examine the zeros of these polynomials. The zeros of P(z) and Q(z) are solutions of
the equations

£~ (V1) (AN_(Z)> = 1=/ [for P(z)]

o (VD) (AN_(Z)> =1=e”"" [for Q(z)].

-1

FIGURE 7.9: Interpretation of the LSP polynomials P(z) and Q(z) in terms of the FIR LPC lattice.
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Because the left-hand side is all-pass of order N+ 1 with all zeros in |z| < 1, it satisfies the

modulus property
Ai() >1 for|z| <1
Z
N =1 for|z| =1

See Vaidyanathan (1993, p. 75) for a proof. Thus, the solutions of the preceding equations are
necessarily on the unit circle. That is, all the N+ 1 zeros of P(z) and similarly those of Q(z) are
on the unit circle.

Alternation Property. In fact, we can say something deeper. It is well known (Vaidyanathan,
1993, p. 76) that the phase response ¢(w) of the stable all-pass filter

z_(N’Ll)AA;v(z)

An(z)
©, 0,0, 2
» O
-
2r
o)
(a) :
=21 (N+1)
v
unit circle 4 unit circle
z-plane
0
X zeros of P(z)
5 o zerosof O(z)
(b) 0,
N=4, P-1)=0, O-1)F0 N=5, PD#0, 91 =0

FIGURE 7.10: Development of LSPs. (a) Monotone phase response of 2= W) 4(2) /An(z) and (b)
zeros of P(z) and Q(z) for the cases N =4 and N = 5.
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o, 0, z-plane 2 0,
02
02 @ 1 (1)3 wl
0 Ll 0 Ll
unit unit
circle circle
LSP coefficients for N = 4 LSP coefficients for N = 5

FIGURE 7.11: Examples of LSP coefficients for N = 4 and V = 5. The unit-circle coefficients in the
lower half are redundant and therefore dropped.

is a monotone decreasing function, spanning a total range of 2(NV+ 1)7 (Fig. 7.10(a)). Thus, the
N+ 1 zeros of P(z) and Q(z) alternate with each other as demonstrated in Fig. 7.10(b) for N = 4
and N = 5. The angles of these zeros are denoted as w; and 0.

Because An(z) has real coefficients in speech applications, the zeros come in complex
conjugate pairs. Note that P(—1) =0 for even N and Q(—1) =0 for odd N. Moreover,
Q(1) = 0 and P(1) # 0 regardless of N. These follow from the fact that Ay(£1) = Ay(£1).
Thus, if we know the zeros of P(z) and Q(z) in the upper half of the unit circle (and excluding
z = £1), we can fully determine these polynomials (their constant coefficients being unity by the
definition (7.37)). There are N such zeros (w; and 6;), as demonstrated in Fig. 7.11 for N = 4
and N = 5. These are called /ine spectrum pairs (LSP) associated with the predictor polynomial Ay(z).

For example, the LSP parameters for NV = 4 are the four ordered frequencies
w < B <wy <6y (7.38)
and the LSP parameters for NV = 5 are the five ordered frequencies
w; < 01 <wy <0y <ws. (7.39)

Properties and Advantages of LSPs. Given the N coefficients of the polynomial Ay(z),
the V LSP parameters can be uniquely identified by finding the zeros of P(z) and Q(z). These
parameters are quantized, making sure that the ordering (e.g., Eq. (7.39)) is preserved in the
process. The quantized coefficients are then transmitted. Because P(z) and Q(z) can be computed
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uniquely from the LSP parameters, approximations of these polynomial can be computed at the
receiver. From these, we can identify an approximation of Ay(z) because

An(z) = (P(z) + Q(2)) /2.

The speech segment can then be reconstructed from the stable filter 1/4y(z) as described in
Section 5.6. Several features of the LSP coding scheme are worth noting.

1. Stability preserved. As long as the ordering (e.g., Eq. (7.39)) is preserved in the quantization,
the reconstructed version of Ax(z) is guaranteed to have all zeros in |z| < 1. Thus, stability
of 1/An(z) is preserved despite quantization as in the case of lattice coefficient quantization.

2. Perceptual spectral interpretation. Unlike the lattice coefficients, the LSP coefficients are
perceptually better understood. To explain this, recall first that for sufficiently large NV, the
AR(N) model gives a good approximation of the speech power spectrum S, (e/*). This
approximation is especially good near the peak frequencies, called the formants of speech.
Now, the peak locations correspond approximately to the pole angles of the filter 1/4n(z).
Near these locations, the phase response tends to change rapidly. The same is true of the
phase response ¢(w) of the all-pass filter, as shown in Fig. 7.12(b). The LSP coefficients,
which are intersections of the horizontal lines (multiples of ) with the plot of ¢(w),
therefore tend to get crowded near the formant frequencies. Thus, the crucial features of
the power spectrum tend to get coded into the density-information of the LSP coefficients
at various points on the unit circle. This information allows us to perform bit allocation
among the LSP coefficients (quantize the crowded LSP coefficients with greater accuracy).
For a given bit rate, this results in perceptually better speech quality, as compared with
the quantization of lattice coefficients. Equivalently, for a given perceptual quality, we can
reduce the bit rate; in early work, an approximately 25% saving has been reported using
this idea, and more savings have been obtained in a series of other papers. Furthermore, as
the bit rate is reduced, the speech degradation is found to be more gradual compared with
lattice coefficient quantization.

3. Acoustical tube models. It has been shown in speech literature that the lattice structure is
related to an acoustical tube model of the vocal tract (Markel and Gray, 1976). This is
the origin of the term reflection coefficients. The values &y 1 = £1 in Fig. 7.9 indicate, for
example, situations where one end of the tube is open or closed. Thus, the LSP frequencies
are related to the open- and close-ended acoustic tube models.

4. Connection to circuit theory. In the theory of passive electrical circuits, the concept of reactances
is well-known (Balabanian and Bickart, 1969). Reactances are input impedances of electrical
LC networks. It turns out that reactances have a pole-zero alternation property similar to the
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FIGURE 7.12: Explanation of how the LSP coefficients tend to get crowded near the formant regions
of the speech spectrum. (a) A toy power spectrum with one formant and (b) the phase response of the
all-pass filter 2~ V) 40 (2) /AN (%), where An(z) is the prediction polynomial (see text).

alternation of the zeros of the LSP polynomials P(z) and Q(z). In fact, the ratio P(z)/Q(z)
is nothing but a discrete time version of the reactance function.

7.9 CONCLUDING REMARKS

In this chapter, we presented a rather detailed study of line spectral processes. The theory finds
applications in the identification of sinusoids buried in noise. A variation of this problem is
immediately applicable in array signal processing where one seeks to identify the direction of arrival
of a signal using an antenna array (Van Trees, 2002). Further applications of the concepts in signal
compression, using LSPs, was briefly reviewed.
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CHAPTER 8

Linear Prediction Theory for Vector
Processes

8.1 INTRODUCTION

In this chapter, we consider the linear prediction problem for vector WSS processes. Let x(7)

denote the L x 1 vector sequence representing a zero-mean WSS process. Thus, E[x(7)] = 0 and
the autocorrelation is

R(%?) = E[x(n)x' (n-%)], (8.1)

where x(7) represents transpose conjugation, as usual. Note that R(2) is independent of 7 (owing
to WSS property) and depends only on 4. The autocorrelation is a matrix sequence with each
element R(%) representing an L x L matrix. Furthermore, it is readily shown from the definition
(8.1) that

RY(—%) = R(%). (8.2)

For a vector WSS process characterized by autocorrelation R(%), we now formulate the linear
prediction problem. Most of the developments will be along lines similar to the scalar case. But
there are some differences between the scalar and vector cases that need to be emphasized. A short
and sweet introduction to this topic was given in Section 9.6 of Anderson and Moore (1979). We
shall go into considerably greater details in this chapter.

8.2 FORMULATION OF THE VECTOR LPC PROBLEM

The forward predictor of order NV predicts the sample x(7) from a linear combination of past N
samples:

X(n) = —ajv’lx(n -1) - ajv’2x(n —-2)...— ajv’Nx(n—]V). (8.3)
The forward prediction error is therefore

el{;(n) = x(n) —32(71) = x(n) + ajv’lx(n — 1) + ajv’2x(n — 2) ot a;v’Nx(n — ]\7) (8.4)
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and the forward prediction polynomial is
An(z) =1+ a}f\,’lz_1 + ajv’2z_2 +...+ ajv’Nz_N. (8.5)

The optimal predictor has the . X L matrix coefficients ay ; chosen such that the total mean square

error in all components is minimized, that is,
A
Ex 2 El(e(m)es(n) (8.6)

is minimized. This quantity is also equal to the trace (i.e., sum of diagonal elements) of the forward

prediction error covariance matrix
Ef, = Elef(n)(e{i(n))']. (8.7)
Note that this is an L X L matrix. The goal therefore is to minimize
g2 Tr(E]) (8.8)

by choosing ay; appropriately. The theory of optimal predictors for the vector case is again based
on the orthogonality principle:

Theorem 8.1. Orthogonality principle (vector processes). The Nth-order forward linear predictor
for a WSS vector process x(7) is optimal if and only if the error e{;(n) at any time 7 is orthogonal
to the N past observationsx(nz — 1),...,x(n — N), that is,

Elel(n)x'(n—#)] =0, 1<%<N, (8.9)

where the right-hand side 0 represents the L x L zero-matrix (with L denoting the size of the
column vectors x(7)). O

Proof. Let X, (7) be the predicted value for which the error e, (7) satisfies the orthogonality
condition (8.9), and letX(7) be another predicted value with error e(7) (superscript f and subscript
N deleted for simplicity). Now,

e(n) =x(n) —=x(n) =x(n) —x1(n) +X.(n) —X(n),
so that
e(n) =e (n)+x,(n) —x(n). (8.10)

Now, the estimatesx () and X(7) are, by construction, linear combinations of x(n — £),1 < 2 <
N. Because the error e (1), by definition, is orthogonal to these past samples, it follows that

Ele(n)e! (n)] = Ele, (n)e] (n)] +E[XL(n) = X(n)) (XL (n) —X(n))'] (8.17)

call this E call thisE,
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Because the second term on the right-hand side is a covariance, it is positive semidefinite. The
preceding therefore shows that

E—E, >0 (8.12)

where the notation A > 0 means that the Hermitian matrix A is positive semidefinite. Taking trace
on both sides, we therefore obtain

E>E. (8.13)

When does equality arise? Observe first that £ — £, = Tr(E — E ). Because E — E| has been
shown to be positive semidefinite, its trace is zero only when! E — E | = 0. From (8.11), we see

that this is equivalent to the condition
E[&.(n) =X(n)) (&L (n) —X(n))T] = 0,

which, in turn, is equivalent to X (7) —X(7) = 0. This proves that equality is possible if and only
ifx(n) =%, (n). 0

Optimal Error Covariance. The error covariance E{; for the optimal predictor can be
expressed in an elegant way using the orthogonality conditions:

E} = Ele}(n)(e}(n))'] = Ele{i(n) (x(n) —X(n))"] = Elef(n)x! (n)].

