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Complex-Valued Matrix Derivatives

In this complete introduction to the theory of finding derivatives of scalar-, vector-,
and matrix-valued functions in relation to complex matrix variables, Hjerungnes
describes an essential set of mathematical tools for solving research problems where
unknown parameters are contained in complex-valued matrices. Self-contained and easy
to follow, this singular reference uses numerous practical examples from signal process-
ing and communications to demonstrate how these tools can be used to analyze and
optimize the performance of engineering systems. This is the first book on complex-
valued matrix derivatives from an engineering perspective. It covers both unpatterned
and patterned matrices, uses the latest research examples to illustrate concepts, and
includes applications in a range of areas, such as wireless communications, control the-
ory, adaptive filtering, resource management, and digital signal processing. The book
includes eighty-one end-of-chapter exercises and a complete solutions manual (available
on the Web).

Are Hjgrungnes is a Professor in the Faculty of Mathematics and Natural Sciences at
the University of Oslo, Norway. He is an Editor of the /EEE Transactions on Wireless
Communications, and has served as a Guest Editor of the IEEE Journal of Selected Topics
in Signal Processing and the IEEE Journal on Selected Areas in Communications.



This book addresses the problem of complex-valued derivatives in a wide range of
contexts. The mathematical presentation is rigorous but its structured and comprehensive
presentation makes the information easily accessible. Clearly, it is an invaluable reference
to researchers, professionals and students dealing with functions of complex-valued
matrices that arise frequently in many different areas. Throughout the book the examples
and exercises help the reader learn how to apply the results presented in the propositions,
lemmas and theorems. In conclusion, this book provides a well organized, easy to read,
authoritative and unique presentation that everyone looking to exploit complex functions
should have available in their own shelves and libraries.

Professor Paulo S. R. Diniz, Federal University of Rio de Janeiro

Complex vector and matrix optimization problems are often encountered by researchers
in the electrical engineering fields and much beyond. Their solution, which can some-
times be reached from using existing standard algebra literature, may however be a
time consuming and sometimes difficult process. This is particularly so when compli-
cated cost function and constraint expressions arise. This book brings together several
mathematical theories in a novel manner to offer a beautifully unified and systematic
methodology for approaching such problems. It will no doubt be a great companion to
many researchers and engineers alike.

Professor David Gesbert, EURECOM, Sophia-Antipolis, France
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Preface

This book is written as an engineering-oriented mathematics book. It introduces the field
involved in finding derivatives of complex-valued functions with respect to complex-
valued matrices, in which the output of the function may be a scalar, a vector, or
a matrix. The theory of complex-valued matrix derivatives, collected in this book,
will benefit researchers and engineers working in fields such as signal processing and
communications. Theories for finding complex-valued derivatives with respect to both
complex-valued matrices with independent components and matrices that have certain
dependencies among the components are developed and illustrative examples that show
how to find such derivatives are presented. Key results are summarized in tables. Through
several research-related examples, it will be shown how complex-valued matrix deriva-
tives can be used as a tool to solve research problems in the fields of signal processing and
communications.

This book is suitable for M.S. and Ph.D. students, researchers, engineers, and pro-
fessors working in signal processing, communications, and other fields in which the
unknown variables of a problem can be expressed as complex-valued matrices. The
goal of the book is to present the tools of complex-valued matrix derivatives such
that the reader is able to use these theories to solve open research problems in his
or her own field. Depending on the nature of the problem, the components inside the
unknown matrix might be independent, or certain interrelations might exist among
the components. Matrices with independent components are called unpatterned and, if
functional dependencies exist among the elements, the matrix is called patferned or
structured. Derivatives relating to complex matrices with independent components are
called complex-valued matrix derivatives; derivatives relating to matrices that belong to
sets that may contain certain structures are called generalized complex-valued matrix
derivatives. Researchers and engineers can use the theories presented in this book to
optimize systems that contain complex-valued matrices. The theories in this book can
be used as tools for solving problems, with the aim of minimizing or maximizing real-
valued objective functions with respect to complex-valued matrices. People who work
in research and development for future signal processing and communication systems
can benefit from this book because they can use the presented material to optimize their
complex-valued design parameters.



Xii

Preface

Book Overview

This book contains seven chapters. Chapter 1 gives a short introduction to the
book. Mathematical background material needed throughout the book is presented in
Chapter 2. Complex differentials and the definition of complex-valued derivatives are
provided in Chapter 3, and, in addition, several important theorems are proved. Chapter 4
uses many examples to show the reader how complex-valued derivatives can be found
for nine types of functions, depending on function output (scalar, vector, or matrix) and
input parameters (scalar, vector, or matrix). Second-order derivatives are presented in
Chapter 5, which shows how to find the Hessian matrices of complex-valued scalar,
vector, and matrix functions for unpatterned matrix input variables. Chapter 6 is devoted
to the theory of generalized complex-valued matrix derivatives. This theory includes
derivatives with respect to complex-valued matrices that belong to certain sets, such as
Hermitian matrices. Chapter 7 presents several examples that show how the theory can
be used as an important tool to solve research problems related to signal processing
and communications. All chapters except Chapter 1 include at least 11 exercises with
relevant problems taken from the chapters. A solution manual that provides complete
solutions to problems in all exercises is available at www.cambridge.org/hjorungnes.

I will be very interested to hear from you, the reader, on any comments or suggestions
regarding this book.
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1.1

Introduction

Introduction to the Book

To solve increasingly complicated open research problems, it is crucial to develop useful
mathematical tools. Often, the task of a researcher or an engineer is to find the optimal
values of unknown parameters that can be represented by complex-valued matrices. One
powerful tool for finding the optimal values of complex-valued matrices is to calculate
the derivatives with respect to these matrices. In this book, the main focus is on complex-
valued matrix calculus because the theory of real-valued matrix derivatives has been
thoroughly covered already in an excellent manner in Magnus and Neudecker (1988).
The purpose of this book is to provide an introduction to the area of complex-valued
matrix derivatives and to show how they can be applied as a tool for solving problems
in signal processing and communications.

The framework of complex-valued matrix derivatives can be used in the optimization
of systems that depend on complex design parameters in areas where the unknown
parameters are complex-valued matrices with independent components, or where they
belong to sets of matrices with certain structures. Many of the results discussed in
this book are summarized in tabular form, so that they are easily accessible. Sev-
eral examples taken from recently published material show how signal processing and
communication systems can be optimized using complex-valued matrix derivatives.
Note that the differentiation procedure is usually not sufficient to solve such problems
completely; however, it is often an essential step toward finding the solution to the
problem.

In many engineering problems, the unknown parameters are complex-valued matri-
ces, and often, the task of the system designer is to find the values of these complex
parameters, which optimize a certain scalar real-valued objective function. For solv-
ing these kinds of optimization problems, one approach is to find necessary conditions
for optimality. Chapter 3 shows that when a scalar real-valued function depends on a
complex-valued matrix variable, the necessary conditions for optimality can be found by
setting the derivative of the function with respect to the complex-valued matrix variable
or its complex conjugate to zero. It will also be shown that the direction of the maximum
rate of change of a real-valued scalar function, with respect to the complex-valued matrix
variable, is given by the derivative of the function with respect to the complex conjugate
of the complex-valued input matrix variable. This result has important applications in,
for example, complex-valued adaptive filters.
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Introduction

This book presents a comprehensive theory on how to obtain the derivatives of
scalar-, vector-, and matrix-valued functions with respect to complex matrix variables.
The theory of finding complex-valued matrix derivatives with respect to unpatterned
matrices is based on the complex differential of the function of interest. The method
of using differentials is substantially different from the component-wise approach. A
key idea when using complex differentials is to treat the differential of the complex
and the complex conjugate variables as independent. This theory will be applied to
derive useful matrix derivatives that can be used, for example, in signal processing and
communications.

The complex Hessian matrix will be defined for complex scalar, vector, and matrix
functions, and how this matrix can be obtained from the second-order differential of these
functions is shown. Hessians are useful, for example, to check whether a stationary point
is a saddle point, a local minimum, or a local maximum; Hessians can also be used to
speed up the convergence of iterative algorithms.

A systematic theory on how to find generalized complex-valued matrix derivatives
is presented. These are derivatives of complex-valued matrix functions with respect to
matrices that belong to a set of complex-valued matrices, which might contain certain
dependencies among the matrix elements. Such matrices include Hermitian, symmetric,
diagonal, skew-symmetric, and skew-Hermitian. The theory of manifolds is used to
find generalized complex-valued matrix derivatives. One key point of this theory is the
requirement that the function, which spans all matrices within the set under consideration,
is diffeomorphic; this function will be called the parameterization function. Several
examples show how to find generalized complex-valued matrix derivatives with respect
to matrices belonging to sets of matrices that are relevant for signal processing and
communications.

Various applications from signal processing and communications are presented
throughout the book. The last chapter is dedicated to various applications of complex-
valued matrix derivatives.

Motivation for the Book

Complex signals appear in many parts of signal processing and communications. Good
introductions to complex-valued signal processing can be found in Mandic and Goh
(2009) and Schreier and Scharf (2010). One area where optimization problems with
complex-valued matrices appear is digital communications, in which digital filters
may contain complex-valued coefficients (Paulraj, Nabar, & Gore 2003). Other areas
include analysis of power networks and electric circuits (Gonzalez-Vazquez 1988); con-
trol theory (Alexander 1984); adaptive filters (Hanna & Mandic 2003; Diniz 2008);
resource management (Han & Liu 2008); sensitivity analysis (Franken 1997; Tsipouri-
dou & Liavas 2008); and acoustics, optics, mechanical vibrating systems, heat con-

! In the author’s opinion, the current approach of complex-valued matrix derivatives is preferred because it
often leads to shorter and simpler calculations.
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duction, fluid flow, and electrostatics (Kreyszig 1988). Convex optimization, in which
the unknown parameters might be complex-valued, is treated in Boyd and Vanden-
berghe (2004) and Palomar and Eldar (2010). Usually, using complex-valued matrices
leads to fewer computations and more compact expressions compared with treating the
real and imaginary parts as two independent real-valued matrices. The complex-valued
approach is general and usually easier to handle than working with the real and imag-
inary parts separately, because the complex matrix variable and its complex conjugate
should be treated as independent variables when complex-valued matrix derivatives are
calculated.

One of the main reasons why complex-valued matrix derivatives are so important
is that necessary conditions for optimality can be found through these derivatives. By
setting the complex-valued matrix derivative of the objective function equal to zero,
necessary conditions for optimality are found. The theory of complex-valued matrix
derivatives and the generalized complex-valued matrix derivatives are useful tools for
researchers and engineers interested in designing systems in which the parameters are
complex-valued matrices. The theory of generalized complex-valued matrix derivatives
is particularly suited for problems with some type of structure within the unknown matrix
of the optimization problem under consideration. Examples of such structured matri-
ces include complex-valued diagonal, symmetric, skew-symmetric, Hermitian, skew-
Hermitian, orthogonal, unitary, and positive semidefinite matrices. Finding derivatives
with respect to complex-valued structured matrices is related to the field of manifolds.
The theory of manifolds is a part of mathematics involving generalized derivatives
on special geometric constructions spanned by so-called diffeomorphic functions (i.e.,
smooth invertible functions with a smooth inverse), which map the geometric construc-
tion back to a space with independent components. Optimization over such complex-
valued constrained matrix sets can be done by using the theory of generalized matrix
derivatives.

Complex-valued matrix derivatives are often used as a tool for solving problems in
signal processing and communications. In the next section, a short overview of some of
the literature on matrix derivatives is presented.

Brief Literature Summary

An early contribution to real-valued symbolic matrix calculus is found in Dwyer and
Macphail (1948), which presents a basic treatment of matrix derivatives. Matrix deriva-
tives in multivariate analysis are presented in Dwyer (1967). Another contribution is
given in Nel (1980), which emphasizes the statistical applications of matrix derivatives.

The original work (Wirtinger 1927) showed that the complex variable and its complex
conjugate can be treated as independent variables when finding derivatives. An intro-
duction on how to find the Wirtinger calculus with respect to complex-valued scalars
and vectors can be found in Fischer (2002, Appendix A). In Brandwood (1983), a theory
is developed for finding derivatives of complex-valued scalar functions with respect to
complex-valued vectors. It is argued in Brandwood (1983) that it is better to use the
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complex-valued vector and its complex conjugate as input variables instead of the real
and imaginary parts of the vector — the main reason being that the complex-valued
approach often leads to a simpler approach that requires fewer calculations than the
method that treats the real and imaginary parts explicitly. Mandic and Goh (2009, p. 20)
mention that the complex-valued representation may not always have a real physical
interpretation; however, the complex framework is general and more mathematically
tractable than working on the real and imaginary parts done separately.

An introduction to matrix derivatives, which focuses on component-wise derivatives,
and to the Kronecker product is found in Graham (1981). Moon and Stirling (2000,
Appendix E) focused on component-wise treatment of both real-valued and complex-
valued matrix derivatives. Several useful results on complex-valued matrices are col-
lected into Trees (2002, Appendix A), which also contains a few results on matrix
calculus for which a component-wise treatment was used.

Magnus and Neudecker (1988) give a very solid treatment of real-valued matrices with
independent components. However, they do not consider the case of formal derivatives,
where the differential of the complex-valued matrix and the differential of its complex
conjugate should be treated as independent; moreover, they do not treat the case of
finding derivatives with respect to complex-valued patterned matrices (i.e., matrices
containing certain structures). The problem of finding derivatives with respect to real-
valued matrices containing independent elements is well known and has been studied, for
example, in Harville (1997) and Minka (December 28, 2000). A substantial collection
of derivatives in relation to real-valued vectors and matrices can be found in Liitkepohl
(1996, Chapter 10).

Various references give brief treatments of the case of finding derivatives of real-valued
scalar functions that depend on complex-valued vectors (van den Bos 1994a; Hayes
1996, Section 2.3.10; Haykin 2002, Appendix B; Sayed 2008, Background Material,
Chapter C). A systematic and simple way to find derivatives with respect to unpatterned
complex-valued matrices is presented in Hjorungnes and Gesbert (2007a).

Two online publications (Kreutz-Delgado 2008) and (Kreutz-Delgado 2009) give an
introduction to real- and complex-valued derivatives with respect to vectors. Both first-
and second-order derivatives are studied in these references. Two Internet sites with
useful material on matrix derivatives are The Matrix Cookbook (Petersen & Pedersen
2008) and The Matrix Reference Manual (Brookes, July 25, 2009).

Hessians (second-order derivatives) of scalar functions of complex vectors are studied
in van den Bos (1994a). The theory for finding Hessian matrices of scalar complex-
valued function with respect to unpatterned complex-valued matrices and its complex
conjugate is developed in Hjerungnes and Gesbert (20075).

The theory for finding derivatives of real-valued functions that depend on
patterned real-valued matrices is developed in Tracy and Jinadasa (1988). In
Hjorungnes and Palomar (2008b), the theory for finding derivatives of functions
that depend on complex-valued patterned matrices is studied; this was extended
in Hjorungnes and Palomar (2008«), where the connections to manifolds are exploited.
In Palomar and Verda (2006), derivatives of certain scalar functions with respect to
complex-valued matrices are discussed, and some results for complex-valued scalar
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functions with respect to matrices that contain dependent elements are presented.
Vaidyanathan et al. (2010, Chapter 20), presents a treatment of real- and complex-
valued matrix derivatives; however, it is based on component-wise developments. Some
results on derivatives with respect to patterned matrices are presented in Vaidyanathan
et al. (2010, Chapter 20).

Brief Qutline

Some of the important notations used in this book and various useful formulas are
discussed in Chapter 2. These items provide background material for later chapters. A
classification of complex variables and functions is also presented in Chapter 2, which
includes a discussion of the differences between analytic functions — subject matter
usually studied in mathematical courses for engineers, and non-analytic functions, which
are encountered when dealing with practical engineering problems of complex variables.

In Chapter 3, the complex differential is introduced. Based on the complex differential,
the definition of the derivatives of complex-valued matrix functions with respect to the
unpatterned complex-valued matrix variable and its complex conjugate is introduced. In
addition, a procedure showing how the derivatives can be found from the differential of
a function when the complex matrix variable contains independent elements is presented
in Chapter 3. This chapter also contains several important results stated in theorems,
such as the chain rule and necessary conditions for optimality for real-valued scalar
functions.

Chapter 4 states several results in tables and shows how most of these results can be
derived for nine different types of functions. These nine function types result when the
input and the output of the function take the form of a scalar, a vector, or a matrix.

The Hessian matrix of complex-valued scalar, vector, and matrix functions dependent
on complex matrices is defined in Chapter 5, which shows how this Hessian matrix can be
obtained from the second-order differential. Hessian matrices can, for example, be used
to speed up convergence of iterative algorithms, to study the convexity and concavity of
an objective function, and to perform stability analysis of iterative algorithms.

Often, in signal processing and communications, the challenge is to find a matrix
that optimizes a problem when the matrix is constrained to belong to a certain set,
such as Hermitian matrices or symmetric matrices. For solving such types of problems,
derivatives associated with matrices belonging to these sets are useful. These types of
derivatives are called generalized complex-valued matrix derivatives, and a theory for
finding such derivatives is presented in Chapter 6.

In Chapter 7, various applications taken from signal processing and communications
are presented to show how complex-valued matrix derivatives can be used as a tool to
solve research problems in these two fields.

After the seven chapters, references and the index follow.
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Introduction

In this chapter, most of the notation used in this book will be introduced. It is not assumed
that the reader is familiar with topics such as Kronecker product, Hadamard product,
or vectorization operator. Therefore, this chapter defines these concepts and gives some
of their properties. The current chapter also provides background material for matrix
manipulations that will be used later in the book. However, it contains just the minimum
of material that will be used later because many excellent books in linear algebra are
available for the reader to consult (Gantmacher 19594—1959b; Horn & Johnson 1985;
Strang 1988; Magnus & Neudecker 1988; Golub & van Loan 1989; Horn & Johnson
1991; Liitkepohl 1996; Harville 1997; Bernstein 2005).

This chapter is organized as follows: Section 2.2 introduces the basic nota-
tion and classification used for complex-valued variables and functions. A discus-
sion of the differences between analytic and non-analytic functions is presented
in Section 2.3. Basic matrix-related definitions are provided in Section 2.4. Sev-
eral results involving matrix manipulations used in later chapters are found in Sec-
tion 2.5. Section 2.6 offers exercises related to the material included in this chap-
ter. Theoretical derivations and computer programming in MATLAB are topics of these
exercises.

Notation and Classification of Complex Variables and Functions

Denote R and C the sets of the real and complex numbers, respectively, and define
Zy £ 1{0,1,..., N — 1}. The notation used for the two matrices consisting entirely of
zeros and ones is 0y ¢ and 1y o, respectively, where the size of the matrices is indicated
by the subindex to be N x Q.

The following conventions are always used in this book:

* Scalar quantities are denoted by lowercase symbols.
* Vector quantities are denoted by lowercase boldface symbols.
* Matrix quantities are denoted by capital boldface symbols.
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Table 2.1 Symbols and sizes of the most frequently used variables and functions.

Symbol z z VA f f F

Size Ix1 N x 1 N xQ I x1 M x 1 M x P

Complex-Valued Variables

A function’s complex input argument can be a scalar, denoted z, a vector, denoted z, or
a matrix, denoted Z.

Let the symbol z denote a complex scalar variable, and let the real and imaginary part
of z be denoted by x and y, respectively, then

z=x+Jy, (2.1)

where J is the imaginary unit, and j?> = —1. The absolute value of the complex number z
is denoted by |z|.

The real and imaginary operators return the real and imaginary parts of the input
matrix, respectively. These operators are denoted by Re{-} and Im{-}. If Z € C"*? isa
complex-valued matrix, then

Z =Re{Z}+ jIm{Z}, (2.2)
7 =Re{Z) — ;Im|{Z}, 2.3)
where Re {Z} € RV*Q, Im{Z} € RV*? and the operator (-)* denote the complex

conjugate of the matrix it is applied to. The real and imaginary operators can be
expressed as

Re{Z) = % (Z+ 27, Q2.4)

Im{Z) = % (Z— 7). 2.5)

Complex-Valued Functions

For complex-valued functions, the following conventions are always used in this
book:

* If the function returns a scalar, then a lowercase symbol is used, for example, f.

¢ Ifthe function returns a vector, then a lowercase boldface symbol is used, for example,
f.

¢ If the function returns a matrix, then a capital boldface symbol is used, for example,
F.

Table 2.1 shows the sizes and symbols of the variables and functions most frequently
used in the part of the book that treats complex matrix derivatives with independent
components. Note that F covers all situations because scalars f and vectors f are special
cases of a matrix. In the sequel, however, the three types of functions are distinguished
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as scalar, vector, or matrix because, as we shall see in Chapter 4, different definitions of
the derivatives, based on type of functions, are found in the literature.

Analytic versus Non-Analytic Functions

Let the symbol € mean subset of, and C proper subset of. Mathematical courses
on complex functions for engineers often involve only the analysis of analytic func-
tions (Kreyszig 1988, p. 738) defined as follows:

Definition 2.1 (Analytic Function) Let D C C be the domain' of definition of the

function [ : D — C. The function f is an analytic function in the domain D if

, fz+ Az) — f(2)
im
Az—0 Az

exists for all z € D.

If f(z) satisfies the Cauchy-Riemann equations (Kreyszig 1988, pp. 740-743), then it
isanalytic. A function that is analytic is also named complex differentiable, holomorphic,
or regular. The Cauchy-Riemann equations for the scalar function f can be formulated
as a single equation in the following way:

0

dz*

f=0. 2.6)

From (2.6), it is seen that any analytic function f is not dependent on the variable z*.
This can also be seen from Theorem 1 in Kreyszig (1988, p. 804), which states that any
analytic function f(z) can be written as a power series’ with non-negative exponents
of the complex variable z, and this power series is called the Taylor series. This series
does not contain any terms that depend on z*. The derivative of a complex-valued scalar
function in mathematical courses of complex analysis for engineers is often defined only
for analytic functions. However, in engineering problems, the functions of interest often
are not analytic because they are often real-valued functions. If a function is dependent
only on z, as are analytic functions, and is not implicitly or explicitly dependent on z*,
then this function cannot in general be real-valued; a function can be real-valued only if
the imaginary part of f vanishes, and this is possible only if the function also depends
on terms that depend on z*. An alternative treatment for how to find the derivative of real
functions dependent on complex variables other than the one used for analytic function
is needed. In this book, a theory that solves this problem is provided for scalar, vector,
or matrix functions and variables.

VIf f: A — B, then the set A is called the domain of f, the set B is called the range of f, and the set
{f(x) | x € A} is called the image set of f (Munkres 2000, p. 16).

o0
ZA power series in the variable z € C is an infinite sum of the form E a, (z — zo)", where a,,

n=0
zo € C (Kreyszig 1988, p. 812).
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In engineering problems, the squared Euclidean distance is often used. Let f : C — C
be defined as

f(2) = |z|* = zz*. 2.7

If the traditional definition of the derivative given in Definition 2.1 is used, then the
function £ is not differentiable because

lim f(zo+ Az) — f(z0)

o zo+ Az — |zo)?
= lim

Az—0 Az Az—0 Az
—  m (zo + Az)(z + (Az)*) — zoz;
Az—0 Az
—  lim (Az) z§ + zo(Az)* + AZ(AZ)*, 2.8)
Az—0 Az

and this limit does not exist, because different values are found depending on how Az is
approaching 0. Let Az = Ax + jAy. First, let Az approach 0 such that Ax = 0, then
the last fraction in (2.8) is

J(Ay)zh — jz204y + (Ap)*
— =z — 20— Ay, (2.9)

which approaches zjj —zop = —2j Im{z¢}, when Ay — 0. Second, let Az approach 0
such that Ay = 0, then the last fraction in (2.8) is

(Ax)z§ + 20 Ax + (Ax)?
Ax

= zo +z; + Ax, (2.10)

which approaches zy + z;; = 2 Re{zo} when Ax — 0. For an arbitrary complex number
2o, in general, 2 Re{zg} # —2 Im{z¢}. This means that the function f(z) = |z|* = zz*
is not differentiable when the commonly encountered definition given in Definition 2.1
is used, and, hence, f is not analytic.

Two alternative ways (Hayes 1996, Subsection 2.3.10) are known for finding the
derivative of a scalar real-valued function f € R with respect to the unknown complex-
valued matrix variable Z € CV*€. The first way is to rewrite f as a function of the
real X and imaginary parts ¥ of the complex variable Z, and then to find the derivatives
of the rewritten function with respect to these two independent real variables, X and ¥,
separately. Notice that N O independent complex unknown variables in Z correspond to
2N Q independent real variables in X and Y. The second way to deal with this problem,
which is more elegant and is used in this book, is to treat the differentials of the variables
Z and Z* as independent, in the way that will be shown by Lemma 3.1. Chapter 3 shows
that the derivative of f* with respect to Z and Z* can be identified by the differential
of f.

Complex numbers cannot be ordered as real numbers can. Therefore, the objective
functions of interest, when dealing with engineering problems, are usually real valued in
such a way that it makes sense to minimize or maximize them. If a real-valued function
depends on a complex matrix Z, it must also be explicitly or implicitly dependent on
Z*, such that the result is real (see also the discussion following (2.6)). A real-valued
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Table 2.2 Classification of functions.

Function type z,z*eC 7,2 € CV¥! Z,7* e CNxQ

Scalar function f(z,z%) f(z. 2% f(Z,Z)

feC f:CxC—->C [ CVXlx CV*l 5 C £ CNxQ x CNxQ 5 C
Vector function f(z,z f(z,z% f(Z,Z)

fECMXI fI(CXC—>(CMX1 f:(chl XCNXI _)(CMxl fchxQchxQﬁchl
Matrix function F(z,z%) F(z,z%) F(Z,Z)

F ¢ CM*P F:CxC— CMxP F : CV*! x CVx1 — cMxP F : CNX0 x CVxQ — CcMxP

Adapted from Hjorungnes and Gesbert (2007a). © 2007 IEEE.

function can consist of several terms; it is possible that some of these terms are complex
valued, even though their sum is real.

The main types of functions used throughout this book, when working with complex-
valued matrix derivatives with independent components, can be classified as in Table 2.2.
The table shows that all functions depend on a complex variable and the complex
conjugate of the same variable, and the reason for this is that the complex differential
of the variables Z and Z* should be treated independently. When the function has
two complex input variables of the same size (e.g., F : CV*2 x CN*Q — CM*? for
the general case), then two input variables should be the complex conjugate of each
other. This means that they cannot be chosen independently of each other. However,
in Lemmas 3.1 and 6.1, it will be shown that the differentials of the two input matrix
variables Z and Z* are independent. The convention of using both a complex variable
and its complex conjugate explicitly in the function definition was used in Brandwood
(1983). When evaluating, for example, the most general function in Table 2.2 (i.e.,
F : CV*Q x CV*Q — CM*P), the notation adapted is that the two complex-valued
input variables should be the complex conjugates of each other. Hence, the two input
arguments of F (Z, Z*) are a function of each other, but as will be seen in Lemma 3.1,
the differentials of the two input variables Z and Z* are independent. When working
with complex-valued matrix derivatives in later chapters, we will see that complex
differentials are very important.

Definition 2.2 (Formal Derivatives) Let z = x + jy, where x, y € R, then the formal
derivatives, with respect to z and z* of f(zo) at zo € C or Wirtinger derivatives (Wirtinger
1927), are defined as

a 1 /9 a

sl =5 (e G- 15 ). e
d 1 /0 a
G =3 (e sGo+ 11 s e

When finding da—z f(z0) and =% f(zo), the variables z and z* are treated as independent

az*

variables (Brandwood 1983, Theorem 1).
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The formal derivatives above must be interpreted formally because z and z* cannot
be varied independently of each other (Kreutz-Delgado 2009, June 25th, Footnote 27,
p- 15). In Kreutz-Delgado (2009, June 25th), the topic of Wirtinger calculations is also
named CR-calculus.

From Definition 2.2, it follows that the derivatives of the function f with respect to
the real part x and the imaginary y part of z can be expressed as

el el 0
S0 = - f(z0) + 5 f o) 2.13)

aif(ZO) =) (8f(z<> ) , (2.14)
y 0z
respectively.

The results in (2.13) and (2.14) are found by considering (2.11) and (2.12) as two
linear equations with the two unknowns -2 3o (z0) and f (20).

If the function f is dependent on several variables, Deﬁnltlon 2.2 can be extended. In
Chapters 3 and 4, it will be shown how the derivatives, with respect to a complex-valued
matrix variable and its complex conjugate, of all function types given in Table 2.2 can
be identified from the complex differentials of these functions.

Example 2.1 By using Definition 2.2, the following formal derivatives are found:

Z:;(ai_fa)()fﬂy) é(1+1)=1, (2.15)
Z Zé(;x“a) o=y = %(1+1)=1, (2.16)
aazz* B % (aiﬂa)( Ty = 7(1 -1 =0, (2.17)
aazz* 2;(38)5_]88» (x—Jy)=5(1—1)=0. (2.18)

When working with derivatives of analytic functions (see Definition 2.1), only derivatives
with respect to z are studied, and % =1 but % does not exist.

Example 2.2 Let the function f : C x C — R given by f(z, z*) = zz*. This function is
differentiable with respect to both variables z and z* (when using Definition 2.2), and
the expressions for the formal derivatives are given by

d
gf(z, z¥) = z*, (2.19)

(2.20)

When the complex variable z and its complex conjugate twin z* are treated as independent
variables (Brandwood 1983, Theorem 1), then the function f is differentiable in both of
these variables. Remember that, as was shown earlier in this section, the same function is
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not differentiable in the ordinary way using the traditional expression for the derivative
for analytic functions provided in Definition 2.1.

Matrix-Related Definitions

The matrix Z7 represents the transpose of the matrix Z. The Hermitian operator, or
the complex conjugate transpose of a matrix Z, is given by Z'7. The trace of a square
matrix Z is denoted by Tr { Z}. The determinant of a square matrix Z € CV*V
by det(Z). The inverse matrix of a square nonsingular’ matrix Z is denoted by Z~!. The
adjoint of a matrix Z € C¥* is denoted by Z* and is obtained by

is denoted

Z' =det(2)Z7". (2.21)

The rank of a matrix A is denoted by rank(A4). The operators dimc(-) and dimg(-)
return the complex and real dimension of the vector space they are applied to,
respectively. C(A), R(A), and N(A) are the symbols used for the column, row, and
null space of a matrix 4 € CV*?, respectively (i.e., C(A4) = {w € CV*!|w = A4z,
for some z € C2*1}, R(A4) = {w € C'*C|w = zA, for some z € C'*V}, and N (4) =
{z € CO' Az = Oy ,1}).

Definition 2.3 (Idempotent) 4 matrix A € CN*V is idempotent if 4> = A.

Definition 2.4 (Moore-Penrose Inverse) The Moore-Penrose inverse of Z € CVN*€Q is
denoted Z+ € C*N and is defined through the following four relations (Horn & John-
son 1985, p. 421):

(zzt)" = zz", (2.22)
(z+z)" =7z, (2.23)

72°7=72, (2.24)
zZtzzv=27". (2.25)

The Moore-Penrose inverse is an extension of the traditional inverse matrix that exists
only for square nonsingular matrices (i.e., matrices with a nonzero determinant). When
designing equalizers for a memoryless MIMO system, the Moore-Penrose inverse can be
used to find the zero-forcing equalizer (Paulraj et al. 2003, pp. 152—153). A zero-forcing
equalizer tries to set the total signal error to zero, but this can lead to noise amplification
in the receiver.

Remark The indices in this book are mostly chosen to start with 0.

Definition 2.5 (Exponential Matrix Function) Let Iy denote the N x N identity matrix.
If Z € CV*VN| then the exponential matrix function exp : CV*V — CV*V js denoted

3 A nonsingular matrix is a square matrix with a nonzero determinant (i.e., an invertible matrix).
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exp(Z) and is defined as
=1
exp(2) =) Ezk, (2.26)
k=0 "'

where Z° £ Iy, ¥ Z € CN*V,

Definition 2.6 (Kronecker Product) Let A € CY*N and B € CP*9. Denote element
number (k, 1) of the matrix A by ay,;. The Kronecker product (Horn & Johnson 1991),
denoted ®, between the complex-valued matrices A and B is defined as the matrix
A® B € CMPXNO given by
apoB -+ aon-1B
A® B = : : . (2.27)
ay-10B -+ ay-1n1B

Equivalently, this can be expressed as follows:

[A® Bliypisio = ajibik, (2.28)

where i € {(0,1,...,P—1}, jef{0,1,....M—1}, ke{0,1,...,0—1}, and | €
{0,1,...,N—1}.