The third equality follows by observing that the optimal X(#) is a linear combination of samples
x(n — k), which are orthogonal to elf\;(n). Using Eq. (8.4), this can be rewritten as

Elj\; =FE [(x(n) + ajv’lx(n -1)+ ajv’2x(n —-2)...+ a;v’Nx(n — N)) xT(n)]
= R(0) + ap;R'(1) +ap,R'(2) + ... +aj R ()

Because the error covariance E 1/; is Hermitian anyway, we can rewrite this as
E = R(0) + R(1)ay; + RQ2)ana + ... + R(Nay - (8.14)

We shall find this useful when we write the augmented normal equations for optimal linear
prediction.

"The trace of a matrix A is the sum of its eigenvalues. When A is positive semidefinite, all eigenvalues are
nonnegative. So, zero-trace implies all eigenvalues are zero. This implies that the matrix itself is zero (because any
positive semidefinite matrix can be written as A = UAU', where A is the diagonal matrix of eigenvalues and U is
unitary).
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8.3 NORMAL EQUATIONS: VECTOR CASE

Substituting the expression (8.4) for the prediction error into the orthogonality condition (8.9), we
get N matrix equations. By using the definition of autocorrelation given in Eq. (8.1), we find these

equations to be
R(%) +ay R(k—1) +al,R(k—2) +...+al R(2—N) =0, (8.15)

for 1 < 2 < N. Here the 0 on the right is an L X L matrix of zeros. Solving these equations, we
can obtain the /V optimal predictor coefficient matrices ay ;. For convenience, we shall rewrite the
equations in the form

R (2— 1)ay; + R (2= 2)ays + ...+ RI(2— N)ayny = —R(2) (8.16)

for 7 < & < N. By using the fact that R'(—#) = R(%), these equations can be written in the
following elegant form:

0 R ] ]

aN,2

R(-N+1)R(-N+2) . R(0) ann R(—N)

These represent the normal equations for the vector LPC problem. Note that these equations reduce
to the normal equations for scalar processes given in Eq. (2.8) (remembering R'(—%) = R(%)). If
we move the vector on the right to the left-hand side and then prefix Eq. (8.14) at the top, we get

the following augmented normal equations for the optimal vector LPC problem:
R(0) R(1) ... R(N) I, E/
R(-1) R(0) ...R(N—-1) an 1 0

: : .. : : o] (8.18)
[ |

We will soon return to this equation and solve it. But first, we have to introduce the idea of

backward prediction.

8.4 BACKWARD PREDICTION

The formulation of the backward predictor problem for the vector case allows us to derive a
recursion similar to Levinson’s recursion in the scalar case (Chapter 3). This also results in elegant
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lattice structures. The Nth-order backward linear predictor predicts the L x 1 vectorx(n — N — 1)
as follows:

X(n—N—1) = —bl x(n— 1) = bl x(n—2) — ... = bl yx(n— N),
where by, are L X L matrices. The backward prediction error is
(n) =x(n—N—-1) —X(n— N—1),
so that
el(n) = x(n— N—1) + bl ;x(n — 1) + bl x(n — 2) + ...+ bl yx(n — N).
So the backward prediction polynomial takes the form
By(z) = b;fv’lz_1 + b;fmz_2 ot b;v’Nz_N 4z~ MY, (8.19)

The optimal coefficients by, are again found by imposing the orthogonality condition (8.9),

namely,

This results in the NV equations
bl R(£—1) + by ,R(k—2) +...bL, yR(k—N) +R(k—N—1) =0 (8.20)

for 1 < £ < N. The error covariance for the optimal backward predictor is

The third equality follows by observing that the optimal X(# — N — 1) is a linear combination of
samples x(n — £) that are orthogonal to e3,(7). So E, can be rewritten as

El;v: E [(x(n —N-1) —I—b;fv’lx(n -1 +... —I—b;fv’Nx(n —N)> x'(n—N—1)

Using Eq. (8.1) and the facts that EY is Hermitian and R'(—%) = R(#), this can further be

rewritten as

E, = R(—M)by,1 + ...+ R(—=1)by .y + R(0). (8.21)
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Combining this with the Vequations in Eq. (8.20) and rearranging slightly, we obtain the following
augmented normal equations for the backward vector predictor:

[R(O) R(1) ... R ] [bN,1—| [o

R(-1) R(0) ...R(N—1) cl o (2.22)
. bN,N : .

R(—N) R(-N+1)... R(0) I E),

8.5 LEVINSON’S RECURSION: VECTOR CASE

We now combine the normal equations for the forward and backward predictors to obtain
Levinson’s recursion for solving the optimal predictors recursively. For this, we start from Eq.
(8.18) and add an extra column and row? to obtain

[ R(0) R(1) ... R RWV+1)] [ 1] [EL]
R(-1) R(0) ...R(N—1) R(N) an 1 0

: : R = (8.23)
R(-N) R(-N+1)... R(0)  R(1) an 0
R(-N—-1) R(-N) ... R(-1) RO || 0| [F

call this RN+2

where F{; is an L X L matrix, possibly nonzero, which comes from the extra row added at the

bottom. Similarly, starting from Eq. (8.22), we add an extra row and column to obtain

[ R(0) R(1) ... RWV) RN+1D)] [ o] [F]
R(—1) R(0) ...R(N—1) R(N bus 0

: : R = (8.24)
R(—N) R(=N+1)... R(0) R(1) byy 0
R(-N—-1) R(-N) ... R(-1) RO || L | |Ey]

this is Ry, too!

where Fl;v comes from the extra row added at the top. We now postmultiply Eq. (8.24) by an L x L
matrix (KIJ; 1) and add it to Eq. (8.23) with the hope that the last entry F{; in the right-hand side is

2Actually 7, extra columns and rows because each entry is itself an 7, x L matrix.
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replaced with zero. This will then lead to the augmented normal equation for the (V + 1)th-order
forward predictor. We have

[ I 1 [0 ] _Elj\;_ _F?v_
ay 1 bx1 0 0
Ry : + : (KIJ\;H)T =1 |+ : (sz\;q)T (8.25)
ay Ny by 0 0
0| | L F,|  |EX]

Clearly, the choice of KIJ; 11, Which achieves the aforementioned purpose should be such that
b
F{+ EX(K{,,) = 0.

At this point, we make the assumption that the . x L error covariance E, and for future purposes,

EIJ;, are nonsingular. The solution sz\; 1 18 therefore given by

Ky, = —[F{] By (8.26)

We can similarly postmultiply Eq. (8.23) by an L x L matrix K3, +1 and add it to Eq. (8.24):

i I i [0 ]| _Elj\;_ _F?v_
ay1 bn1 0 0
Ryoo [ | 1 | Kiya+ | = | Kyt | 1] (8.27)
ay N by 0 0
7 b
L 0 | L IL | _FN_ _EN_

To create the augmented normal equation for the (N + 1)-order backward predictor, we have to
reduce this to the form (8.22). For this, Kl;v 11 should be chosen as

[E{IKRy; + Foy =0,
that is,

Ky, = —[E{]'Fy. (8.28)
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Exiq

b
L EN+1

(Kion)'.

Similarly, the (N + 1)th-order backward predictor coefficients are obtained from

0

b1

by
I

Ani1(2) = An(2) + K, Bn(2)

The matrices K{; 1 and K>, 1 are analogous to the parcor coefficients £, used in scalar linear
prediction. With sz\;+1 and Kl;v+1 chosen as above, Egs. (8.25) and (8.27) reduce to the form

(8.29)

(8.30)

respectively. These are the augmented normal equations for the (V- 1)th-order optimal for-
ward and backward vector predictors, respectively. Thus, the (V+ 1)th-order forward predictor

The forward and backward prediction polynomials defined in Egs. (8.5) and (8.19) are therefore

(8.31)
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Buii(2) = 2 ' [(Kyy1) 'An(z) + Bu(2)]. (8.32)

The extra z~! arises because the Oth coefficient in the backward predictor, by definition, is zero
(see Eq. (8.19)). By comparing Egs. (8.25) and (8.29) we see that the optimal prediction error

covariance matrix is updated as follows:
b
Elj\;+1 = Elj\;"" FN(KIJ\;H)T' (8.33)
Similarly, from (8.25) and (8.29), we obtain
b b b
Efyy = B} + F{Ky. (8.34)

By substituting from Eq. (8.26) and (8.28) and using the fact that the error covariances are
Hermitian anyway, we obtain the error covariance update equations

b
Ezj\;+1 = <IL - KI]\;+1(KN+1)T> Ezj\; (8.35)
and
El;v+1 = <IL - (K?v+1)TK1j\;+1> E}, (8.36)

Summary of Levinson’s Recursion. We now summarize the key equations of Levinson’s
recursion. The subscript 7 is used instead of IV for future convenience. Let R(%) be the L x L
autocorrelation matrix sequence of a WSS process x(z). Then, the optimal linear predictor
polynomials Ap(z) and By(z) and the error covariances E{; and E, can be calculated recursively
as follows: first, initialize the recursion according to

Ao(zx) =1, Bo(z)=z'I, and EJ=E)=R(0). (8.37(a))
Given A,,(z), B,,(2), E/, and E®, (all L x L matrices), proceed as follows:
1. Calculate the . X L matrices

F/ =R(—m—1)+ R(—m)a,1 + ...+ R(-1)a,,, (8.37(5))

F> = R(1)b,1 + ...+ R(m)b,,, + R(m+ 1) (8.37(c))
2. Calculate the parcor coefficients (L X L matrices)

K/, = —[F]]'[E}] ! (8.37(d))

K:H-l = _[Ef]_lFb (8.37(e))
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3. Update the prediction polynomials according to

A,i1(2) = A, (2) + K/, B,.(2) (8.37(f))

B, 1(z) = z (K>, 1) A,.(2) + B,(2)]. (8.37(g)

4. Update the error covariances according to

Bl = (1 - K (K ) ES (8.37(1)

B, = (IL _ (K‘;’nH)TK,{H) E. (8.37(3))

This recursion can be repeated to obtain the optimal predictors for any order V.

8.6 PROPERTIES DERIVED FROM LEVINSON’S RECURSION

We now derive some properties of the matrices that are involved in Levinson’s recursion. This gives

additional insight and places the mathematical equations in proper context.