Definition 2.7 (Hadamard Product*) Let A € CM*N and B € CM*VN. Denote element
number (k,1) of the matrices A and B by ay; and by, respectively. The Hadamard
product (Horn & Johnson 1991), denoted by ©, between the complex-valued matrices
A and B, is defined as the matrix A® B € CY*N | given by

ao,0bo,0 e ao,N—1bo,N-1
AOB = ; : . (2.29)
ay—1,0bm-10 -+ am—1,N—1bM-1,N-1

Definition 2.8 (Vectorization Operator) Let A € CM*N and denote the i-th column of
Abya;, wherei € {0, 1, ..., N — 1}. Then the vec(-) operator is defined as the MN x 1
vector given by

ao
vec (A) = a:l . (2.30)

anN—1

Let A € CV*€ then there exists a permutation matrix that connects the vectors vec (A)
and vec (A"). The permutation matrix that gives the connection between vec (A4) and
vec (A") is called the commutation matrix and is defined as follows:

Definition 2.9 (Commutation Matrix) Let A € CV*¢. The commutation matrix K y o
is a permutation matrix of size N Q x N Q, and it gives the connection between vec (A)

4 In Bernstein (2005, p. 252), this product is called the Schur product.



14 Background Material

and Vec(AT) in the following way:

Ky o vec(Ad) = vec(A”). (2.31)

Example 2.3 If A € C**2, then by studying the connection between vec(A) and vec(A”),
together with (2.31), it can be seen that K, is given by

1 000 0O
00O0T1O00O0
SIS
001000
|00 0 0 0 1]
Example 2.4 Let N = 5 and Q = 3, then,

1.0 000000 O0O0OO0OO0O0 0]
0O00O0OOT1O0OO0OO0OO0OOOTOOTO
0O000O0OOOOOOTL1OOOTO
01 0000O0OO0OOOOOGOOTO
0O000O0OOOTTOOOOOOOTO
0O00O0O0OOOOOOOTLOOTPO
001 00O0OO0OO0OO0OO0OGO0OOTOO0OTO

Kyo=]00000O0O0T1U0UO0O0O0OUO0OTO0OO (2.33)
0O00O0OOOOOOOOOTIOTDO
0O0001O0O0OO0OO0OO0OO0OO0OOOO0OTDO
0O000OOOOOTI1UO0OO0OOSOODQO
0O000OOOOOOOOOOTIO
000O0O1O0OO0OO0OO0OO0OOOOO0OTO
0O000OOOOOOTI1O0OOOODO

L0 OO0 O0O0O0O0OO0OO0OO0OO0OO0OTO 01,

In Exercise 2.7, the reader is asked to write a MATLAB program for finding K y o for
any given positive integers N and K.

Definition 2.10 (Diagonalization Operator) Let a € CV*!, and let the i-th vector com-
ponent of a be denoted by a;, wherei € {0, 1, ..., N — 1}. The diagonalization operator
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vecg(A) vec,(A)
T Qnn Qe R R | 7
0,0, - 0,1 ap,2 ap,N—1
P -
a0 ary. .. ayy Qpg >
! L e J ayN-1
aso L Q21 Qo .. Qg e -
azy | Q32 ]
-
: ‘ ; Y ‘_(LN—Z,N—l
anN10.. GAN-11. ' )
| 4N=-1,0. N~1,1 an—1,N—2 AN-1,N-1

vec (A)

Figure 2.1 The way the three operators vec,(-), vec;(+), and vec,(-) are returning their elements
from the matrix 4 € CV*¥. The operator vec,(-) returns the elements on the line along the main
diagonal, starting in the upper left corner and going down along the main diagonal; the operator
vec,(-) returns elements along the curve below the main diagonal following the order indicated in
the figure; and the operator vec,(-) returns elements along the curve above the main diagonal in
the order indicated by the arrows along that curve.

diag : CV*! — CY*V is defined as

ao 0 0
0 a --- 0

diag(a) = | . ) . . (2.34)
0 0 - ay_

Definition 2.11 (Special Vectorization Operators) Let A € CNV*V.

Let the operator vecy : CN*N — CN*! yetyrn all the elements on the main diagonal
ordered from the upper left corner and going down to the lower right corner of the input
matrix

T
veCy (A) = [ao,o, al,l, azﬁz, ey aN_l,N_l} . (235)

(N—DN
Let the operator vec; : CN*N — C =

main diagonal taken in the same column-wise order as the ordinary vec-operator

x1

return all the elements strictly below the

r
vec; (A) = [ai0, @20, ... AN-1,0, 02,1, 315 - .-, AN-1,1, 32, .- -, AN—1,N-2] -
(2.36)

(N=DN
Let the operator vec, : CN*N — C 2

main diagonal taken in a row-wise order going from left to right, starting with the first

*1 yveturn all the elements strictly above the
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row, then the second, and so on

T
vecy, (A) = [ao,1, @02, ., Go.N—1, 12, A1 3, - - - A1 N1, 023, - AN-2,N—1]
(2.37)

For the matrix 4 € CV*V Figure 2.1 shows how the three special vectorization
operators vecy(+), vec(-), and vec, () pick out the elements of A4 and return them into
column vectors. The operator vec,(-) was also studied in Brewer (1978, Eq. (7)); the two
other operators vec;(-) and vec, (-) were defined in Hjerungnes and Palomar (2008a and
2008b).

Ifa € CV*! then

vecy(diag(a)) = a. (2.38)

Hence, the operator vecy (-) is the left-inverse of the operator diag(-). If D € C¥*V isa
diagonal matrix, then

diag(vecy(D)) = D, (2.39)

but this formula is not valid for non-diagonal matrices. For diagonal matrices, the
operator diag is the inverse of the operator vec,; however, this is not true for non-
diagonal matrices.

Example 2.5 Let N = 3, then the matrix 4 € CV*¥ can be written as

do,0 do,1 Qo2
A= | aio a1 a2 |, (2.40)

ao a1 az2

where (A), ; = a;,; € C is the element in row k and column /. By using the vec(:),
vecy(+), vecy(+), and vec, () operators on A, it is found that

ao,0
aro
ao
ao,1 ao,o aio ao,1
vec(A)=| ai1 |, veca(A)=| a11 |, vec;(A)=| azo |, vec, (A)=| ao2
asq az as, ap
ao,2

a2

azn

(2.41)
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From the example above and the definition of the operators vec,(-), vec;(-), and vec,(+),
a clear connection can be seen between the four vectorization operators vec(-), vecy(-),
vecy(+), and vec, (). These connections can be found by defining three matrices, as in
the following definition:

Definition 2.12 (Matrices Ly, L;, and L,) Let A € CN*N. Three unique matrices Ly €

N xN N2 x V=D N2y M=)
Zy ", L€ Zy > ,and L, € Z, > contain zeros everywhere except for +1

at one place in each column; these matrices can be used to build up vec(A), where
A € CV*N s arbitrary, in the following way:

vec(A) = Ly vecy (A) + L;vec; (A) + L, vec, (A)

vecy (A)
=[Laq, Li, Ly] | vec,(A) |, (2.42)
vec, (A)

where the terms L;vecy (A), L;vec; (A), and L, vec, (A) take care of the diagonal,
strictly below diagonal, and strictly above diagonal elements of A, respectively.

To show how the three matrices Ly, L;, and L, can be found, the following two
examples are presented.

Example 2.6 This example is related to Example 2.5, where we studied 4 € C3*3
given in (2.40) and the four vectorization operators applied to A4, as shown
in (2.41).

By comparing (2.41) and (2.42), the matrices L;, L;, and L, are found as

100 000 000
000 100 000
000 010 000
000 000 100
Li={0 10|, Li=000][,L=[000 (2.43)
000 00 1 000
000 000 010
000 000 00 1
[0 0 1 100 0 100 0
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Example 2.7 Let N = 4, then,

1000 000000 000000
0000 100000 000000
0000 010000 000000
0000 001000 000000
0000 000000 100000
0100 000000 000000
0000 000100 000000
0000 0000T10 000000

Li=tooool Y fooooool"=]lo10000
000 0 000000 000100
0010 000000 000000
0000 00000 1 000000
0000 000000 001000
0000 000000 0000T10
0000 000000 00000 1
00 0 1] L0 00 O0O0 O] L0 0000 O

(2.44)

In Exercise 2.12, MATLAB programs should be developed for calculating the three
matrices Ly, L;, and L,. The matrix L; has also been considered in Magnus and
Neudecker (1988, Problem 4, p. 64) and is called the reduction matrix in Payard and
Palomar (2009, Appendix A). The two matrices L; and L, were introduced in Hjgrungnes
and Palomar (2008a and 20085b).

To find and identify Hessians of complex-valued vectors and matrices, the following
definition (related to the definition in Magnus & Neudecker (1988, pp. 107-108)) is
needed:

Definition 2.13 (Block Vectorization Operator) Let C € CN*¥M pe the matrix given by
C=[CyCy -+ Cy], (2.45)

where each of the block matrices C; is complex valued and the square of size N x N,
wherei € {0, 1, ..., M — 1}. Then the block vectorization operator is denoted by vecb(),
and it returns the NM x N matrix given by

Co
Ci
vecb(C)= |  |. (2.46)
Cu—

If vecb (CT) = C, the matrix C is called column symmetric (Magnus and Neudecker
1988, p. 108), or equivalently CiT =C;foralli €{0,1,..., M —1}.
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The above definition is an extension of Magnus and Neudecker (1988, p. 108) to
complex matrices, such that it can be used in connection with complex-valued Hessians.
A matrix that is useful for generating symmetric matrices is the duplication matrix. It is
defined next, together with yet another vectorization operator.

Definition 2.14 (Duplication Matrix) Let the operatorv : CN*N — C" X return all

the elements on and below the main diagonal taken in the same column-wise order as
the ordinary vec-operator:

T
v (A) = [@0,0, 1,05 -+ AN-1,0, 41,1, A2 14 -, AN-11, A33, - - - AN—1,N—1] - (2.47)

Let A € CN*N be symmetric, then it is possible to construct vec(A) from v(A) with a

unique matrix of size N* x w

and is defined by the following relation:

called the duplication matrix; it is denoted by Dy,

Dyv(A) =vec(A). (2.48)

In Exercise 2.13, an explicit formula is developed for the duplication matrix, and a
MATLAB program should be found for calculating the duplication matrix D y.

Let A € CV*N be symmetric such that A7 = A. If the definition of v(-) in Defini-
tion 2.14 is compared with the definitions of vec,(-) and vec;(-) in Definition 2.11, it can
be seen that v(A) contains the same elements as the two operators vec;(A) and vec;(A4).
In the next definition, the unique matrices used to transfer between these vectorization
operators are defined.

Definition 2.15 (Matrices V,, V;, and V) Let A € CN*V be symmetric. Unique matri-

N(N+1) N(N+1) _ N(N=1)
xN —5— X N
cesVyel,’ and V€ Z, * > contain zeros everywhere except for +1 at

one place in each column, and these matrices can be used to build up v(A), from vec (A)
and vecy(A) in the following way:

v(A) = Vyveca(A) + Vi vee(A) = [Va, Vi] [ ZZ‘:[’((;‘)) ] . (2.49)
NOVAD o NN+
The square permutation matrix V € Z, * > is defined by
V=[Va V. (2.50)

Because the matrix V' is a permutation matrix, it follows from VIV = Inw+y that
2

ViV, = Iy, (2.51)

VIT Vi=Tww, (2.52)
2

Vivi=0,, 0w (2.53)

Definition 2.16 (Standard Basis) Let the standard basis in CV*! be denoted by e;, where
ie€{0,1,..., N —1}. The standard basis in CN*V is denoted by E; ;e CV*N and is



20

25

Background Material

defined as

Ei,j = eiejT, (254)

wherei, j € {0,1,..., N —1}.

Useful Manipulation Formulas

In this section, several useful manipulation formulas are presented. Although many of
these results are well known in the literature, they are included here to make the text
more complete.

A classical result from linear algebra is that if 4 € C¥*€, then (Horn & Johnson 1985,

p. 13)
rank (A4) + dim¢ (M(A4)) = Q. (2.55)

The following lemma states Hadamard’s inequality (Magnus & Neudecker 1988), and
it will be used in Chapter 6 to derive the water-filling solution of the capacity of MIMO
channels.

Lemma 2.1 Let A € CN*N be a positive definite matrix given by

B c

A= , (2.56)
[ ct aAN—1,N—1 }

where ¢ € CN-Dx1' B ¢ CV=DxN=D" 4pd an—_1,N—1 represent a positive scalar. Then

det(A4) < ay_j y—1det(B), (2.57)

with equality if and only if ¢ = Oy_1)x1. By repeated application of (2.57), it follows
that if A € CN*V is a positive definite matrix, then

N—-1
det (A) < [ axx- (2.58)
k=0

with equality if and only if A is diagonal.

Proof Because A is positive definite, B is positive definite and ay_; y_1 is a positive
scalar. The matrix B~ is also positive definite. Let P € C¥*V be given as

_ Iy, Ow-nx1
pP= [ g (2.59)

It follows that det (P) = 1. By multiplying out, it follows that

(2.60)

PA:[ B, c]’

O xn—1), «@
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where @ = ay_j y-1 — B e By taking the determinant of both sides of (2.60), it
follows that

det (P A) = det (A) = o det (B). (2.61)

Because B! is positive definite, it follows that ¢"B~'¢ > 0. From the definition of «,
it now follows that o < ay_; y_;. Putting these results together leads to the inequality
in (2.57), where equality holds if and only if ¢/ B~'¢ = 0, which is equivalent to
c=0n_1xi- u

The following lemma contains some of the results found in Bernstein (2005, pp. 44—
45).

Lemma 2.2 Let A CV*N, B e CVM C e CM*N, and D € CM*M_[f A is nonsin-
gular, then

A Bl [ Iy Oy A O x Iy A'B
c D| | ca!' 1y Oyxy D—CA'B Oy Iu |-
(2.62)

This result leads to

det <[ g Il; D = det(A)det (D —CA™'B). (2.63)

If D is nonsingular, then
{A B ] _ { Iy BD™! } [A—BDlC oNxM] [ Iy oNxM]

C D | 0prsn Iy 0prsn D D~'C Iy
(2.64)
Hence,
A B _
det ({ c b D = det (4— BD'C) det(D). (2.65)

If both A and D are nonsingular, it follows from (2.63) and (2.65) that D — CA™'B is
nonsingular, if and only if A — BD~'C is nonsingular.

Proof The results in (2.62) and (2.64) are obtained by block matrix multiplication of
the right-hand sides of these two equations. All other results in the lemma are direct
consequences of (2.62) and (2.64). |

The following lemma (Kailath, Sayed, & Hassibi 2000, p. 729) is called the matrix
inversion lemma and is used many times in signal processing and communications (Sayed
2003; Barry, Lee, & Messerschmitt 2004).

Lemma 2.3 (Matrix Inversion Lemma) Let A € CV*¥, B e CN*M € € CM*M | and
D e CM*N, If A, C, and A+ BCD are invertible, then C ' + DA 'B is invertible
and

[A+BCD] ' =4 —A4'B[C"'+DA'B] ' Da™". (2.66)
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The reader is asked to prove this lemma in Exercise 2.17.
To reformulate expressions, the following lemmas are useful.

Lemma 2.4 Let A € CN*M and B € CM*N | then
det(Iy + AB) =det(Iy, + BA). (2.67)

Proof" This result can be shown by taking the determinant of both sides of the following
identity:

Iy+AB, A Iy, Onxy | | In, Onxy Iy, A
Oprsn, Iy -B, Iy | | -B, Iy 0yxn, Iy+BA |’
(2.68)
. . . Iy, A
which are two ways of expressing the matrix B I .
— D, M
Alternatively, this lemma can be shown by means of (2.63) and (2.65). |

Lemma 2.5 Let A € CV>M gnd B € CM*N_ The N x N matrix Iy + AB is invertible
if and only if the M x M matrix I, + BA is invertible. If these two matrices are
invertible, then

B(Iy+ AB)' =) + BA)™' B. (2.69)

Proof From (2.67), it follows that Iy + AB is invertible if and only if I,, + BA is
invertible.
By multiplying out both sides, it can be seen that the following relation holds:

B(Iy + AB) = (I, + BA) B. (2.70)

Right-multiplying the above equation with (Iy + AB)~' and left-multiplying with
(I'y + BA)™! lead to (2.69). (]

The following lemma can be used to show that it is difficult to parameterize the set of
all orthogonal matrices; it is found in Bernstein (2005, Corollary 11.2.4).

Lemma 2.6 Let A € CN*N, then
det (exp(A)) = exp (Tr{A}). 2.71)

The rest of this section consists of several subsections that contain results of different
categories. Subsection 2.5.1 shows several results of the Moore-Penrose inverse that
will be useful when its complex differential is derived in Chapter 3. In Subsection 2.5.2,
results involving the trace operator are collected. Useful material with the Kronecker
and Hadamard products is presented in Subsection 2.5.3. Results that will be used to
identify second-order derivatives are formulated around complex quadratic forms in
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Subsection 2.5.4. Several lemmas that will be useful for finding generalized complex-
valued matrix derivatives in Chapter 6 are provided in Subsection 2.5.5.

Moore-Penrose Inverse

Lemma 2.7 Let A € CVN*C and B € C2*R, then the following properties are valid for
the Moore-Penrose inverse:

A" = A7 for nonsingular A, (2.72)
(4h)" = 4, (2.73)

(4™t = (ah)", (2.74)

AT = A" 44T = AT 44", (2.75)

AY = A" (a4t = 4t (a)" 47, (2.76)
(A74)" = 4+ (4a%)", 2.77)

(44™)" = (at)" a*, (2.78)

At = (A" A)" A7 = 47 (44™)", (2.79)
AT = (A" A)™" A" if A has full column rank, (2.80)
A* = A" (44™)™" if A has full row rank (2.81)
AB=0y,r & B AT =0z,y. (2.82)

Proof Equations (2.72), (2.73), and (2.74) can be proved by direct insertion into the
definition of the Moore-Penrose inverse.
The first part of (2.75) can be proved as follows:

AT = A" (AT AT = AT (447)" = A7 447, (2.83)

where the results from (2.22) and (2.74) were used. The second part of (2.75) can be
proved in a similar way

AT = A" (AT AT = (a4 A)" AT = At 44" (2.84)
The first part of (2.76) can be shown by
A* =AY AL = (4" (AH)+)H AT = A" (4" 4*, (2.85)

where (2.22) was utilized in the last equality above.
The second part of (2.76) can be proved in an analogous manner

A* = A 44" = 4" ((a1)" AH)H = At (a")" 41, (2.86)

where (2.23) was used in the last equality.
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Equations (2.77) and (2.78) can be proved by using the results from (2.75) and (2.76)
in the definition of the Moore-Penrose inverse.

Equation (2.79) follows from (2.76), (2.77), and (2.78).

Equations (2.80) and (2.8 1) follow from (2.72) and (2.79), together with the following
fact: rank (4) = rank (4" A) = rank (44") (Horn & Johnson 1985, Section 0.4.6).

Now, (2.82) will be shown. First, it is shown that AB = 0y implies that Bt 4™ =
0z« . Assume that AB = 0y . From (2.79), it follows that

Bt4* = (BB)" B 4" (44")". (2.87)

AB = 0y, leads to B A" = 0y, , then (2.87) yields B* A" = 0z, . Second, it
will be shown that BT AT = 0,y implies that AB = Oy, z. Assume that BT AT =
0z, . Using the implication just proved (i.e., CD = 0y, p), then DTCt = 0p, )y,
where M and P are positive integers given by the size of the matrices C and D, gives
(AJF)Jr (B*)Jr = Oy, the desired result follows from (2.73). ]

Lemma 2.8 Let A € CV*2 then these equalities follow:

R(A) =R (4" 4), (2.88)
C(A)=C (44"), (2.89)
rank (A) = rank (A" A) = rank (447) . (2.90)

Proof From (2.24) and the definition of R (A), it follows that
R(A)={weC”C|w=z4(ATA), forsomez € C"N} C R (4T4). (2.91)
From the definition of R (A" A), it follows that
R (AT 4) = {w e C"? |w =74%4, forsomez € C'*C} CR(4). (2.92)

From (2.91) and (2.92), (2.88) follows. From (2.24) and the definition of C (A), it follows
that

C(A)={weC"" |w=(AA4") Az, forsome z € C2*'} C C (44%). (2.93)
From the definition of C (4A™), it follows that
C(A4%) ={w e CV*' |w = AA4%7 forsomez € CV*'} CC(A4). (2.94)

From (2.93) and (2.94), (2.89) follows. Equation (2.90) is a direct consequence of (2.88)
and (2.89). |

Trace Operator
From the definition of the Tr{-} operator, it follows that

Tr{A4"} = Tr{4)}, (2.95)
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where 4 € CV*N_ When dealing with the trace operator, the following formula is useful:
Tr{AB} = Tr{BA}, (2.96)

where 4 € C¥*¢ and B € C2*" Equation (2.96) can be proved by expressing the two
sides as double sums of the components of matrices. The readers are asked to prove (2.96)
in Exercise 2.9.

The Tr{-} and vec(-) operators are connected by the following formula:

Tr{A4" B} = vec” (A) vec(B), (2.97)

where vec” (4) = (vec (A))”. The identity in (2.97) is shown in Exercise 2.9.
Let a,, and a,, be two complex-valued column vectors of the same size, then

ala,=a'a,, (2.98)
ala, =ala’. (2.99)

For a scalar complex-valued quantity a, the following relations are obvious, but are
useful for manipulating scalar expressions:

a = Tr{a} = vec(a). (2.100)

The following result is well known from Harville (1997, Lemma 10.1.1 and Corol-
lary 10.2.2):

Proposition 2.1 If 4 € CN*V is idempotent, then rank (A) = Tr { A}. If A, in addition,
has full rank, then A = Iy.

The reader is asked to prove Proposition 2.1 in Exercise 2.15.

Kronecker and Hadamard Products
Leta; € CVix! where i € {0, 1}, then
vec (apa] ) = a; ® aq. (2.101)
The result in (2.101) is shown in Exercise 2.14.
Lemma 2.9 Let A € CY*N and B € CP*9, then

(A® B = 4" @ BT. (2.102)

The proof of Lemma 2.9 is left for the reader in Exercise 2.16.

Lemma 2.10 (Magnus & Neudecker 1988; Harville 1997) Let the sizes of the matrices
be given such that the products AC and BD are well defined. Then

(A® B)(C ® D) = AC ® BD. (2.103)
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Proof Let A € CM*N B e CP*2,C e CV*R and D € C2*5. Denote element number
(m, k) of the matrix A4 by a,,  and element number (k, n) of the matrix C by ¢ ,. The
(m, k)-th block matrix of size P x Q of the matrix A ® B is a, B, and the (k, n)-th
block matrix of size O x S of the matrix C ® D is ¢ ,D. Thus, the (m, n)-th block
matrix of size P x S of the matrix (4 ® B)(C ® D) is given by

N-1 N—1
> aniBeraD = (Z am,kck,n> BD, (2.104)
k=0 k=0

which is equal to the (m, n)-th element of AC times the P x S block BD, which is the
(m, n)-th block of size P x S of the matrix AC @ BD. |

To extract the vec() of an inner matrix from the vec(-) of a multiple-matrix product,
the following result is very useful:

Lemma 2.11 Let the sizes of the matrices A, B, and C be such that the matrix product
ABC is well defined, then

vec(ABC) = (C" ® A) vec(B). (2.105)

Proof Let B € CN*€ and let B. ;. denote column’ number & of the matrix B, and let

e; denote the standard basis vectors of size O x 1, where k € {0, 1, ..., O — 1}. Then
0-1

the matrix B can be expressed as B = Z B;ﬁkekT. By using (2.101) and (2.103), the
k=0

following expression is obtained:

0-1 0-1
vec (ABC) = vec <Z AB;,ke,ZC> =) vec ((AB:,k) (CTex) T)

k=0 k=0
0-1 0-1
=> (CTet® AB.;) = (C" ® A) Z (ex ® B. ;)
k=0 k=0
0-1
=(CT®A4)> vec(B.sef) = (C" ® A) vec(B). (2.106)
k=0
| |
Leta € CV*!, then
a = vec(a) = vec(al). (2.107)
Ifb € C'*V, then
b = vec” (b) = vec” (b7). (2.108)

5 The notations B. ; and by are used to denote the k-th column of the matrix B.
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The commutation matrix is denoted by Ko v, and it is a permutation matrix (see
Definition 2.9). It is shown in Magnus and Neudecker (1988, Section 3.7, p. 47) that

Koy=Ky'y=Kuyo. (2.109)

The results in (2.109) are proved in Exercise 2.6.
The following result (Magnus & Neudecker 1988, Theorem 3.9) gives the reason why
the commutation matrix received its name:

Lemma 2.12 Let A; € CNi*x9 where i € {0, 1}, then
Ky, vy (Ao ® A1) = (41 ® Ag) K¢, 9, - (2.110)

Proof Let X € C2*9 be an arbitrary matrix. By utilizing (2.105) and (2.31), it can be
seen that

KN[,NU (Ao X A])VCC (X) = KleNU veEc (A]XA(];) = VE€C (AQXTA{)
= (4, ® Ag) vec (XT) = (4, ® Ag) K g, 0, vec(X). (2.111)

Because X was chosen arbitrarily, it is possible to set vec(X) = e;, where e; is the
standard basis vector in C2021 %! If this choice of vec(X) is inserted into (2.111), it
can be seen that the i-th columns of the two NoN; x Q¢ Q; matrices K y, n, (Ao ® A1)
and (4, ® Ag) K ¢, g, areidentical. This holds foralli € {0, 1, ..., Q90O — 1}. Hence,
(2.110) follows. |

The following result is also given in Magnus and Neudecker (1988, Theorem 3.10).
Lemma 2.13 Let A; € CNi* Qi then
vee (Ao ® A1) = (Ig, ® Ko, v, ® Ly, ) (vec(Ag) @ vec(4;)).  (2.112)

Proof Let eiQ") denote the standard basis vectors of size Q; x 1. 4; can be expressed as

01 .
4= (), <e§ff)) : (2.113)

ki=0
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where i € {0, 1}. The left side of (2.112) can be expressed as

0o—10;-1
e © )= 3 3 e (|etons (62) | @ [can.s, ()] )
=0 k=
0o—101—1
= Z Z vec ( (Ao). 4, ® (A1) kl] [eko ) ®e(Q‘)} >
=0 k=
Qo—10:—1
=2 D a6 @A)y, ® (A,
ko=0 k=0
Qo—10:—1
- (10:62”) @ [Kopni (404, @ €27)] @ (L, (A1)
=0 k[
Qo—1 01—1
=33 [Ho, ®Kon ® 1] [eko V@ ()., ® €2 @ (A)), kl}
ko=0 k=0
Qo1
= (IQO ® KQlyNo ® IN]) { (Z vec ((AO):,ko (e}cOQO)> ))
ko=0
01—-1
® (Z vec <(A1):,k, (e§c|Q1)> )) }
k=0
= (Ig, ® Ko, x, ® Iy,) (vec (o) ® vec (A1), (2.114)
where (2.101), (2.110), Lemma 2.9, and K ; = 1 have been used. [ ]
Let A; € CV*M then
vec (Ay © Ay) = diag (vec (Ap)) vec (Ay). (2.115)

The result in (2.115) is shown in Exercise 2.10.
Lemma 2.14 Let A € CNo*Mt B e CNt*Ma € € CMo*Ns gnd D € CV3*N | then
Tr{ABCD} = vec" (D") [C" ® A] vec(B)
= vec' (B) [C ® A"| vec (D). (2.116)
Proof The first equality in (2.116) can be shown by
Tr{ABCD} = Tr{D (ABC)} = vec” (D") vec(ABC)
= vec’ (D") [CT ® A] vec(B), (2.117)

where the results from (2.105) and (2.97) were used. The second equality in (2.116)
follows by using the transpose operator on the first equality in the same equation and
Lemma 2.9. |
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Complex Quadratic Forms

Lemma 2.15 Let A, B e CVV, 7747 = 7TBz, V7 € CV¥1 s equivalent to A+
AT = B+ BT

Proof Let (A);; = ax; and (B),; = by;. Assume thatz” Az = z" Bz, V z € C¥*!, and
setz = ey, where k € {0, 1,..., N — 1}. Then

e} Ae; = e} Bey, (2.118)
gives that ay y = by forall k € {0, 1, ..., N — 1}. Setting z = e, + ¢; leads to
(ef +e) Alex +e) = (ef +e]) Blex +e), (2.119)

which results in ayx + a;; + ary + arx = brx + biy + by + by . Eliminating equal
terms from this equation gives ai; + a;x = b + b1k, which can be written as
A+ A" =B+ B".

Assuming that 4 + A7 = B + BT, it follows that

1 1 1
Az = 3 (zFAz+2"4"z) = EzT(A—i-AT)z = EzT(B+BT)z
1 1
=5 (z"Bz+z"B"z) = 3 (z"Bz+12"Bz) =17" Bz, (2.120)
for all z € CV*1, ]

Corollary 2.1 Let A € CVV. 7T 47 =0, V 7 € CN*! is equivalent to AT = —A (i.e.,
A is skew-symmetric) (Bernstein 2005, p. 81).

Proof Set B = 0y in Lemma 2.15, then the corollary follows. [ |

Lemma 2.15 and Corollary 2.1 are also valid for real-valued vectors and complex-
valued matrices as stated in the following lemma and corollary:

Lemma 2.16 Let A, Be CYV*N. xTAx = xTBx, Vx e R¥*! s equivalent to
A+ A" = B+ BT,

Proof Let (A),; = ay,; and (B);; = by;. Assume that x” Ax = x" Bx, V x € RV*!,
and set x = ¢, where k € {0, 1, ..., N — 1}. Then

el Ae; = e! Bey, (2.121)
gives that ay = by forall k € {0, 1, ..., N — 1}. Setting x = ¢, + ¢; leads to
T T (T T
(ef +e/) Aler +e) = (ef +e/) Bley+e). (2.122)

which results in axx +ar; + ak; + aix = bk + big + bis + by . Eliminating equal
terms from this equation gives ay ; + a; x = by; + b; x, which can be written 4 + AT =
B+ BT,
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Assuming that 4 + AT = B + BT it follows that

xT Ax = % (x"Ax +x"A"x) = %xT (A+A")x= %xT (B+B")x
= % (x"Bx +x"B'x) = % (x" Bx + x" Bx) = x” Bx, (2.123)
for all x € RV*1, ]

Corollary 2.2 Let A € CV*N xT4x =0, Vx e RV*1 5 equivalent to AT =—4 (i.e.,
A is skew-symmetric) (Bernstein 2005, p. 81).

Proof Set B = 0y, in Lemma 2.16, then the corollary follows. [ ]
Lemma 2.17 Let A, B € C¥N*N 7% A7 = z" Bz, ¥V 7 € CV*! is equivalent to A = B.

Proof Let(A);; = ay;and (B);; = by ;. Assumethatz” Az = z Bz, V z € C¥*!,and
set z = e, where k € {0, 1,..., N — 1}. This gives in the same way as in the proof of
Lemma 2.15 that ay j = by, for all k € {0, 1,..., N — 1}. Also in the same way as
in the proof of Lemma 2.15, setting z = e; + ¢; leads to 4+ A7 = B+ B”. Next,
set 7 = e; + je;, then manipulations of the expressions give 4 — AT = B — BT. The
equations 4+ A" = B+ BT and 4 — AT = B — B” imply that 4 = B.

If A = B, then it follows that z7 Az = z/' Bz for all z € CV*!. [ |

The next lemma shows a result that might seem surprising.

Lemma 2.18 Let A, B € CVN*V_ The expression x” Ax = x” Bx, ¥ x € RV*!is equiv-
alentto z7 Az = z" Bz, ¥V 7 € CVX1,

Proof This result follows from Lemmas 2.15 and 2.16. |
Lemma 2.19 Let A, B € CMVN*N where N and M are positive integers. If
Iy ®z"| A4z = [I, ®7"] Bz, (2.124)
forallz € CN*L then
A+ vecb (A7) = B + vecb (BT). (2.125)
Proof Let the matrix 4 and B be given by

Ay

A
A= . (2.126)

and

B= . , (2.127)

By

where 4; € CV*Y and B; ¢ C¥N*N foralli € {0,1,..., M — 1}.
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Row number i of (2.124) can be expressed as
"4z =17"Biz, (2.128)

forallz € C¥N*! and foralli € {0,1,..., M — 1}. By using Lemma 2.15 on (2.128), it
follows that

A+ A" = B, + B!, (2.129)
foralli € {0,1,..., M — 1}. By applying the block vectorization operator, the results
inside the M results in (2.129) can be written as in (2.125). |

Results for Finding Generalized Matrix Derivatives

In this subsection, several results will be presented that will be used in Chapter 6 to find
generalized complex-valued matrix derivatives.