8.6.1 Properties of Matrices Fi and F:’n
Eq. (8.37(b)) can be rewritten as

(F))' =R(m+1)+al \R(m)+...+al, R(1)
=FE [(x(n) + aL’lx(n —+...+ ain’mx(n — m)) xT(n —m— 1)]
— Ele/(n)x(n— m—1)]

We know the error e() is orthogonal to the samplesx(z — 1), . .., x(n — m), but not necessarily

to x(n — m — 1). This “residual correlation” between e,{(n) and x(n — m — 1) is precisely what is
captured by the matrix F,{j. The coefficient K,{j 41 in Eq. (8.37(d)) is therefore called the partial
correlation or parcor coefficient, as in the scalar case. From Eq. (8.37(d)), we see that if this “residual
correlation” is zero, then K,{j +1 =0, and as a consequence, there is no progress in the recursion,

that is,

m

A,1(z) =A,(2) and E,{.ﬂ —E/.
How about Fl:n? Does it have a similar significance? Observe from (8.37(c)) that
()" =b! ;R(~1)+...+b} R(—m) +R(—m — 1)

=F [(bjn’lx(n -1 +...+ bIn’mx(n —m) +x(n—m— 1)> xT(n)}
= Ele), (n)x (n)]
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The backward error € (#) is the error in the estimation of x(7 — m — 1) based on the samples

x(n —m),...,x(n—1). Thus, e (n) is orthogonal to x(# — m), ..., x(n — 1) but not necessarily

to the sample x(7). This residual correlation is captured by Fl:n. If this is zero, then Kl:n 41 1s zero as

seen from Eq. (8.37(e)). That is, there is no progress in prediction as we go from stage 7 to m + 1.
Relation Between F;/ and Fmb. We have shown that

(F)" = Ele/(n)x" (n — m —1)] (8.38)
and

(F,)" = E[e), (n)x' (n)]. (8.39)

m

For the scalar case, the parameter v, played the role of the matrices F/ and Fl:n. But for the
vector case, we have the two matrices F,{j and Fl:n, which appear to be unrelated. This gives the
first impression that there is a lack of symmetry between the forward and backward predictors.
However, there is a simple relation between F,{j and Fl:n credited to Burg (Kailath, 1974); namely,

F, = (F))". (8.40)
This is readily proved as follows:
Proof of Eq. (8.40). We can rewrite Eq. (8.38) as
T
(F)t = E [e,{j(n) <x(n —m—1)+b} x(n—1) +...+b], x(n— m)> ]

= E[e,{(n)(el:n(”))”
i

because Eleq(n)x(n — £)] = 0 for 1 < %2 < m anyway. Similarly, from Eq. (8.39), we get

(FS) = E [eh () [x() +al,x(n = 1) + ...+, x(n — m)]'|
— Bléb (n) (ef(n))1].

m

So we have shown that
F/ = E[e,(n)(e](n)] and F), = Ele/(n)(e}(n))], (8.41)

which proves (8.40). O

Relation Between Error Covariance Matrices. From the definitions of K,{: 41 and Kl:n 1

given in Eqgs. (8.37(d)) and (8.37(¢)), we have

Bl = K]

JLEY and P, =-E/K

m m41
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In view of the symmetry relation (8.40), it then follows that

K/

m+1El:n = Er{':KEn—i-l' (8.42)

8.6.2 Monotone Properties of the Error Covariance Matrices
We now show that the error covariances of the optimal linear predictor satisfy the following:

E/>E/, and E)>E> (8.43)

that is, the differences E,{j — E,{j 41 and El:n — El:n 41 are positive semidefinite. Because the total

mean square error & is the trace of E/, Eq. (8.43) means in particular that

Ef>&/, and &>

1 (8.44)

Proof of (8.43). Substituting (8.37(d)) into Eq. (8.33), we see that E,{;rl = E,{j —
F> (E2)~'F/. In view of the symmetry relation (8.40), it then follows that

E/., =E] - (F)'(E))"'F/. (8.45)

Because (El:n) ~!is Hermitian and positive definite, it follows that the second term on the right-hand
side is Hermitian and positive semidefinite. This proves E,{j > Erf 41- Similarly, substituting Eq.
(8.37(e)) into Eq. (8.34), we get EZH = E> — F/(E/)"'F, from which it follows that

E,.; = E, — F/(E}) " (F))". (8.46)
This shows that E, > E?, +1 and the proof of Eq. (8.43) is complete. O

8.6.3 Summary of Properties Relating to Levinson’s Recursion
Here is a summary of what we have shown so far:

1. F/ and Fl:n have the following interpretations:

(F)) = Elef(nx! (n—m—1)], (Fo) = Efe},(m)x! (n)]. (8.47(a)

m m

2. We can also express these as

F) = Ele},(n)(e}(n)'] and F,, = Ele/(n)(e},(n))], (8.47(2))

m

so that

F> = (F/)T. (8.47(c))
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3. The parcor coefficients are related as

K/

7 EN =E/K. . (8.47(d))

4. The error covariances matrices satisfy

b b

E/>E/, E,>E) (8.47(c))
where A > B means that A — B is positive semidefinite.

5. Traces of the error covariances satisfy Smf > Smf+1 and 52 > 52+1'

6. For completeness, we list one more relation that will only be proved in Section 8.8.1. The

error covariances for successive prediction orders are related as

1/2
(E}, )" = (E])"? <IL — Pm+1PL+1> (8.47(f))
EP /2 — (EPY12 (1, —pt P 172 47
( m+1) _( m) L m+1t m+1 ’ (8 (g))
where
A _ _
P, = (Ef) VK], (E))Y? = (E))TK,,, (ED) /2 (8.47(h))

and the matrices P, satisfy

PPl <I, PP, <L (8.47(1))

8.7 TRANSFER MATRIX FUNCTIONS IN VECTOR LPC

The forward prediction polynomial (8.5) is a multi-input multi-output (MIMO) FIR filter, which
produces the output e IJ;(n) in response to the input x(7). Similarly backward prediction polynomial
(8.19) produces €3,(7) in response to the input x(7). These are schematically shown in Fig. 8.1(a).

It then follows that the backward error e(#) can be generated from the forward error e{;(n) as

shown in part (b) of the figure. We therefore see that the transfer function from e{;(n) to eby(n) is

given by
-1 A -1
z  Hpy(z)=Bn(2)Ay (2) (8.48)
A modification of this is shown in part (c) where the quantities gI{,[(n) and g (») are given by

gi(n) = (B)ef(n), gh(n) = (ER) "€l (n) (8.49)
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X(n) > Ay(z) —>e/(n)

(a)

By(z) ——>e(n)

\ 4

e/ —> Al ﬂ» By(z) —P e (n)

(c)
g/

e (n)

ey (n)
sl P g

[£]" [E}] "

g, (n)

FIGURE 8.1: (a) Generation of the forward and backward errors using the prediction polynomials
An(z) and By(z), (b) generation of the backward error e(#) from the forward error el{;(n), and (c)
generation of the normalized backward error gh(7) from the normalized forward error gl{;( n).

These are called normalized errors because their covariance matrices are equal to I. The transfer
function from glj\;(n) to gb(n) is given by

= 1Gn(2) S[ER] Y Ba(z) Ay (=) [EX) V2. (8.50)

The properties of Gy(z) will be studied in later sections.

8.8 THE FIRLATTICE STRUCTURE FORVECTOR LPC

The update equations for predictor polynomials, given in Egs. (8.37(f)) and (8.37(g)), can be used
to derive lattice structures for vector linear prediction, similar to the scalar case. Recall that the
error ej)(n) is the output of A,,(z) in response to the input x(#), and similarly, € () is the output
of B,,(z). Thus, the update Eqs. (8.37(f)) and (8.37(g)) show that the prediction errors for order
m + 1 can be derived from those for order 7 using the MIMO lattice section shown in Fig. 8.2.

Comparing this with the lattice structure for the scalar case (Fig. 4.5), we see that there is
a great deal of similarity. One difference is that, in the scalar case, the lattice coefficients were
k41 and its conjugate £, 1. But in the MIMO case, the lattice coefficients are the two different
matrices K,{;Ll and (KZH)T.
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e/(n) —p = > e/ (1)
KD
Ko

e’ () —p > ' e

FIGURE 8.2: The MIMO lattice section that generates prediction errors for order 7 + 1 from

prediction errors for order 7.

8.8.1 Toward Rearrangement of the Lattice

We now show how to bring more symmetry into the lattice structure by rewriting equations a little
bit. Recall that the coefficients K,{j 41 and K, 41 are related as in Eq. (8.42). We first rearrange this.
Because error covariances are positive semidefinite matrices, they can be factored into the form

E=E'"’E"?

where E'/? can be regarded as the left ‘square root and its transpose conjugate E'/? the right
square root. Using this notation and remembering that the error covariances are assumed to be
nonsingular, we can rewrite Eq. (8.42) as

(Ef)—1/2Kf

b b by—
m+1(Em)1/2 = (Er{;)TﬂKm—!—l(Em) T/2'

We will indicate this quantity by the notation P, 4, that is,

A _ _
P, = (E)) 2K/, (ED)Y2 = (E)K0,,, (ED) /2, (8.51)
so that
K7£+1 = (Er{;)l/2pm+1(EEn)_1/2 and Kl:n—!—l = (Er{;)_T/2Pm+1(EEn)T/2' (8.52)

From the definition of P, 1, we see that

PP, = (B)A(K., ) (K, ) (E))"2 (8.53)
and
P! P, = (E)"VA(K5, )TK/,, (E0)V2. (8.54)
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To understand the role of these matrices, recall the error update Eq. (8.35). This can be

rewritten as

<IL m+1 K. >E7{j

(IL m+1 m+1) > (E,f)m(E,{)W
- (®)

= (E

()" = K/, (K,) (ES)?) (B2

)1/2 ( (Ef) 1/2K7{1f+1

(K:.) (E)Y?) (B,
so that

E/

m+1 T (Ef)1/2 (IL - Pm+1PIn+1> (EJZ)T/2 (855)

Similarly, from Eq. (8.36), we have

El:n-Q-l - (IL - (KZ+1)TK7{+1> El:n
= (L= (K3, 'K, ) (B))2(E)12
<Eb 1/2 Kb )TKf (Eb)1/2> (EZ)W
~ (E (E5)"?) (ES)17,

m+1 m+1

W (1= () (K L) 'K,

so that

B}y = (B (1 — Pl P ) (B2 (8.56)

Thus, the modified lattice coefficient P, 1 enters both the forward and backward error updates in
a symmetrical way. Under the assumption that the error covariances are nonsingular, we now prove

that P, ; satisfies a boundedness property:

P, P, <1 (8.57)
and similarly
Pm+1Pm+1 <L (8.58)
These can equivalently be written as
I1-P,qP )>0 (I-P' P, >0 (8.59)

Proof. Eq. (8.55) can be written as

m+1 = UT QU
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where Q_is Hermitian and U is nonsingular. Because E,{j 41 1s assumed to be nonsingular, it is
positive definite, so that VTE,{Z 41V > 0 for any nonzero vector v. Thus, vIU'QUv > 0. Because
U = (E/)"/? is nonsingular, this implies that w'Qw > 0 for any vector w # 0, which is equivalent

to the statement that Q_is positive definite. This proves that I — P,, ;P 41 1s positive definite,
which is equivalent to Eq. (8.57). Eq. (8.58) follows similarly. O
Because E,{j 41 1s Hermitian and positive definite, it can be written in the form

Erf—,—l - (E£+1)1/2(E7£+1)T/2

From Eq. (8.55), we therefore see that the left square root can be expressed as

1/2
(Erfﬂ)lm = (Erf)lﬂ <IL - Pm+1PL+1> . (8.60)

L+1)1/2 is guaranteed by the fact that (I, —

Pm+1PL 1) is positive definite (as shown by Eq. (8.59)). Similarly, from Eq. (8.56), we have

The existence of the square root (I — P, 1P

(E,

12 by1/2 i 12
m+1) = (E,) (IL —P Pm+1> (8.61)

m+1

8.8.2 The Symmetrical Lattice

The advantage of defining the L X L matrix P,,; from the L x L matrices Krf 41 and Kl:n 4118
that it allows us to redraw the lattice more symmetrically, in terms of P, 1. Because P, ; also has
the boundedness property (8.57), the lattice becomes very similar to the scalar LPC lattice, which
had the boundedness property |£,| < 1. We now derive this symmetrical lattice. From Eq. (8.51),
we see that the lattice coefficients can be expressed as

K., = (E))?P, .1 (E))™", (8.62)
and
Kl:n+1 = (EJ) 1P, (E}) 2. (8.63)

Substituting these into Fig. 8.2 and rearranging, we obtain the lattice section shown in Fig. 8.3(b).
The quantities g/(7) and g () indicated in Fig. 8.3(b) are given by

g)(n) = (E)) " e/(n), g)(n) = (E,) e (n) (6.64)

These are normalized prediction error vectors, in the sense that their covariance matrix is
identity. We can generate the set of all forward and backward normalized error sequences by using
the cascaded FIR lattice structure, as demonstrated in Fig. 8.4 for three stages.
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e/ () —p > > e/ ()
1.

Ko

(@ K'r/;ﬂ
e () — P> > 28 S NN

(Er]; 12 (E_’;;)uz
’ ‘ g’«:(n) ‘ p
€,(1) | | €1

m+1
(L) (k1)
|

e’ (n) > A | —D— em” (n)
"V ebw .

FIGURES8.3: (a) The original MIMO lattice section and (b) an equivalent section in a more symmetrical

form.

The multipliers Qrfj in the figure are given by

Q= (E))V2(E] )2 m=>1 (8.65)

and Qﬂf = (E({ )~1/2. The multipliers Ql:n are similar (just replace superscript fwith 4 everywhere).
In view of Eqgs. (8.60) and (8.61), these multipliers can be rewritten as
£\ 12 . ; ~1/2
Q/ = (IL - Pum> , Qb= (IL - Pum> m> 1. (8.66)

The unnormalized error sequence for any order can be obtained simply by inserting matrix
multipliers (E/)'/2 and (E?)1/2 at appropriate places. Because

ef(n) = (EJ)"?g{(n) and e3(n) = (E3)*gh(n),

the extra (rightmost) multipliers in Fig. 8.4(a) are therefore (E3f )72 and (E3)Y/2. The lattice
sections in Fig. 8.4 will be referred to as normalized lattice sections because the outputs at each of
the stages represent the normalized error sequences.
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O e ew RCONGC
» - - e 1
Q/ Q] QJ Q]
elm) P P P
0\ g’m) : g’m) ? gl ’ gl e
" Q! Q! Q) Q!
— —> > —P
_ P),
P, —
(b) P,
I —> < >

FIGURE 8.4: (a) The MIMO FIR LPC lattice structure with normalized sections and (b) details of
the box labeled P,,.

8.9 THEIIRLATTICE STRUCTURE FORVECTOR LPC

The ITR LPC lattice for the vector case can be obtained similar to the scalar case by starting from
Fig. 8.2 reproduced in Fig. 8.5(a) and rearranging equations. From Fig. 8.5(a), we have

€1 () = e/(n) + Ki,1¢], ()
and
ehi1(n+1) = K, 1]7e(n) + €, (n).
The first equation can be rewritten as

ef(n) = e/, (n) — K7, e (n).

Substituting this into the second equation, we get

b
&a(n 1) = (K lel o () + (1= K] TK L ) €6 ().

These equations can be “drawn” as shown in Fig. 8.5(b). By repeated application of this idea, we
obtain the IIR LPC lattice shown in Fig. 8.6. This is called the MIMO IIR LPC lattice. The

transfer functions indicated as H,(z) in the figure will be discussed later.
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e/(n) —p» > e, 0
(a)

e (n) —p > e’ (n)

e/ () — > e/ (n)
(b)

e’ () 4— z7'1 <+ (1)

FIGURE 8.5: (a) The MIMO FIR lattice section and (b) the corresponding IIR lattice section.

e;(n) % ezf(n) % elf(n)
K K
e el *| e
11 iz

(a) H,(2) H,(2) H,(2)
Ll Ll Ll
K/
K f— m
(b) m —
K[;;r
+— —

FIGURE 8.6: (a) The MIMO IIR cascaded LPC lattice, and (b) details of the building block labeled
K,.
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8.10 THENORMALIZED IIRLATTICE

Starting from the symmetrical MIMO FIR LPC lattice in Fig. 8.3(b), we can derive an IIR LPC
lattice with slightly different structural arrangement. We will call this the normalized IIR LPC
lattice for reasons that will become clear. To obtain this structure, consider again the MIMO FIR
lattice section shown separately in Fig. 8.7(a). This FIR lattice section can be represented using the

equations

g .1(n) = QL (g/(n) + Pragh(n) (8.67)

and
b
a1+ 1) = Qs (Phgln) +g5(m) (5.69)
The first equation can be rearranged to express g/ () in terms of the other quantities:

g/(n) = (Q),1) 'g) 1 (n) — Priagh (n). (8.69)

The second equation (8.68) can then be rewritten by substituting from Eq. (8.69):

gEn+1(” +1) = Ql:n+1 m+1(Qm+1) 1grf+1(”) + (QZH)_TgEn(”)a (8.70)
o,
() —» — >g o
<‘,
(a) Pm+1
P

; (Q +1) f
g, +1(”) > V > gm(n)
(b) Qm+1 Pm+1 (Q +1) N/ ZL_Pm-*-l
\ (Qm +1) b
g, (" z71] w < Enl

FIGURE8.7: (a) The normalized MIMO FIR lattice section and (b) the corresponding IIR normalized

lattice section.
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where we have used the definitions (8.66) for Q,{j and Ql:n, that is,

—1/2 —-1/2
Q/ = (IL _ PmP;> , Qb= (IL _ P;Pm> m>1.

The preceding two equations can be represented using the normalized IIR lattice section shown in
Fig. 8.7(b).

The normalized MIMO IIR LPC lattice therefore takes the form shown in Fig. 8.8 for three
sections. For an V-stage IIR lattice, the signal entering at the left is the forward error e{;(n), and
the signal at the right end is g({ (n). Upon scaling with the multiplier

Q) = (&),
the error signal g({ (n) becomes e({ (n), which is nothing but the original signal x(7). Thus, while

the FIR lattice produced the (normalized) error signals from the original signal x(7), the IIR lattice
reproduces x(7) back from the error signals.

8.11 THE PARAUNITARY OR MIMO ALL-PASS PROPERTY
Figure 8.9 shows one section of the IIR lattice structure. Here, G,,(z) is the transfer function from
the pervious section, and P, 1 is the constant matrix shown in Fig. 8.8(b). Comparing with Fig.

8.8(a), we see that the transfer matrices G,,(z) convert the forward error signals to corresponding

/ s ! s Q)
g,(n) R g,(n) ) g, > g, > 3 x(n)
p P
g/ s * | el
(a) G,(2) G,(2) G
— > >
(b) P, —  Q'pl @)
—  — A

FIGURE 8.8: (a) The normalized MIMO IIR LPC lattice shown for three stages and (b) details of
the normalized IIR lattice sections. Here, Q,{: = (I, — P,P!)~1/2, Qk;n = (I, -P!P,)" 2 m>1,
and Q= (EJ)~1/2.
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X, (n) ¥, ()
—
| m
<«— G2
Gm+l (Z)

FIGURE 8.9: The normalized MIMO IIR lattice section.

backward error signals. More precisely, if g/ () is input to the system G,,(z), then the output is
g (n+1).

In the scalar case, the transfer function G,,(z) was all-pass, and this was used to show that
G,,11(z) was all-pass. Furthermore, these all-pass filters had all their poles inside the unit circle
(Section 4.3.2). We now prove an analogous property for the vector case. This is somewhat more
complicated than in the scalar case because the transfer functions are MIMO, and the all-pass
property generalizes to the so-called paraunitary property to be defined below (Vaidyanathan,
1993). We will first show that the building block indicated as P,,1 has a unitary transfer matrix
T, 1. We then show that in an interconnection such as this, whenever G,,(z) is paraunitary
and P, 1 unitary, then G,,,1(2) is paraunitary as well. Because Go(z) = I is paraunitary, it will
therefore follow that all the transfer functions G,,(z) in the normalized IIR lattice are paraunitary.
At this point, we ask the reader to review the tilde notation é(z) described in Section 1.2.1.

Definition 8.1. Paraunitary Systems. An M x M transfer matrix G(z) is said to be
paraunitary if

G'(e™)G(e™) =1 (8.71)

for all w. That is, the transfer matrix is unitary for all frequencies. If G(z) is rational (i.e., the entries
Gy () are ratios of polynomials in z~!) then the paraunitary property is equivalent to

G(2)G(z) = 1 (8.72)

for all z. &

With x(7) and y(7) denoting the input and output of an L'TT system (Fig. 8.10), their Fourier
transforms are related as

Y(e™) = G(e™)X(e?)
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X(n) = G(z) P yn)

FIGURE 8.10: An LTI system with input x(#) and output y(7).

A number of important properties of paraunitary matrices are derived in Vaidyanathan (1993). The

following properties are especially relevant for our discussions here:
1. If G(e/*) is unitary, it follows that
Y (e™)Y(e?) = X' (e/)X(e™), forallw (8.73)

for any Fourier transformable input x(7).

2. It can, in fact, be shown that a rational L'TT system G(z) is paraunitary if and only if (8.73)
holds for all Fourier-transformable inputs x(7).

3. By integrating both sides of (8.73) and using Parseval’s relation, it also follows that, for a
paraunitary system, the input energy is equal to the output energy, that is,

> X (m)x(n) =Dy (n)y(n) (8.74)

for all finite energy inputs.

8.11.1 Unitarity of Building Blocks
The building block P,,;; in Fig. 8.9 has the form shown in Fig. 8.8(b). Its transfer matrix has the

form

QP(Q) Q)
T= , (8.75)
@) -
where all subscripts have been omitted for simplicity. Recall here that the matrices Qb and Qf are
related to P as in Eq. (8.66), that is,

~1/2

Q/= (IL—PP*)_W, Q= (1-PP) . (5.76)

We will now show that T is unitary, that is, T'T = L.
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Proof of Unitarity of T. We have

A B

T =| .
B' D

where the symbols above are defined as
A= (Q)PQ)'QLP(Q) ! +(Q) Q)
B=(Q/) "P(Q)(Q) - (Qf) P=0,
D = (@) Q") ' +PP.
So, B is trivially zero. To simplify D, we substitute from Eq. (8.76) to obtain
1/2 /2
D= (IL - PTP) (IL - PTP) +P'P
- (IL - PTP) +PP=1,
Next, substituting from Eq. (8.76), the first term of A becomes
/2 —1/2 ~1/2 1/2
<1L - PPT) P (IL - PTP) <1L - PTP) pf (IL - PPT)

)72 ip) | pt 1\ /2
:<IL—PP> P(IL—PP> P(IL—PP> ,

/2 -1 1/2
A= <1L - PPT) (P (IL - PTP) P+ 1> (IL - PPT) .

call this A,

so that

We now claim that A; = (I, — PPT)~!