Lemma 2.20 Let A € CN*N_ From Definition 2.11, it follows that
vec, (A") = vec, (A). (2.130)
Lemma 2.21 The following relation holds for the matrices in Definition 2.12:
L,LY + L L] + L, LT =1I,:. (2.131)

Proof From (2.42), it follows that the N? x N2 matrix [Ly, L;, L,] is a permutation
matrix. Hence, its inverse is given by its transposed

[Ly, Ly, L,][Lg. Ly, L] = Iy, (2.132)
By multiplying out the left-hand side as a block matrix, the lemma follows. [ ]

Lemma 2.22 For the matrices defined in Definition 2.12, the following relations hold:

LiL, =1y, (2.133)
L'L = oo, (2.134)
L'L, = Lo, (2.135)
LTL = 0y, yoic, (2.136)
LiL, = 0y, xovn, (2.137)
L'L, = 0x0n , xov-n. (2.138)

Proof Because the three matrices L,, L;, and L, are given by nonoverlapping parts of
a permutation matrix, the above relations follow. |

Lemma 2.23 Let A € CN*N | then
vec(Iy ® A) = Ly vecy (A), (2.139)

where © denotes the Hadamard product (see Definition 2.7).
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Proof This follows by using the diagonal matrix Iy © A4 in (2.42). Because Iy © 4

is diagonal, it follows that vec;(Iy © A) = vec,(Iy © A) = Oyew-n , and vec,(Iy O
2

A) = vecy(A). Inserting these results into (2.42) leads to (2.139). |

Lemma 2.24 Let A € CN*N | then

L; vec (A) = vecy (A), (2.140)
L] vec(A) = vec; (A), (2.141)
LT vec (A) = vec, (4). (2.142)

Proof Multiplying (2.42) from the left by L] and using Lemma 2.22 result in (2.140).
In a similar manner, (2.141) and (2.142) follow. |

Lemma 2.25 The following relation holds between the matrices defined in Defini-
tion 2.12:

Kyy=LsLi +L Ll +L,L]. (2.143)

Proof Using the operators defined earlier and the commutation matrix, we get for the
matrix 4 € CV*V

K vy vec(A) = vec (A")
= L,vecy (A)+ L;vec, (A) + L, vec; (A)
= LdLg vec (A) + L;Ll{ vec (A) + LML,T vec (A)
= [L4L] + LIL] + L,L]] vec(A). (2.144)

Because this holds for any 4 € C¥*V, the lemma follows by setting vec(A) equal to the
i-th standard vector in C¥"*! foralli € {0, 1, ..., N> — 1}. ]

Lemma 2.26 Let A € CN*N | then
(Ky.y © Iy2)vec(A) = Ly vecy (A). (2.145)
This can also be expressed as
L/LY =Ty 0Ky . (2.146)

Proof From (2.140), it follows that L, vec, (A) = LdLg vec (A). By studying (2.143)
and using the knowledge that L; and L, have distinct columns taken from an N2 x N?
permutation matrix, it is seen that the term Lde; contains all the diagonal elements
of Ky n. By taking the Hadamard product on each side of (2.143) with I2, the
result in (2.145) follows. The result in (2.146) is a consequence of (2.140), together
with Ly vecy (A) = LyL} vec (A). [ ]
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Lemma 2.27 The following relations hold:

Ky yLa = La, (2.147)
KynL, =L, (2.148)
Ky L = Ly, (2.149)

KynDy=Dy. (2.150)

Proof Note that K]{,’N = Ky y (Magnus & Neudecker 1988, pp. 46—48). Since
vecy(A) = L} vec(A) and vec (A") = L] vec(A") = LT K y i vec(A) are equal for all
A € CV*V it follows that (2.147) holds. Because vec;(A4) = L vec(A)and vec,(4") =
L7 vec(A") = LT K y y vec(A) are equal forall 4 € CV*V (2.148) and (2.149) are true.
Let B € CV*V be symmetric. Because

KN’NDNU(B) = KN,N vec (B) = vecC (B) = DNU(B), (2151)
it follows that (2.150) is valid. |

Lemma 2.28 Let A € CY*V and (A); ; = aij, then

N—-1N-1 N-2 N-1 N-2 N-1
A= § § alelj_§ a11E11+§ § asztj+§ E alj i,j»
i=0 j=0 J=0i=j+1 i=0 j=i+l

(2.152)
where E; ; is given in Definition 2.16, the sum ZINBL a;, ,E,, takes care of all the
elements on the main diagonal, the sum Z Z iy +1 a; j E; ; considers all elements
strictly below the main diagonal, and the sum ZN : Z _ +1 a; ; E; ; contains all terms
strictly above the main diagonal.

Proof This result follows directly from the way matrices are built up. |

Lemma 2.29 The N2 x N matrix Ly has the following properties:

Ly = [vec (epe ), vec (ere]) . ..., vec (ey_1e}y_;)] . (2.153)
rank(Ly) = N, (2.154)
Ly =1L, (2.155)
(La)isjwi =i Vi joke (0.1, N =1}, (2.156)

where §; ; i denotes the Kronecker delta function with three integer-valued input argu-
ments, which is +1 when all input arguments are equal and 0 otherwise.
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Proof First, (2.153) is shown by taking the vec(-) operator on the diagonal elements

of A:
N—1 N—1 N—1
L;vec; (A) = vec <Z a,-,,'E,-,i> = Z a;;vec(E;;) = Z a; i vec (e;e] )
=0 =0 i=0
N1
= e;®e a;=[enReye Qey,...,exn_1 Qey_1]vecy (A)
-0

[ c(eoe) ), vec (ere] ), ... vec (ey_1ey_,)] vecy (A), (2.157)
which shows that (2.153) holds, where (2.215) from Exercise 2.14 has been used.
From (2.153), (2.154) follows directly.

Because L, has full column rank, (2.155) follows from (2.80) and (2.133).
Leti, j,ke{0,1,..., N — 1}, then (2.156) can be shown as follows:

(La)ijng = (ex @ ex)i;y =k (ex); =8 k8ik = i jk, (2.158)

where §; ; denotes the Kronecker delta function with two integer-valued input arguments,
i.e, 8y =1, whenk =17and §;; = 0 when k # /. [ |

Lemma 2.30 The N? x w matrix L; from Definition 2.12 satisfies the following

properties:
L= [VGC (eleg) , vec (ezeg) s ..., VEC (eN,leg) , vec (ezelT) s ..., VEC (eN,lef,fz)} ,
(2.159)
N(N -1
rank (L;) = % (2.160)
Lf=1Lj, (2.161)
(Ll)iJer’kHNf 12+§1+2 = 8]',1 ki (2.162)

wherei, j, k,1 €{0,1,...,N =1}, and k > I.

Proof Equation (2.159) can be derived by using the vec(:) operator on the terms of
A € CV*N which are located strictly below the main diagonal

N-2 N-1 N-2 N-1

L; vec; (A) = vec E E ai;E;i ;| = E E a;,j vec (E j)
Jj=0 i=j+1 Jj=0i=j+1
N-2 N-1 N-2 N-1
= a;, Vec e; Qe a;;

1

+

j=0i=j+1 j=0i=j
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aio

azo

=lepQe,eg@er,...,e0Qen_1,e1Qer,...,exn2@en_1] | an—io0
as,

| an-1,N—2 |
=lepRe,eo®er,...,e0ReN_1,e1RQer,...,ey_2Qey_1]vec;(A). (2.163)
Because (2.163) is valid for all 4 € CY*¥, the result in (2.159) follows by setting

vec;(A) equal to the i-th standard basis vector in C™T 1 foralli e {0,1,...,N —1}.
The result in (2.160) follows directly by the fact that the columns of L; are given by
different columns of a permutation matrix.
From (2.160), it follows that the N? x w matrix L; has full column rank, then

(2.161) follows from (2.80) and (2.134).

It remains to show (2.162). The number of columns of L; is w; hence, the
element that should be decided is (L;)iﬂN,q, where i, j € {0,1,..., N —1}and q €
{0, 1,..., %‘1) — 1}. The one-dimensional index g € {0, 1,..., w — 1} runs

through all elements strictly below the main diagonal of an N x N matrix when moving
from column to column from the upper elements and down each column in the same
order as used when the operator vec(-) is applied on an N x N matrix. By studying the
one-dimensional index g carefully, it is seen that the first column of L; corresponds to
q = 0 for elements in row number 1 and column number 0, where the numbering of
the rows and columns starts with 0. The first element in the first column of an N x N
matrix is not numbered by g because this element is not located strictly below the main
diagonal. Let the row number for generating the index g be denoted by &, and let the
column be number / of an N x N matrix, where k,/ € {0, 1, ..., N — 1}. For elements
strictly below the main diagonal, it is required that k¥ > /. By studying the number of
columns in L; that should be generated by going along the columns of an N x N matrix
to the element in row number £ and column number /, it is seen that the index ¢ can be
expressed as in terms of k£ and / as
! 2
q:k—HN—Z(p—}-l):k—HN—#, (2.164)
p=0

!

where the sum Z( p + 1) represents the elements among the first / columns that should
=0

not be indexedp by g because they are located above or on the main diagonal. The
expression in (2.162) is found as follows:

T
(Ll)iJer,kJrlN—L*g’“ = (vec (exe; ))szv =(e; ®er)iyjn
=81 (ex); = 8718k, (2.165)

which was going to be shown. |
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Lemma 2.31 The N? x w matrix L, defined in Definition 2.12 satisfies the fol-

lowing properties:
L,=[vec (ege] ) , vec (ege] ) , ..., vec (egen_;) . vec (ere ), ..., vec (ex—zeh_)],
(2.166)
rank (L,) = w (2.167)
Ly =1Ly, (2.168)
(L) iy 22 = 815 B (2.169)

wherei, j,k,1 €{0,1,..., N —1}andl > k.

Proof Equation (2.166) can be derived by using the vec(-) operator on the terms of
A € CV*N which are located strictly above the main diagonal:

L, vec, (A)
N—2 N-1 N-2 N—1
= VvecC E E a,-,jEi,j = E E a;i, j vee (E
i=0 j=i+1 i=0 j=i+1
N-2 N— N-2 N-1
g E Vec E E e;®ea;;
i=0 j i=0 j=i+1
a1
a2
=[e1®ep,e2Re,...,en_1 Qe e2Qe,...,ey_1 Qey_2] | aon-1
ain
| dN-2,N-1 |

=le1®er,e2Re,...,en_1 Qep,e2Qe,...,eN_| @ ey_z]vec,(A). (2.170)

The equation in (2.166) now follows from (2.170) because (2.170) is valid for all
A € CN*N_ The i-th columns of each side of (2.166) are shown to be equal by setting
vec,(A) equal to the i-th standard unit vector in C el

The result in (2.167) follows from (2.166).

From (2.167), it follows that the matrix L, has full column rank; hence, it follows
from (2.80) and (2.135) that (2.168) holds.

The matrix L, has size N? x & (N NV=D " such the task is to specify the elements
(Lu)iyjn.q» Where i, j € {0, 1, .. —1}and g €{0,1,..., ¥I=D — 1} specify the
column of L,,. Here, g is the number of elements that is strictly above the main diagonal
when the elements of an N x N matrix are visited in a row-wise manner, starting from
the first row, and going from left to right until the element in row number & and column




2.5 Useful Manipulation Formulas 37

number /. For elements strictly above the main diagonal, it is required that / > k. Using
the same logic as in the proof of (2.162), the column numbering of L, can be found as

k
g=1+kN-> (p+1)=1+kN -
p=0

K +3k+2

> (2.171)

k
where the term Z(p + 1) gives the number of elements that have been visited when
p=0
traversing the rows from left to right, which should not be counted until the element
in row number k£ and column number / is reached, meaning that they are located on or
below the main diagonal. The expression in (2.169) can be shown as follows:

T
(L”)i-‘er,l-‘rkN— Ic2+§k+2 = (VeC (eke[ ))i+jN = (el ® ek)i+jN

=81, (ex); = 81,0k (2.172)
which is the same as in (2.169). |
Proposition 2.2 Let A € CV*V | then,

vecy (A) = (A0 Iy) 1y (2.173)

Proof This result follows directly from the definition of vec,(-) and by multiplying out
the right side of (2.173)

ap,o
ai,l

(A0 IN)Iya = . , (2.174)

aN—1,N-1
which is equal to vec,(A). |

The duplication matrix is well known from the literature (Magnus & Neudecker 1988,
pp. 48-53), and in the next lemma, the connections between the duplication matrix and
the matrices Ly, L;, and L, defined in Definition 2.12, are shown.

Lemma 2.32 The following relations hold between the three special matrices Ly, L,
and L, and the duplication matrix Dy :

Dy=LVi+W +L)V], (2.175)

L; = DyVy, (2.176)

L +L,=DyV, (2.177)
Vy=D}Ly, (2.178)
Vi=Dy(Li+L,), (2.179)

where the two matrices V4 and V; are defined in Definition 2.15.
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Proof Let A € CN*V be symmetric. For a symmetric A, it follows that vec; (4) =
vec, (A). Using this result in (2.42) yields

vec(A) = Ly vecy (A) + Ly vec; (A) + L, vec, (A)
= Lqvecy (A) + (L; + Ly) vec; (4)

vecy (A)
=[Ly, L+ L . 2.1
[ d» L+ u] |: VCC[(A) :| ( 80)
Alternatively, vec (A) can be expressed by (2.48) as follows:
_ _ vecy(A)
vec(A) = Dyv(A) = Dy [V, Vi] { vee(A) ] , (2.181)

where (2.49) was used. Because the right-hand sides of (2.180) and (2.181) are identical
for all symmetric matrices A, it follows that

[La, Li+L,=Dy[Va, Vi]. (2.182)

Right-multiplying the above equation by [V, V;]7 leads to (2.175). Multiplying out
the right-hand side of (2.182) gives Dy [V4, V] =[DyV4, DyV;]. By comparing
this block matrix with the block matrix on the left-hand side of (2.182), the results in
(2.176) and (2.177) follow.

The duplication matrix Dy has size N? x and is left invertible by its Moore-
Penrose inverse, which is given by Magnus and Neudecker (1988, p. 49):

N(N+1)
2

D}, = (D%py)”' DI, (2.183)
By left-multiplying (2.48) by D%, the following relation holds:
v(A) = D7, vec(A). (2.184)
Because D} Dy = Iy, (2.178) and (2.179) follow by left-multiplying (2.176) and
(2.177) by DY, respectively. [
Exercises

21 Let f:C x C — C be given by

[z 29 =ulx, y) + ju(x. y), (2.185)

where z = x + jy,Re{ f(z, z*)} = u(x, y), and Im{ f(z, z*)} = v(x, ). Show that (2.6)
is equivalent to the traditional formulation of the Cauchy-Riemann equations

u 9
a_% (2.186)
dx  dy

9 9
a_ % (2.187)
ay ox
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2.2 Functions that are going to be maximized or minimized must be real-valued.
The results of this exercise show that in engineering problems of practical inter-
ests, the objective functions that are interesting do not satisfy the Cauchy-Riemann
equations.

Let the function f : C x C — R be given by

f(z,2%) =u(x, y) + ju(x, y), (2.188)

where z = x + jy, Re{ f(z, z*)} = u(x, y), and Im{ f(z, z*)} = v(x, y) are real-valued;
hence, v(x, y) = 0, and assume that it satisfies the Cauchy-Riemann equations. Show
that f is then a constant function.

2.3 Decide whether the following functions are analytic or non-analytic:

f(z) =7z, (2.189)

f(z) = sin(z), (2.190)
f(2) = exp(y2), (2.191)
f(@) =zl (2.192)

fl@) =1, (2.193)

f(z) = Re{z}, (2.194)
f(z) = Im{z}, (2.195)
f(z) = Re{z} + j Im{z}, (2.196)
f(z) = Re{z} — j Im{z}, (2.197)
f(z) =In(z), (2.198)

where the principal value (Kreyszig 1988, p. 754) of In(z) is used in this book.

24 Letz € CV*! be an arbitrary complex-valued vector. Show that the Moore-Penrose
inverse of z is given by

01xn, lfz=0N><l~

H .
e { e 2 # Ovsa, (2.199)

25 Assume that 4 € CV*V and B € CV*" commute (i.e., AB = BA). Show that

exp(A) exp(B) = exp(B) exp(A) = exp(A4 + B). (2.200)
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2.6 Show that the following properties are valid for the commutation matrix:

Ko y=K,y=Kno, (2.201)

K y=Ky, =1y, (2.202)
N—10-1

Koy=)_ > Ei;®E], (2.203)
Jj=0 i=0

(K o] s jnaio = itk (2.204)
where E; ; of size QO x N contains only Os except for +1 in the (7, j)-th position.

2.7 Write a MATLAB program that finds the commutation matrix Ky o without using
for- or while- loops. (Hint: One useful MATLAB function to avoid loops is £ind.)

2.8 Show that
Tr{A" B} = vec” (4) vec(B), (2.205)
where the matrices 4 € C¥*™ and B € CV>*M,
2.9 Show that
Tr{AB} = Tr{BA}, (2.206)
where the matrices 4 € C¥*" and B € CV*M,
210 Show that
vec (A © B) = diag(vec (A)) vec (B), (2.207)
where A, B € CN*M,
211 Let A e CM*N B e CP*2. Use Lemma 2.13 to show that
vec(AQ® B) =[Iy ® G]vec(A) =[H ® Ip]vec(B), (2.208)
where G € COMP*M and H € COMN*Q are given by
G=|Kou®Ip|[y®vec(B)], (2.209)
H = [IN®KQ,M] [Vec(A)@IQ] . (2.210)

212 Write MATLAB programs that find the matrices Ly, L;, and L, without using
any for- or while- loops. (Hint: One useful MATLAB function to avoid loops is
find.)

213 Let the identity matrix I nwv+n have columns that are indexed as follows:
2

Imzw = [wo0, 1,0, ,UN—1,0, W11, UN_11, U2, U N—1], (2.211)
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N(N+1)
where the vector u; ; € R™=

ber jN +i+1—1( + 1)j.

1 contains Os everywhere except in component num-

Show?® that the duplication matrix Dy of size N x w can be expressed as
DN = ZV@C (Tl]) MiTJ-
i>j
= [vec(To,0),vec(T10), -+, vec(Ty_10),vec(T11), -, vee(Ty_1n-1)] .
(2.212)
where u; ; is defined above, and where T; ; is an N x N matrix defined as
r,»,:{ EijtEjir Y17, (2213)
' E;;, ifi = j,
where E; ; is found in Definition 2.16.
By using Definitions 2.15 and (2.175), show that
DyD =Ty +Kyy—KyyOIy. (2.214)

By means of (2.212), write a MATLAB program for finding the duplication matrix Dy
without any for- or while- loops.

214 Leta; € CVN*! wherei € {0, 1}, then show that
vec (apa] ) = a; ® ay, (2.215)

by using the definitions of the vec operator and the Kronecker product. Show also that
the following is valid:

ay®@al =apal =al ®a,. (2.216)

2.15 Show that Proposition 2.1 holds.
216 Let A c CM*N and B € CP*2. Show that

(A® B = 4" ® BT. (2.217)

217 Let AcCV*N B e CVM C e CM*M and D € CM*N. Use Lemma 2.2 to
show that if 4 € CN*V, C € CM*M and A+ BC D are invertible, then C~! + DA™'B
is invertible. Show that the matrix inversion lemma stated in Lemma 2.3 is valid by
showing (2.66).

N(N+1)
=5 xl

2.18 Write a MATLAB program that implements the operator v : CV*V — C
without any loops. By using the program that implements the operator v(-), write a

® The following result is formulated in Magnus (1988, Theorem 4.3).
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MATLAB program that finds the three matrices V4, V;, and V without using any for- or
while- loops.

219 Given three positive integers M, N, and P, let 4 € C¥*N and B € CNF*P
be column symmetric. Show that the matrix C £ [4 ® Ip] B is column symmetric,
that is,

vech (CT) = C. (2.218)



3.1

Theory of Complex-Valued
Matrix Derivatives

Introduction

A theory developed for finding derivatives with respect to real-valued matrices with
independent elements was presented in Magnus and Neudecker (1988) for scalar, vector,
and matrix functions. There, the matrix derivatives with respect to a real-valued matrix
variable are found by means of the differential of the function. This theory is extended
in this chapter to the case where the function depends on a complex-valued matrix
variable and its complex conjugate, when all the elements of the matrix are independent.
It will be shown how the complex differential of the function can be used to identify
the derivative of the function with respect to both the complex-valued input matrix
variable and its complex conjugate. This is a natural extension of the real-valued vector
derivatives in Kreutz-Delgado (2008)" and the real-valued matrix derivatives in Magnus
and Neudecker (1988) to the case of complex-valued matrix derivatives. The complex-
valued input variable and its complex conjugate should be treated as independent when
finding complex matrix derivatives. For scalar complex-valued functions that depend
on a complex-valued vector and its complex conjugate, a theory for finding derivatives
with respect to complex-valued vectors, when all the vector components are independent,
was given in Brandwood (1983). This was extended to a systematic and simple way of
finding derivatives of scalar, vector, and matrix functions with respect to complex-valued
matrices when the matrix elements are independent (Hjorungnes & Gesbert 20074). In
this chapter, the definition of the complex-valued matrix derivative will be given, and
a procedure will be presented for how to obtain the complex-valued matrix derivative.
Central to this procedure is the complex differential of a function, because in the complex-
valued matrix definition, the first issue is to find the complex differential of the function
at hand.

The organization of the rest of this chapter is as follows: Section 3.2 contains an
introduction to the area of complex differentials, where several ways for finding the
complex differential are presented, together with the derivation of many useful complex
differentials. The most important complex differentials are collected into Table 3.1

! Derivatives with respect to real-valued and complex-valued vectors were studied in Kreutz-Delgado (2008;
2009, June 25), respectively. Derivatives of a scalar function with respect to real-valued or complex-valued
column vectors were organized as row vectors in Kreutz-Delgado (2008; 2009, June 25). The definition
given in this chapter is a natural generalization of the definitions used in Kreutz-Delgado (2008; 2009,
June 25).
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and are easy for the reader to locate. In Section 3.3, the definition of complex-valued
matrix derivatives is given together with a procedure that can be used to find complex-
valued matrix derivatives. Fundamental results — including topics such as the chain
rule of complex-valued matrix derivatives, conditions for finding stationary points for
scalar real-valued functions, the direction in which a scalar real-valued function has
its maximum and minimum rates of change, and the steepest descent method — are
stated in Section 3.4. Section 3.5 presents exercises related to the material presented in
this chapter. Some of these exercises can be directly applied in signal processing and
communications.

Complex Differentials

Just as in the real-valued case (Magnus & Neudecker 1988), the symbol d will be used
to denote the complex differential. The complex differential has the same size as the
matrix it is applied to and can be found component-wise (i.e., (dZ),; = d (Z); ;). Let
z =x + jy € C represent a complex scalar variable, where Re{z} = x and Im{z} = y.
The following four relations hold between the real and imaginary parts of z and its
complex conjugate z*:

z=x+7y, (3.1)

Zf=x—yy, (3.2)
z4+z*

= , 3.3

x 5 (3.3)
z—2z*

= . 34

y 2 (34)

For complex differentials (Fong 20006), these four relations can be formulated as follows:

dz =dx + jdy, 3.5
dz* =dx — jdy, (3.6)
dz 4+ dz*
dx = ﬁ, (3.7)
2
dz —dz*
dy =22 (3.8)
2y

In studying (3.5) and (3.6), the following relation holds:
dz* = (dz)*. (3.9)

Let us consider the scalar function f : C x C — C denoted by f(z, z*). Because the
function f can be considered as a function of the two complex-valued variables z and
z*, both of which depend on the x and y through (3.1) and (3.2), the function f can
also be seen as a function that depends on the two real-valued variables x and y. If f
is considered as a function of the two independent real-valued variables x and y, the
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differential of f can be expressed as follows (Edwards & Penney 1986):

0
df = —fd + a—fdy, (3.10)
where M and 3/ are the partial derivatives of f with respect to x and y, respectively.
By 1nsert1ng the differential expression of dx and dy from (3.7) and (3.8) into (3.10),

the following expression is found:

of dz+d ofdz—dz* 1 /(9 0 0 a
f_if2+z+if!:, O N gz (0 00 g,
2 ay 27 2 \ ox 8y 2 \ ox ay

(3.11)

A complex-valued expression (Fong 2006, Eq. (1.4)) similar to the one in (3.10) is also
valid when z and z* are treated as two independent variables:

df = —fd + a—fd * (3.12)
If (3.11) and (3.12) are compared, it is seen that

0 1 /9 a

o 1o ary 1)

0z ax ay
and

af 1 /af af

=_ (2 3.14
azx 2 <8x +J By) G.19

which are in agreement with the formal derivatives defined in Definition 2.2 (see (2.11)
and (2.12)).

The above analysis can be extended to a scalar complex-valued function that depends
on a complex-valued matrix variable Z and its complex conjugate Z*. Let us study
the scalar function f : CV*2 x CV*¢ — C denoted by f(Z, Z*). The complex-valued
matrix variables Z and Z* can also be expressed:

Z=X+,7, (3.15)
Z'=X— Y, (3.16)

where Re{Z} = X and Im{Z} = Y. The relations in (3.15) and (3.16) are equivalent to
(2.2) and (2.3), respectively. The complex differential of a matrix is found by using the
differential operator on each element of the matrix; hence, (2.2), (2.3), (2.4), and (2.5)
can be carried over to differential forms, in the following way:

dZ =dRe{Z}+ jdIm{Z}) = dX + ;d¥Y, (3.17)
dZ* =dRe{Z) — jdIm(Z} = dX — jdY, (3.18)
dRe{Z}=dX =3 (dZ+dZ"), (3.19)
dIm{Z} =dY = % (dZ —dzZ"). (3.20)

Given all components within the two real-valued N x Q matrices X and ¥, the differ-
ential of f might be expressed in terms of the independent real-valued variables xy
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and y;; or the independent (when considering complex derivatives) complex-valued
variables zy; and z} ; in the following way:

af af
df = Z Z P dxp; + Z Z ——dyr, 3.21)
k=0 1=0 OVK k=0 1=0 OVk!
O-1N-1 0-1N-1
a 0
=) 3 / dzy; + 5 J: dzj (3.22)
k=0 1=0 “ZK! k=0 1=0 °7kl
where Ba—f, aa—f, aaf , and 38-{ are the derivatives of f with respect to xy ;, V«.1, zx.1, and
Xkt ? OVi1® 0zp 2k ; , .

zy 5, respectively. The N Q formal derivatives of 8‘:—{[ and the N Q formal derivatives of
3% - can be organized into matrices in several ways; later in this and in the next chapter,
we will see several alternative definitions for the derivatives of a scalar function f with
respect to complex-valued matrices Z and Z*.

This section contains three subsections. In Subsection 3.2.1, a procedure that can often
be used to find the complex differentials is presented. Several basic complex differentials
that are essential for finding complex derivatives are presented in Subsection 3.2.2,
together with their derivations. Two lemmas are presented in Subsection 3.2.3; these will
be used to identify both first- and second-order derivatives in this and later chapters.

Procedure for Finding Complex Differentials

Let the two input complex-valued matrix variables be denoted Z;, € CV*€ and Z, €
CN*€_ where all elements of these two matrices are independent. It is assumed that
these two complex-valued matrix variables can be treated independently when finding
complex-valued matrix derivatives.

A procedure that can often be used to find the differentials of a complex matrix function
F : CV*Q x CN*2 — CM*P denoted by F(Zy, Z)), is to calculate the difference

F(Zy+dZy,Z, +dZ\) - F(Z,, Z))
= First-order(d Zy, d Z,) + Higher-order(d Z,, d Z,), (3.23)

where First-order(:, -) returns the terms that depend on dZ, or dZ, of the first order,
and Higher-order(-, -) returns the terms that depend on the higher-order terms of d Z)
and dZ,. The differential is then given by First-order(:, -) as

dF = First-order(F(Zy + dZy, Z\ + dZ,) — F(Zy, Z))). (3.24)

This procedure will be used several times in this chapter.

Basic Complex Differential Properties
Some of the basic properties of complex differentials are presented in this subsection.

Proposition 3.1 Let A € CM*P be a constant matrix that is not dependent on the
complex matrix variable Z or Z*. The complex differential of a constant matrix A is
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given by
dA=0yxp. (3.25)

Proof Let the function used in (3.23) be given as F(Zy, Z,) = A. By obtaining the
difference in (3.23), it is found that

F(Zo+dZo, Z) +dZ))— F(Zy, Z)) = A— A= 0yxp. (3.26)

Here, both first-order and higher-order terms are equal to the zero matrix 0, p. Hence,
(3.25) follows. |

Proposition 3.2 Let A € CM*N Z € CVN*Q, and B € C2*, where A and B are inde-
pendent of Z and Z*. Then

d(AZB) = A(dZ)B. (3.27)

Proof The procedure presented in Subsection 3.2.1 is now followed. Let the function
used in Subsection 3.2.1 be given by F(Z, Z1) = AZyB. The difference on the left-
hand side of (3.23) can be written as

F(Zy+dZy, Z\+dZ\)— F(Zy, Z)) = A(Zy + dZ,)B — AZ,B
= A(dZ,)B. (3.28)

It is seen that the left-hand side of (3.28) contains only one first-order term. By choosing
the two complex-valued matrix variables Z, and Z; in (3.28) as Zy = Z and Z| = Z*,
it is seen that (3.27) follows. |

Corollary 3.1 Let a € C be a constant that is independent of Z € CN*9 and Z* e
CN*Q. Then

daZ)=adZ, (3.29)
Proof If we set A =aly and B = I in (3.27), the result follows. |

Proposition 3.3 Let Z; € CVN*C fori € {0, 1, ..., L — 1}. The complex differential of
a sum is given by

d(Zo+ 2Z))=dZy+dZ,. (3.30)

The complex differential of a sum of L for such matrices can be expressed as

L-1 L-1
d <Z Zk> =Y dz. (3.31)
k=0 k=0
Proof Let the function in the procedure outlined in Subsection 3.2.1 be given by
F(Zy, Z)) = Zy + Z,. By forming the difference in (3.23), it is found that
F(Zy+dZy,Z,+dZ\) - F(Zy,Z))=Zy+dZy+ Z,+dZ, — Z, — Z,
=dZy+dZ,. (3.32)



48

Theory of Complex-Valued Matrix Derivatives

Both terms on the right-hand side of (3.32) are of the first order in d Z,, or d Z1; hence,
(3.30) follows.
By repeated application of (3.30), (3.31) follows. |

Proposition 3.4 [f Z € CV*V | then
d(Tr{Z)) = Tr{d Z} . (3.33)

Proof If the procedure in Subsection 3.2.1 should be followed, it is first adapted to scalar
functions. Let the function f be defined as f : CV*¥ x CV*N — C, where it is given
by f(Zy, Z,) = Tr{Z,}. The left-hand side of (3.23) can be written as

F(Zo+dZy, Z,+dZ\)— F(Zy, Z,) =Tr{Zy + dZy} — Tr{Z,}
— Tr{dZ,). (3.34)

The right-hand side of (3.34) contains only first-order terms ind Z,,. By choosing Z, = Z
and Z, = Z" in (3.34), the result in (3.33) follows. |

Proposition 3.5 Let Zy € C**N and Z € CN*P, such that the matrix product ZyZ,
is well defined. Then’

dZoZ\ = (dZo)Z) + ZodZ). (3.35)

Proof To find the complex differential of ZyZ;, the procedure outlined in (3.23) is
followed. Let F(Z,, Z,) = ZyZ,. First, the left-hand side of (3.23) is written as

F(Zy+dZy, Z,+dZ\) - F(Zy,Z,) = ZodZ, + (dZy)Z\ + (dZy)d Z,.