—1
A(I, — PPy = P (IL _pip ) (PT PTPPT) (IL - PPT)
—1
:P(IL—PT ) (IL—PT ) (IL—PPT>
— PP 4 (IL —PPT) -
Thus, A = (I, — PP")/2(I, — PP")~"1(I, — PP")"/2 = I, where we have used (I, — PP) =
(I, — PP")/2(I; — PP")"/2. This completes the proof that T is unitary. O

8.11.2 Propagation of Paraunitary Property
Return now to Fig. 8.9. We will show that if the rational transfer matrix G,,(z) is paraunitary and
the box labeled P, 1 has a unitary transfer matrix T, 1(z) then G,,11(%) is also paraunitary.
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Proof of Paraunitarity of G, 1(z). From Fig. 8.9, we have

Yl(ej“’) o
Yz(ejw)] T

The unitary property of T 1 implies that
Yi(ejw)Yl(ejw) + Y;(ej“’)Yg(ejw)

= X! (e/)X; (e ™) + X} (e™)Xy(e™), forallw.
Because G,,(z) is paraunitary, we also have Y3 (e/*)Y,(e/) = X} (e/*)X,(e/*) for all w. So it
follows that
Yi(e/)Yi(e) = XI(e™)Xy(e™), forall w.

This shows that the rational function G,,11(z) is paraunitary. O

8.11.3 Poles of the MIMO IIR Lattice
Figure 8.11 is a reproduction of Fig. 8.9 with details of the building block P, shown explicitly

(with subscripts deleted for simplicity). Here, the matrices Qf and Qb are as in Eq. (8.66), that is,

~1/2 ~1/2
Q/ = (IL - PPT> and Q"= (IL - PTP> .
In Section 8.8.1, we showed that the LPC lattice satisfies the property
PP <1 (8.77)

(see Eq. (8.58)). Under this assumption, we will prove an important property about the poles® of
the transfer matrix G, 1(2).

Lemma 8.1. Poles of the IIR Lattice. If the rational paraunitary matrix G,,(z) has all poles in
|z] < 1 and if the matrix multiplier P is bounded as in Eq. (8.77), then the poles of G,,1(z) are
also confined to the region |z| < 1. o

Proof. It is sufficient to show that the transfer function F(z) indicated in Fig. 8.11 has all
poles in |z| < 1. To find an expression for F(z), note that

Y(z) = 2'G,(2)W(z) and W(z) = —27'PG,,(2)W(z) + X(z),

*The poles of a MIMO transfer function F(z) are nothing but the poles of the individual elements Fy,(z). For
this section, the reader may want to review the theory on poles of MIMO systems (Kailath, 1980; Vaidyanathan,
1993, Chapter 13).
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( Q{i)f1 X(E) w(n)
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> >
tro/ !
Py . A -p
Q) |y -
g < < — z'Gy(z) <
G102 )

FIGURE8.11: The normalized MIMO IIR lattice section with some of the details indicated. Subscripts
on P and Q_are omitted for simplicity.

where w(#) is the signal indicated in the figure. Eliminating W(z), we get Y(z) = 271G, (z) (1 +
2z PG,,(z)) " 'X(z). This shows that

F(z) = 2 'G,,(2)(I+ 2z 'PG,,(z)) . (8.78)

Because the poles of G,,(z) are assumed to be in |z| < 1, it suffices to show that all the poles of
(I+27'PG,,(z)) !arein |z| < 1. Because

-1 Adj (I+27'PG,(z))

I+=7"PG,(2) = det(1+ 2 'PG(z)) ’

where Adj is the adjugate matrix, it is sufficient to show that all zeros of the denominator above are
in |z| < 1. We will use Eq. (8.77) and the assumption that G,,(z) is paraunitary with all poles in
|z| < 1. The latter implies

Gl (2)G,,(z) <1 (8.79)

forall zin |z| > 1 (see Section 14.8 of Vaidyanathan, 1993). Now, if zg is a zero of the determinant
of (I+ 27 'PG,,(2)), then I + 2, 'PG,,(z0) is singular. So there exists a unit-norm vector v such
that 2, 'PG,,(20)v = —v. This implies

ViG], (20)P'PG,,(z0)v = |20 (8.80)

If |z0| > 1, then G,,(z0)v has norm < 1 (in view of Eq. (8.79)). So the left-hand side in Eq. (8.80)
is < 1 in view of (8.77). This contradicts the statement that the right-hand side of Eq. (8.80)
satisfies |z9| > 1. This proves that all zeros of the said determinant are in |z| < 1. O

By induction, it therefore follows that the MIMO IIR LPC lattice is stable. Summarizing, we have
proved the following:
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Theorem 8.2. Szability of the IIR Lattice. Assume all the matrix multipliers indicated as P,,
in the MIMO IIR lattice (demonstrated in Fig. 8.8 for three stages) satisfy P! P,, < I and define
Q_/and Ql:n as in (8.66). Then, the poles of all the paraunitary matrices G,,(z) in the LPC lattice
are confined to be in |z| < 1. O

Equivalently, all poles of the MIMO IIR LPC lattice are in |z| < 1 (i.e., the IIR lattice is a causal
stable system). This is the MIMO version of the stability property we saw in Section 4.3.2 for the
scalar LPC lattice.

8.12 WHITENING EFFECT AND STALLING

Consider again Levinson’s recursion for the MIMO linear predictor described in Section 8.5.
Recall that the error covariances are updated according to Egs. (8.37(h)) and (8.37(1)), which can
be rewritten using (8.37(d)) and (8.37(e)) as follows:

E,, = E{ — (F{)T(E})'F} (8.81)
E}.,, = E} — F{(E{) 1(F)1. (8.82)

We say that there is no progress as we move from order N to order N+ 1, if € 1{,[ 1 =E 1{,[, that is,

TrEf,, = TrEJ. (8.83)

We know that the optimal prediction e{;(n) at time 7 is orthogonal to the samples x(n — #), for

1 < % < N. We now claim the following:
Lemma 8.2. No-Progress Situation. The condition (8.83) arises if and only if

(F12E[ed(n)x'(n—N—1)] =0 (8.84)

that is, the error e{;(n) is orthogonal to x(7 — N —1) in addition to being orthogonal to

x(n—1),...,x(n — N). &
Proof. Eq. (8.83) is equivalent to Tr ((FIJ;)T(EE’V)_lFIC) = 0, asseen from Eq. (8.45). Because

the matrix (FIJ;)T(EE’V)_lF{; is Hermitian and positive semidefinite, the zero-trace condition is

equivalent to the statement®

(F)T(ER) "\ (Ff) = 0.

*The trace of a matrix A is the sum of its eigenvalues. When A is positive semidefinite, all eigenvalues are
nonnegative. So, zero-trace implies all eigenvalues are zero. This implies that the matrix itself is zero (because any
positive semidefinite matrix can be written as A = UAU" where A is the diagonal matrix of eigenvalues and U
unitary).
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This is equivalent to F{; = 0 (because (E%) ! is Hermitian and nonsingular). This completes the
proof. O

A number of points should be noted.

1. From Egs. (8.82) and (8.84), we see that when there is no progress in forward prediction,
then there is no progress in backward prediction either (and vice versa).

2. When Eq. (8.84) holds, we have KIJ\;H =0 (from (8.26)) so that Ay,1(z) = An(2).
Similarly K?v+1 = 0and By, 1(z) = 27 'Bp(z).

We say that linear prediction “stalls” at order IV if there is no further progress after stage IV,
that is, if

= =&y = . (8.85)

We now prove the following:
Lemma 8.3. Stalling and Whitening. The stalling situation (8.85) occurs if and only if

Elef(n) (e)! (= m)] = B (m), (8.86)
that is, if and only ifelj\;(n) is white. &
Proof. From Lemma 8.2, it is clear that stalling arises if and only if
F/=0,m>N,
or equivalently,
Elel(n)x' (n—m)] =0, m>N+1.

Because this equality holds for 1 < . < N directly because of orthogonality principle, we can say
that stalling happens if and only if
Elel(n)x'(n —m)] =0, m > 1. (8.87)

But e{;(n) is a linear combination of x(n — m), m > 0, so the preceding equation implies

Elel(n)(el){(n—#)] =0, %>1. (8.88)

Conversely, because x(7) is a linear combination ofe{;(n — %), & > 0, we see that Eq. (8.88) implies
Eq. (8.87) as well. But because (8.88) is equivalent to Eq. (8.86), we have shown that the stalling
condition is equivalent to Eq. (8.86). O
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8.13 PROPERTIES OF TRANSFER MATRICES IN LPC THEORY

In the scalar case, the properties of the transfer functions 4y(z) and By(z) are well understood. For
example, An(z) has all zeros strictly inside the unit circle (i.e., it is a minimum-phase polynomial).
Furthermore, we showed that

Bu(z) = x VD Ap(z).

This implies that By(z) has all its zeros outside the unit circle and the filter By(z) /An(z) is stable
and all-pass. That is, the forward and backward error sequences are related by an all-pass filter,
so that £ 1{,[ = &P, For the case of vector linear prediction, it is trickier to prove similar properties
because the transfer functions are matrices. Let us first recall what we have already done. The
transfer matrix Hy(z) from the prediction error elj\;(n) to the prediction error e},(7) is given in Eq.

(8.48) and is reproduced below:
2 Hy(z)2By(2) AR (2). (8.89)

The transfer matrix 2 'Gy(z) from the normalized prediction error g{;(n) to the normalized

prediction error g3 () is given in Eq. (8.50) and reproduced below:
= Gi(=)=[Ep] 1 Ba(2) Ay (=) [Ex] ' (.90

This also appears in the MIMO IIR lattice of Fig. 8.8(a) (indicated also in Fig. 8.11). We showed
in Section 8.11.2 that Gu(z) is paraunitary, which is an extension of the all-pass property to the
MIMO case. We also showed (Section 8.11.3) that all poles of Gy(z) are in |z| < 1.

We will start from these results and establish some more. The fact that the poles of Gy(z)
are in |z| < 1 does not automatically imply that the zeros of the determinant of Ay(z) are in
|z] < 1 unless we establish that the rational form in Eq. (8.90) is “irreducible” or “minimal” in some
sense. We now discuss this issue more systematically. We will also establish a relation between the
forward and backward matrix polynomials Ax(z) and By(z).

8.13.1 Review of Matrix Fraction Descripions
An expression of the form

H(z) = B(z)A ' (2), (8.91)
where A(z) and B(z) are polynomial matrices is called a matrix fraction description (MFD).” The

expressions (8.89) and (8.90) for z 'Hy(z) and 2 1Gy(z) are therefore MFDs. We know that the

*In this section, all polynomials are polynomials in z*.
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rational expression H(z) = B(z)/A(z) for a transfer function is not unique because there can be
cancellations between the polynomials 4(z) and B(z). Similarly, the MFD expression for a rational
transfer matrix is not unique. If there are “common factors” between A(z) and B(z), then we can
cancel these to obtain a reduced MFD description for the same H(z). To be more quantitative,
we first need to define “common factors” for matrix polynomials. If the two polynomials A(z) and
B(z) can be written as

B(z) = B1(2)R(z) and A(z) = A;(2)R(=z)

where B1(z),A;(z), and R(z) are polynomial matrices, then we say that R(z) is a right common
divisor or factor between A(z) and B(z), abbreviated as red. In this case, we can rewrite Eq. (8.91)
as

H(z) = B1(2)A] ' (2). (8.92)
Because
detA(z) = detA;(z)detR(z),

it follows that detA;(z) has smaller degree than detA(z) (unless det R(z) is constant). Thus,

cancellation of all these common factors results in a reduced MFD (i.e., one with smaller degree
for det A(z)). We say that the MFD (8.91) is irreducible if every rcd R(z) has unit determinant,

detR(z) =1, (8.93)

or more generally, a nonzero constant. A matrix polynomial R(z) satisfying Eq. (8.93) is said to
be unimodular. Thus, an MFD (8.91) is irreducible if the matrices A(z) and B(z) can have only
unimodular rcds. In this case, we also say that A(z) and B(z) are right coprime.
Any unimodular matrix is an red. Given A(z) and B(z), we can always write
Alz) = A(z)U '(z) xU(z), B(z)= B(z)U '(z) xU(z)

—_—— —_——
polynomial A, (z) polynomial B, (z)

for any unimodular polynomial U(z). The inverse U™ (z) remains a polynomial because det U(z) =
1. Thus, A;(z) and By(z) are still polynomials. This shows that any unimodular matrix can be

regarded as an rcd of any pair of matrix polynomials. O

The following results are well-known in linear system theory (e.g., see Lemmas 13.5.2 and
13.6.1 in Vaidyanathan, 1993).

Lemma 8.4. Irreducible MFDs and Poles. Let H(z) = B(z)A™'(2) be an irreducible MFD.
Then, the set of poles of H(z) is precisely the set of zeros of [det A(z)]. &
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Lemma 8.5. Irreducible and Reducible MFDs. Let H(z) = B(z)A™'(z) be an MFD and
H(z) = B,.a(z)A_(2) an irreducible MFD for the same system H(z). Then, B(z) = B.q(z)R()
and A(z) = A.ed(z)R(z) for some polynomial matrix R(z). &

8.13.2 Relation Between Predictor Polynomials

We now prove a crucial property of the optimal MIMO predictor polynomials. The property
depends on the vector version of Levinson’s upward recursion Eqs. (8.37(f))—(8.37(g)). First note
that we can solve for A,,(z) and B,,(z) in terms of A,, 1 (z) and B,, ;1 (%) and obtain

A = (1- KL, (Aua(e) — KL Bua(2) (299

and

Bo(e) = (1 (K0, KL)  (Ba(e) — () Aun(a)) - (899

This is called the downward recursion because we go from m + 1 to m using these equations.
The inverses indicated in Eq. (8.94) and (8.95) exist by virtue of the assumption that the error
covariances at stage 7 and . + 1 are nonsingular and related as in Egs. (8.35) and (8.36).

Lemma 8.6. Coprimality of Predictor Polynomials. The optimal predictor polynomials An(z)
and Byy(z) are right coprime for any N, so that the MFD given by By(z)A," () is irreducible. ¢

Proof. If R(z) is an red of A,,11(2) and B, 1(z), then we see from Egs. (8.94) and (8.95)
that it is also an rcd of A,,(z) and B,,(z). Repeating this argument, we see that any rcd R(z) of
Ap(z) and By(z) for N > 0 must be an red of Ag(z) and By(z). But Ag(z) = Iand By(z) = =!I,
so these have no rcd other than unimodular matrices. Thus, R(z) has to be unimodular, or
equivalently, Ay(z) and By(z) are right coprime. O

We are now ready to prove the following result. The only assumption is that the error covariances
EIJ; and EY are nonsingular (as assumed throughout the chapter).

Theorem 8.3. Minimum-Phase Property. The optimal predictor polynomial matrix Ay(z) is
a minimum-phase polynomial, that is, all the zeros of [det Ay(z)] are in |z] < 1. &

Proof. From Eq. (8.90), we have
Ba(2)Ay' (z) = 2 (ER)2G(z) (Ef) V2.

From Theorem 8.2, we know that Gx(z) is a stable transfer matrix (all poles restricted to |z| < 1).
This shows that By(z)Ay'(z) is stable as well. Because By(z)Ay' (z) is an irreducible MFD
(Lemma 8.6), all the zeros of [det Ay(z)] are poles of By(z)Ay' (z) (Lemma 8.4). So all zeros of
[detAn(z)] are in |z| < 1. 0
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Refer again to Eq. (8.90), which is reproduced below:

2 1Gu(2)2 [Ey] " V?Ba(z) Ay (2) [EZ]/2 = B(z)A ™' (2) (8.96)

call this B(z) call this A—1(z)

Because G(z) is paraunitary, it follows that B(z)A~'(z) is paraunitary as well. Thus,

from which it follows that
B(z)B(z) = A(z)A(z) forall z. (8.97)
That s,
By(z) [E}) 'By(z) = An(2)[E{] 'An(z). (8.98)

So, the forward and backward predictor polynomials are related by the above equation. For the
scalar case, note that we had &Y = & 1{,[, so that this reduces to By(z)By(z) = An(2)An(z), which,
of course, is equivalent to the statement that By(z)/A4n(z) is all-pass. Summarizing, the main
properties of the optimal predictor polynomials for vector LPC are the following:

1. An(z) and By(z) are right coprime, that is, By(z)Ay " (z) is irreducible (Lemma 8.6).
2. An(z) has minimum-phase property (Theorem 8.3).
3. By(2)[EY]'Bu(z) = An(2)[EZ] 'An(z), or equivalently,

= 1Gn(z) Z[EN] Y ?Bu(2) Ay (z) [EF]2 (8.99)

is paraunitary.

8.14 CONCLUDING REMARKS

Although the vector LPC theory proceeds along the same lines as does the scalar LPC theory, there
are a number of important differences as shown in this chapter. The scalar all-pass lattice structure
introduced in Section 4.3 has applications in the design of robust digital filter structures (Gray
and Markel, 1973, 1975, 1980; Vaidyanathan and Mitra, 1984, 1985; Vaidyanathan et al., 1986).
Similarly, the paraunitary lattice structure for MIMO linear prediction can be used for the design of
low sensitivity digital filter structures, as shown in the pioneering work of Rao and Kailath (1984).
The MIMO lattice is also studied by Vaidyanathan and Mitra (1985).
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APPENDIX A

Linear Estimation of Random

Variables

Let x1, 22, ..., 2y be a set of IV random variables, possibly complex. Let x be another random
variable, possibly correlated to x; in some way. We wish to obtain an estimate of x from the observed

values of x;, using a linear combination of the form
X= —dafxy —d3xy ... — afxn. (4.1)

The use of —a] rather than just ; might appear to be an unnecessary complication, but will become
notationally convenient. We say that x is a /inear estimate of x in terms of the “observed” variables
x;. The estimation error is defined to be

e=x—x, (4.2)
so that
e=x+afnr +a5x+ ...+ ajxy. (4.3)

A classic problem in estimation theory is the identification of the constants 4; such that the mean

square error
€ =E[ |, (44)

is minimized. The estimate x is then said to be the minimum mean square error (MMSE) linear

estimate.

A.1 THE ORTHOGONALITY PRINCIPLE

The minimization of mean square error is achieved with the help of the following fundamental
result:

Theorem A.1. Orthogonality Principle. The estimate x in Eq. (A.1) results in minimum mean
square error among all linear estimates, if and only if the estimation error ¢ is orthogonal to the V
random variables x;, that is, E[exf] = 0for1 < i < V. O
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Proof. Let x; denote the estimate obtained when the orthogonality condition is satisfied.
Thus, the error

eléx—&l (A5)

satisfies
Ele,xf] =0, 1<i<N. (4.6)
Let % be some other linear estimate, with error e. Then,
e=x—x—e¢ +x —«% (from Eq. (A.5)).
This has the mean square value
E[[e['] = E[ [e1 )] + E[ [z — &) + E[(8 —%)el] + Ele. (31 —7%)]- (4.7)

Because x; and x are both linear combinations as in Eq. (A.1), we can write

N

BZL —36\: Zfixi. (Ag)

=1
We therefore have
N
Eley (87 —%%)] = Ele. Y _ ¢ixf]  (from Eq. (A.8))
=1

F Ele) xf]

I
AMZ

=1

0 (from Eq. (A.6)),

so that Eq. (A.7) becomes
E[ |el*] = E[ |eL]P] + E[ [z — &).
The second term on the right-hand side above is nonnegative, and we conclude that
E[|el’] = ElleL ).
Equality holds in the above, if and only if ¥, = . O
A.2 CLOSED-FORM SOLUTION
If we impose the orthogonality condition on the error (A.3), we obtain the NV equations

Elex!] =0, 1 <i< N (orthogonality). (4.9)
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We use these to find the coefficients 4;, which result in the optimal estimate. (The subscript L

which was used in the above proof will be discontinued for simplicity.) Defining the column vectors
x=[x1 %) ...xN]T, a=[a o ...aN]T,
we can write the error ¢ as
e=x+alx, (4.10)

and the orthogonality condition Eq. (A.9) as

E[ex'] = 0. (4.11)
Substituting from Eq. (A.10), we arrive at
E[xx'] +a'E[x'] = 0. (4.12)
In the above equation, the matrix
R=Efx']

is the correlation matrix for the random vector x. This matrix is Hermitian, that is, R' = R.
Defining the vector

r = E[x«%,
Eq. (A.12) simplifies to
Ra = —r.
More explicitly, in terms of the matrix elements, this can be written as
E[ |%1|] Elxrx3] ... E[x1x%] m Efx; %]
E[xyxf] E] |x2|2] oo E[xpx}] a E[x)x]

= | (4.13)

] E[x;vxf] E[x;vxg*] El |;N|2]J [gNJ | Bl |
i e ~

The vector r is the cross-correlation vector. Its ith element represents the correlation between the
random variable x and the observations «;. If the correlation matrix R is nonsingular, we can solve

for a and obtain

a=—R'r (optimal linear estimator). (4.14)
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The autocorrelation matrix R is positive semidefinite because xx' is positive semidefinite. If in
addition R is nonsingular, then it is positive definite. The case of singular R will be discussed in
Section A.4.

The above development does not assume that x or x; have zero mean. Notice that if the
correlation between x and the observation «x; is zero for each 7, then r = 0. Under this condition,
a = 0. This means that the best estimate is x = 0 and the error is ¢ = x itself]

A.3 CONSEQUENCES OF ORTHOGONALITY
Because the estimate ¥ is a linear combination of the random variables x;, the orthogonality property

(A.9) implies
Elex*] = 0. (4.15)

That is, the optimal linear estimate X is itself orthogonal to the error e. The random variable x and

its estimate ¥ are related as x = X + . From this, we obtain

E[ |x*] = E[ [+°] + E[ |e/’] (4.16)
——

£

by exploiting Eq. (A.15).