The complex differential of F(Z,, Z;) can be identified as all the first-order terms on
dZ, or dZ; therefore, dZyZ, = ZydZ, + (dZy)Z,. [ ]

Proposition 3.6 Let Zy € CV*9 and Z, € CM*P . The complex differential of the Kro-
necker product is given by

dZy® Z))=[dZ) R Z + Zy ® dZ,. (3.36)

Proof The procedure in Subsection 3.2.1 is followed, so let F : CV*¢ x CM*xP
CNM*QP be given by F(Zy, Z)) = Zy ® Z;, expanding the difference of the left-hand
side of (3.23):

F(Zy+dZy, Z, +dZ\)—F(Zy, Z\)=(Zy+dZy) Q(Z1+dZ\) - Z, R Z,

=Zy®dZ, + (dZ()) ®Z +(dZy)®dZ,,
(3.37)

where it was used so that the Kronecker product follows the distributive law.> Three
addends are present on the right-hand side of (3.37); the first two are of the first order
in dZy and dZ,, and the third addend is of the second order. Because the differential

2 In this book, the following notation is used when taking differentials of matrix products: dZyZ\ = d(ZyZ).
3Let A, BeCV*? and C, D € CM*P then (A+B)Q(C+D)=AQC+AQD+BRC+BQD.
This is shown in Horn and Johnson (1991, Section 4.2).
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of F is equal to the first-order terms in dZy and dZ; in (3.37), the result in (3.36)
follows. |

Proposition 3.7 Let Zy € CVN*C for i €{0,1}. The complex differential of the
Hadamard product is given by

d(ZyOZ)=dZ)OZ +Zy0OdZ,. (3.38)

Proof Let F : CN*Q x CN*2 — CN*Qbe givenas F(Zy, Z,) = Zy © Z,. The differ-
ence on the left-hand side of (3.23) can be written as

F(Zy+dZy,Z,+dZ))— F(Zy, Z,)=(Zy+dZy) ©O(Z,+dZ)—Z, O Z,

=2Zy0dZ,+(dZy) O Z,+(dZy) OdZ,.
(3.39)

Among the three addends on the right-hand side in (3.39), the first two are first order in
dZy and dZ,, and the third addend is second order. Hence, (3.38) follows. [ ]

Proposition 3.8 Let Z € CV*N beinvertible. Then the complex differential of the inverse
matrix Z~" is given by

dZ7'=—-z"Ydz)z " (3.40)
Proof Because Z € CV*¥ is invertible, the following relation is satisfied:
ZZ7' =1y. (3.41)

By applying the differential operator d on both sides of (3.41) and using the results
from (3.25) and (3.35), it is found that

dZ)Z'+ ZdZ7' =dIy = Oy,y. (3.42)
Solving dZ~! from this equation yields (3.40). |

Proposition 3.9 Let reshape(-) be any linear reshaping operator* of the input matrix.
The complex differential of the operator reshape(-) is given by

d reshape(Z) = reshape(d Z). (3.43)
Proof Because reshape(-) is a linear operator, it follows that
reshape(Z + d Z) — reshape(Z) = reshape(Z) + reshape(d Z) — reshape(Z)
= reshape(d Z). (3.44)

By using the procedure from Subsection 3.2.1, and because the right-hand side of (3.44)
contains only one first-order term, the result in (3.43) follows. |

4 The size of the output vector/matrix might be different from the input, so reshape(-) performs linear reshaping
of its input argument. Hence, the reshape(-) operator might delete certain input components, keep all input
components, and/or make multiple copies of certain input components.
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The differentiation rule of the reshaping operator reshape(-) in Table 3.1 is valid for
any linear reshaping operator reshape(-) of a matrix; examples of such operators include
transpose (-)7 and vec(-).

Proposition 3.10 Let Z € CVN*€. Then the complex differential of the matrix Z* is given
by

dzZ* = (dZy. (3.45)

Proof Because the differential operator of a matrix operates on each component of the
matrix, and because of (3.9), the expression in (3.45) is valid. |

Proposition 3.11 Let Z € CN*9. Then the differential of the complex Hermitian of Z
is given by

dz"" = dz)". (3.46)

Proof Because the Hermitian operator is given by the complex conjugate transpose, this
result follows from (3.43) when using reshape(-) as the (-)7 plus (3.45)

dz" =d(z")" =z = (d2)")" =@d2)". (3.47)
| |

Proposition 3.12 Let Z € CV*N. Then the complex differential of the determinant is
given by

ddet(Z) =Tr{C"(Z2)dZ} . (3.48)

where the matrix C(Z) € CN*N contains the cofactors® denoted by ci (Z) of Z. If
Z € CN*N s invertible, then the complex differential of the determinant is given by

dde(Z) = de(Z)Tr{Z'dZ} . (3.49)

Proof Let ¢y /(Z) be the cofactor of z; = (Z);;, where Z € C¥*V. The determinant
can be formulated along any row or column, and if the column number / is considered,
the determinant can be written as
N—1
det(2) =Y cri(Z)zi. (3.50)
k=0
where the cofactor ¢, ;(Z) is independent of z;; and z} ;.

If f: CV*Q x CV*Q — Cisascalar complex-valued function denoted by f(Z, Z*),
then the connection between the differential of f', the derivatives of f with respect to
all the components of Z and Z*, and the differentials of the components of Z and Z*
can be written as in (3.22). If (3.22) is used on the function f(Z, Z*) = det(Z), where

5 A cofactor ¢t 1(Z) of Z € CN*V is equal to (—1)**/ times the (k, /)-th minor of Z, denoted by my ;(Z). The
minor my ;(Z) is equal to the determinant of the (N — 1) x (N — 1) submatrix of Z found by deleting its
k-th row and /-th column.
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N = Q, then it is found that the derivatives of f with respect to zj; and z} ; are given
by

aif = c.1(Z), (3.51)
Zki

a
827{"]

f=0, (3.52)

where (3.50) has been utilized. Inserting (3.51) and (3.52) into (3.22) leads to

N—-1N-1

ddet(Z2)= > cri(Z)dzi. (3.53)

k=0 1=0
The following identity is valid for square matrices 4 € C¥*¥ and B € CV*V:

N—-1N-1

Tr{ABY =) > ap,b,,. (3.54)

p=0 g=0

If (3.54) is used on the expression in (3.53), the following expression for the differential
det (Z) is found:

ddet(Z)=Tr{C"(Z)dZ}, (3.55)

where C(Z) € CM*V is the matrix of cofactors of Z such that ¢ (Z) = (C(Z));,.
Therefore, (3.48) holds.

Assume now that Z is invertible. The following formula is valid for invertible matri-
ces (Kreyszig 1988, p. 411):

Cl(z)y=27"=det(2)Z7". (3.56)

When (3.56) is used in (3.48), it follows that the differential of det (Z) can be written as
ddet(Z) = Tr{Z"'dZ} = del(Z) Tt {Z7'd Z} (3.57)

which completes the last part of the proposition. |

Proposition 3.13 Let Z € CV*VN be nonsingular. Then the complex differential of the
adjoint of Z can be expressed as

dZ" =de(2) [Tr{Zz7'(d2)} 27" — Z27'(d2)Z7"]. (3.58)

Proof For invertible matrices Z* = det(Z)Z ™!, using the complex differential operator
on this matrix relation and the results in (3.35), (3.40), and (3.49) yields

dZ" = (d det(Z))Z™" + det(Z)dZ™!
=de(2)Tr{Z 'dz} 27" —det(2)Z2" "' (dZ) Z""
=det(2) [Tr{Zz'dz}z7'— 2" dz)Z7"], (3.59)

which is the desired result. [ ]
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The following differential is important when finding derivatives of the mutual infor-
mation and the capacity of an MIMO channel, because the capacity is given by the
logarithm of a determinant expression (Telatar 1995).

Proposition 3.14 Let Z € CV*V be invertible with a determinant that is not both real
and negative. Then the differential of the natural logarithm of the determinant is given

by
dIn(det(2)) =Tr{Z 'dZ} . (3.60)

Proof In this book, the principal value is used for In(z), and its derivative is given
by Kreyszig (1988, p. 755):

ol 1
@ _ 1 3.61)
dz z
Hence, the complex differential of In(z) is given by
d
din(z) = 2, (3.62)
z

when the variable z is not located on the negative real axis or in the origin.
Assume that det(Z) is not both real and non-positive. Then

_ddet(Z) deW(Z)Tr{Z 'dZ}
dIn@el(2) = 07 = det(Z)
where (3.49) was used to find d det(Z). |

=Tr{Z 'dz}, (3.63)

The differential of the real-valued Moore-Penrose inverse is given in Magnus and
Neudecker (1988) and Harville (1997), but the complex-valued version is derived next.

Proposition 3.15 (Differential of the Moore-Penrose Inverse) Let Z € CN*C. Then the
complex differential of Z" is given by
dZ* =-Z'(dZ)Z" + 2" (z")"(dz") (Iy — Z2Z")
+ (Ig—2"2Z)@dz"yz")"Z". (3.64)
Proof Equation (2.25) leads to dZ* = dZ*ZZ* = (dZ*Z)Z" + Z* ZdZ"* . 1f Zd Z*

is found from dZZ* = (dZ)Z* + ZdZ*, and is inserted in the expression for dZ*,
then it is found that

dZt =(dZ 2)Z" + Z"(dZZ" — (dZ)Z")
=dZ"2)Z"+Z'dZZ" - Zt(dZ2)Z". (3.65)

It is seen from (3.65) that it remains to express dZ*Z and dZZ" in terms of d Z and
dZ*. First, d Z* Z is handled as

dZ'Z =dZVZZ"Z =(dZ'Z2)Z'Z+Z"Z(dZ"Z)
=(ZYZAdZ Z)! + 2" 2(dZ" Z). (3.66)

The expression Z(d Z* Z) canbe found fromdZ = dZZ"Z = (dZ)ZTZ + Z(dZ" Z),
and it is given by Z(dZ*Z) = dZ — (dZ)Z*Z = (dZ)(1 o — Z" Z). If this expression
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Table 3.1 Important complex differentials.

Function Differential of function
A 1}

aZ adZ

AZB AdZ)B

Z() + Z1 dZO + dZ]

Tr{Z} Tr{dZ}

ZyZ, dZy)Z, + ZydZ,

Zy® Z, dZ)®Z,+2Zy®dZ,
Zy0 Z, dZy)oO Z +2Z,0dZ,
z! -Z'dz)z™!

det(2) det(2)Tr{z 'dz}
In(det(2))  Tr{z 'dz}
reshape(Z)  reshape(dZ)

z (d2)*

z" dz)"

VAl (Tt{z'dz)} z' - z7'(dz)z7"]

z* —Z'd2D)Z" +Z7(Z2")'(dZz") (Iy — ZZV) + (1o — 27 Z) [dZ" )z Z*
e =exp(z) é€dz

In(z) dz

z

is inserted into (3.606), it is found that
dZVZ =(ZYdZ) 1o — Z"Z)" + ZYdZ)1p - Z" Z)
=g—2"2)(dZ")(Z"" +ZTdZ)1y - Z"Z). (3.67)
Second, it can be shown in a similar manner that
dZZ" =(Iy — ZZ"dZ)Z" +(Z")" (dZ") Iy — ZZY). (3.68)

If the expressions for dZTZ and dZZ* are inserted into (3.65), then (3.64) is
obtained. |

If Z € CVN*V is invertible, then the Moore-Penrose inverse reduces into the normal
matrix inverse. It is seen from (3.64) that the differential of the Moore-Penrose inverse
reduces to the differential of the inverse matrices in (3.40) if the matrix is invertible.

Several of the most important properties of complex differentials are summarized in
Table 3.1, assuming A, B, and a to be constants, and Z, Z,, and Z; to be complex-
valued matrix variables. The complex differential of the complex exponential function
of a scalar argument ¢ and the complex differential of the principal value of In(z) are
also included in Table 3.1.

Results Used to Identify First- and Second-Order Derivatives

The two real-valued matrix variables Re {Z} = X and Im {Z} = Y are independent of
each other, and, hence, are their differentials. Although the complex variables Z and Z*
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are related, their differentials are linearly independent in the way of the next lemma. This
lemma is very important for identifying first-order complex-valued matrix derivatives
from the complex differential of the function under consideration. The idea of identifying
the first-order complex-valued matrix derivatives from the complex differential is the
key procedure for finding matrix derivatives.

Lemma 3.1 Let Z € CV*C and A; ¢ CM*NC_[f
Apdvec(Z) + Aydvec(Z¥) = 041, (3.69)
foralldZ € CN*9, then A; = Oyxnofori € {0, 1}

Proof Let A; € CM*NC be an arbitrary complex-valued function of Z € C¥*¢ and
Z* € CN*2 By using the vec(-) operator on (3.17) and (3.18), it follows that d vec(Z) =
dvec(Re{Z}) + jdvec(Im{Z}) and dvec(Z*) = dvec(Re{Z}) — jdvec(Im{Z}). If
these two expressions are substituted into the expression of the lemma statement given
by Ayd vec(Z) + Ajdvec(Z*) = 0y 1, then it follows that

Ao(dvec(Re {Z}) + jd vec(Im{Z})) + Ai(dvec(Re{Z}) — jdvec(Im{Z})) = Oprx1.
(3.70)

This is equivalent to
(Ay + Ay)dvec(Re{Z}) + j(Ag — Ay)d vec(Im{Z}) = 0. (3.71)

Because the differentials d Re {Z} and d Im {Z} are independent, so are the differen-
tials d vec(Re {Z}) and d vec(Im {Z}). Therefore, Ay + A1 = 0y« np and Ay — A =
0% NO- Hence, it follows that 4y = 4] = 0 NO- | |

The next lemma is important for identifying second-order complex-valued matrix
derivatives. These derivatives are treated in detail in Chapter 5, and they are called
Hessians.

Lemma 3.2 Let Z € CVN*C and B; € CNONC_[f

(dvec” (Z)) Byd vec(Z) + (d vec' (Z*)) Bydvec(Z) + (d vec' (Z¥)) Byd vec(Z*)=0,
(3.72)

foralldZ € CN*9, then By = —B}, Bi = Oyoxno, and B, = —B] (i.e., By and B,
are skew-symmetric).

Proof Inserting the expressions dvec(Z)= dvec(Re{Z})+ jdvec(Im{Z}) and
dvec(Z*) = dvec(Re {Z}) — jd vec(Im {Z}) into the second-order differential expres-
sion given in the lemma leads to

[dvec” (Re{Z})] [By + By + By]d vec(Re {Z})
+ [dvec" (Im{Z})] [- By + By — By]dvec(Im{Z})
+ [dvec"(Re{Z})] [; (Bo+ B}) + 7 (B — BY)
—J (B2 + B})] dvec(Im{Z}) = 0. (3.73)



3.3

3.3 Derivative with Respect to Complex Matrices 55

Equation (3.73) is valid for all dZ; furthermore, the differentials of d vec(Re {Z}) and
dvec(Im {Z}) are independent. If d vec(Im {Z}) is set to the zero vector, then it follows
from (3.73) and Corollary 2.2 (which is valid for real-valued vectors) that

By+ B, +B,=—-Bl — B — B! (3.74)

In the same way, by setting d vec(Re {Z}) to the zero vector, it follows from (3.73) and
Corollary 2.2 that

—By+ B, — B, =Bl —B] +B]. (3.75)

Because of the skew-symmetry in (3.74) and (3.75) and the linear independence of
dvec(Re {Z}) and d vec(Im {Z}), it follows from (3.73) and Corollary 2.2 that

Equations (3.74), (3.75), and (3.76) lead to By = —BOT, B, = —BIT, and B, = —BZT.
Because the matrices B and B, are skew-symmetric, Corollary 2.1 (which is valid for
complex-valued matrices) reduces the equation stated inside the lemma formulation

(dvec’ (Z)) Bod vec(Z) + (dvec' (Z*)) Bid vec(Z)
+ (dvec'(Z*)) Byd vec(Z*) = 0, (3.77)
into (d vec”(Z*)) Bydvec(Z) = 0. Then Lemma 2.17 results in By = Oyoxno- [

Derivative with Respect to Complex Matrices

The most general definition of the derivative is given here, from which the definitions
for less general cases follow. They will be given later in an identification table.

Definition 3.1 (Derivative wrt. Complex Matrices) Let F : CV*XQ x CVN*Q — CM*P,
Then the derivative of the matrix function F(Z, Z*) € CM*P with respect to Z € CN* 2
is denoted by D, F, and the derivative of the matrix function F(Z, Z*) € CM*F with
respect to Z* € CN*Q js denoted by Dz F. The size of both these derivatives is
MP x NQ. The derivatives Dz F and Dz F are defined by the following differential
expression:

dvec(F) = (DzF)dvec(Z) + (Dz F)dvec(Z"). (3.78)

DzF(Z,Z*) and Dz F(Z, Z*) are called the Jacobian matrices of F with respect to
the matrix Z and Z*, respectively.

Notice that Definition 3.1 is a generalization of formal derivatives, given in Defini-
tion 2.2, for the case of matrix functions that depend on complex-valued matrix variables.
For scalar functions of scalar variables, Definitions 2.2 and 3.1 return the same result,
and the reason for this can be found in Section 3.2.

Table 3.2 shows how the derivatives of the different types of functions in Table 2.2
can be identified from the differentials of these functions. By subtracting the differential
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in (3.78) from the corresponding differential in the last line of Table 3.2, it follows that
(&0 — D2F (Z, ZY)dvec(Z) + (&, — Dz F(Z, Z*) dvec(Z*) = Opprr.  (3.79)

The derivatives in Table 3.2 then follow by applying Lemma 3.1 on this equation.
Table 3.2 is an extension of the corresponding table given in Magnus and Neudecker
(1988), which is valid in the real variable case. Table 3.2 shows that z € C, z € CV*!,
ZecCV*Q feC, feCM! and F e CM*P Furthermore,a; € C,a; € C*V, 4; €
CNXQ’ bi c (CMXI, Bi c (CMxN’ ﬂi c (CMXNQ’ ¢ € (CMPXI, Ci c CMPXN’ and ;i c
CMPxNQ "and each of these might be a function of z, z, Z, z*, z*, or Z*, but not on
the differential operator d. For example, in the most general matrix case, then in the
expression d vec(F) = ¢od vec(Z) + &1d vec(Z*), the two matrices ¢ and ¢ are not
dependent on the differential operator d. For scalar functions of the type f(Z, Z*),
two alternative definitions for the derivatives are given. The notation % f(Z,Z") and
ﬁ f(Z, Z*) will be defined in Subsection 4.2.3 in the next chapter.

Definition 3.2 (Formal Derivatives of Vector Functions wrt. Vectors) If f: CV*! x
CN*1 — CM*1 then the two formal derivatives of a vector function with respect to
the two row vector variables 7' and 7" are denoted by Bzirf(z, ") and 3%Hf(z, ).
These two formal derivatives are sized as M x N, and they are defined as

) %fo az,i,lfo
87f (z,2%) = : : , (3.80)
%fM—l ﬁfM—l
and
5 i
azin(Z, Z*) = s (3.81)
= fut g e
0 N-1

where z; and f; is the component number i of the vectors z and f, respectively.

Notice that a%’ f=7D,f and azLH f =D, f. Using the formal derivative notation in
Definition 3.2, the derivatives of the function F(Z, Z*), in Definition 3.1, are

dvec(F(Z,ZY))

DLF(Z, 2 = = S (3.82)
dvec(F(Z, Z*
Dy F(Z, Z*) = W (3.83)

This is a generalization of the real-matrix variable case studied thoroughly in Magnus
and Neudecker (1988) to the complex-matrix variable case.

Definition 3.3 (Formal Derivative of Matrix Functions wrt. Scalars) If F : CV*¢ x
CN*Q — CM*P then the formal derivative of the matrix function F € CM** with
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respect to the scalar z € C is defined as

9f0.0 . 9fo.p—1
az az
oF
7 = . , (3.84)
z ofu-r0 .. Ofm-1pa
az dz

where % has size M x P and f; ; is the (i, j)-th component function of F, where
ie{0,1,....M—1}and j €{0,1,..., P —1}.

By using Definitions 3.2 and 3.3, it is possible to find the following alternative
expression for the derivative of the matrix function F € C**? with respect to the
matrix Z:

9f0.0 0.0 o 0.0
0z0,0 9z1,0 9zN-1,0-1
9f1.0 af1.0 af1.0
dvec(F(Z, Z)) T, - T g —
D,F(Z, Z*) = — 20,0 Z10 ZN-1,0-1
zF( ) dvecl(Z) : : . :
ofu-rp—t  fu-rp-r . fm-1pro
90,0 9z1,0 9zZN-1,0-1
dvec(F) dvec(F) 9 vec (F) y-1o-1 dvec(F) o
_ .. = Z Z ———vec' (E,y) (3.85)
BZ(),() 321’0 BZNfl’Qfl =0 g=0 3Z,,,q
~10-1
oF
=) > vec ( ) vec! (E, ), (3.86)
0zZn 4

where z; ; is the (i, j)-th component of Z, and where E,, , isan N x O matrix containing
only Os except for +1 at the (#, g)-th position. The notation E, , is here a natural
generalization of the square matrices given in Definition 2.16 to nonsquare matrices.
Using (3.85), it follows that

N-10-1 OF
Dy F(Z,Z) = E E vec <8*> vec! (E, ). (3.87)
z
n=0 ¢g=0 n.q

The following lemma shows how to find the derivatives of the complex conjugate of a
matrix function when the derivatives of the matrix function are already known.

Lemma 3.3 Let the derivatives of F : CN*2 x CN*Q — CM*P with respect to the two
complex-valuedvariables Z and Z* be known and given by Dz F and D z« F, respectively.
The derivatives of the matrix function F* with respect to Z and Z* are given by

DzF* =Dz F)", (3.88)
Dz F* = (DzF)*. (3.89)
Proof By taking the complex conjugation of both sides of (3.78), it is found that
dvec(F*) = (DzF)*dvec(Z*) + (DzF)" dvec(Z)
= (Dz F) dvec(Z)+ (DzF)" dvec(Z"). (3.90)

By using Definition 3.1, it is seen that (3.88) and (3.89) follow. |
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Table 3.3 Procedure for finding the derivatives with respect to
complex-valued matrix variables.

Step 1:  Compute the differential d vec(F).
Step 2:  Manipulate the expression into the form given (3.78).
Step 3:  The matrices DzF(Z, Z*) and Dz F(Z, Z*)

can now be read out by using Definition 3.1.

To find the derivative of a product of two functions, the following lemma can be
used:

Lemma 3.4 Let F : CV*2 x CN*Q — CM*? pe given by
F(Z, 7" = G(Z, Z"H(Z, Z"), (3.91)

where G : CN*Q x CN*XQ — CM*R gnd H : CN*Q x CN*C — CRXP_ Then the fol-
lowing relations hold:

DzF = (H" ® 1)) DzG +(Ip ® G)DzH, (3.92)
DyF=(H" ®14)DzG+(Ip®G)DzH. (3.93)

Proof The complex differential of F can be expressed as
dF =1y (dG)H+ G(dH)Ip. (3.94)

By using the definition of the derivative of G and H after applying the vec(-), it is found
that

dvec(F)= (H" ® I/) dvec(G) + (Ip ® G)dvec(H)
= (H" ® Iy) [(DzG)d vec(Z) + (D7 G)dvec (Z*))
+Ip ® G) (DzH)dvec(Z) + (DzH)d vec(Z*)]
=[(H" ® 1/) DzG + (Ip ® G)DzH] dvec(Z)
+ [(H" ® I/) DzG + (Ip ® G) Dz H| dvec(Z*). (3.95)

The derivatives of F with respect to Z and Z* can now be identified as in (3.92) and
(3.93), respectively. ]

Procedure for Finding Complex-Valued Matrix Derivatives

Finding the derivative of the complex matrix function F with respect to the complex
matrices Z and Z* can be achieved using the three-step procedure shown in Table 3.3.
For less general function types, as given in Table 2.2, a similar procedure can be used.
In Chapter 4, many examples will be given for how this procedure can be used to find
complex-valued matrix derivatives for all the cases shown in Table 3.2.
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Fundamental Results on Complex-Valued Matrix Derivatives

In this section, some fundamental results are presented. All of these results are important
when solving practical optimization problems involving differentiation with respect to
a complex-valued matrix. These results include the chain rule, conditions for finding
stationary points for a scalar real-valued function that depends on complex matrices, and
in which direction a scalar real-valued function has the minimum or maximum rate of
change. It will be shown how this result should be used in the steepest ascent or descent
method (Luenberger 1973). For certain types of functions, the same procedure used for
the real-valued matrix case (Magnus & Neudecker 1988) can be used; this result is also
stated in a theorem.

The rest of this section is organized as follows: In Subsection 3.4.1, the chain rule
will be formulated and it can be used to find complicated derivatives. Subsection 3.4.2
presents several topics for scalar real-valued functions, including three equivalent ways
to find stationary points, the relationship between the complex-valued derivative of
such functions with respect to the input matrix variable and its complex conjugate, and
the directions in which such functions have maximum and minimum rates of change.
When the function has only ore independent input matrix variable, the relation between
the theory presented in Magnus and Neudecker (1988) and the complex-valued matrix
derivatives is presented in Subsection 3.4.3.

Chain Rule

One big advantage of the way the derivative is defined in Definition 3.1 compared
with other definitions (see discussion about notation on Magnus and Neudecker (1988,
pp- 171-173) is that the chain rule is valid in a very simple form. The chain rule is
formulated in the following theorem.

Theorem 3.1 (Chain Rule) Let (S, S;) € CV*2 x CVN*€, and let F:Syx S, —
CM*P pe differentiable with respect to its first and second arguments at an inte-
rior point (Z, Z*) in the set Sy x Si. Let Ty x Ty € CM*P x CM*P pe such that
(F(Z,Z"), F*(Z,Z") € To x Ty for all (Z,Z*) € Sy x S|. Assume that G : Ty x
T, — CR*S is differentiable at an inner point (F(Z, Z*), F*(Z, Z*)) € Ty x T,. Define
the composite function H : Sy x Sy — CR*S py

H(Z,Z")=G(F(Z,Z",FZ,Z"). (3.96)
The derivatives Dz H and Dz H are as follows:
DzH = (DrG)(DzF) + (Dp-G)(DzF"), (3.97)
Dz H = (DrG)(DzF) + (DpG)(Dg F¥). (3.98)
Proof From Definition 3.1, it follows that

dvec(H) = dvec(G) = (DpG)dvec(F) + (Dp+G) d vec(F*). (3.99)
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The complex differentials of vec(F) and vec(F*) are given by
dvec(F) = (DzF)dvec(Z) + (DgF)dvec(Z"), (3.100)
dvec(F*) = (DzF*)dvec(Z) + (Dz F*)dvec(Z™). (3.101)

By substituting the results from (3.100) and (3.101) into (3.99), and then using the
definition of the derivatives with respect to Z and Z*, the theorem follows. |

Scalar Real-Valued Functions

In this subsection, several results will be presented for scalar real-valued functions. Top-
ics such as necessary conditions for optimality (stationary points), the relation between
the derivative of a real-valued function with respect to the input matrix variable and its
complex conjugate, and the direction of maximum and minimum rate of change will be
treated.

The next theorem shows that when working on scalar real-valued functions that are
dependent on complex matrices, three equivalent ways can be used to identify stationary
points.°

Theorem 3.2 Let f:CN*Q x CN*Q — R. A stationary point of the function
f(Z,Z*) = g(X,Y), where g : RV*2 x RN*C 5 R and Z = X + Y is then found
by one of the following three equivalent conditions:

Dxg(X,Y)=01.n0 N Dyg(X,Y)=01no0, (3.102)
Dzf(Z,Z") = 01xn0, (3.103)

or
Dz f(Z,Z") = 01nop. (3.104)

In (3.102), the symbol N means that both of the equations stated in (3.102) must be
satisfied at the same time.

Proof In optimization theory (Magnus & Neudecker 1988), a stationary point is defined
as a point where the derivatives with respect to all independent variables vanish. Because
Re{Z} = X and Im{Z} = Y contain only independent variables, (3.102) gives a station-
ary point by definition. By using the chain rule, in Theorem 3.1, on both sides of the
equation f(Z, Z*) = g(X, Y) and taking the derivative with respect to X and ¥, the
following two equations are obtained:

(Dzf)(DxZ)+ (Dz [)(DxZ") = Dxg, (3.105)
(Dzf)(DyZ)+ (Dz f)(DyZ") = Dyg. (3.106)

From (3.17) and (3.18), it follows directly that DxZ = DxZ* = Iyp and DyZ =
—DyZ" = jIyp. If these results are inserted into (3.105) and (3.106), these two

6 Notice that a stationary point can be a local minimum, a local maximum, or a saddle point.
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equations can be formulated into a block matrix form in the following way:

= . 3.107
{ Dyg J =1 1L Dzf (107
This equation is equivalent to the following matrix equation:
D o
2] | _ [ 2 2 } {ng } (3.108)
Dz f 33 Dyg

Because Dxg € R"*V¥? and Dyg € R'*VC, itis seen from (3.108) that the three relations
(3.102), (3.103), and (3.104) are equivalent. |

Notice that (3.107) and (3.108) are multivariable generalizations of the corresponding
scalar Wirtinger and partial derivatives given in (2.11), (2.12), (2.13), and (2.14).

The next theorem gives a simplified way of finding the derivative of a scalar real-
valued function with respect to Z when the derivative with respect to Z* is already
known.

Theorem 3.3 Let f : CV*Q x CN*Q — R. Then the following holds:

Dy f=Dzf). (3.109)

Proof Because [ € R, it is possible to write the d f in the following two ways:
df = (Dzf)dvec(Z)+ (Dg f)dvec(Z"), (3.110)
df =df* = (Dzf) dvec(Z*)+ (Dz f)* dvec(Z), (3.111)
where df = df* because f € R. By subtracting (3.110) from (3.111) and then applying
Lemma 3.1, it follows that Dz f = (Dz f)*, which is equivalent to (3.109). |

Let f: CM*Q x CM*2 — R be denoted f(Z, Z*), where Z contains indepen-
dent matrix elements. By using the result from Theorem 3.3, (3.110) can be
rewritten as

df = (Dzf)dvec(Z)+ (Dg f)dvec(Z")
= (Dzf)dvec(Z) + (D7 f) dvec(Z")
= (Dzf)dvec(Z) + (Dz f)d vec(Z))*
=2Re{(Dzf)dvec(Z)}. (3.112)

This expression will be used in the proof of the next theorem.

In engineering, we are often interested in maximizing or minimizing a real-valued
scalar variable, so it is important to find the direction where the function is increasing
and decreasing fastest. The following theorem gives an answer to this question and can
be applied in the widely used steepest ascent and descent methods.

Theorem 3.4 Let [ : CV*2 x CN*2 — R. The directions where the function f has
the maximum and minimum rate of change with respect to vec(Z) are given by
Dz f(Z, Z]" and — Dy f(Z, Z*)]", respectively.
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Proof From Theorem 3.3 and (3.112), it follows that

df =2Re{(Dzf)dvec(Z)} =2Re {(Dz ) dvec(Z)} . (3.113)

Let a; € CX*! where i € {0, 1}. Then

Re{aé’al}:<{Re{a0}},[Re{al} ]> (3.114)

Im {a} Im{a,}

where (-, -) is the ordinary Euclidean inner product (Young 1990) between real vectors
in R?A*! By using this inner product, the differential of f can be written as

_ Re {(Dz f)"} Re {d vec(Z)}
df—2<[ Im{(Dzf)"} } ’ [ Im {d vec(Z)} ]> (3.115)

By applying the Cauchy-Schwartz inequality (Young 1990) for inner products, it can be
shown that the maximum value of df occurs when dvec(Z) = a (D4 )T for a > 0,
and from this, it follows that the minimum rate of change occurs when dvec(Z) =
—B(Dy )T, for g > 0. [ ]

Remark Let g : CK*1 x CKX1 — R be given by
g(ag,a;) =2Re {agal}. (3.116)

If K =2 and ay =1, j17, then g(ay, ag) = 0 despite the fact that [1, j]17 # 0.
Therefore, the function g defined in (3.1106) is not an inner product, and a Cauchy-
Schwartz inequality is not valid for this function. By examining the proof of Theorem 3.4,
it can be seen that the reason why [Dz f(Z, Z *)]T is not the direction of maximum change
of rate is that the function g in (3.116) is not an inner product.

If a real-valued function f is being optimized with respect to the variable Z by means
of the steepest ascent or descent method, it follows from Theorem 3.4 that the updating
term must be proportional to Dz f(Z, Z*), and not Dz f(Z, Z*). The update equation
for optimizing the real-valued function in Theorem 3.4 by means of the steepest ascent
or descent method can be expressed as

vec! (Zy41) = vec! (Zy) + uDz f(Zy, Z3), (3.117)

where 1 is a real positive constant if it is a maximization problem or a real negative
constant if it is a minimization problem, and Z; € CN*9 is the value of the unknown
matrix after k iterations. In (3.117), the size of vecT (Zy) and Dz f(Zy, Z})is 1 x N Q.

Example 3.1 Let f : C x C — R be given by
f(z,z%) = |z* = zz*, (3.118)

such that f can be used to express the squared Euclidean distance. It is possible to
visualize this function over the complex plane z by a contour plot like the one shown in
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b n

1 7{;7:}

Figure 3.1 Contour plot of the function f(z, z*) = |z|? taken from Example 3.1. The location of
an arbitrary point z is shown by e, and the two vectors D.« f(z,z*) = z and D, f(z, z*) = z* are
drawn from the point z.

Figure 3.1, and this is a widely used function in engineering. The formal derivatives of
this function are

D, f(z,z%) =z, (3.119)
D.f(z,z%) = z*. (3.120)

These two derivatives are shown with two vectors (arrows) in Figure 3.1 out of the point z,
which is marked with e. It is seen from Figure 3.1 that the function f is increasing faster
along the upper vector D, f(z, z*) = z than along the lower vector D, f(z, z*) = z*.
The function f is maximally increasing in the direction of D,- f(z, z*) = z when the
starting position is z. This simple example can be used for remembering the important
general components of Theorem 3.4.

One Independent Input Matrix Variable

In this subsection, the case in which the input variable of the functions is just one matrix
variable with independent matrix components will be studied. It will be shown that the
same procedure applied in the real-valued case (Magnus & Neudecker 1988) can be
used for this case.
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Theorem 3.5 Let F : C¥N*Q x CV*Q — CM*P gqnd G : CVN*9 — CM*P where the
differentials of Zy and Z| are assumed to be independent. If F(Zy, Z,) = G(Z)),
then DzF (Z, Z*) = DzG(Z) can be obtained by the procedure given in Magnus and
Neudecker (1988) for finding the derivative of the function G and Dz F(Z,Z*) =
0y pxNo-

If F(Zy, Z\) = G(Z,), where the differentials of Z, and Z| are independent, then
DzF(Z,Z%) = O0ypxng, and Dz F(Z, Z*) = Dz G(Z)| 2=z can be obtained by the
procedure given in Magnus and Neudecker (1988).