Geometric Interpretation. A geometric interpretation of orthogonality principle can be given
by visualizing the random variables as vectors. Imagine we have a three-dimensional Euclidean
vector x, which should be approximated in the two-dimensional plane (x, x;) (Fig. A.1). We see
that the approximation error is given by the vector e and that the length of this vector is minimized
if and only if it is perpendicular to the x4, xy plane. Under this condition, the lengths of the vector
x, the error e, and the estimate ¥ are indeed related as

(length of x)? = (length of X)? + (length of e)?,

which is similar to Eq. (A.16). The above relation is also reminiscent of the Pythagorean
theorem. O

Expression for the Minimized Error. Assuming that the coefficients 4; have been found, we

can compute the minimized mean square error as follows:

E = E[|e’] = E[ec*] = Ele(x* + x'a)]
= E[ex*] (by orthogonality (A.11)).
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A
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x>

FIGURE A.1: Pertains to the discussion of orthogonality principle.

Using Eq. (A.10) and the definition of r, this can be rewritten as

E[ ] = E[ |+?] +a't (4.17)
£

Example A.1: Estimating a Random Variable. Let x and x; be real random variables. We
wish to estimate x from the observed values of x; using the linear estimate

36\ = —a1xq.
The normal equations are obtained by setting N = 1 in Eq. (A.13), that is,
E[xf] X ay = —E[xz].

Thus,

—E[x; ]
Elx]

ar —

The mean square value of the estimation error is

(Elx1x])?

E[e?] = E[x?] — Bl

[from Eq. (A.17)].

Thus, a1 is proportional to the cross-correlation E[x1x|. If E[x1x] = 0, then a; = 0, that is, the best

estimate is x = 0, and the mean square error is

E[e?] = E[x?] = mean square value of x itself!
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A.4 SINGULARITY OF THE AUTOCORRELATION MATRIX

If the autocorrelation matrix R defined in Eq. (A.13) is singular, (i.e., [det R] = 0), we cannot
invert it to obtain a unique solution a as in Eq. (A.14). To analyze the meaning of singularity, recall
(Horn and Johnson, 1985) that R is singular if and only if Rv = 0 for some vector v # 0. Thus,
singularity of R implies v Rv = 0, that is,

VTE[XXT]V =0, v#0.

Because v is a constant with respect to the expectation operation, we can rewrite this as E[vixx'v] =
0. That is,

E| |VTX|2] =0.
This implies that the scalar random variable vix is zero, that is,

vix = i + vixg + ... + vy = 0.
T T
with x = [xl x5 ... xN} and v = [1}1 vy ... fuN} . Because v # 0, at least one of components

v; is nonzero. In other words, the N random variables x; are /inearly dependent. Assuming, for

example, that vy is nonzero, we can write
_ * * *
XN = —[’lel + ...+ ’UN_19CN_1]/’UN.

That is, we can drop the term ajxy from Eq. (A.3) and solve a smaller estimation problem, without
changing the value of the optimal estimate. We can continue to eliminate the linear dependence
among random variables in this manner until we finally arrive at a smaller set of random variables,
say, x;, 1 <7 < L, which do not have linear dependence. The L x L correlation matrix of these
random variables is then nonsingular, and we can solve a set of L equations (normal equations)
similar to Eq. (A.13), to find the unique set of L coefficients a;.

Example A.2: Singularity of Autocorrelation. Consider the estimation of x from two real

random variables x; and x,. Let the 2 X 2 autocorrelation matrix be

1 a
aa’|’

We have [det R] = a? — 4? = 0 so that R is singular. We see that the vector v = ﬂl has the

R =

property that Rv = 0. From the above theory, we conclude that x; and x, are linearly dependent
and ax; — xy = 0, that is,

Xy = axy.

In other words, x, is completely determined by ;.
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APPENDIX B

Proof of a Property of

Autocorrelations

The autocorrelation R(%) of a WSS process satisfies the inequality
R(0) > |R(%)|. (B.1)
To prove this, first observe that
E|x(0) — e®x(—=&)* >0 (B.2)
for any real constant ¢. The left-hand side can be rewritten as

E [|x(0)|2 + |x(=&) > — e7x*(0) (%) — e‘f'%(o)x*(—/e)}
= 2R(0) — e”*R*(%) — e 7*R(%).

Because this holds for any real ¢, let us choose ¢ so that R* (£)e/® is real and nonnegative, that is,
R*(%)e’® = |R(%)|. Thus,
E|x(0) — ¢’®x(—%)|> = 2R(0) — 2|R(%)| > 0,
from (B.2). This proves Eq. (B.1). Equality in (B.1) is possible if and only if
E|x(0) — e”x(—%)]> = 0,
that is,
Elx(n) —e”x(n— &) =0
for all » (by WSS property). Thus,
x(n) = e®x(n — &),

which means that all samples of x(7) can be predicted perfectly if we know the first 2 samples

%(0), ..., x(%2— 1). Summarizing, as long as the process is not perfectly predictable, we have
R(0) > |R(%)| (B.3)

for £ # 0.
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APPENDIX C

Stability of the Inverse Filter

We now give a direct proof that the optimum prediction polynomial Ay(z) has all zeros p,
inside the unit circle, that is, | p,| < 1, as long as x(#) is not a line spectral process (i.e., not fully
predictable). This gives a direct proof (without appealing to Levinson’s recursion) that the causal
IIR filter 1/An(z) is stable. This proof appeared in Vaidyanathan et al. (1997). Also see Lang and
McClellan (1979).

Proof. The prediction filter reproduced in Fig. C.1(a) can be redrawn as in Fig. C.1(b),
where ¢ is some zero of Ay(z) and Cy_1(z) is causal FIR with order N — 1. First observe that
1 — gz~ 1 is the optimum first-order prediction polynomial for the WSS process y(7), for otherwise,
the mean square value of its output can be made smaller by using a different ¢, which contradicts
the fact that 4y(z) is optimal. Thus, ¢ is the optimal coefficient

(C.1)

where R,,(£) is the autocorrelation of the WSS process y(7). From Appendix B, we know that
R,,(0) > |R,, (%) for any % that shows

lgl < 1.

This proves that all zeros of An(z) satisy |z;] < 1. To show that, in fact, |g| < 1 when x(n)
is not a line spectral process, we have to work a little harder. Recall that the optimal elfé(n) is

orthogonal to x(n — 1), ..., x(n — N) (Section 2.3). Because y(n — 1) is a linear combination of
x(n—1),...,2(n — N), it is orthogonal to elfé(n) as well:

E[e§(n)y(n —1)] = 0. (C2)
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(a) x(n)—d Ay el

FIR prediction filter

y(n)

x(n)—>» Cy_, () 1 —gz-! —»elm)

v

(b)

FIGURE C.1: (a) The prediction filter and (b) an equivalent drawing, with a factor (1 — gz‘l) shown
separately.

Thus, using the fact that e{;(n) = y(n) — gy(n — 1), we can write

() (y(n) = gy(n = 1))]
Elex(n)y*(n)] (from (C.2))
= E[((n) = gy(n = 1))y"(n)]

Ry (0) — gR;,(1)

0)(1— |¢g]*) (from (C.1)).

& = El|le(n) ] = Elel,
f

Because x(7) is not a line spectral process, we have 51(,[7& 0, that is, 51(,[ > 0. Thus, (1 — |¢|?) > 0,
which proves |¢| < 1 indeed. 0



figC-01.eps
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APPENDIX D

Recursion Satisfied by AR

Autocorrelations

Let aj , denote the optimal /Vth-order prediction coefficients and £ 1{,[ the corresponding prediction
error for a WSS process x(7) with autocorrelation R(%). Then, the autocorrelation satisfies the

following recursive equations:

R() = —a}1R(k—1) — al2R(k—2) ... — aynR(k—N) + &, £=0 (D.1)
—afuR(k—1) — afR(k—2) ... — aynR(E—N), 1<k<N. '
In particular, if the process x(7) is AR(V), then the second equation can be made stronger:
R(k) = —af Rk — 1) — afaR(E—2) ... — anR(k— N), forallk> 0 (D.2)

Proof. The above equations are nothing but the augmented normal equations rewritten. To
see this, note that the Oth row in Eq. (2.20) is precisely the 2 = 0 case in (D.1). For 1 <4 < N,
the 4th equation in (2.20) is

R(&) + ay 1R (k— 1) + ...+ aynR*(k — N) = 0 (using R(3) = R*(—i)).

Conjugating both sides, we get the second equation in Eq. (D.1). For the case of the AR(V)
process, we know that the (IV+ m)th-order optimal predictor for any 7 > 0 is the same as the
Nth-order optimal predictor, that is,

an, 1<n<N
ONtmm = 0 n > N.

So, the second equation in Eq. (D.1), written for N 4 7 instead of N yields
R(E) = —ai1R(E—1) — aiaR(k—2) ... — alynR(k—N), 1 < k< N+m

for any m > 0. This proves Eq. (D.2) for AR(V) processes. 0
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Problems

1. Suppose x(7) is a zero-mean white WSS random process with variance o>. What are the
coetticients ay; of the NV th-order optimal predictor? What is the prediction error variance?

2. Consider the linear prediction problem for a real WSS process x(7) with autocorrelation
R(%). The prediction coefficients ay,; are now real. Show that the mean square prediction

error £ can be written as
51(,[: R(0) +a'Rya+ 2a'r,

where

T
a—= |:61N’1 aN2 - .. AN.N 5

and Ry and r are as in Eq. (2.8). By differentiating £ 1\/,[ with respect to each ay; and setting
it to zero, show that we again obtain the normal equations (derived in Section 2.3 using
orthogonality principle).

3. Consider a WSS process x(7) with autocorrelation

22 for £ even
R(k) = P3
(%) { 0 for £ odd (P-3)

where 0 < 4 < 1.

a) Compute the power spectral density S, (e/*).

b) Find the predictor polynomials 4 (z), 4> (z), the lattice coefficients 41, 4;, and the error
variances &/, &5 using Levinson’s recursion.

c) Show that e2f (n) is white.

4. Someone performs optimal linear prediction on a WSS process x(7) and finds that the first
two lattice coefficients are 4 = 0.5 and 4, = 0.25 and that the second-order mean square
prediction error is £ /=1.0. Using these values, compute the following.

a) The predictor polynomials 4; (z) and 4 (z).
b) The mean square errors Sof and &/.
c¢) The autocorrelation coefficients R() of the process x(n), for m = 0, 1, 2.
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5. Someone performs optimal linear prediction on a WSS process x(7) and finds that the first
four lattice coefficients are

ki =0, by =05, ks =0, & = 0.25, (P.5)

and that the fourth-order mean square prediction error is &l =20. Using these values,
compute the following:

a) The predictor polynomials 4,,(z) for m = 1,2,3,4.

b) The mean square errors &l form = 0,1,2,3.

c¢) The autocorrelation coefficients R() of the process x(7), for m = 0,1,2,3,4.