Proof Assume that F(Zy, Z,) = G(Z,) where Z, and Z, have independent differen-
tials. Applying the vec(-) and the differential operator to this equation leads to

dvec(F) = (Dg,F) dvec(Zo) + (Dz,F) dvec(Z,) = (Dgz,G) dvec(Zy).
(3.121)

By setting Zy = Z and Z, = Z* and using Lemma 3.1, it is seen that Dz« F = 0ppxno
and DzF (Z,Z*) = D;zG(Z). Because the last equation depends on only one matrix
variable, Z, the same techniques as given in Magnus and Neudecker (1988) can be used.
The first part of the theorem is then proved, and the second part can be shown in a similar
way. |

Exercises

31 Let Z e CY*VN and let perm : CV*V — C denote the permanent function of a
complex-valued input matrix, that is,
N—1

perm(Z) £ > " my ((Z)zs.1. (3.122)

k=0

where my ;(Z) represents the (k, [)-th minor of Z, which is equal to the determinant
of the matrix found from Z by deleting its k-th row and /-th column. Show that the
differential of perm(Z) is given by

dperm(Z) = Tr {M"(Z)dZ} (3.123)
where the N x N matrix M(Z) contains the minors of Z, that is, (M(Z)), ; = m; (Z).

3.2 Whenz e Cis ascalar, it follows from the product rule that dz¥ = kz*~'dz, where
k € N. In this exercise, matrix versions of this result are derived. Let Z € CV*¥ be a
square matrix. Show that

k
dzt =Y z"'dz)z"", (3.124)
=1

where k£ € N. Use (3.125) to show that
dTr{Z'} =kTr{Z" 'dZ} . (3.125)
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3.3 Show that the complex differential of exp(Z), where Z € CV*V and exp(-) is the
exponential matrix function given in Definition 2.5, can be expressed as

o) k
dexp(Z) = kz_; T+ D Z; VACYAY A (3.126)

3.4 Show that the complex differential of Tr {exp(Z)}, where Z € CV*V and exp(-) is
given in Definition 2.5, is given by

d Tr{exp(Z)} = Tr{exp(Z)dZ} . (3.127)

From this result, show that the derivative of Tr{exp (Z)} with respect to Z is given by

Dy Tri{exp(Z)} = vec” (exp (Z7)). (3.128)
35 Lett e Rand A e CV*V, Show that
d
7 exp(tA) = Aexp(tA) = exp(tA) A. (3.129)

36 LetZ e CV*2 andlet A € CY¥*N and B € C2*M be two matrices that are inde-
pendent of Z and Z*. Show that the complex differential of Tr {AZ + B} can be expressed
as
dTt{AZ"B} =Tt{A(-Z"(d2)Z" + 2+ (Z")"(dZ") (Iy — ZZ")

+(Io—2"2)dz"yz")"Zz") B} . (3.130)
Assume that N = Q and Z € C¥*V is nonsingular. Use (3.130) to find an expression
ford Tr { AZ'B}.
3.7 Leta e C\{0}and Z € CV*€, and let the function F : CN*2 x C¥*2¢ — CN*@
be given by

F(Z,Z')=aZ. (3.131)

Let G :CV*2 x CN*Q — CR*R be denoted by G(F, F*), and let H :CN*? x
CN*@ — CR*R be a composed function given as

H(Z,Z") = G(F(Z, Z"), FN(Z, Z")). (3.132)

By means of the chain rule, show that

1
DrGlp=rz 2+ = ;DZH« (3.133)

3.8 InaMIMO system, the signals are transmitted over a channel where both the trans-
mitter and the receiver are equipped with multiple antennas. Let the numbers of transmit
and receive antennas be M, and M,., respectively, and let the memoryless fixed MIMO
transfer channel be denoted H (see Figure 3.2). Assume that the channel is contami-
nated with white zero-mean complex circularly symmetric Gaussian-distributed additive
noise n € CM*! with covariance matrix given by the identity matrix: E [nn"| = I,
where E[-] denotes the expected value operator. The mutual information, denoted 7,
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H

M, x 1 M, x M, M, x1

Figure 3.2 MIMO channel with input vector x € C¥*!, additive Gaussian noise n € C**!, output
vector y € CM>! and memoryless fixed known transfer function H € CM M

between the channel input, which is assumed to be zero-mean complex circularly sym-
metric Gaussian-distributed vector x € C*!, and the channel output vector y € CM-*!
of the MIMO channel was derived in Telatar (1995) as

[ =In(det (I, + HQH™)), (3.134)

where @ £ E [xx!'] € CM>M: s the covariance matrix of x € C !, which is assumed
to be independent of the channel noise n. Consider [ : CM-*M: 5 CM-xM: _ R a5 a
function of H and H*, such that this function is denoted /(H, H*). Show that the
complex differential of /(H, H*) can be expressed as

dI(H, H*) =Tt { QH" (I, + HOH")™' dH}
+Tr{QTHT (I, + HQH") " dH*}. (3.135)

Based on (3.135), show that the derivatives of /(H, H*) with respect to both H and H*
are given as

Dyl(H, H') = vec” ((IM, +HQHY) T H*QT) : (3.136)

Dy I(H, H*) = vec” ((IM,_ +HQHY)™ HQ) : (3.137)

respectively. Explain why these results are in agreement with Palomar and Verdu (2006,
Theorem 1).

39 Let A7 = 4 € CV*V be given. Consider the function f : C¥*! x CV*! — R
defined as

H
A
fz.2) = zszz, (3.138)

and f is defined for z # Oyx1. The expression in (3.138) is called the Rayleigh quo-
tient (Strang 1988). By using the theory presented in this chapter, show that df can be
expressed as

ez (gi)?

e (ghg)?

df = dz*.  (3.139)

4 Az H]d lzTAT Az .
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By using Table 3.2, show that the derivatives of f with respect to z and z* can be
identified as
4 Az

D.fr=272_ , 3.140
zf sz (sz)zz ( )

zTAT zHAz r

o ()’

(3.141)

By studying the necessary conditions for optimality (i.e., D+ f = 0;«x), show that
the maximum and minimum values of f are given by the maximum and minimum
eigenvalue of A.

3.10 Consider the following function f : CV*! x CV*! — R given by
fz =0 —z"p—p"z+ "Rz, (3.142)

where o > 0, p € CV*! and R € CV*V are independent of both z and z*. The function
given in (3.142) represents the mean square error (MSE) between the output of a finite
impulse response (FIR) filter of length N with complex-valued coefficients collected into
the vector z € CV*! and the desired output signal (Haykin 2002, Chapter 2). In (3.142),
o2 represents the variance of the desired output signal, R” = R is the autocorrelation
matrix of the input signal of size N x N, and p is the cross-correlation vector between
the input vector and the desired scalar output signal. Show that the values of the FIR
filter coefficient z that is minimizing the function in (3.142) must satisfy

Rz = p. (3.143)

These are called the Wiener-Hopf equations.
Using the steepest descent method, show that the update equation for minimizing f
defined in (3.142) is given by

Tkt = 2k + 1 (p — Rzy), (3.144)
where u is a positive step size and £ is the iteration index.

3.11  Consider the linear model shown in Figure 3.2, where the output of the channel y €
CM->1 is given by

y=Hx+n, (3.145)

where H € CM>*M: s a fixed MIMO transfer function and the input signal x € CM*! is
uncorrelated with the additive noise vector n € CM <!, All signals are assumed to have
zero-mean. The three vectors x, n, and y have autocorrelation matrices given by

R, =E [xx"], (3.146)
R,=E [nnH] , (3.147)
R, =E[yy"| =R, + HR.H" (3.148)
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respectively. Assume that a linear complex-valued receiver filter Z € CM>*™: is applied

to the received signal y such that the output of the receiver filteris Zy € C**!, Show that
the MSE, denoted f : CM>*M- x CM*M: _, R, between the output of the receiver fil-
ter Zy and the original signal x defined as f(Z, Z*) = E [||Zy — x||2} can be expressed
as

f(Z,z)=Tr{Z[HRH" + R,] Z" — ZHR, — R.H"Z" + R,}. (3.149)

Show that the value of the filter coefficient Z that is minimizing the MSE function
f(Z, Z) is satisfying

Z=R.H" [HR.H" + R, (3.150)
The minimum MSE receiver filter in (3.150) is called the Wiener filter (Sayed 2008).

3.12 Some of the results from this and the previous exercise are presented in Kailath
et al. (2000, Section 3.4) and Sayed (2003, Section 2.6).

Use the matrix inversion lemma in Lemma 2.3 to show that the minimum MSE
receiver filter in (3.150) can be reformulated as

Z=[R;'+H'R;'H]" H'R;". (3.151)

Show that the minimum value using the minimum MSE filter in (3.150) can be expressed
as

Tr { (R + HHR;IH}’I} 2 o(H, HY), (3.152)

where the function g : CM>*M: x CM->M: _ R has been defined to be equal to this
minimum MSE value. Show that the complex differential of g can be expressed as

dg = —Tr { [R;' + H'R,'H] " H'R,'dH

+[RT+ H' R, H] HTR;TdH*} . (3.153)

Show that the derivatives of g with respect to H and H* can be expressed as
Dyg = —vec! (R;TH* [R;” + H' R, H] ‘2) , (3.154)
Dyrg =—vec (R,'H [R' + H'R,'H] ). (3.155)

respectively. It is observed from the above equations that (Dg+g)* = Dgg, which is in
agreement with Theorem 3.3.
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4.2.1

Development of Complex-Valued
Derivative Formulas

Introduction

The definition of a complex-valued matrix derivative was given in Chapter 3 (see Defi-
nition 3.1). In this chapter, it will be shown how the complex-valued matrix derivatives
can be found for all nine different types of functions given in Table 2.2. Three differ-
ent choices are given for the complex-valued input variables of the functions, namely,
scalar, vector, or matrix; in addition, three possibilities for the type of output that func-
tions return, again, could be scalar, vector, or matrix. The derivative can be identified
through the complex differential by using Table 3.2. In this chapter, it will be shown how
the theory introduced in Chapters 2 and 3 can be used to find complex-valued matrix
derivatives through examples. Many results are collected inside tables to make them
more accessible.

The rest of this chapter is organized as follows: The simplest case, when the out-
put of a function is a complex-valued scalar, is treated in Section 4.2, which contains
three subsections (4.2.1, 4.2.2, and 4.2.3) when the input variables are scalars, vectors,
and matrices, respectively. Section 4.3 looks at the case of vector functions; it con-
tains Subsections 4.3.1, 4.3.2, and 4.3.3, which treat the three cases of complex-valued
scalar, vector, and matrix input variables, respectively. Matrix functions are considered
in Section 4.4, which contains three subsections. The three cases of complex-valued
matrix functions with scalar, vector, and matrix inputs are treated in Subsections 4.4.1,
4.4.2, and 4.4.3, respectively. The chapter ends with Section 4.5, which consists of
10 exercises.

Complex-Valued Derivatives of Scalar Functions

Complex-Valued Derivatives of /(z, z*)

If the variables z and z* are treated as independent variables, then the derivatives
D. f(z,z")and D,- f(z, z*) can be found as for scalar functions having two independent
variables. The case of scalar function of scalar independent variables is treated exten-
sively in the literature for scalar input variables (see, for example, Kreyszig 1988, and
Edwards & Penney 1986). See also Example 2.2 for how this can be done. To make



4.2 Complex-Valued Derivatives of Scalar Functions 4l

the reader more familiar with how to treat the variables z and z* independently, some
examples are given below.

Example 4.1 By examining Definition 2.2 of the formal derivatives, the operators of
finding the derivative with respect to z and z* can be expressed, respectively, as

0 1 /0 0
—=—==7=), 4.1
dz 2 \ ox ay

0 1/9d a
=== — 1, 4.2
9z 2<8x+J8y) “.2)
where z = x + jy, Re{z} = x, and Im{z} = y. To show that the two operators in (4.1)
and (4.2) are in agreement with the fact that z and z* can be treated as independent

variables when finding derivatives, we can try to use the operators in (4.1) and (4.2) to
find the derivative of z and z*, that is

and

az* 1/ 9 3 1
L - =—(1=1)=0, 43
5 =3 (8x J 8y> @—y»=50-D (4.3)
and
8z 1 /9 3 1
e _ 2 (2 _ =-(1=-1)=0, 4.4
Py 2(8x+13y>(x+1y) ;d=D (4.4)

which are expected because z and z* should be treated as independent variables, as
shown by Lemma 3.1. The derivative of z and z* with respect to itself can be found in a
similar way, that is,

dz 1 /9 d 1
_ = —_ J— = — 1 1 = 1’ 4.5
- 2<3x ]ay)(x-l—Jy) S+ (4.5)
and
az* 1/ 9 d 1
— — - J— —_ = — 1 1 = 1, 4.6
e 2<8x+]8y>(x 1Y) 2( +1) (4.6)
The derivative of the real (x) and imaginary parts (y) of z with respect to z and z* can
be found as
ax a (1 1
2z ) = 4.7
2 (2(z+z)) 3 @7)
ax a (1 1
— Z ) ==, 4.8
9z* oz (2(Z+Z )) 2 “8)
a a (1 1
) 4.9)
0z 0z \ 2J 2

oy _ 9 (1(2—2*)> A (4.10)

dz* dz*
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Table 4.1 Complex-valued derivatives of functions of the type 1 (z, z*).

Refz} = x 1 0 5 5

1 1
Im{z} =y 0 1 5 —3
z 1 J 1 0
z* 1 —J 0 1

These results and others are collected in Table 4.1. The derivative of z* with respect to
x can be found as follows:

9z" _alx—yy) _

1. 4.11
0x 0x ( )

The remaining results in Table 4.1 can be derived in a similar fashion.

Example 4.2 Let / : C x C — R be defined as
f(z,2%) = Vzz* = |z| = /x2 + )2, (4.12)

such that f represents the squared Euclidean distance from the origin to z. Assume that
z # 0 in this example. By treating z and z* as independent variables, the derivative of f
with respect to z and z* can be calculated as

g _ 0/ zz* _ z* _ i le_jéz’ (413)
0z 0z 2Jz 2z 2)z| 2

af  0/zz* z z 1.
_— = = = — = —¢@ .
dz* dz* 2/ z*z 2|z| 2

where the function Z(-) : C\{0} — (—m, 7] is the principal value of the argument
(Kreyszig 1988, Section 12.2) of the input. It is seen that (4.13) and (4.14) are in
agreement with Theorem 3.3.

These derivatives can be calculated alternatively by using Definition 2.2. This is done
by first finding the derivatives of f* with respect to the real (x) and imaginary parts (y)
of z = x + jy, and then inserting the result into (2.11) and (2.12). First, the derivatives
of f with respect to x and y are found:

(4.14)

aof X Refz}

o _ _ , 4.15

Ix  \/x2+4 2 |z @19
and

o _ vy _Iml} (4.16)

Iy xrryr 2]
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Inserting the results from (4.15) and (4.16) into both (2.11) and (2.12) gives

af 1 (af_ 8f> I(Re{z} ~ Im{z}) 1,

1 _ = e (417
0z 2\ox oy 1z 1z 22| T 2°¢ @.17)

2

and

of _1/af af\_ 1 (Refz} Im{z}) =z _1 .
E)z*_2(8x+J8y>_2( 2 T )_2|z|_2ej - (419

Hence, (4.17) and (4.18) are in agreement with the results found in (4.13) and (4.14),
respectively. However, it is seen that it is more involved to find the derivatives 9 and

p az
;Zf by using Definition 2.2 than by treating z and z* independently.

Example 4.3 Let /' : C x C — R be defined as

I
f(z,z¥) = £z = arctan ;izi = arctan X, (4.19)
e{z x

where arctan(-) is the inverse tangent function (Edwards & Penney 1986). Expressed in
polar coordinates, z is given by

z = |z|e/ 7. (4.20)

The input argument of 0 is not defined, so it is assumed that z # 0 in this example. Two
alternative methods are presented to find the derivative of f with respect to z and z*. By
treating z and z* as independent variables, it is found that

1 1
aof _ 1 T Re{z} — 5 Im{z} _ J Refz} 4 j Im{z} _ oz _
i+ ReR DRSO +Imt(z) 2P 22
€z
(4.21)

By using (3.109), it is found that

f (N _ 1
L ( >_ S (4.22)

9z \dz*

If 2L is found by the use of the operator given in (4.2), the derivatives of f with

dz*

respect to x and y are found first:

of 1 (=»_ -y _ Imfz
ax 1+ (1)2 X2 x24y2 0 z)2 (4.23)
and
af _ 1 x  Refz} (424)

1
oy 14 (2Fx P 2P
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Inserting (4.23) and (4.24) into (2.12) yields
of 1 (Bf+ 8f> 1 (_Im{z} Re{z})

9z ax o) T2\ T
iz
R Im{z}) = =1 4.5
= 5 (Relz) s miz)) = 25 = L (425)

It is seen that (4.21) and (4.25) give the same result; however, it is observed that direct
calculation by treating z and z* as independent variables is easier because it requires
fewer calculations.

Example 4.4 When optimizing a communication system where multilevel phase shift
keying (PSK) symbols are in used as the signal alphabet (Hjorungnes 2005), the deriva-
tive of | £z| with respect to z* might be needed. In this example, we will study this case
by using the chain rule.

Let s : C x C — R be given by

h(z,z%) = g(f(z,2") = | Zz], (4.26)
where the function g : R — R is defined by
g(x) = x|, (4.27)
and f : Cx C - Rby
f(z,2) = Zz = arctan (X) . (4.28)
x
By using the chain rule (Theorem 3.1), we find that
3h(z,*z*) _ ag(x) Bf(z,*z*). (4.29)
0z X |_jeo 0z
From real-valued calculus, we know that ‘)‘xl 'x‘ , and a/ (Z =) was derived in (4.21).
Putting these results together gives
dh(z, z* Z
Ohz, 27 _ 122l ) (4.30)
az* [z 2z*

Complex-Valued Derivatives of f(z, z*)

Let a € CV*!, 4 € CMV, and 7 € CV*!. Some examples of functions of the type
f(z, ) include a”z, a”z*, z7a, 77 a, 77 Az, 7' Az, and 7/ Az*. The complex differen-
tials and derivatives of these functions are shown in Table 4.2.

Two examples for how the results in Table 4.2 can be derived are given in the
sequel.
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Table 4.2 Complex-valued derivatives of functions of the type 1 (z, z*).

f(z,7%) Differential d f D.f(z,7%) Dy f(z,2")
a’z=7"a a'dz a’ 01xn

aTz* =z%a  aTdg* 0. a’

i’ Az i (A+A")dz 7 (A+4") 0y

zf Az M Adz 4+ 77 ATdzr 77 A T AT

M Az M (A+A")dz Oy 2 (A+47)

Example 4.5 Let 1 : CV*! x CV*! — C be given by
f@ ) =z"a=a"7", (4.31)

where a € CV*! is a vector independent of z and z*. To find the derivative of this
function, the procedure outlined in Section 3.3 is followed, where the first step is to
find the complex differential of /. This complex differential should be manipulated into
the form corresponding to the function type f(z, z*) given in Table 3.2. The complex
differential of this function can be written as

df = (dz") a = a’dz", (432)

where the complex differential rules in (3.27) and (3.43) were applied. It is seen from
the second line of Table 3.2 that now the complex differential of f is in the appropriate
form. Therefore, we can identify the derivatives of f* with respect to z and z* as

D:f = 0w, (4.33)
D, f=d, (4.34)

respectively. These results are included in Table 4.2.

The procedure for finding the derivatives is always to reformulate the complex differ-
ential of the current functional type into the corresponding form in Table 3.2, and then
to read out the derivatives directly.

Example 4.6 Let / : CV*! x CV*! — C be given by
f(z. 79 =7"4z. (4.35)

This function frequently appears in array signal processing (Jonhson & Dudgeon 1993).
The differential of this function can be expressed as

df = (dz")Az + 7" Adz = 7" Adz + 77 AT dz*, (4.36)

where (3.27), (3.35), and (3.43) were utilized. From (4.36), the derivatives of 7/ Az with
respect to z and z* follow from Table 3.2, and the results are included in Table 4.2.
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The other lines of Table 4.2 can be derived in a similar fashion. Some of the results
included in Table 4.2 can also be found in Brandwood (1983), and they are used, for
example, in Jaffer and Jones (1995) for designing complex FIR filters with respect to
a weighted least-squares design criterion, and in Huang and Benesty (2003), for doing
adaptive blind multichannel identification in the frequency domain.

Complex-Valued Derivatives of f(Z, Z*)

Examples of functions of the type f(Z, Z*) are Tr{Z}, Tr{Z*}, Tr{AZ}, det(Z),
TH{ZAZT A}, TH{ZAyZA\}, Tr{ZA,Z" A)}, Tr{ZAyZ* A}, Tr{ZP}, Tr{AZ"'},
det(AgZA,), det(Z%), det(ZZT), det(ZZ*), det(ZZ™), det(ZP), \(Z), and \*(Z), where
Z € CV*2 or possibly Z € CV*V, if this is required for the functions to be defined.
The sizes of A, Ay, and A, are chosen such that these functions are well defined. The
operators Tr{-} and det(-) are defined in Section 2.4, and A(Z) returns an eigenvalue
of Z.

For functions of the type f(Z, Z%), it is also common to arrange the formal deriva-
tives Fe f and 5 * f in an alternative way (Magnus & Neudecker 1988, Section 9.2)
than in the expressmns Dzf(Z,Z*)and Dy f (Z zZ"). The notation for one alternative
3 Z* f. In this alternative way,
the formal derivatives of the elements of the matrix Z € CV*¢ are arranged as

way of organizing all the formal derivatives is 3 o f and

J i)
5 9200 f e 020,01 f
= : : , 4.37
iz | : (437
L 9zn-10 f o 9zZN-1,0-1 f i
_ 5 5 -
5 823'0 f az;Qfl f
— = : : . 4.38
az* f a. 3. ( )
ICE f o 823 _1,0-1 i

The quantities % f and % f are called the gradient of f with respect to Z and Z*.
Equations (4.37) and (4.38) are generalizations to the complex case of one of the ways
to define the derivative of real scalar functions with respect to real matrices, as described
in Magnus and Neudecker (1988). Notice that the way of arranging the formal derivatives
in (4.37) and (4.38) is different from the way given in (3.82) and (3.83). The connection
between these two alternative ways to arrange the derivatives of a scalar function with
respect to matrices is now elaborated.

From Table 3.2, it is observed that the derivatives of f can be identified from two
alternative expressions of df. These two alternative ways for expressing df are equal
and can be put together as

df = vec! (4y)dvec(Z) + vec! (A,)d vec(Z*) (4.39)
=Tr{AjdZ+ A{dZ"} (4.40)
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where 4y € C¥*?¢ and 4; € C¥*? depend on Z € CV*¢ and Z* € C¥*? in general.
The traditional way of identifying the derivatives of f* with respect to Z and Z* can be
read out from (4.39) in the following way:

Dy f = vec! (4y), (4.41)
Dy f = vec! (4)). (4.42)

In an alternative way, from (4.40), two gradients of f with respect to Z and Z* are
identified as

0
— f = Ay, 4.43
oz = (4.43)
9 f=4 (4.44)
9z’ 7" '
The size of the gradient of f with respect to Z and Z* (i.e., &f and %f) is N x

0, and the size of Dz f(Z, Z") and Dz f(Z, Z*) is 1 x NQ, so these two ways of
organizing the formal derivatives are different, although their components are the same.
By comparing (4.41) and (4.42) to (4.43) and (4.44), respectively, it is seen that the
connection between the two ways of defining the derivatives is given by

kY T i *
Dy f(Z, Z*) = vec (aZf(Z,Z )), (4.45)
Dy f(Z, Z*) = vec! (az f(Z, z*)) . (4.46)

At some places in the literature (Haykin 2002; Palomar and Verd 2006), an alternative
notation is used for the gradient of scalar functions f : C¥*¢ x CN*¢ — C. This
alternative notation used for the gradient of f with respect to Z and Z* is

L0
A O
Vzf = 55 ) (4.48)

respectively. Because it is easy to forget that the derivation should be done with respect
to Z* when the notation V is used (and vice versa for Z and V), the notations Vg,
and Vz will not be used in this book.

From Theorem 3.4, it is seen that for a scalar real-valued function f : CV*2 x
CN*@ — R, the direction with respect to vec (Z) where the function decreases fastest
is —[Dg f(Z, Z*)]T. When using the vec operator, the steepest descent method is
expressed in (3.117). If the notation introduced in (4.38) is utilized, it can be seen that
the steepest descent method (3.117) can be reformulated as

0 f(Z, 7)), (4.49)

Zip=2Zy+ 1 —
0Z* 7-7,

where u and Z; play the same roles as in (3.117), k represents the number of iterations,
and (4.46) was used.
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Example 4.7 Let Z; € CY*9 where i € {0, 1}, and let the function f : CMo*Q0 x
CM*21 — C be given by

f(Zy, 2)) =Tr{ZyAyZ, A1}, (4.50)

where Ay and A4, are independent of Z, and Z;. For the matrix product within the trace
to be well defined, 4y € C2*M and 4, € C2*M_ The differential of this function can
be expressed as
df =Tr{(dZy)AyZ, A\ + ZyAy(dZ1) A}
=Tr{dyZ,A1(dZy) + A1 ZyAy(dZ})} , (4.51)
where (2.96) and (2.97) have been used. From (4.51), it is possible to find the differentials

of TH{ZAyZ" A}, T{Z Ay Z A}, Tr{ZAyZ" A,}, and Tr{Z Ay Z* A,}. The differentials
of these four functions are

dT{ZAZ" A} =Tr {(A0Z" A, + AJZ" A] ) dZ} (4.52)
dTH{ZAyZA\} = Tr{(AyZA, + A, ZAy)dZ}, (4.53)
dTH{ZAZ" A1} = Tr {A0Z" A\ dZ + AJZ" A]d 2"} (4.54)
dTH{ZAyZ* A1) = Tt {AZ* A\dZ + A\ ZAyd Z*} (4.55)

where (2.95) and (2.96) have been used several times. These four differential expressions
are now in the same form as (4.40), such that the derivatives of these four functions with
respect to Z and Z* can be found; they are included in Table 4.3.

Example 4.8 Let f : CV*Y — C be given by f(Z) = Tr{AZ~'} where Z € CV*V is
nonsingular. The differential of this function can be expressed as

df =Tr{AdZ7'} = —Tr{AZ7'd2)27'} = -Tr{Z7'4Z7'dZ}, (4.56)

where (3.40) was utilized. The derivative of f* with respect to Z and Z* can now be
identified; these results are included in Table 4.3.

Example 4.9 Let f : CV*V — Cbe given by f(Z) = Tr {Z”} where p € Nis a positive
integer. By means of (3.33) and repeated application of (3.35), the differential of this
function is then given by

P p
df =Tr {Z z'(dz) Zp"} => Tr{z''dz} = pTc{z''dz}. (4.57)

i=1 i=1
From this equation, it is possible to find the derivatives of the function Tr {Z?} with
respect to Z and Z*; the results are included in Table 4.3.
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Table 4.3 Complex-valued derivatives of functions of the type /' (Z, Z¥).

f(Z,z7) =/ i
Tr{Z} Iy Onxn
Tr{Z*} Oyxn Iy
Tr{AZ) AT Onxo
TH{ZAZ" A}y AT ZA] + A,ZA, (Y
Tr{ZAyZ A} ATZ" AL + AL ZT AT 0yso
Tr{ZAyZ" 4} Al Z* A} A Z A,
Tr{ZAZ* A} AL Z7 AT ATz A7
Tr{AZ ) —(z") A" (27)" O n
Tr{Z7) p(z7)" Ovcy
det(Z) det(2) (2")™" Onsn
det(A40Z A)) det(AoZA,)AJ (A Z" A7) - Al Oy
det(Z?) 2det?(2) (27)" Onsw
det(zZ") 2det(22") (227) ' z Oxvo
det(Z2Z") det(ZzZ*)(z" 2"y z" det(zz"2" (2"27)""
det(ZZ") SO 4 VAV A WA det(Zz") (ZZH)” z
det(Z”) pdet’(2) (27)” Oxy
ANZ) ‘Jé,i Onn

vTu «
N'(2) O o

G

Example 4.10 Let f : CV*2 — C be given by
J(Z) = det(AyZ Ay), (4.58)

where Z € CVN*9, 4y € CY*V and 4, € C2*M where M is a positive integer. The
matrices Ay and A4; are assumed to be independent of Z. The complex differential of f
can be expressed as

df = det(A()ZAl)TI' {A] (AQZA])_l AodZ} . (459)

From (4.59), the derivatives of det(A4yZ A,) with respect to Z and Z* follow; the results
are included in Table 4.3.

Example 4.11 Let /" : CV*2 x C2%Y — C be defined as
J(Zo, Z)) = det(ZZ)), (4.60)

where it is assumed that ZyZ; is nonsingular. Notice that Z, € CV*€ and Z; € C2*V,
such that, in general, the matrices Z, and Z; have different sizes. The complex
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differential of this function can be calculated by means of (3.35) and (3.49) as
df =det(Z0Z)) Tt {(ZoZ))"'d(ZoZ1)}
=det(Z0Z))Tr {Z(ZyZ\) 'dZy + (ZoZ)) ' Zod Z,} . (4.61)

From (4.61), it is possible to find the complex differentials and derivatives of the functions
det (Z%), det (ZZ"), det(ZZ*), and det (ZZ")

ddet (Z*) =2[de(2)* Tr {Z'dZ}, (4.62)
ddet (ZZ") = 2det(ZZ") Tr {ZT (zz")™! dz} , (4.63)
ddet(ZZ*) = de(ZZ*) Tt {Z*(2Z2*)'dZ + (2Z2*)'2dZ"} (4.64)

ddet (22" = det(ZZ") Tr {Z”(ZZ”)“dZ +2z" (z°z")” dz*} . (4.65)

From these four complex differentials, the derivatives of these four determinant functions
can be identified; they are included in Table 4.3, assuming that the inverse matrices
involved exist.

Example 412 Let f : CV*¥ — C be defined as
f(Z2) = det(Z?), (4.66)

where p € N is a positive integer and Z € CV*V is assumed to be nonsingular. From
(3.49), the complex differential of f can be expressed as

df = d (det(Z))? = p(det(Z))"" d det(Z) = p (det(Z))? Tr{Z"'d Z). (4.67)

The derivatives of /" with respect to Z and Z* can be identified from (4.67) and they are
included in Table 4.3. The result for p = 1 is also explicitly included in Table 4.3, and
it can alternatively be derived from (4.59).

Example 413 Let /(Z, Z*) = Tr { F(Z, Z*)}, where F : CN*2 x CV*0 — CM~M 1t
is assumed that the complex differential of vec(F') can be expressed as in (3.78). Then, it
follows from (2.97), (3.43), and (3.78) that the complex differential of f can be written
as

df =vec” (1) [(DZF)d vec(Z) + (DzF)d vec(Z*)] . (4.68)

From this equation, Dy f and Dz f follow:
Dy f = vec! (I/)DzF, (4.69)
Dy f = vec! (I/)DzF. (4.70)

When the derivatives of F are already known, the above expressions are useful for
finding the derivatives of f(Z, Z*) = Tr { F(Z, Z*)}.
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Example 4.14 Let )\, be a simple eigenvalue' of Zy € CY*V, and let uy € C¥*! be the
normalized corresponding eigenvector, such that Zoug = \ouo. Let A : CV*Y — Cand
u: CV*N — CN*1 be defined such that

Zu(Z) = N2Z)u(Z), (4.71)
ullu(z) =1, 4.72)
AMZp) = Mo, 4.73)
u(Zy) = uy. (4.74)

Let the normalized left eigenvector of Z, corresponding to Ay be denoted vy € CV*!
(i.e., v Zy = \vi!), or, equivalently Z5/ vy = \ivo. To find the complex differential
of \(Z) at Z = Z,, take the complex differential of both sides of (4.71) evaluated at
Z=12,
dZ)uy + Zoydu = (dN) uy + \odu. (4.75)
Premultiplying (4.75) by v{! gives
v (dZ)uy = (dN) v uy. (4.76)

From Horn and Johnson (1985, Lemma 6.3.10), it follows that vg[uo # 0, and, hence,

H d7Z H
dr= Y0 d2)u0 _ Tr{”‘jf(’ dZ}. (4.77)
Vo Uo Vo Uo

This result is included in Table 4.3, and it will be used later when the derivatives of the
eigenvector u# and the Hessian of A are found. The complex differential of A* at Z,, can
now also be found by complex conjugating (4.77)

T dZ* * %, T
x = Y2 _ Tr{”(;v(; dZ*}. (4.78)
Vol Vo Uy

These results are derived in Magnus and Neudecker (1988, Section 8.9). The derivatives
of AM(Z) and \*(Z) at Z, with respect to Z and Z* can be found from the complex
differentials in (4.77) and (4.78); these are included in Table 4.3.

! The matrix Zo € C¥*¥ has in general N different complex eigenvalues. The roots of the characteristic
equation (i.e., the eigenvalues), need not be distinct. The number of times an eigenvalue appears is equal
to its algebraic multiplicity. If one eigenvalue appears only once, it is called a simple eigenvalue (Horn &
Johnson 1985).
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Complex-Valued Derivatives of Vector Functions

Complex-Valued Derivatives of f(z, z*)

Examples of functions of the type f(z, z*) are az, azz*, and a f(z, z*), where a € CM*!
and z € C. These functions can be differentiated by finding the complex differentials of
the scalar functions z, zz*, and f(z, z*), respectively.

Example 4.15 Let f(z, z*) = a f(z, z*), then the complex differential of this function is
given by

df = adf = a (D, f(z,z")dz + a(D.- f(z, z*)) dz*, (4.79)

where df was found from Table 3.2. From (4.79), it follows that D, f = aD, f(z, z*)
and D, f = aD,« f(z, z*). The derivatives of the vector functions az and azz* follow
from these results.

Complex-Valued Derivatives of f(z, z*)

Examples of functions of the type f(z, z*) are Az, Az*, and F(z, z*)a, where g € CV*!,
Ae CM*N F e CM*P anda e CP*.

Example 4.16 Let f : CV*! x CV*! — CM*! be given by f(z, z*) = F(z, z")a, where
F : CV*1 x CN*1 — CM*P The complex differential of f is computed as

df = dvec(f) = dvec(F(z,z")a) = (a’ ® I);) dvec(F)
= (a" ® Iy) [(D;F (z.2%)dz + (D,-F (z,2%) dz*] , (4.80)

where (2.105) and Table 3.2 were used. From (4.80), the derivatives of f with respect
to z and z* follow:

D.f = (a" ® Iy/) D.F (z.7°), (4.81)
Dy f=(a" ® Iy) D+ F(z,7%). (4.82)

Complex-Valued Derivatives of f(Z, Z*)

Examples of functions of the type f(Z, Z*)are Za, Z" a, Z*a, Z" a, F(Z, Z*)a, u(Z)
(eigenvector), u*(Z) (eigenvector), and v (Z) (left eigenvector), where the sizes of a,
Z, and F are chosen such that the functions are well defined. The complex differentials
of Za, Z"a, Z*a, and Z" a follow from the complex differential of F(Z, Z*)a, and the
complex differential of F(Z, Z*)a can be found in an analogous manner as in (4.80).
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Example 4.17 The complex differential of the eigenvector #(Z) is now found at Z = Z,,.
The derivation here is similar to the one in Magnus and Neudecker (1988, Section 8.9),
where the same result for du at Z = Z, was derived; however, additional details are
included here. See the discussion around (4.71) to (4.74) for an introduction to the
eigenvalue and eigenvector notation. Let ¥y = \gIy — Zj, then it follows from (4.75)
that

Yodu =(dZ)uo—(@dN)uy = (dZ)ug — 52
- (IN - "0) (dZ) uo, (4.83)

where (4.77) was utilized. Premultiplying (4.83) with ¥ (where (-)* is the Moore-
Penrose inverse from Definition 2.4) results in

uvl!
Yo Yodu=Y§ ( Iy — — (dZ) uy. (4.84)
Vo Uo

Because )\ is a simple eigenvalue, dime (M (¥y)) = 1 (Horn & Johnson 1985), where
N (") denotes the null space (see Section 2.4). Hence, it follows from (2.55) that
rank(Yy) = N — dime (N(Yg)) = N — 1. From Youg = Oy, it follows from (2.82)
that uf ¥ = 0. . It can be shown by direct insertion in Definition 2.4 of the Moore-
Penrose inverse that the inverse of the normalized eigenvector g is given by uy = ul!
(see Exercise 2.4 for the Moore-Penrose inverse of an arbitrary complex-valued vector).
From these results, it follows that ul/ ¥ = 01, . Set Co = ¥ ¥ + uoul/, then it can
be shown from the two facts ul ¥ = 0y, 5 and Youp = Oy that C3 = Cj (i.e., Cy is
idempotent). It can be shown by the direct use of Definition 2.4 that the matrix ¥ ¥, is
also idempotent. With the use of Proposition 2.1, it is found that

rank (Cy) = Tr{Cy} = Tr {Ya'YO + uoué{} =Tr {Ya’Yo} + Tr{uoug[}
=rank (¥§¥o) + 1 =rank(Yo)+1=N—-1+1=N, (4.85)
where (2.90) was used. From Proposition 2.1 and (4.85), it follows that Cy = Iy. Using

the complex differential operator on both sides of the normalization in (4.72) yields
ull du = 0. Using these results, it follows that

YiYodu = (Iy — uouf) du = du — uou{/ du = du. (4.86)
Equations (4.84) and (4.86) lead to

H
du=Noly — Zo)" (IN — %o ) dZ) u. (4.87)
Vo Uo
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From (4.87), it is possible to find the derivative of the eigenvector function u(Z) evaluated
at Z with respect to the matrix Z in the following way:

H
du = vec(du) = vec ((/\OIN —Z)" <1N _ 2% ) dz) uo)
Vo Ho

(.7 + ”0"(])_[
=luy @ [(Mdy —Zy)" (Iy— o7 dvec(Z), (4.88)

o %o

where (2.105) was used. From (4.88), it follows that

T + ”0"6{
Dzu = u, @ (MoIy — Zy) Iy — 7 . (4.89)

The complex differential and the derivative of u* follow with the use of (3.45), (4.88),
and (4.89).

Example 4.18 The left eigenvector function v : CV*V — CV*! with the argument Z €
CN*N_ denoted v(Z), is defined through the following four relations:

vi(2)Z = N 2", (4.90)
viv(z)=1, (4.91)
MZp) = Ao, (4.92)
v(Zy) = . (4.93)

The complex differential of v(Z) at Z = Z, can be found, using a procedure similar to
the one used in Example 4.17 for finding du at Z = Z, leading to

H
vl = vl (dZ) <1N _ 2% ) Ooly — Zo)* . (4.94)
Vo Uo

In general, it is hard to work with derivatives of eigenvalues and eigenvectors because
the derivatives depend on the algebraic multiplicity of the corresponding eigenvalue. For
this reason, it is better to try to rewrite the objective function such that the eigenvalues
and eigenvectors do not appear explicitly. Two such cases are given in communication
problems in Hjerungnes and Gesbert (2007¢ and 2007d), and the latter is explained in
detail in Section 7.4.

Complex-Valued Derivatives of Matrix Functions

Complex-Valued Derivatives of F(z, z*)

Examples of functions of the type F(z, z*) are Az, Azz*, and Af(z, z*), where 4 €
CM*P is independent of z and z*. These functions can be differentiated by finding the
complex differentials of the scalar functions z, zz*, and f(z, z*).
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Example 4.19 Let F : C x C — CY*” be given by
F(z,2*) = Af (z, 2"), (4.95)
where f : C x C — C has derivatives that can be identified from
df = (D.f)dz+ (D;- f)dz", (4.96)

and where 4 € CM*” is independent of z and z*. The complex differential of vec(F)
can be expressed as

dvec(F) = vec(A)df = vec(A) (D, f)dz + vec (A) (D, f)dz*. (4.97)
Now, the derivatives of F with respect to z and z* can be identified as

D.F =vec(A)D.f, (4.98)
D,«F = vec(A) D, f. (4.99)

In more complicated examples than those shown above, the complex differential of
vec(F) should be reformulated directly, possibly component-wise, to be put into a form
such that the derivatives can be identified (i.e., following the general procedure outlined
in Section 3.3).

Complex-Valued Derivatives of F(z, z*)

Examples of functions of the type F(z, z*) are zz” and zz'!, where z € CV*!,

Example 4.20 Let F : CV*! x CV*! — CV*V be given by F(z, z*) = zz'’. The com-
plex differential of the F can be expressed as

dF = (d2)z" + zdz". (4.100)
And from this equation, it follows that
dvec(F) = [z* ® Iy| dvec(z) + [Iy ® z]d vec(z')
= [¢* @ Iy]dz+ [y ®2z]dz". (4.101)
Hence, the derivatives of F(z, z*) = zz'! with respect to z and z* are given by
D,F=7"® Iy, (4.102)
DyF =1Iy®z. (4.103)
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Table 4.4 Complex-valued derivatives of functions of the type F (Z, Z*).

F(Z,Z*) DyF(Z 2 D,F(Z, Z)
VA Iyg Oyoxno
zr Ky, Onoxno
A Onoxno Ino
z" Ovoxno Kn.o
zz" Uy +Kyn)(ZQ Iy) Op2yno
z'z (Ig»+Kgo) (Io®2Z") 002v0
zz" Z"Q1Iy Kyn(Z®1y)
z! —(ZNHY '@ z! 052, 32

»
» Y@rer) e

i=1
7 AZ)+ B(Z) 05202 v0
Z07Z"  AZ) B(Z)
7'QZ  Oyp.g A(Z*)+ B(Z")
yAOVA 2 diag(vec(Z)) Oyoxno
VAoVA diag(vec(Z™)) diag(vec(Z))
yANOVA Onoxno 2 diag(vec(Z™))

00 k

1 7\ k=i ;

exp(Z) T Y (Z) 707 0y

k=0 i=0 .

. ind 1 k=i i
o0 k
1 ; .
H s\ K—i H i

exp (2)  Oyaye ; EaP3 ((Z)" ®(2")) Ky.n

443 Complex-Valued Derivatives of F(Z, Z*)

Examples of functions of the form F(Z, Z*)are Z, ZT, Z*, 2", 22", 2772, 27", 77!,
ZY 7' 2P ZQRZ,ZQZ 2 QL ZO Z,ZO Z*,Z* © Z*,exp(Z), exp(Z*), and
exp(Z'), where Z € CV*€ or possibly Z € CV*¥ | if this is required for the function
to be defined.

Example 4.21 If F(Z) = Z € CV*2, then
dvec(F) = dvec(Z) = Iypdvec(Z). (4.104)

From this expression of the complex differentials of vec(F), the derivatives of F(Z) = Z
withrespectto Z and Z* can be identified from the last line of Table 3.2. These derivatives
are included in Table 4.4.
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Example 4.22 Let F : CV*Q x C2M — CN*M where
F(Zy,Z\)=ZyZ,, (4.105)

for Z, € CV*€ and Z, € C2*M such that the sizes of Z, and Z, are different in
general. The operator vec(-) applied to the complex differential of F, see (3.35), yields

dvec(F) =vec((dZy)Z,) + vec(Zy(d Z,))
= (Z{ ® Iy) dvec(Zy) + (I ® Zo)dvec(Z). (4.106)

From this result, the complex differentials of ZZ7, Z" Z, and ZZ" can be derived and
are given by

dZZ" = (Iy: + Ky n)(Z ® Iy)dvec(Z), (4.107)
dZ"Z = (Ip:+ Ko ) (Io® Z") dvec(Z), (4.108)
dZZ" = (Z* ® Iy)dvec(Z) + Ky .y (Z @ Iy)dvec(Z*), (4.109)

where K o y is given in Definition 2.9. The derivatives of these three functions can now
be identified; they are included in Table 4.4.

Example 4.23 Let Z € CY*¥ be a nonsingular matrix, and F : C¥*¥ — CY*¥ be given
by

F(Z)y=27". (4.110)
By using (2.105) and (3.40), it follows that
dvec(F) = — ((ZT)’1 ® Z‘l) dvec(Z). @.111)

From this result, the derivatives of F with respect to Z and Z* are identified and included
in Table 4.4.

Example 4.24 Let F : CV*¥ — C¥*VN where
F(Z)=2", (4.112)
for Z € CV*¥ and where p € Nisa positive integer. Hence, the function F(Z)in (4.112)

represents matrix power. By repeated application of (3.35), it can be shown that

p
dF =Y 7"'dz)z"™, (4.113)

i=1
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from which it follows that

p .
dvec(F) =" ((ZT)‘”” ® ZH) dvee(Z). (4.114)

i=1

Now the derivatives of F with respect to Z and Z* can be found; they are included in
Table 4.4.

Example 4.25 Let F : CNoxQ0 x CM*Q1 — CMNixQo01 be given by
F(Zy,Z))=2,® Z,, (4.115)

where Z; € CY*9 where i € {0, 1}. The complex differential of this function follows
from (3.36):

dF =(dZ)®Z, +ZyQdZ,. (4.116)
Applying the vec(-) operator to (4.116) yields
dvec(F)=vec(dZy) ® Z))+vec(ZyQRdZ)). (4.117)
From (2.103) and (2.112), it follows that
vec (dZo) ® Z)) = (Ig, ® Ko, v, ® In,) [(d vec(Zy)) @ vee(Z1)]
= (Ig, ® Ko, n, ® I,) [(In,0,dVec(Zp)) ® (vec(Z1)1)]
= (Ig, ® Ko, v ® Iy,) [(In,0, ® vee(Z))) (d vec(Zp) ® 1)]
= (Ig, ® Ko, 5, ® In,) [Iny0, ® vec(Z1)] d vec(Zy), (4.118)
and, in a similar way, it follows that
vec(Zo®@dZy) = (Ig, ® Kg,.n, ® Iy,) [vec(Zo) ® d vec(Z1)]
= (Ig, ® Ko, n, ® Iy,) [vec(Zo) ® Iy, 0,] dvec(Zy).  (4.119)
Inserting the results from (4.118) and (4.119) into (4.117) gives

dvec(F) = (Ig, ® K g,.n, ® In,) [In,0, ® vee(Z,)] dvec(Z)

+ (Ig, ® Kg,.n, ® Iy,) [vec(Zy) ® Iy, 0, dvec(Z)). (4.120)

Define the matrices 4(Z;) and B(Z,) by
A(Z) 2 (Ig,® Ko, n, ® In,) [Iny0, ® vee(Z1)] (4.121)
B(Zy) = (19, ® Ko, n, ® I,) [Vee(Zy) ® Iy, 0,] - (4.122)

By means of the matrices A(Z;) and B(Z)), it is then possible to rewrite the complex
differential of the Kronecker product F(Zy, Z,) = Zy Q@ Z; as

dvec(F) = A(Z))dvec(Zy) + B(Zy)d vec(Z)). (4.123)
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From (4.123), the complex differentials of Z® Z, Z® Z*, and Z* ® Z* can be
expressed as

dZ ® Z = (A(Z) + B(Z))dvec(Z), (4.124)
dZ ® Z* = A(Z*)dvec(Z) + B(Z)d vec(Z¥), (4.125)
dZ* ® Z* = (A(Z*) + B(Z"))d vec(Z*). (4.126)

Now, the derivatives of these three functions with respect to Z and Z* can be identified
from the last three equations above, and these derivatives are included in Table 4.4.

Example 4.26 Let F : CV*2 x CV*2 — CV*? be given by
F(Zy,Z)=2,0Z,. (4.127)
The complex differential of this function follows from (3.38) and is given by
dF =(dZy) 0O Z,+Zy0dZ,=Z,0dZy+Zy 0O dZ,. (4.128)
Applying the vec(-) operator to (4.128) and using (2.115) results in
dvec(F) = diag (vec(Z))) d vec(Zy) + diag (vec(Zy)) d vec(Zy). (4.129)

The complex differentials of Z © Z, Z ©® Z*,and Z* © Z* can be derived from (4.129):

dZ O Z = 2 diag(vec(Z))d vec(Z), (4.130)
dZ O Z* = diag(vec(Z¥))d vec(Z) + diag(vec(Z))d vec(Z"), (4.131)
dZ* © Z* = 2 diag(vec(Z*))d vec(Z™). (4.132)

The derivatives of these three functions with respect to Z and Z* can now be obtained
and are included in Table 4.4.

Example 4.27 The complex differential of the exponential matrix function (see Defini-
tion 2.5) can be expressed as

o) 1 o) 1 00 1 k ' ‘
d =) —dZ*= dz"' =y ———N"7Z'd2)Z"",
exp(Z) ; Kl ,; *k+1)! ; *k+ 1) ; (@2

(4.133)

where the complex differential rules in (3.25) and (3.35) have been used. Applying vec(-)
on (4.133) yields

1 d k—i ;
(2" ® Z') dvec(Z). (4.134)
(k+ 1)! ; ( )

dvec(exp(Z)) = ) |
k=0
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In a similar way, the complex differentials and derivatives of the functions exp(Z*) and
exp(Z'") can be found to be

00 1 k > .
dvec(exp(Z) = 3 G 3 ((ZH)k ® (z*)') dvec(Z*), (4.135)
k=0 T i=0
o) k
dvec(exp(2) = 3 G i 5 3 ((z*)""‘ ® (ZH)") Ky.ydvec(Z*).  (4.136)

k=0 i=0

The derivatives of exp(Z), exp(Z*), and exp(Z'") with respect to Z and Z* can now be
derived; they are included in Table 4.4.

Example 4.28 Let F : CV*2 x CV*2 — C2*N be given by
F(Z, 2= Z*, 4.137)

where Z € CV*2. The reason for including both variables Z and Z* in this function
definition is that the complex differential of Z* (see (3.64)) depends on both dZ and
dZ*. Using the vec(-) and the differential operator d on (3.64) and utilizing (2.105) and
(2.31) results in

dvec(F) = — [(Z*)T ® Z*} dvec(Z)
+[(1v- (2" 2") @ 2" (2")"] Ky gdvee(2")
+[(z)(2°) @ (10 - 2 2)| Ky, od veo(2). (4.138)
From (4.138), the derivatives Dz F and Dz F can be expressed as
D, F=—(zY) ® 7, (4.139)
prF={|(lv-(z")" 2") 0 2" (z+)"]
+[(z)(z*) @ (1o~ 2°2)| } Ko (4.140)

If the matrix Z € CY*V is invertible, then Z+ = Z~!, and (4.139) and (4.140) reduce
to DyF = —Z T ® Z! and Dy F = 0y2, 52, which is in agreement with the results
found in Example 4.23 and Table 4.4.

Example 4.29 Let F : CV*V — CV*VN be given by F(Z) = Z* (i.e., the function F
represents the adjoint matrix of the input variable Z). The complex differential of this
function is given in (3.58). Using the vec(-) operator on (3.58) leads to

dvec(F) = det(Z) [vece(Z " yvec” (7)) — [(z7") ® Z7']] dvec(Z). (4.141)
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From this, it follows that

DzF = det(Z) [vec(Z "yvec” (z7H) - [z ®27']]. (4.142)

Because the expressions associated with the complex differential of the Moore-Penrose
inverse and the adjoint matrices are so long, they are not included in Table 4.4.

Exercises

4.1 Use the following identity |z|> = zz* and the chain rule to find % and % Make
sure that this alternative derivation leads to the same result as given in (4.13) and (4.14).

42 Show that

olz"l _ = (4.143)
az 2z’ '
and
a *
N (4.144)
dz* 2|z|

dlx\2 _ dx?

4.3 For real-valued scalar variables, we know that ;- = <7, where x € R. Show that

for the complex-valued case (i.e., z € C), then

aa—zzz a!}ZZF , (4.145)
in general.
44 Find 33422 by differentiating (4.20) with respect to z*.
45 Show that

8;; =, (4.146)
and

szz — ziz (4.147)

by means of the results already derived in this chapter.

46 LetA” = Ac CY*Nand BY = B € CY*" be given constant matrices where B is
positive or negative definite such that 7/ Bz # 0,Vz # Oyy. Let f : CV*! x CV*! —
R be given by

7 Az
4Bz’

f(z.25) =

(4.148)
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where f is not defined for z = 0y« . The expression in (4.148) is called the generalized
Rayleigh quotient. Show that the df is given by

77 AT Az
7" Bz (z¥ Bz)

S A
2Bz (z¥ Bz)

df = 2B | dz + 52" BT | dz. (4.149)

From this complex differential, the derivatives of f with respect to z and z* are identified
as

S P
Bz (1 Bz)’

D, f = 1B, (4.150)

_dA A
M Bz (zHBz)2

Dy f "B (4.151)
By studying the equation D,« f = 0;x, show that the maximum and minimum values
of f are given by the maximum and minimum eigenvalues of the generalized eigenvalue
problem Az = ABz. See Therrien (1992, Section 2.6) for an introduction to the general-
ized eigenvalue problem Az = A Bz, where A are roots of the equation det(4 — AB) = 0.

Assume that B is positive definite. Then B has a unique positive definite square
root (Horn & Johnson 1991, p. 448). Let this square root be denoted B'/2. Explain why

Amin(B™2AB™'?) < f(2,2%) < Amax(B™'24B7'/?), (4.152)

where A\pin(+) and Apax(+) denote the minimum and maximum eigenvalues of the matrix
input argument.”

4.7 Show that the derivatives with respect to Z and Z* of the function f(Z, Z*) =
In(det(Z)), when Z € CY*V is nonsingular, are given by

Dzf =vec' (277), (4.153)
and
Dz f =01,z (4.154)

4.8 Assume that Z([)'[ = Z,. Let )\ be a simple real eigenvalue of Z, € CV*V and let
1y € CV*! be the normalized corresponding eigenvector, such that Zyuy = Aouy. Let
A:CV*N 5 Candu : CV*N — CV*1 pe defined such that

Zu(Z) = N2Z)u(Z), (4.155)
ulu(z) =1, (4.156)
MZo) = o, (4.157)
u(Zy) = uy. (4.158)

2 The eigenvalues of B~! A are equal to the eigenvalues of B~1/2 AB~!/2 because the matrix products C D and
DC have equal eigenvalues, when C, D € CV*V and C is invertible. The reason for this can be seen from
det(AIy — CD) = det( \CC~' — CD) = det(C(A\C~! — D)) = det(AC~! — D)C) = det(\Iy — DC).
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Show that the complex differentials d A and du, at Z, are given by
d)\ = ul (dZ) u,, (4.159)
du = ()\()IN — Z())+ (dZ)uo. (4160)

49 Let Z € CV*N have all eigenvalues with absolute value less than one. Show that
oo
Iy-27"'=> 7, (4.161)

(see Magnus & Neudecker 1988, p. 169). Furthermore, show that the derivative of
(Iy — Z)~! with respect to Z and Z* can be expressed as

oo k

DzUy—2)" =) (2) "o 77!, (4.162)
k=1 I=1

Dyp(Iy —Z) ' = 0p2ppn. (4.163)

410 The natural logarithm of a square complex-valued matrix Z € C¥*¥ can be
expressed as follows (Horn & Johnson 1991, p. 492):

=1
In(Iy — 2)2 —Z%Z", (4.164)
k=1

and it is defined for all matrices Z € C¥*¥ such that the absolute value of all eigenvalues
is smaller than one. Show that the complex differential of In (I,y — Z) can be expressed
as

00 k
din(Iy—Z)=-> % Y 7' dz)yzH. (4.165)

Use the expression for d In(Iy — Z) to show that the derivatives of In (I y — Z) with
respect to Z and Z* are given by

00 k
Dzln(IN—Z)z—kZ:;llc; (z5) "oz, (4.166)
Dy In(Iy — Z) = Op2yne, (4.167)
respectively. Use (4.165) to show that
dTe{ln(Iy — 2)} = —Tr {(Iy — 2)"'dZ} . (4.168)

411 Let f: CN*2 x CV*2 — C be given by
f(Z,Z*) =In (det (R, + ZAR A" Z")) , (4.169)

where the three matrices R, € CV*V (positive semidefinite), R, € C**” (positive
semidefinite), and 4 € C2*? are independent of Z and Z*. Show that the derivatives of
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f with respect to Z and Z* are given by
-1
Dz f = vec” <RnTZ*A* (R) "+ 4727 R, 2 4" AT> . (4170)

Dy f=vec (R;'\ZA[R;' + A"Z" R, 24) " 4"). (4.171)
Explain why (4.171) is in agreement with Palomar and Verdu (2006, Eq. (21)).
412 Let f: CVN*2 x CV*2 — C be given by
f(Z,Z*) =1n(det (R, + AZR,Z" A")) (4.172)

where the three matrices R, € C’*” (positive semidefinite), R, € C2*¢ (positive
semidefinite), and 4 € C”*" are independent of Z and Z*. Show that the derivatives of
f with respect to Z and Z* can be expressed as

-1
Dy f = vec! <ATR,,TA*Z* ((Rj;)*1 n ZTATR;TA*Z*) ) : (4.173)

Dy f =vec" (A"R,'AZ(R;' + Z" A" R,' 42)7"). (4.174)

Explain why (4.174) is in agreement with Palomar and Verdu (2006, Eq. (22)).
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Complex Hessian Matrices for Scalar,
Vector, and Matrix Functions

Introduction

This chapter provides the tools for finding Hessians (i.e., second-order derivatives) in
a systematic way when the input variables are complex-valued matrices. The proposed
theory is useful when solving numerous problems that involve optimization when the
unknown parameter is a complex-valued matrix. In an effort to build adaptive opti-
mization algorithms, it is important to find out if a certain value of the complex-valued
parameter matrix at a stationary point' is a maximum, minimum, or saddle point; the
Hessian can then be utilized very efficiently. The complex Hessian might also be used
to accelerate the convergence of iterative optimization algorithms, to study the stability
of iterative algorithms, and to study convexity and concavity of an objective function.
The methods presented in this chapter are general, such that many results can be derived
using the introduced framework. Complex Hessians are derived for some useful exam-
ples taken from signal processing and communications.

The problem of finding Hessians has been treated for real-valued matrix variables
in Magnus and Neudecker (1988, Chapter 10). For complex-valued vector variables,
the Hessian matrix is treated for scalar functions in Brookes (July 2009) and Kreutz-
Delgado (2009, June 25th). Both gradients and Hessians for scalar functions that depend
on complex-valued vectors are studied in van den Bos (1994a). The Hessian of real-
valued functions depending on real-valued matrix variables is used in Payar6 and Palomar
(2009) to enhance the connection between information theory and estimation theory. A
complex version of Newton’s recursion formula is derived in Abatzoglou, Mendel, and
Harada (1991) and Yan and Fan (2000), and there the topic of Hessian matrices is briefly
treated for real scalar functions, which depend on complex-valued vectors. A theory
for finding complex-valued Hessian matrices is presented in this chapter for the three
cases of complex-valued scalar, vector, and matrix functions when the input variables
are complex-valued matrices.

The Hessian matrix of a function is a matrix that contains the second-order derivatives
of the function. In this chapter, the Hessian matrix will be defined; it will be also shown
how it can be obtained for the three cases of complex-valued scalar, vector, and matrix

! Recall that a stationary point is a point where the derivative of the function is equal to the null vector,
such that a stationary point is among the points that satisfy the necessary conditions for optimality (see
Theorem 3.2).
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functions. Only the case where the function f is a complex scalar function was treated
in Hjerungnes and Gesbert (2007h). However, these results are extended to complex-
valued vector and matrix functions as well in this chapter, and these results are novel.
The way the Hessian is defined in this chapter is a generalization of the real-valued
case given in Magnus and Neudecker (1988). The main contribution of this chapter
lies in the proposed approach on how to obtain Hessians in a way that is both simple
and systematic, based on the so-called second-order complex differential of the scalar,
vector, or matrix function.

In this chapter, it is assumed that the functions are twice differentiable with respect to
the complex-valued parameter matrix and its complex conjugate. Section 3.2 presented
theory showing that these two parameter matrices have linearly independent differentials,
which will also be used in this chapter when finding the Hessians through second-order
complex differentials.

The rest of this chapter is organized as follows: Section 5.2 presents two alternative
ways for representing the complex-valued matrix variable Z and its complex conju-
gate Z*. In Subsection 5.2.1, the first way of representing the complex-valued matrix
variables is similar to that in previous chapters, where the two matrices Z € CV*¢ and
Z* € CV*Q are used explicitly. These two matrix variables should be treated as inde-
pendent when finding complex matrix derivatives. In addition, an augmented alternative
representation Z = [Z Z*] € CV*2€ is presented in Subsection 5.2.2. The augmented
matrix variable Z contains only independent differentials (see Subsection 3.2.3). The
augmented representation simplifies the presentation on how to obtain complex Hes-
sians of scalar, vector, and matrix functions. In Section 5.3, it is shown how the Hessian
(second-order derivative) of a scalar function f can be found. Two alternative ways of
finding the complex Hessian of scalar function are presented. The first way is shown
in Subsection 5.3.1, where the Hessian is identified from the second-order differential
when Z and Z* are used as matrix variables. An alternative way of finding the Hes-
sians of complex-valued scalar functions is presented in Subsection 5.3.2, based on the
augmented matrix variable Z. The way to find the Hessian for complex-valued vector

functions is given in Section 5.4, and the case of complex-valued matrix functions is pre-

sented in Section 5.5. Several examples of how the complex Hessian might be calculated
are presented in Section 5.6 for the three cases of scalar, vector, and matrix functions.
Exercises are given in Section 5.7.

Alternative Representations of Complex-Valued Matrix Variables

Complex-Valued Matrix Variables Z and Z*

As in previous chapters, one way of representing complex-valued input matrix variables
is by the use of two matrices Z € CV*€ and Z* € CV*2. In this chapter, it is assumed
that all the elements within Z are independent. It follows from Lemma 3.1 that the
elements within d Z and d Z* are linearly independent. Lemmas 3.1 and 3.2 are presented
in Subsection 3.2.3, and they will be used in this chapter to identify the complex Hessians.
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Neither of the matrices dZ nor dZ* is a function of Z or Z* and, hence, their
differentials are the zero matrix. Mathematically, this can be formulated as

d’Z=d(dZ)=0y.p=d(dZ")=d*Z". (5.1

The representation of the input matrix variables as Z and Z* will be used to develop
a theory for finding Hessians of complex-valued scalar functions in Subsection 5.3.1.
In the next subsection, an alternative representation of the complex-valued matrix vari-
ables will be presented. It will be used to simplify the process of finding complex
Hessians of scalar, vector, and matrix functions in Subsection 5.3.1, Sections 5.4, and
5.5, respectively.

Augmented Complex-Valued Matrix Variables Z

To simplify the presentation for the Hessians, an alternative representation of the
complex-valued matrix variables will be defined in this subsection.

From Lemma 3.1, it is seen that all the components of the two matrices d Z and d Z*
are linearly independent. This motivates the definition of the augmented complex-valued
matrix variable Z of size N x 20, defined as follows:

Z2(Z, 2] eCV2, (5.2)

The differentials of all the components of Z are linearly independent (see Lemma 3.1).
Hence, the matrix Z can be treated as a matrix that contains only independent elements
when finding complex-valued matrix derivatives. This augmented matrix will be used
in this chapter to develop a theory for complex-valued functions of scalars, vectors, and
matrices in similar lines, as was done for the real-valued case in Magnus and Neudecker
(1988, Chapter 10). The main reason for introducing the augmented matrix variable is
to make the presentation of the complex Hessian matrices more compact and easier
to follow. When dealing with the complex matrix variables Z and Z* explicitly, four
Hessian matrices have to be found instead of one, which is the case when the augmented
matrix variable Z is used.

The differential of the vectorization operator of the augmented matrix variable Z will
be used throughout this chapter and it is given by

(5.3)

dvec(Z) = [ dvec(Z) }

dvec(Z")

The complex-valued matrix variables Z and Z* contain the same matrix components;
however, the matrix elements are rearranged inside the two matrix variables. Both of
the matrix variables Z and Z* are used in the development of complex Hessians. The
differential of the vectorization operator of the symbol Z* is given by

5.4)

dvec(Z2*) = [ dvec(Z") } )

dvec(Z)
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Table 5.1 Classification of scalar, vector, and matrix functions, which
depend on the augmented matrix variable Z € C¥*2€,

Function type Z e CVx22

Scalar function (2

feC f:CV2¢ 5 C
Vector function (2

fe(chl fZ(CNXZQ—>CMX1
Matrix function F(2)

Fe(chP F:CNXZQ N (chP

From (5.3) and (5.4), it is seen that the vectors d vec (£) and d vec (Z£*) are connected
through the following relation:

dvec(z) = | Wove Ivo oz [0 ] ® Iyg p dvec(Z).
INQ ONQXNQ 1 0

(5.5)

This is equivalent to the following expression:

Tz _ H Onvoxvo  Ino | _ " 0 1
dvec’ (Z)=(dvec" (2)) [ Ivo  Ovorvo ] = (dvec” (2)) { [ i 0 } ® INQ} ,
(5.6)

which will be used later in this chapter.
The second-order differential is given by the differential of the differential of the
augmented matrix variable; it is given by

PPZ=d(dZ)=[ddZ) d(dZ*)] = [0xx0 Onxo] = Onx20- (5.7)

In a similar manner, the second-order differential of the variable Z* is also the zero
matrix

d*Z* =d(dZ*) = Oyxzp. (5.8)

Three types of functions will be studied; in this chapter, these depend on the
augmented matrix variables. The three functions are scalar f : CN*?¢ — C, vec-
tor f: CN*20 — CM*! and matrix F : CV*2¢ — CM*P Because both matrix vari-
ables Z and Z* are contained within the augmented matrix variable Z, only the aug-
mented matrix variable Z is used in the function definitions in Table 5.1. The complex
conjugate of the augmented matrix variable Z* is not needed in this case because it is
redundant. Each of these function types is presented in Table 5.1. The theory for finding
Hessians of scalar functions of the type f(Z) is presented in Subsection 5.3.2. The
way to find Hessians of vector functions f(Z) is presented in Section 5.4. For matrix
functions F(Z), the theory for identifying the Hessians is presented in Section 5.5.