6. Show that the quantity v, arising in Levinson’s recursion can be expressed in terms of a

cross-correlation, that is,
oy, = E[e,{;(n)x*(n —m—1)]. (P.6)
7. Estimation From Noisy Data. Let v be a noisy measurement of a random variable #, that is,
v =u-+Ee, (P.7a)

where the random variable € represents noise . Assume that this noise has zero mean and
that it is uncorrelated with #. From this noisy measurement v, we would like to find an
estimate of « of the form % = av. Let e = u — u be the estimation error. Compute the value
of a, which minimizes the mean square error E[|¢]*]. Hence, show that the best estimate of

U= (Ri> v, (P.7b)

R, + o?

u1s

where R, = E[|#*] and 02 = E]|€|?] (noise variance). Show also that the minimized mean

square error 1is

2
R0

El|¢]] = R +or

(P.7¢)

2

Thus, when the noise variance o

is very large, the best estimate approaches zero; this means
that we should not trust the measurement and just take the estimate to be zero. In this
extreme case, the error E[|¢|?] approaches R,,. Thus, with the above estimate, the mean
square estimation error will never exceed the mean square value R, of the random variable

u to be estimated, no matter how strong the noise is!
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Valid Autocorrelations. Let R be a Hermitian positive definite matrix. Show that it is a
valid autocorrelation matrix. That is, show that there exists a random vector x such that
R = E[xx'].

. Let J denote the N X N antidiagonal matrix, demonstrated below for IV = 3.

—[ono -

LlOOJ

If A'is any IV X N matrix, then JA represents a matrix whose rows are identical to those of
A but renumbered in reverse order. Similarly, AJ corresponds to column reversal.

a) Now assume that A is Hermitian and Toeplitz. Show that JAJ = A™.

b) Conversely, suppose JAJ = A*. Does it mean that A is Hermitian and Toeplitz? Justify.
c) Suppose JAJ = A* and A is Hermitian. Does it mean that A is Toeplitz? Justify.

Consider a WSS process x(7) with power spectrum

. 1— p2
S.’)C.’)C e —
(™) 14 p?—2pcosw

-1<p<1. (P.10)

Let R, represent the 2 X 2 autocorrelation matrix of x(7) as usual. Compute the eigenvalues
of this matrix and verify that they are bounded by the extrema of the power spectrum (i.e.,
as in Eq. (2.28)).

Condition number and spectral dynamic range. Eq. (2.31) shows that if the power spectrum
has wide variations (large Syax/Smin), then the condition number of Ry can, in general, be
very large. However, this does not necessarily always happen: we can create examples where
Smax/Smin 18 arbitrarily large, and yet the condition number of Ry is small. For example,
given the autocorrelation R(%) with Fourier transform S, (e/), define a new sequence as
follows:

otherwise.

R(%/N) if % is multiple of N
w('%) = 0

a) Find the Fourier transform §,,(e/*) of R, (£), in terms of S (e/*).
b) Argue that Ry, (%) represents a valid autocorrelation for a WSS process y(7).
c) For the process y(7), write down the V X N autocorrelation matrix. What is its condition

number?
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13.

14.

15.

d) For the process x(7), let v denote the ratio Syax/Smin in its power spectrum S, (e/*).
For the process y(#), what is the corresponding ratio?

12. Consider two Hermitian matrices A and B such that A is the upper left submatrix of B,

that is

- [A X] : (P.12)

X X

a) Show that the minimum eigenvalue of B cannot be larger than that of A. Similarly,
show that the maximum eigenvalue of B cannot be smaller than that of A. Hinz. Use
Rayleigh’s principle (Horn and Johnson, 1985).

b) Prove that the condition number N of the autocorrelation matrix R,, of a WSS process

(Section 2.4.1) cannot decrease as the matrix size 7 grows.

Consider a WSS process x(7) with the first three autocorrelation coefficients
R(0)=3, R(1) =2, R(2) =1. (P.13)

a) Compute the coefficients of the first and the second-order optimal predictor polynomials
A1(z) and 4, (2) by directly solving the normal equations.

b) By using Levinson’s recursion, compute the predictor polynomials and mean square
prediction errors for the first- and second-order predictors.

¢) Draw the second-order FIR LPC lattice structure representing the optimal predictor and
indicate the forward and backward prediction errors at the appropriate nodes. Indicate
the values of the lattice coefficients £2; and 4;.

d) Draw the second-order IIR lattice structure representing the optimal predictor and
indicate the forward and backward prediction errors at the appropriate nodes. Indicate
the values of the lattice coefficients 21 and 4;.

Valid Toeplitz autocorrelation. Consider a set of numbers R(%),0 < £ < N and define
the matrix Ryy1 as in Eq. (2.20). By construction, this matrix is Hermitian and Toeplitz.
Suppose, in addition, it turns out that it is also positive definite. Then, show that the numbers
R(%), 0 < %2 < N, are valid autocorrelation coefficients of some WSS process x(7). Give a
constructive proof, that is, show how you would generate a WSS process x(7) such that its
first N+ 1 autocorrelation coefficients would be the elements R(0), R(1), ..., R(N).

Show that the coefficients 4y ; of the optimal backward predictor are indeed given by
reversing and conjugating the coefficients of the forward predictor, as shown in Eq. (4.3).
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19.

20.

21.
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Let i) (n) denote the forward prediction error for the optimal mth-order predictor as usual.
Show that the following orthogonality condition is satisfied:

E [e,{j(n) /(-1 =0, m>= (P.16)

In Problem 4, suppose you are informed that x(7) is actually AR(2). Then, compute the
autocorrelation R(m) for m = 3,4.

In Example 2.1, the autocorrelation R(%Z) of a WSS process x(7) was supplied in closed
form. Show that the process x(7) is in fact AR(2), that is, the prediction error e2f (n) is
white.

Compute and sketch the entropy of a Gaussian WSS process, with autocorrelation R(%) =
p*) —1 < p < 1. Make qualitative remarks explaining the nature of the plot.

Consider a Gaussian AR(2) process with R(0) = 1, for which the second-order predictor

A (z) = (1 - %z_1> (1 - %z_1> (P.20)

Compute the entropy of the process and the flatness measure v2.

polynomial is

Consider a real WSS Gaussian process x(7) with power spectrum sketched as shown in
Fig. P.21.
a) Compute the entropy of the process.

Se(e”®)

0 /4 /2 Vg

FIGURE P.21
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22.

23.

b) Compute the limiting value &L of the mean square prediction error.
¢) Compute the flatness measure 7.

Consider a WSS process x(7) with autocorrelation R(%). Let the 3 X 3 autocorrelation

matrix have the form

lpa
Ry=|plp|, (P.22)
apl

where p and « are real and —1 < p < 1. (Thus, R(0) =1, R(1) = p, and R(2) = «.) If
you are told that x(7) is a line spectral process of degree = 2, what would be the permissible
values of a? For each of these permissible values of v, do the following:

a) Find the line frequencies w; and w; and the powers at these line frequencies.

b) Find the recursive difference equation satisfied by R(%).

¢) Find a closed form expression for R(%).

d) Compute R(3) and R(4).

We now provide a direct, simpler, proof of the result in Theorem 7.4. Let y(n) be a WSS

random process such that if it is input to the FIR filter 1 — az™! the output is identically

zero (see Fig. P.23)

a) Show that the constant « must have unit magnitude. (Assume, of course, that y(n) itself
is not identically zero.)

b) Now let x(7) be a WSS process satisfying the difference equation

x(n) = — Z atx(n — ). (P.23)

That s, if x(n) is input to the FIR filter 4(z) = 1 + ZZ‘L:1 a*z”", the output is identically
zero. Furthermore, let there be no such FIR filter of lower order. Show then that all the
zeros of A(z) must be on the unit circle.

y(n) —> 1—062_1 —» =0foralln

FIGURE P.23


figP-23.eps
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24. Let R, be the m X m autocorrelation matrix of a Linespec(L) process x(7). We know that
R, has rank L and Ry is singular, with rank L. Using (some or all of) the facts that R,, is
Hermitian, Toeplitz, and positive semidefinite for any 7, show the following,.

a) R, has rank m for all m < L.
b) R,, has rank exactly L for any m > L.

25. Show that the sum of sinusoids considered in Example 7.3 is indeed WSS under the three

conditions stated in the example.
26. Suppose a sequence of numbers
o, 1,y ... (P.Zéél)

tends to a limit a. This means that, given € > 0, there exits a finite integer /N, such that

oy —a| < e fori> N. (P.26b)
a) Show that
| M
11/11520 U ZO: a; = a. (P.26¢)

In other words, define a sequence 3y, = (1/M) Zggl a; and show that it tends to a.

b) Suppose £(x) is a continuous function for all x in a given range R. Thus, for any fixed x
in the range, if we are given a number € > 0, we can find a number § > 0 such that

| f(x1) —f(x)| <€ forx —x| <0 (P.26d)

Let all members ; of the sequence (P.26a) be in the range /R. Show then that

lim £ () = f(lim ozl-> = f(a). (P.26¢)

i—00 1—00

27. Let Ry (%) and Ry(%) represent the autocorrelations of two WSS random processes. Which
of the following sequences represent valid autocorrelations?
a) Ri(%) + Ry (%)
b) Ri(k) — Ro(A)
O Ri(A)R(4)
O ¥, R(mRolk — n)
e) Ri(2%)
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28.

29.

30.

31.

32.

R1(%/2) for k even
f R = { 0 for £ odd.
Let R(%) be the autocorrelation of azero mean WSS process and suppose R(41) = R(%;) # 0
for some £, > % > 0. Does this mean that R(%) is periodic? Noze. If 2 = 0 and %, > 0,
then the answer is yes, as asserted by Theorem 7.2.

Find an example of the autocorrelation R(%) for a WSS process such that, for some 7,
the autocorrelation matrices R,, and R,, ;1 have the same minimum eigenvalue, but the

minimum eigenvalue of R, is smaller.

Let xand y be realrandom variables such that E[xy] = E[x|E[y|, thatis, they are uncorrelated.
This does not, in general, imply that E[x*y"| = E[x*E[y"] (i.e., that x* and y" are

uncorrelated) for arbitrary positive integers £, 7. Prove this statement with an example.

It is well-known that the power spectrum S, (e*) of a scalar WSS process is nonnegative
(Papoulis, 1965; Peebles, 1987). Using this, show that the power spectral matrix S, (e/*)
of a WSS vector process x(7) is positive semidefinite.

Let x(n) and y(n) be zero mean WSS processes, with power spectra S,,.(e/) and §,,(e/*).

Suppose S,.(e/)S,, (/) = 0 for all w, that is, these spectra do not overlap as demonstrated

in the figure.

a) This does not mean that the processes are necessarily uncorrelated. Demonstrate this.

b) Assume, however, that the above processes are not only WSS but also jointly WSS (i.e.,
Elx(n)y*(n — #)] does not depend on 7). Show then that they are indeed uncorrelated.

A

Sex(e’®)

Syy(e’®)
/] ] iy

FIGURE P.32
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