In the next section, scalar functions of the type f : CV*2 x C¥*2 — C denoted
by f(Z, Z*) are studied: hence, the traditional input matrix variables Z € CV*¢ and
Z* € CN*€ are used.
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Complex Hessian Matrices of Scalar Functions

This section contains the following three subsections. In Subsection 5.3.1, the complex
Hessian matrix of a scalar function f(Z, Z*) is found when Z and Z* are the matrix
variables. Complex Hessian matrices of scalar functions f(Z) are studied for the case
where the augmented matrix variable Z is used in Subsection 5.3.2. The connection
between these two approaches is explained in Subsection 5.3.3.

Complex Hessian Matrices of Scalar Functions Using Z and Z*

In this subsection, a systematic theory is introduced for finding the four Hessians of a
complex-valued scalar function f : CV*2 x CV*¢ — C with respect to a complex-
valued matrix variable Z and the complex conjugate Z* of this variable. The presentation
given here follows the method proposed in Hjorungnes and Gesbert (20075). In this
subsection, the studied function is denoted by f(Z, Z*), and it is assumed to be twice
differentiable in the matrix variables Z and Z*. The Hessian matrix depends on two
variables such that the notation must include which variables the Hessian matrix is
calculated with respect to. If the Hessian is calculated with respect to the variables Z
and Z, the Hessian will be denoted by Hz, z, /. Later in this section, the exact definition
of the complex Hessian matrix of a scalar function f will be given.

Because it is assumed in this section that there exist two input matrix variables Z
and Z*, there exist four different complex Hessian matrices of the function f with
respect to all ordered combinations of these two matrix variables. It will be shown how
these four Hessian matrices of the scalar complex function f can be identified from the
second-order complex differential (d” f) of the scalar function. These Hessians are the
four parts of a bigger matrix, which must be checked to identify whether a stationary
point is a local minimum, maximum, or saddle point. This bigger matrix can also be
used in deciding convexity or concavity of a scalar objective function f.

When dealing with the Hessian matrix, it is the second-order differential that has to
be calculated to identify the Hessian matrix. If /' € C, then,

(@) =d@df)’ =d>f" =df, (5.9)
and if f € R, then,
(@) =d@n” =d> = d* . (5.10)

The following proposition will be used to show various symmetry conditions of
Hessian matrices in this chapter.

Proposition 5.1 Let f: CV*2 x CN*Q — C. It is assumed that f(Z, Z") is twice
differentiable with respect to all of the variables inside Z € CN*€ and Z* € CV*€,
when these variables are treated as independent variables. Then, by generalizing
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Magnus and Neudecker (1988, Theorem 4, pp. 105—106) to the complex-valued case

92 2
= ) 5.11
aZk,lazm,n f azm,nazk,lf ( )
2 02
= ) 5.12
azj 0z, , / az;;,,,,az;,f ( )
02 02

. (5.13)

027 10Zm,n S = 02,02},
wherem,k € {0,1,...,N —1}andn,l €{0,1,..., 0 — 1}.

The following definition is used for the complex Hessian matrix of a scalar function f;
it is an extension of the definition given in Magnus and Neudecker (1988, p. 189) to
complex scalar functions.

Definition 5.1 (Complex Hessian Matrix of Scalar Function) Let Z; € CNi*9i where
i €{0,1}, andlet f: CNoxQ x CM*Q _ C. The complex Hessian matrix is denoted
by Hz,.z f, and it has size N1 Q1 x NoQo, and is defined as
T
Hazyzf =Dz, (Dz.f)" . (5.14)

Remark Let p; = Nik; +1; where i €{0,1}, k; €{0,1,...,0,—1}, and I; €
{0, 1, ..., N; — 1}. As a consequence of Definition 5.1 and (3.82), it follows that element

number (po, p1) of Hz,.z, f is given by
d 9 r
T T f
avec! (Zy) \ dvec! (Z)

0 0 d d
= (veclZo),, D0vec(Z1),,” T e Zo)) s D e Z s
_ 2%/
0 Zo)y ik, I (Z)y

And as an immediate consequence of (5.15) and Proposition 5.1, it follows that, for
twice differentiable functions f,

(Hz.z f)POﬂPI - (Dzo (Dz,f) T) =

Po,P1

Do, D1

f

(5.15)

Hzzf)" =Hzzf, (5.16)
Hzz /) =Hz 7z f, (5.17)
Hzz /) =Hz 2f. (5.18)

These properties will also be used later in this chapter for the scalar component functions
of vector and matrix functions.

To find an identification equation for the complex Hessians of the scalar function f
with respect to all four possible combinations of the complex matrix variables Z and Z*,
an appropriate form of the expression d” f*is required. This expression is derived next.
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By using the definition of complex-valued matrix derivatives in Definition 3.1 on the
scalar function £, the first-order differential of the function f : CVN*¢ x CVN*¢ — C,
denoted by f(Z, Z*), can be found from (3.78) as

df = (Dzf)dvec(Z) + (Dz f)d vec(Z¥), (5.19)

where Dz f € C*NC and Dy f € C*V. When finding the second-order differential
of the complex-valued scalar function f, the differential of the two derivatives D f and
Dy f is needed. By using Definition 3.1 on the two derivatives (Dz f)” and (D /)7,
the following two expressions are found from (3.78):

dDzf) = [Dz(Dzf)"] dvee(Z)+ Dz (Dz /)" d vec(Z"), (5.20)

and
(dDz [)' =[Dz(Dz f)'|dvee(Z)+ Dz (D f)" ]d vee(ZY). (5.21)
By taking the transposed expressions on both sides of (5.20) and (5.21), it follows that
dDzf = [dvec” (Z)] [Pz (DzN)T]" + [dvec (2] [Pz D], (522)

and
dDy f = [dvec” (2)] [Dz (D7 )] + [dvec’ (2] [Pz (D2 )] (5:23)

The second-order differential of f can be found by applying the differential operator
to both sides of (5.19), and then utilizing the results from (5.1), (5.22), and (5.23) as
follows:

d*f =(dDzf)dvec(Z) + (dDy f)dvec(Z¥)

= [dvec!(2)] [Pz (D2)"]" dvec(Z)
+ [dvec” (2%)] [Dy (D2)7]" dvec(Z)
+ [dvec (2)] [Dz (D7 £)T]" dvec(27)
+ [dvec”(2%)] [Dy (D2 )] dvec(Z¥)

= [dvec! (2)] [Dz (D2 /)] dvec(2)
+ [dvec’(Z)] [Dz (Dzf)"] dvee(Z¥)
+ [dvec'(Z%)] [Dz (D7 )] d vec(Z)
+ [dvec’ (Z2*)] [Dz (D2 /)] dvec(Z*)

Dz (Dz ) Dz Dz f) } [ dvec(Z) }
Dy (Dz ) Dy (Dyf)T dvec(Z¥)

Dz(Dzf)' Dz (Dzf)' } [ dvec(Z) }
Dz(Dz f)' Dz (Dzf)' dvec(Z*)
(5.24)

= [dvec’(Z*), dvec'(Z)] [

= [dvec’(Z), dvec’ (Z%)] [
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By using the definition of the complex Hessian of a scalar function (see Definition 5.1),
in the last two lines of (5.24), it follows that d? f can be rewritten as

Hzz f HZ*,Z*f] [ dvec(Z) ]
Hzzf Hzzf dvec(Z*)

Hzzf Hzzf ] [ dvec(Z) ]
Hzzf Hzzf || dvec(Z")

d* f = [dvec" (Z%) dvec” (Z)) [ (5.25)

= [dvec'(Z) dvec” (Z*)] [ (5.26)

Assume that it is possible to find an expression of d? f in the following form:
d* f = [dvec’ (Z%)] Ayod vec(Z) + [dvec” (Z*)] Ao,1d vec(Z*)
+ [dvec” (Z)] A1 0dvec(Z) + [dvec’ (Z)] Ay 1d vec(Z*)

AQ.() A()’l :| |: dvec(Z) :|

5.27
Ao A dvec(Z*) ( )

= [dvec’ (Z*) dvec (Z)) [
where Ay, with k,/ € {0, 1} has size NO x NQ and can possibly be dependent on
Z and Z*, but not on dvec(Z) or dvec(Z*). The four complex Hessian matrices in
(5.25) can now be identified from the matrices Ay ; given in (5.27) in the following way:
Subtracting the second-order differentials in (5.25) from (5.27) yields

[dvec (Z)] (A1,0 — Hz.z[)dvec(Z)
+ [dvec(Z")] (oo + AL | —Hz 7 f — (Hz 2 /)") dvec(Z)
+ [dvec”(Z%)] (Ao) — Hze .z f)dvec(Z*) = 0, (5.28)

and this is valid for all dZ € CV*2. The expression in (5.28) is now of the same type as
the equation used in Lemma 3.2. Recall the symmetry properties in (5.16), (5.17), and
(5.18), which will be useful in the following. Lemma 3.2 will now be used, and it is seen
that the matrix By in Lemma 3.2 can be identified from (5.28) as

By=A10—-Hzzf. (5.29)
From Lemma 3.2, it follows that By = —Bg , and this can be expressed as
Avo—Hzzf=—(Aig—Hzzf) . (5.30)

By using the fact that the Hessian matrix H 2 z f is symmetric, the Hessian Hz z f can
be solved from (5.30):

Hzzf = % (Ao + Af,) . (5.31)
By using Lemma 3.2 on (5.28), the matrix B, is identified as
By, = Ay — Hz 2 f- (5.32)
Lemma 3.2 says that By = —B?, and by inserting B, from (5.32), it is found that

Aoi —Hzzof = — Aoy —Hz 2z f) . (5.33)
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Table 5.2 Procedure for identifying the complex Hessians of a scalar function /' € C
with respect to complex-valued matrix variables Z € C¥*€¢ and Z* € CV*2,

Step 1: Compute the second-order differential d* f.
Step 2: Manipulate d? f into the form given in (5.27) to

identify the four N Q x N Q matrices Ao 9, Ao.1, A1.0, and A; ;.
Step 3: Use (5.31), (5.34), (5.36), and (5.37) to identify

the four Hessian matrices Hz zf, Hz z+ f, Hz.z« f,and Hz z f.

By using the fact that the Hessian matrix H 2+ z+ f is symmetric (see (5.17)), the Hessian
‘Hz+ z+ f can be solved from (5.33) to get

1
Hezf=5 (Aoy + A7) . (5.34)
The matrix B; in Lemma 3.2 is identified from (5.28) as
Bi=Aoo+ A, —~Hzz [ —Hz 2/ (5.35)

Lemma 3.2 states that By = Oy« no,and by usingthat (Hz zf)" = Hz z f, it follows
from (5.35) that

Hzzf == (Adoo+4],). (5.36)

N =

The last remaining Hessian Hz+ z f is givenby Hz z f = (Hz 2+ f )7 hence, it follows
from (5.36) that

1

Hzyzf = 3 (Ago+ Ary) - (5.37)

The complex Hessian matrices of the scalar function f* € C can be computed using a
three-step procedure given in Table 5.2.

As an application, to check, for instance, convexity and concavity of f, the middle
block matrix of size 2N Q x 2N Q on the right-hand side of (5.25) must be positive or
negative definite, respectively. In the next lemma, it is shown that this matrix is Hermitian
for real-valued scalar functions.

Lemma 5.1 Let f : CN*Q x CV*Q — R, then,

Hzzf Hzzf }H _ [ Hzzf Hz.z/f (5.38)

Hzzf Hzzf Hzzf Hzzf |
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Proof By using Definition 5.1, (5.16), (5.17), (5.18), in addition to Lemma 3.3, it is

found that
[HZ,Z*f He oz f r _ { (Hzz D" (Hzz /)" }
Hzzf Mz.zf Hz 2N (Hz 2N

_ [ Hzzf) (MHzzf) }_ (Dz (DzN')" (Dz(DzN')
Hzz ) Hzz ) (Dz Dz NN (D2 (D2 N

_ [ Dz (Dz )" Dz (Dz ) } _ { Hzzf Hzzf } (5.39)
Dz(Dzf)" Dz (Dzf) Hzzf Hzzf |’ .
which concludes the proof. |

The Taylor series for scalar functions and variables can be found in Eriksson, Ollila,
and Koivunen (2009). By generalizing Abatzoglou et al. (1991, Eq. (A.1)) to complex-
valued matrix variables, it is possible to find the second-order Taylor series, and this is
stated in the next lemma.

Lemma 5.2 Let [ : CV*2 x CN*2 — R. The second-order Taylor series of f in the
point Z can be expressed as

f(Z+dZ,Z"+dZ") = f(Z,Z)
+Dzf(Z, Z"))dvec(Z)+ (Dz f(Z, Z*))d vec (Z)

Hzzf Hzzf H dvec(Z)

+ %[dvecT (Z*) dvec” (Z)] } +r(dZ,dZ),

Hzzf Hz.zf || dvec(ZY)
(5.40)
where the function r : CN*2 x CN*Q — R satisfies
dZ,,dZ
rdzy, dZ) (5.41)

im —_— =
(dZ0,dZ)~>0n20 |[(dZy, dZ)) |

The second-order Taylor series might be very useful to check the nature of a stationary
point of a real-valued function f(Z, Z*). Assume that the function f(Z, Z*) has a
stationary point in Z = C € CV*2. Then, it follows from Theorem 3.2 that

Dzf(C, C*) = 0ixno, (5.42)
Dz f(C,C*) = 01xn0. (5.43)

If the second-order Taylor series (5.40) is evaluated at (£, Z;) = (C, C*), it is found
that

f(C+dZy, C"+dZ))= f(C,C)

Hzzf Hzzf M dvec(Z)

1 T * T
+§[dvec (Z*) dvec (@] Hzzf Hzzf dvec (Z*)

] + I"(dZ(), le)
(5.44)
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Near the point Z = C, it is seen from (5.44) that the function is behaving as a quadratic
function in vec([dZ, dZ*]). Notice that the second-order term in this variable is

vec? ([dZ, dZ*]) Hzz/ Hzzf ] vec ([dZ, dZ*]). Hence, to study the nature

Hzzf Hzzf
. o | Hzzf Hz z
of a stationary point, it is enough to study if [ 2z Mzzf
Hzzf Hzzf
negative definite, or indefinite in the stationary point Z = C.
In the next section, the theory for finding the complex Hessian of a scalar function will
be presented when the input variable to the function is the augmented matrix variable Z.

is positive definite,

Complex Hessian Matrices of Scalar Functions Using Z

In this subsection, the matrix-valued function F : CV*€ x CN*9¢ — CM*P i5 consid-
ered. By using the augmented matrix variable Z, the definition of the matrix derivative
in (3.78) can be written as

dvec(F) = (DzF)dvec(Z)+ (DzF)dvec(Z")

dvec(Z)

=[DzF, Dz F] { dvec(Z¥)

} £ (DzF)dvec(Z2), (5.45)
where the derivative of the matrix function F with respect to the augmented matrix
variable Z has been defined as

DzF 2 [DyF Dy F] € CMP*2NC (5.46)

The matrix derivative of F with respect to the augmented matrix variable Z can be
identified from the first-order differential in (5.45).

A scalar complex-valued function f : CV*2¢ — C, which depends on Z € CV*2¢,
is denoted by f(Z), and its derivative can be identified by substituting F by f in (5.45)
to obtain

df = (Dz[f)dvec(Z)+ (Dz f)dvec(Z*) = [Pz f Dz f] [ dvec(Z) }

dvec(Z")
= (Dzf)dvec(2), (5.47)

where

Dz f =I[Dzf Dz f], (5.48)

lies in C'*2V€,

The second-order differential is used to identify the Hessian also when finding the
complex Hessian with respect to the augmented matrix variable Z. The second-order
differential is found by applying the differential operator on both sides of (5.47), and
then an expression of the differential of Dz f € C'*2V€ isneeded. An expression for the
differential of the row vector Dz f can be found by using (5.45), where F is substituted
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by Dz f to obtain
dvec(Dz f)=d(Dzf) = (Dz(Dzf)")dvec(2). (5.49)
Taking the transposed of both sides of the above equations yields
dDz f = (dvec’ (2)) (Dz (sz)T)T . (5.50)

The complex Hessian of a scalar function f, which depends on the augmented
matrix Z, is defined in a similar way as described previously for complex Hessians
in Definition 5.1. The complex Hessian of the scalar function f with respect to Z, and
Z is a symmetric matrix (see Definition 5.1 and the following remark). It is denoted by
Hz zf € C*NO2NQ and is given by

Hzzf=Dz(Dzf)". (5.51)

Here, it is assumed that f is twice differentiable with respect to all matrix components
of Z. Because there exists only one input matrix variable of the function f(Z), the only
Hessian matrix that will be considered is Hz z f. The complex Hessian of f* can be
identified from the second-order differential of f. The second-order differential of f
can be expressed as

d*f = d(df) = (dDzf)dvec(Z) = (dvec’ (2)) (Dz (Dzf)") " dvec(2)

= (dvec” (2)) [Dz (Dz f)] dvec(Z) = (dvec” (2)) [Hz.zf] dvec(Z),
(5.52)

where (5.50) and (5.51) have been used.
Assume that the second-order differential of /" can be written in the following way:

d* f = (dvec” (2)) Advec(Z), (5.53)

where A € C*N2*2NQ does not depend on the differential operator d; however, it might
depend on the matrix variables Z or Z*. By setting the two expressions of d2 f in (5.52)
and (5.53) as equal, it follows from Lemma 2.15” that the Hessian H z_z f must satisfy

Hezf+Hzzf) =2Hzzf=A+ A", (5.54)

where it follows from Proposition 5.1 that the Hessian matrix Hz z f is symmetric.
Solving the Hessian H z z f from (5.54) leads to

Hzzf= % [A+A4"]. (5.55)

This equation suggests a way of identifying the Hessian of a scalar complex-valued
function when the augmented matrix variable Z € C¥*2€ is used. The procedure for
finding the complex Hessian of a scalar when Z is used as a matrix variable is summa-
rized in Table 5.3. Examples of how to calculate the complex Hessian of scalar functions
will be given in Subsection 5.6.1.

2 When using Lemma 2.15 here, the vector variable z in Lemma 2.15 is substituted with the differential vector
dvec (Z), and the middle square matrices 4 and B in Lemma 2.15 are replaced by Hz z f (from (5.52))
and A (from (5.53)), respectively.
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Table 5.3 Procedure for identifying the complex Hessians of a scalar function /' € C
with respect to the augmented complex-valued matrix variable Z ¢ CV*2¢,

Step 1: Compute the second-order differential d? f.

Step 2: Manipulate d f into the form given in (5.53) to identify
the matrix 4 € C2Vx2NQ,

Step 3: Use (5.55) to find the complex Hessian Hz z f.

Connections between Hessians When Using Two-Matrix Variable Representations

In this subsection, the connection between the two methods presented in Tables 5.2 and
5.3 will be studied.

Lemma 5.3 The following connections exist between the four Hessians Hz z f, Hz z f,
Hz.zf, and Hz z« f and the Hessian with respect to the augmented matrix vari-
able Hz,zf.'

Mz zf= Hzzf Hzzf }:[ Ovoxnvo  Ing ] [ Hzzf Hzzf '
' Hzzf Hzzf Ing  Onoxno Hzzf Hzzf
(5.56)
Proof From (5.48), it follows that
r [ Dz }
(Dzf) = [ DOy | (5.57)
Using this result in the definition of Hz z f leads to
D, A\
Nezf =Dz (0zp) =Dz | TP, |
_ (Dzf)" } ) [ Dz /)" H
- {Dz { @z |77 | @207 ] (5:5%)

where (5.46) was used in the last equality. Before proceeding, an auxiliary result will be
needed, and this is presented next.
For vector functions f,: CV*2 x CN*¢ — CM*! and f,:CV*¢ x CV*Q —

CM*1 the following relations are valid:

fo | _| Dzfo
af) e

) fo _ DZ*fo
VIR



108

Complex Hessian Matrices for Scalar, Vector, and Matrix Functions

These can be shown to be valid by using Definition 3.1 repeatedly as follows:

dvec ([ o D:d [ o }: [ dfo }: [[szo} dvec(Z) + [Dz fo] dvec(Z¥)

fi fi df [Dzfildvec(Z) +[Dz f,]dvec(Z")
_ DZfO DZ*fO *
= [ Dy f }dvec(Z)—F [ Dy f ]dvec(Z ). (5.61)

By using Definition 3.1 on the above expression, (5.59) and (5.60) follow.
If (5.59) and (5.60) are utilized in (5.58), it is found that the complex Hessian with
respect to the augmented matrix variable can be written as

Dz(Dzf)" Dz (Dzf) } _ [ Hzzf Hzzf

Dz(Dz f)' Dz (Dz /)’ Hzzf MHzzf ]’
which proves the first equality in the lemma. The second equality in (5.56) follows from
block matrix multiplication. |

Hzzf= { (5.62)

Lemma 5.3 gives the connection between the Hessian H z z f, which was identified
in Subsection 5.3.2, and the four Hessians Hz 2z« f, Hz -z f, Hzzf, and Hz zf,
which were studied in Subsection 5.3.1. Through the relations in (5.56), the connection
between these complex Hessian matrices is found.

Assume that the second-order differential of f can be written as

2 T - AI,O A]q] dVCC(D
d'f = [dvec (Z) dvec' (Z )] { Ao Aoy ] [ dveo(Z*) ] . (5.63)
The middle matrix on the right-hand side of the above equation is identified as 4 in
(5.53) when the procedure in Table 5.3 is used because the first and last factors on
the right-hand side of (5.63) are equal to d vec” (Z) and d vec (Z), respectively. By
completing the procedure in Table 5.3, it is seen that the Hessian with respect to the
augmented matrix variable Z can be written as

A AM} [A{O Ago]} 1[A1,0+A{0 A+ Af,

1
H = — - )
z.zf 2 { {Ao,o Ao AlT,l Ag,l Ao + AITJ Aoy + Agl
(5.64)

2

By comparing (5.56) and (5.64), it is seen that the four identification equations for the
fourHessians Hz zf, Hz zf, Hz z f,and Hz z fin(5.31),(5.37),(5.36), and (5.34)
are in agreement with the results found here. Hence, the two methods in Tables 5.2 and
5.3 are in agreement with each other.

Let ' € R be a real-valued function. The second-order differential from Subsec-
tions 5.3.1 and 5.3.2 can be put together in the following manner:

Hzzf Hzrzf
Hzzf Hzzf

= (dvec’ (2)) [Hz z f] dvec(Z). (5.66)

d* f = (dvec” (2)) dvec (Z2) (5.65)
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From (5.65) and (5.66), it is seen that d° ' can be expressed in two equivalent ways (i.e.,
(dz)Adz in (5.65) or (dz7)Bdz in (5.66)). Note that when studying the nature of
stationary points of real-valued scalar functions, it is quadratic forms of the type
(dz'")Adz that are considered, and not quadratic forms of the shape (dz”)Bdz.
From (5.65), it is seen that for a stationary point to be minimum or maximum, the
Hzzf Hzzf
Hzzf Hzzf
ary point for a minimum or maximum, respectively. Checking the definiteness of the
matrix Hz, z f is not relevant for determining the nature of a stationary point. Lemma 5.3
gives the connection between the two middle matrices on the right-hand side of (5.65)
and (5.60).

matrix should be positive or negative definite in the station-

Complex Hessian Matrices of Vector Functions

In this section, the augmented matrix variable Z € CV*2?2 is used, and a theory is
developed for how to find the complex Hessian of vector functions. Consider the twice
differentiable complex-valued vector function f defined by f : CV>*2¢ — CM*! which
depends only on the matrix Z and is denoted by f(Z). In Chapters 2, 3, and 4, the
vector function that was studied was f : CV*€¢ x CVN*2 — CM*! and it was denoted by
f(Z, Z*), where the input matrix variables were Z € CV*€ and Z* € CV*2. To simplify
the presentation for finding the complex Hessian of vector functions, the augmented
matrix Z is used in this section.

Let the i-th component of the vector f be denoted f;. Because all the functions f; are
scalar complex-valued functions f; : C¥*?¢ — C, we know from Subsection 5.3.2 how
to identify the Hessians of the functions f;(Z) foreachi € {0, 1, ..., M — 1}. This can
now be used to find the complex Hessian matrix of complex-valued vector functions. It
will be shown how the complex Hessian matrix of the vector function f can be identified
from the second-order differential of the whole vector function (i.e., d f).

Definition 5.2 (Hessian of Complex Vector Functions) The Hessian matrix of the vec-
tor function f: CN*2Q — CM*1 js denoted by Hz. z f and has a size of 2N QM x
2N Q. It is defined as

Hz.z fo

.| Hzzh
Hzzf= : , (5.67)

Hz z fu-1

where the Hessian matrix of the i-th component function f; has size 2N Q x 2N Q for
alli €{0,1,..., M — 1} and is denoted by Hz z f;. The complex Hessian of a scalar
function was defined in Definition 5. 1. An alternative identical expression of the complex
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Hessian matrix of the vector function f is
Hzzf=Dz(Dzf), (5.68)
which is a natural extension of Definition 5.1.

The second-order differential d> f € CY*! can be expressed as

dfo d? fo
5 dfi d* fi
Ef=dap=d| . |=| (5.69)
dfu—1 d* fu-1

Because it was shown in Subsection 5.3.2 how to identify the Hessian of the scalar com-
ponent function f; : CV*2¢ — C, this can now be used in the following developments.
From (5.52), it follows that d? f; = (d vec! (Z)) [Hz,zfi] dvec (Z). Using this result
in (5.69) leads to

[ d*f (dvec” (2)) [Hz z fo] dvec(Z2)
ry d*fi (dvec” (2)) [Hz.z /1] dvec(Z)

L dzf.Mq (dvec” (2)) [szsz,l] dvec(Z2)

(dvec (2)) Hz.z fo

(dvec” (2)) Hz.z /i
. dvec(Z2)

L (dvec (2)) Hz 2 fu-1

[ dvec’ (Z2)  Oiovog -+ Oiano Hz 2z fo
01.o0n9  dvec’ (2) -+ Oang Hz zfi
= . . ) ) . dvec(2)
0152n0 01.0n9 -+ dvec! (2) Hz z fu
Hz z /o
’ Hz z i
= [Ty ®dvec" (2)] ] dvec(2)
Hz 2z fu
= Iy ®@dvec’ (2)] [Hz.zf] dvec(Z2), (5.70)

where Definition 5.2 of the complex Hessian matrix of a vector function (see (5.67)) has
been used in the last equality.
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If the complex-valued vector function f is twice differentiable of all the compo-
nents within Z, then all the Hessian matrices H z z f; are symmetric and the Hessian
matrix Hz z f is said to be column symmetric (see Definition 2.13).

Assume that the second-order differential expression d? f can be written as follows:

d’f=[Iy®dvec" ()] Bdvec(Z2), (5.71)

where the matrix B € C?NOM>*2N0 may depend on Z and Z*; however, it does not
depend on the differential operator d. The matrix B can be expressed as

B
B,
B=| = |, (5.72)
By
where B; € C?N2*2N0 is 3 complex square matrix for all i € {0,1,..., M — 1}. The

transposed of the matrix B can be written as follows:
B" = [B] B] --- B],_|]. (5.73)
To identify the Hessian matrix of f, the following matrix is needed:
Bg
Bf
vecb (B") = , , (5.74)
Bj,
where the block vectorization operator vecb(-) from Definition 2.13 is used.
Because d” f is on the left-hand side of both (5.70) and (5.71), the right-hand side

expressions of these equations have to be equal as well. Using Lemma 2.19° on the
right-hand-side expressions in (5.70) and (5.71), it follows that

Hz.zf+ vecb(Hz zf1") = B+ vech (B). (5.75)

For a twice differentiable vector function, the Hessian H z z f must be column sym-
metric; hence, the relation vecb([Hz z f17) = Hz z f is valid. By using the column
symmetry in (5.75), it follows that

Hzzf = % [B + vecb (B")]. (5.76)

The identification equation (5.76) for complex-valued Hessian matrices of vector func-
tions is a generalization of identification in Magnus and Neudecker (1988, p. 108) to

3 Notice that when using Lemma 2.19 here, the vector variable z in Lemma 2.19 is substituted with the
differential vector d vec (£) and the matrices 4 and B in Lemma 2.19 are replaced by Hz, z f (from (5.67))
and B (from (5.71)), respectively.
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Table 5.4 Procedure for identifying the complex Hessians of a vector function £ € C**! with
respect to the augmented complex-valued matrix variable Z € C¥*2€,

Step 1: Compute the second-order differential d> f.

Step 2: Manipulate d? f into the form given in (5.71) in order to identify
the matrix B € C2VOMx2NQ,

Step 3: Use (5.76) to find the complex Hessian Hz z f.

the case of complex-valued vector functions. The procedure for finding the complex
Hessian matrix of a vector function is summarized in Table 5.4.

Complex Hessian Matrices of Matrix Functions

Let F : CN*2 x C¥*2 — CM*P be a matrix function that depends on the two matrices
Z € CNV*2 and Z* € CV*2. An alternative equivalent representation of this function is
F : CV*20 — CM*P andis denoted by F(Z), where the augmented matrix variable Z €
CN*20 is used. The last representation will be used in this section.

To identify the Hessian of a complex-valued matrix function, the second-order differ-
ential expression d? vec (F) will be used. This is a natural generalization of the second-
order differential expressions used for scalar- and vector-valued functions presented
earlier in this chapter; it can also be remembered as the differential of the differential
expression that is used to identify the first-order derivatives of a matrix function in
Definition 3.1 (i.e., d (d vec (F))).

Let the (k, [)-th component function of F be denoted by f; s, such that f;; : CV*?2¢ —
C is the scalar component function where k € {0, 1,..., M — 1}and/ € {0, 1,..., P —
1} are the row and column numbers of the matrix function F. Second-order differential
d?vec(F) € CMP>! can be expressed as follows:

dfoc | [ dfoo ]
dfio d* fi.0
dfm-1.0 d* fu-1.0
d*vec(F) = d(dvec(F)) =d | 4foa = d* fo1 . (5T
dfo.p-1 d* fo.p—1
| dfm-1.p—1 | | d* fu-rp-1 |
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Next, the definition of the complex Hessian matrix of a matrix function of the type
F : CV*20 — CM*P js stated.

Definition 5.3 (Hessian Matrix of Complex Matrix Function) The Hessian of the
matrix function F :CN*2¢ — CM*P js a matrix of size 2NQMP x 2NQ and
is defined by the MP scalar component functions within F in the following
way:

Hz z fo,0
Hz zfi0

Hz zfu-1,0

Hz zF 2 Hz .z foa , (5.78)

Hz z fo,r—1

| Hz.zfm-1,,-1 |

where the matrix Hz z f;, j of size2ZN Q x 2N Q is the complex Hessian of the component
function f; ; given in Definition 5.1. The Hessian matrix of F can equivalently be
expressed as

Hz zF =Dz (DzF)". (5.79)

By comparing (5.14) and (5.79), it is seen that Definition 5.3 is a natural extension
of Definition 5.1. The two expressions (3.82) and (5.79) are used to find the following
alternative expression of the complex Hessian of a matrix function:

_ avec(F) r . d avec(F) r
HezF=Dg {8vecT(Z)} T avecl (2) F <{3vecT(Z)} ) - 680

In this chapter, it is assumed that all component functions of F(Z), which are
defined as f;; : CN*2Q 5 (C, are twice differentiable; hence, the complex Hessian
matrix H z z f; ; is symmetric such that the Hessian matrix H z z F is column symmet-
ric. The column symmetry of the complex Hessian matrix Hz zF can be expressed
as

vecb ([HZ,ZF] T) =Mz zF. (5.81)
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To find an expression of the complex Hessian matrix of the matrix function F, the
following calculations are used:

[ d*foo ] (dvec” (2)) [Hz z foo] dvec(Z2)
d*fi.0 (dvec” (2)) [Hz z f1,0] dvec(Z2)
& fiuro (dvee” (2)) [Hz.2 fir-1.0] dvec(2)
d*vec (F) = d* foa — (dvec” (2)) [Hz z fo1] dvec(Z2)
d? f(;,p,l (dvecT (2)) [Hz,; fo.p—1] dvec(2)
| e || @vee” (@) a2 fuor] dvee() |
(dvec” (2)) Hz.z foo

= (dvecT (Z)).HZ,sz_],o dvec (Z)

(dvec (2)) Hz, z fu—-1.p—1

dvec (Z) -+ Oanvg -+ Oiano Hz =z fo.o
=| Onovg -+ dvec’(Z2) - Opanp Hz zfu-10 | dvec(2)
0.on0 - Oiavg - dvec (2) Hz z fu-1.p-1
= (Iyp ®dvec’ (2)) [Hz,zF|dvec(Z), (5.82)

where the definition in (5.78) has been used in the last equality.
To identify the Hessian of a complex-valued matrix function, assume that the following
expression can be found:

d*vec(F) = (Iyp ® dvec’ (£)) Cdvec(Z), (5.83)

where the matrix C € C?NOMPx2NQ may depend on Z and Z*; however, it may not
depend on the differential operator d. The matrix C is given by

Coyo
c=| Ccuio |, (5.84)

Cu-1,p-1
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Table 5.5 Procedure for identifying the complex Hessian matrix of the matrix
function F e C**” with respect to the augmented complex-valued matrix
variable Z € CV*29,

Step 1:  Compute the second-order differential d” vec (F).

Step 2:  Manipulate d” vec (F) into the form given in (5.83) to identify
the matrix C € C2NOMPx2NQ,

Step 3:  Use (5.87) to find the complex Hessian Hz z F.

where C;; € C*NO*2N0 s square complex-valued matrices. The transposed of the
matrix C can be expressed as

CT =[Clo Clyro Chyor.p1] - (5.85)
The block vectorization applied on C” is given by
Coo

veeb (CT) = | Ch_, |- (5.86)

T
CMfl,Pfl

The expression vecb (C r ) will be used as part of the expression that finds the complex
Hessian of matrix functions.

For a twice differentiable matrix function F, the Hessian matrix Hz z F is column
symmetric such that it satisfies (5.81). Because the left-hand-side expressions of (5.82)
and (5.83) are identical for all dZ, Lemma 2.19 can be used on the right-hand-side
expressions of (5.82) and (5.83). When using Lemma 2.19, the matrices 4 and B of this
lemma are substituted by Hz z F and C, respectively, and the vector z of Lemma 2.19
is replaced by d vec (£). Making these substitutions in (2.125) and solving the equation
for Hz z F gives us the following identification equation for the complex Hessian of a
matrix function:

HzzF = % [C + vecb (CT)] . (5.87)

Based on the above result, the procedure of finding the complex Hessian of a matrix
function is summarized in Table 5.5.

A theory has now been developed for finding the complex Hessian matrix of all
three types of scalar, vector, and matrix functions given in Table 5.1. For these three
function types that depend on the augmented matrix variable Z € CV*2€  and treated in
Subsection 5.3.2, Sections 5.4, and 5.5, respectively, the identifying relations for finding
the complex Hessian matrix are summarized in Table 5.6. From this table, it can be seen
that the vector case is a special case of the matrix case by setting P = 1. Furthermore,
the scalar case is a special case of the vector case when M = 1.
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Alternative Expression of Hessian Matrix of Matrix Function

In this subsection, an alternative explicit formula will be developed for finding the
complex Hessian matrix of the matrix function F : C¥*2¢ — CM*P By using (3.85),
the derivative of F € C**” with respect to Z € CV*2€ is given by

N-120-1
DzF = Z Z vec ( ) vec! (E, ), (5.88)
AWy 4

n=0 ¢=0

where E, , is an N x 2Q matrix with zeros everywhere and +1 at position number
(n, q), and the (n, g)-th element of Z is denoted by w, , because the symbol z, , is used
earlier to denote the (n, ¢)-th element of Z, which is a submatrix of Z, see (5.2). By
using (5.79) and (5.88), the following calculations are done to find an explicit formula
for the complex Hessian of the matrix function F:

r N-120-1 OF
Hz zF =Dz (DzF) Z Z Vec Vec

ow;,
i=0 j=0 by

_ NZ i Dz (vec i) vee! <ai)F,>)

N—120—1N—-120-1 P {vec (E:;) vec” ( 9F )]

311)1./

vec! (E,,’q)

Il
N\
L0
i\
7

0wy 4

F) [vec (E; ;) vec” (Eng)].  (5.89)

where (2.101) was used in the second to last equality above. The expression in (5.89)
can be used to derive the complex Hessian matrix H z z F directly without going all the
way through the second-order differential as mentioned earlier.

Chain Rule for Complex Hessian Matrices

In this subsection, the chain rule for finding the complex Hessian matrix is derived.

Theorem 5.1 (Chain Rule of Complex Hessian) Let S € CV*2€, and let F:S —
CM*P pe differentiable at an interior point Z of the set S. Let T < CY*F be such
that F(Z) € T forall Z € S. Assume that G : T — CR*S is differentiable at an inner
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point F(Z) € T. Define the composite function H : S — C®*S by
H(Z)=G(F(2)). (5.90)
The complex Hessian Hz z H is given by
Hz zH = [DrG ® Liyg| Hz zF + [Izs ® (DzF)"| [Hp.rG] DzF. (5.91)

Proof By Theorem 3.1, it follows that Dz H = (D G) Dz F; hence,
(DzH)" = (DzF)" (DrG). (5.92)

By the definition of the complex Hessian matrix (see Definition 5.3), the complex
Hessian matrix of H can be found by taking the derivative with respect to Z of both
sides of (5.92):

HzzH =Dz (DzH)' =Dz [(DzF)" (DrG)"|
= [PrG ® Livg| Pz (DzF)" + [Irs ® (DzF)"| Dz (DrG)"
= [DrG ® Liyg| Hz.zF + [Irs ® (DzF)"] [Dr (DrG)'| Dz F, (5.93)

where the derivative of a product from Lemma 3.4 has been used. In the last equality
above, the chain rule was used because Dz (DrG)" = [Dr (DrG)"| Dz F. By using
Dr (DFG)T = Hr rG, the expression in (5.91) is obtained. ]

Examples of Finding Complex Hessian Matrices

This section contains three subsections. Subsection 5.6.1 shows several examples of how
to find the complex Hessian matrices of scalar functions. Examples for how to find the
Hessians of complex vector and matrix functions are shown in Subsections 5.6.2 and
5.6.3, respectively.

Examples of Finding Complex Hessian Matrices of Scalar Functions

Example 5.1 Let f/ : CV*! x C¥*! — C be defined as
f(z,2%) =2z, (5.94)

where @ € CY*V is independent of z and z*. The second-order differential of £ is given
by

(5.95)

2d 0N><N dz
d*f =2 (dg") bdz = [de" di"] { } { ot } :

Oyxny Oyxn

From the above expression, the A, ; matrices in (5.27) can be identified as

AQ’O = 2@, Agyl = A]y() = A1,1 = 0N><N~ (596)
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And from (5.31), (5.34), (5.36), and (5.37), the four complex Hessian matrices of f are
found

Hzzf =Onxns Hzo 2o f =Onxn, Hz2f =D", Hz 2 f = . (5.97)

The function f is often used in array signal processing (Jonhson & Dudgeon 1993)
and adaptive filtering (Diniz 2008). To check the convexity of the function f, use
the 2N Q x 2N Q middle matrix on the right-hand side of (5.25). Here, this matrix is
given by

Hzz [ Hzzf ] _ { 2 Oyxy ] (5.98)

Hzzf Hzzf | | Ovxv @7

If this is positive semidefinite, then the problem is convex.

Example 5.2 Reconsider the function in Example 5.1 given in (5.94); however, now the
augmented matrix variable given in (5.2) will be used. Here, the input variables z and z*
are vectors in CV*!; hence, the augmented matrix variable Z is given by

Z £ [z7] eCV (5.99)

The connection between the input vector variables z € C¥*! and z* € CV*! is given by
the following two relations:

7= Zey, (5.100)
F = Zey, (5.101)

where the two unit vectors ey = [1 0]7 and e; = [0 1]7 have size 2 x 1.
Let us now express the function f, given in (5.94), in terms of the augmented matrix
variable Z. The function f is defined as f : CV*? — C, and it can be expressed as

f(Z)=el ZT®Ze,, (5.102)

where (5.100) and (5.101) are used to find expressions for z and z%, respectively. The
first-order differential of f is given by

df = e} (dZ") DZey+ e] Z' B (dZ)ey. (5.103)

Using the fact that d*zZ = Oyx20, the second-order differential can be found as
follows:

d*f =2e] (dZ")D(dZ)ey=2Tr{e] (AZ") P (dZ)e}
=2Tr{epe] (dZ7) PdZ} =2vec” (P" (dZ)eie]) dvec(Z)
=2{[[eve] ] ® ®"] d vec (Z)}T dvec(2)
=2 (dvec’ (2)) [[e1e)] @ B| dvec(Z). (5.104)
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The second-order differential expression d” f is now of the form given in (5.53), such
that the matrix A, used in the method presented in Subsection 5.3.2, is identified as

A=2[ee]] ® P. (5.105)
The following two matrices are needed later in this example:
0 00
T _ -
eleo—[l}[lo]—[l 0}, (5.106)
1 01
T _ -
eoel_[O][Ol]_[O 0]. (5.107)
Using (5.55) to identify the Hessian matrix H z_z f with A4 given in (5.105)
1 1
Hzzf=5 (A+4") = 5 [eref] @ D +2 [ece] | @ )
(oo 0 1 r | Ovxw o’
—[10]@)45—1-[00}@45_[ & 0y |’ (5.108)

which is in line with the right-hand side of (5.98), having in mind the relations between
the Hz z f and the four matrices Hz zf, Hz.zf, Hz z f, and Hz z f is given
Hzzf Hzzf
Hzzf Hz.zf
checked to find out about the nature of the stationary point, not the matrix Hz z f.

in Lemma 5.3. Remember that it is the matrix { ] that has to be

Example 5.3 The second-order differential of the eigenvalue function A(Z) is now found
at Z = Z,. This derivation is similar to the one in Magnus and Neudecker (1988, p. 166),
where the same result for @)\ was found. See the discussion in (4.71) to (4.74) for an
introduction to the eigenvalue and eigenvector notations.

Applying the differential operator to both sides of (4.75) results in

2(dZ)(du) + Zod*u = (d*X) uy + 2 (dN\) du + \od”u. (5.109)

According to Horn and Johnson (1985, Lemma 6.3.10), the following inner product
is nonzero: v{’uy # 0; hence, it is possible to divide by vZ uy. Left-multiplying this
equation by the vector v{! and solving for d>)\ gives

vy (dZ)Il(]
WH(dZ — IydNdu 20 (dZ In =S )d"

dz)\ = =
viiug viiug
2 (viiaz — L g
- vo Uy
2 @2y (1= ) Ol = Z0)* (I — %) @2y u,
= . (5110
VO U

where (4.77) and (4.87) were utilized.
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The second-order differential 42\, in (5.110), can be reformulated by means of (2.100)
and (2.116) in the following way:

2 H H
PA=—> Tr{uovgf (dZ) (IN - :";"0 ) Ooly — Zo)* (IN _ 2% )dZ}

Vo Uo o "o Vo Uo

2 o 0
=— dvec’ (Z) H (IN - u(l)ivo > oIy — Zo)* <IN - u?{vo )}
Vo Uy Vo Ho

Vo Ho 0
® véuﬂ dvec (Z")

2 H H
= " dvec” (2) H (IN — %o ) Ooly — Zo)* (IN ~ &% )}
vily vilug y

o 4o 0 o Uo

® véuﬂ Ky ndvec(Z),
(5.111)

where Lemma 2.14 was used in the second equality. From (5.111), it is possible to
identify the four complex Hessian matrices by means of (5.27), (5.31), (5.34), (5.36),
and (5.37).

Example 5.4 Let f/ : CV*9¢ x CVN*2 — C be given by
f(Z.2)=Tr{Z4Z"}, (5.112)

where Z and A have sizes N x Q and Q x Q, respectively. The matrix A is independent
of the two matrix variables Z and Z*. By using (2.116), the function f can be rewritten
as

f=vec (Z*) (A" ® Iy) vee(Z). (5.113)

By applying the differential operator twice to (5.113), it follows that the second-order
differential of f can be expressed as

d* f =2 (dvec’ (Z*)) (A" ® Iy) dvec(Z). (5.114)

From this expression, it is possible to identify the four complex Hessian matrices by
means of (5.27), (5.31), (5.34), (5.36), and (5.37).

The following example is a slightly modified version of Hjerungnes and Gesbert
(2007h, Example 3).

A

Example 5.5 Define the Frobenius norm of the matrix Z € CV*9 as || Z|3
Tr{Z"Z}. Let f : CV*¢ x C¥*¢ — R be defined as

f(Z.2)= 2l -Tw{Z"z+ 2" 7"}, (5.115)
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where the Frobenius norm is used. The first-order differential is given by
df=Tr{(dz")z+2"dz—(dz")z2-2"dzZ—(dz") 7" - 7" dz*}
=Tr{(2" -22")dz + (2" —22")dz"}
= (vec” (Z*) — 2vec” (Z)) dvec(Z) + (vec" (Z) — 2 vec” (Z¥)) dvec(Z¥).

(5.116)
Therefore, the derivatives of f with respect to Z and Z™* are given by
Dy f =vec (Z* —22), (5.117)
and
Dy f =vec! (Z —2Z%). (5.118)

By solving the necessary conditions for optimality from Theorem 3.2, it is seen from
the equation Dz f = 01, np that Z = Oy, is a stationary point of f, and now the
nature of the stationary point Z = Oy is checked by studying four complex Hessian
matrices. The second-order differential is given by

d* f = (dvec” (Z) — 2d vec” (Z%)) dvec(Z¥)
+ (dvec” (Z*) — 2d vec” (Z)) dvec (Z)

INQ _2INQ :| |: dvec(Z)

_ T * T
= [dvec' (Z¥) dvec' (Z)] dvec(Z*)

. 5.119

From d? f, the four Hessians in (5.31), (5.34), (5.36), and (5.37) are identified as

Hz zf = Ing, (5.120)
Hzz f = Ino. (5.121)

Hzzf =—2Iyo, (5.122)
Hz 7 [ = —21yp. (5.123)

This shows that the two matrices Hz+ z f and Hz 2« f are positive definite; however, the
bigger matrix

Hzzf Hzzf ] { Iyo —2Iyg }
’ ’ = , 5.124
{ Hzzf Hzzf —2Ivo Ing ( L

is indefinite (Horn & Johnson 1985, p. 397) because

Hzzf Hzof Hzzf Hzzf
| Hzz z, " ,
0>1 1 x1s
“ { Hzzf Hz.zf ]eo 707 e { Hzzf Mzzf | VO
(5.125)

meaning that f has a saddle point at the origin. This shows the importance of checking
Hzzf Hzzf
Hzzf Hzzf

the whole matrix [ } when deciding whether or not a stationary
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0
-5 _4 -2 Im{z}

Figure 5.1 Function from Example 5.5 with N = 0 = 1.

point is a local minimum, local maximum, or saddle point. Figure 5.1 shows f for
N = @Q = 1, and it is seen that the origin (marked as e) is indeed a saddle point.

Examples of Finding Complex Hessian Matrices of Vector Functions

Example 5.6 Let £ : CV*2¢ — CM*! be given by
f(2)=AZZ"b, (5.126)

where 4 € CY¥>*N and b € CV*! are independent of all matrix components within
Z € CN*2Q_ The first-order differential of f can be expressed as

df = AdZ)Z"b+ AZ (dZ")b. (5.127)
The second-order differential of f can be found as
d°f=AdZ)(dZ")b+ AUZ)(dZ")b=24dZ)(dZ")b. (5.128)

Following the procedure in Table 5.4, it is seen that the next step is to try to put the
second-order differential expression d? f into the same form as given in (5.71). This
task can be accomplished by first trying to find the complex Hessian of the component
functions f; : CV*2¢ — C of the vector function f, wherei € {0,1,..., M — 1}. The
second-order differential of component function number i, (i.e., d* f;) can be written
as

d*f; = (24(d2) (dZ2")b), =24;.(dZ) (dZ") b
=2Tr{(dZ")bA;.dZ} = 2vec” (A] bTdZ) dvec(2)
=2[{I ® (A".67)} dvec(Z)] dvec(Z)
= (dvec’ (2)) 2 [Lo ® (bA; )] dvec(Z). (5.129)
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From this expression, it is possible to identify the complex Hessian matrix of the
component function f;. However, the main task is to find the Hessian of the whole
vector function f, and the next step is to study in greater detail the expression d” f. By
using the expression found in (5.129) inside d? f, it is seen that

d2f0 (dVCCT (Z)) [IQQ ® (bAo’;)] dvec(2)
R d’ fi (dvec” (2)) [Ip ® (bA, )] dvec(Z)
Sr=| 0 | =2 .
de.Mfl (dvec” (2)) [Io ®.(bAM,1,:)] dvec(Z2)
Lo ® (bAy,.)

I,p ® (bA, )

= [Iy ®dvec’ (2)]2 dvec(Z). (5.130)

Lo ® (bAy-1.)

Now, d? f has been developed into the form given in (5.71), and the matrix B e
C2NOM>X2NQ can be identified as
I,p ® (bAy,.)

I,p @ (bA, ) 5.131)

Ip @ (bAy-1.)

The complex Hessian matrix of a vector function is given by (5.76), and the last matrix
that is needed in (5.76) is vecb (B” ), which can be found from (5.131) as

1o ® (A .b")
Lo ® (4] b")

vecb (B") =2 (5.132)

Lo ® (A}, b")

By using (5.76) and the above expressions for B and vecb (BT ), the complex Hessian
matrix of f is found as

Lo ® (bAo. + Af .b7)
I, ® (bAl,i + A{:bT)

Hzzf= (5.133)

Lo ® (bAy—1: + A}, b")

From (5.133), it is observed that the complex Hessian Hz z f is column symmetric,
which is always the case for the Hessian of twice differentiable functions in all the matrix
variables inside Z.

This example shows that one useful strategy for finding the complex Hessian matrix
of'a complex vector function is to first find the Hessian of the component functions, and
then use them in the expression of @ f, making the expression into the appropriate form
given by (5.71).
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Example 5.7 The complex Hessian matrix of a vector function f : CV*2¢ — CM*! will
be found when the function is given by

[(Z2)=af(2), (5.134)

where the scalar function f(Z) has a symmetric complex Hessian given by Hz z f,
which is assumed to be known. Hence, the goal is to derive the complex Hessian of a
vector function f when the complex Hessian matrix of the scalar function f is already
known. The vector a € CM*! is independent of Z.

The first-order differential of the vector function f is given by

df =adf. (5.135)

It is assumed that the scalar function f is twice differentiable, such that its Hessian
matrix is symmetric, that is,

Hzz/)' =Hzzf (5.136)
The second-order differential of f can be calculated as
d*f=ad’f=a(dvec’ (2)) [Hz z[]dvec(Z)
= [a® (dvec’ (2))] [Hz.zf] dvec(Z)
= [{(Tya} ® {(dvec" (2)) Lng}]| [Hz.zf] dvec(2)
= [Ty ®@dvec’ (2)] [a® L] [Hz 2z f] dvec(2). (5.137)
From this expression, the matrix B € C*N9M*2N0 can be identified as
B=a® ILyg| Hz 2 f. (5.138)
The following expression is needed when finding the complex Hessian:

vecb (BT) = vecb (Hz,zf)" [a” ® Ivg]) = vecb (Hz zf [a” ® Iong))

aHz zf
aHzzf
= : =[a® Lyo|Hzzf = B, (5.139)
au-1Hzzf
where @ = [ag, ai, ..., ay—1]". Hence, the complex Hessian matrix of f can now be
found as
1
Hz,zf:E(B—kvecb (B")) =B =[a® Lyo| Hz 2 /. (5.140)

This example is an extension of the real-valued case where the input variable was a
vector (see Magnus & Neudecker 1988, p. 194, Section 7).
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Examples of Finding Complex Hessian Matrices of Matrix Functions

Example 5.8 Let the function F : CV*2¢ — CM*P be given by
F(2)=UZDZ"E, (5.141)

where the three matrices U € CM*V, D € C?2%?€ and E € CV*” are independent of
all elements within the matrix variable Z € CVN*2€. The first-order differential of the
matrix function F is given by

dF =UdZ)DZ"E+UZD (dZ") E. (5.142)

The second-order differential of F can be found by applying the differential operator on
both sides of (5.142); this results in

d’°F=2UdZ)D (dZ") E, (5.143)

because d*Z = Oyx20.

Let the (i, j)-th component function of the matrix function F be denoted by f; ;,
wherei € {0,1,..., M —1}and j € {0, 1,..., P — 1}, hence, f;; : CV?? — Cisa
scalar function. The second-order differential of f; ; can be found from (5.143) and is
given by

d*fi; =2U;.(dZ)D (dZ") E. ;. (5.144)

The expression of d*f; ; is first manipulated in such a manner that it is expressed as
in (5.53)
d*fi; =2U;.(dZ)D (dZ")E.; =2Tr{U;.dZ)D (dZ") E.;}
=2Tr{D (dZ") E.;U;.dZ} =2vec" (U] E!,(dZ)D")dvec(2)
=2[{D® (ULE")} dvec(2)]" dvec(Z)

=2 (dvec’ (2)) [D" ® (E.;U;.)] dvec(Z). (5.145)
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Now, the expression of d?vec (F) in (5.77) can be studied by inserting the results

from (5.145) into (5.77):

[ d*foo
d*fi0

d*fu-1.0

d*vec(F) = d’fo.1

d*fo.p-1

= [Iyp ® dvec’ (2)]2

L d*fy—1,p-1

(dvec” (2)) [DT ® (E.oUo.)] dvec(Z)
(dvec” (2)) [D" ® (E.oU, )| dvec(Z)

(dvec” (2)) [DT @ (E.oUy-1.)] dvec(Z2)
(dvec” (2)) [D" ® (E.1Uy,)] dvec(Z)

(dvec! (2)) [DT ® (E. p_1U,..)] dvec(Z)

DT ® (E:,OUO,:)
D" @ (E.oUy,.)

DT ® (E:,OUM—I,:)
D" ® (E. 1 Uy,)

D" ®(E.p_1Uy,)

| D" ®(E.p-1Uy-1.) |

L (dvec” (2)) [DT @ (E.p1Uy-1.)] dvec(Z2) |

dvec(2).

(5.146)

The expression d?vec(F) is now put into the form given by (5.83), and the middle
matrix C € C?NOMPX2NO of (5.83) can be identified as

| DT Q(E.p_1Uy-1.) |

DT ® (E:,OUO,:)
DT ® (E:,OUI,:)

DT ® (E:,OUMfl,:)
D" Q (E. Uy.)

D" ®(E.p_1Uy.)

(5.147)



128

Complex Hessian Matrices for Scalar, Vector, and Matrix Functions

From the above equation, the matrix vecb (C r ) can be found, and if that expression is
inserted into (5.87), the complex Hessian of the matrix function F is

DT ® (E:,OUO,:) +D ® (U(?,ETO)
D" ®(E.Ui)+D® (U1TET0)

D" ®(E.oUy-1.)+D® (Uj,_,.El)
Mz zF = D" ®(E. \Up.)+ D (Uj E!) . (5.148)

D" ®(E.p_1Uo:)+D® (Uj.Elp_))

| DT ®(E.p 1 Uy 1)+ D (Ul .Elp )

From the above expression of the complex Hessian matrix of F, it is seen that it is
column symmetric.

As in Example 5.6, it is seen that the procedure for finding the complex Hessian
matrix in Example 5.8 was first to consider each of the component functions of F
individually, and then to collect the second-order differential of these functions into
the expression d? vec(F). In Exercises 5.9 and 5.10, we will study how the results of
Examples 5.6 and 5.8 can be found in a more direct manner without considering each
component function individually.

Example 5.9 Let the complex Hessian matrix of the vector function f: CVN*?NP
CM>1 be known and denoted as H z z f. Let the matrix function F : CV*2N¢ — CMxP
be given by

F(Z) = Af(Z)b, (5.149)

where the matrix 4 € CM*M and the vector b € C'*” are independent of all components
of Z. In this example, an expression for the complex Hessian matrix of F will be found
as a function of the complex Hessian matrix of f.

Because the complex Hessian of f is known, it can be expressed as

&’ f=[Iy®dvec’ (Z)] [Hz zf]dvec(Z). (5.150)
The first-order differential of F can be written as
dF = A(df)b. (5.151)
To find the Hessian of F, the following expression must be studied:
d*vec (F) = vec(d (dF)) = vec (A (d* f) b) = [b" @ A] d* f
= [b" @ A] [Iy ® dvec” (2)] [Hz, z f] dvec(Z). (5.152)
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The next task is to manipulate the last expression such that it has the form given in (5.83).
To achieve this rewriting, (2.101), (2.103), and (2.110) will be used several times. The
product of the two first factors in (5.152) can be rewritten using the commutation matrix

(" ® A] [Ty ® dvec” (2)] = Kpu [A®bT] [Ty @ dvec” (2)]
=Kpu[A® (b'dvec" (2))] = [(b"dvec” (2)) ® 4] Kavo,u
= [b" ® (dvec’ (2)) ® A] Koyom = [(dvec’ (2)) @ b" © A] Koyo.m
= [(dvee” (2) Lawg) ® (Tup {b” ® 4})] Kanoun
= [(dvec" (2)) ® Ip] [Iovo ® {b" ® A}] Kono.m
= [(dvec" (2)) ® Ip| Kayo.mp [{b" ® A} ® L]
=Ky yp [Inp @dvec’ (2)] [b" ® A® L]
= [Inp @ dvec” (2)] [b" ® A® Lyo], (5.153)

where it was used such that K jp = Iyyp = K yp,; which follows from Exercise 2.6.
By substituting the product of the first two factors of (5.152) with the result in (5.153),
it is found that

d*vec(F) = [Iyp ® dvec” (2)] [b" ® A® Ling| [Hz zf] dvec(Z). (5.154)

The expression for d2 vec (F) now has the same form as in (5.83), such that the matrix C
is identified as

C=[b"®A4® Lyo|Hzzf. (5.155)

By using the result from Exercise 2.19, it is seen that C is column symmetric, that is,
vecb (CT) = C. The complex Hessian of F can be found as

1

HzzF =3 [C+vech (CT)]| =C=[b" ® A® Lyg| Hz 2 f. (5.156)

Exercises

51 Let f: CVN*?¢ — C be given by
f(Z) = Tr{4Z), (5.157)

where Z € CV*2¢ is the augmented matrix variable, and 4 € C*2*V is independent of
Z. Show that the complex Hessian matrix of the function f is given by

Hz zf = 0voxono- (5.158)
5.2 Let the function f : CN*V — C be given by

f(Z) =In(det(2)), (5.159)
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where the domain of £ is the set of matrices in C¥*¥ that have a determinant that is not
both real and nonpositive. Calculate the second-order differential of £, and show that it
can be expressed as

d’f=—(dvec" (2)){Kyn[Z"®Z"|}dvec(Z). (5.160)

Show from the above expression of d2 f that the complex Hessian of f with respect to
Z and Z is given by

Hzzf=-Kyy(ZT0Z"). (5.161)

5.3 Show that the complex Hessian matrix found in Example 5.8 reduces to the complex
Hessian matrix found in Example 5.6 for an appropriate choice of the constant matrices
and vectors involved in these examples.

5.4 This exercise is a continuation of Exercise 4.8. Assume that the conditions in
Exercise 4.8 are valid, then show that

d*\ = 2ul! (dZ) NIy — Zo)' (dZ) up. (5.162)

This is a generalization of Magnus and Neudecker (1988, Theorem 10, p. 166), which
treats the real symmetric case to the complex-valued Hermitian matrices.

5.5 Assume that the conditions in Exercise 4.8 are fulfilled. Show that the second-order
differential of the eigenvector function u evaluated at Z, can be written as

d*u=2NoIy — Zo)" [dZ — uf (dZo) uoIy] NIy — Zo)* (dZ)uy.  (5.163)

5.6 Let the complex Hessian matrix of the vector function g : CV*2¢ — CP*! be
known and denoted by Hz zg. Let the matrix 4 € CM*? be independent of Z. Define
the vector function f : CV*?2 — CMx! py

[(Z2)=Ag(2). (5.164)
Show that the second-order differential of f can be written as
df=[Iy®dvec’ (2)] [A® Lvg| [Hz 28] dvec(Z). (5.165)
From the above expression of d2 f, show that the Hessian of f is given by
Hzzf=[A® Lyo| Hz zg. (5.166)

5.7 Let the complex Hessian matrix of the scalar function 1 : C¥>*2¢ — C be known
and given by H z z f. The matrix function F : CVN*2¢ — CM*? is given by

F(Z)=Af(2), (5.167)

where the matrix 4 € C¥*” is independent of all components of Z. Show that the
second-order differential of vec (F) can be expressed as

d*vec(F) = [Iyp ® dvec” (2)] [vec(A) ® Ivg| [Hz.zf] dvec(Z). (5.168)
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Show from the above second-order differential that the complex Hessian matrix of F is
given by

szzF = [VCC (A) ® IQNQ] Hz_zf. (5169)

5.8 This exercise is a continuation of Exercise 3.10, where the function f : CV*! x
CM*! — R is defined in (3.142). Let the augmented matrix variable be given by

Z 2 [z7"] eCV (5.170)
Show that the second-order differential of f can be expressed as

00

d* f =2 (dvec" (2)) H L o } ®R] dvec(Z). (5.171)

From the expression of d? f, show that the complex Hessian of f is given by

x R
Hzzf= {ONRN Oon ] (5.172)

5.9 In this exercise, an alternative derivation of the results in Example 5.6 is made
where the results are not found in a component-wise manner, but in a more direct
approach. Show that the second-order differential of f can be written as

d*f=2[Iy®dvec" (2)] Kyono [Io ®b® A] dvec(Z). (5.173)
Show that the Hessian of f can be written as
quzf = KM,ZNQ [IzQ Rb® A} + vecb ([IQQ ® bT ® AT] KZNQ’M) . (5174)

Make a MATLAB implementation of the function vecb(-). By writing a MATLAB program,
verify that the expressions in (5.133) and (5.174) give the same numerical values for

Hzzf.

5.10 In this exercise, the complex Hessian matrix of Example 5.8 is derived in an
alternative way. Use the results from Exercise 2.11 to show that the d* vec (F) can be
written as

d*vec(F) =2 [Iyp @ dvec’ (2)] Kypono [P ® {GE" }] dvec(Z), (5.175)
where the matrix G € CMPN*P is given by
G=(KypQIy)Ip&vec(U)). (5.176)
Show from the above expression that the complex Hessian can be expressed as
Hz zF = Kypono [D® {GE"}] + vecb ([D" ® {EG" }| Kowo.mp). (5.177)

Write a MATLAB program that verifies numerically that the results in (5.148) and (5.177)
give the same result for the complex Hessian matrix Hz z F.

5.11 Assume that the complex Hessian matrix of F :CY>*2¢ — CM*? is known
and given by Hz zF. Show that the second-order differential d?vec(F*) can be
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expressed as

d?*vec (F*) = [IMP ® dvec’ (Z)] (IM,D ® [ ONQXNQ INQ ]) (HZ,zF)*
Iyo  Onoxno

[ONQXNQ Ino }dvec (2). (5.178)
Ivo  Onoxno
Show that the complex Hessian matrix of F* is given by

Onon I T 0o I
HzzF"= <IMP ® [ NOxNQ Ng ]) (Hz zF) [ NOxNO Ne } .
Ing  Onoxno Ino  Onoxno

(5.179)
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Generalized Complex-Valued
Matrix Derivatives

Introduction

Often in signal processing and communications, problems appear for which we have
to find a complex-valued matrix that minimizes or maximizes a real-valued objec-
tive function under the constraint that the matrix belongs to a set of matrices with
a structure or pattern (i.e., where there exist some functional dependencies among
the matrix elements). The theory presented in previous chapters is not suited for the
case of functional dependencies among elements of the matrix. In this chapter, a sys-
tematic method is presented for finding the generalized derivative of complex-valued
matrix functions, which depend on matrix arguments that have a certain structure.
In Chapters 2 through 5, theory has been presented for how to find derivatives and
Hessians of complex-valued functions F : CV*€ x CV*2 — CM*? with respect to
the complex-valued matrix Z € C¥*€ and its complex conjugate Z* € C¥*2. As
seen from Lemma 3.1, the differential variables d vec(Z) and dvec(Z*) should be
treated as independent when finding derivatives. This is the main reason why the
function F : CVN*2 x CN*2 — CM*P is denoted by two complex-valued input argu-
ments F(Z, Z*) because Z € CV*? and Z* € CV*€ should be treated independently
when finding complex-valued matrix derivatives (see Lemma 3.1). Based on the pre-
sented theory, up to this point, it has been assumed that all elements of the input matrix
variable Z contain independent elements. The type of derivative studied in Chapters 3,
4, and 5 is called a complex-valued matrix derivative or unpatterned complex-valued
matrix derivative. A matrix that contains independent elements will be called unpat-
terned. Hence, any matrix variable that is not unpatterned is called a patterned matrix.
An example of a patterned vector is [z, z*], where z € C.

In Tracy and Jinadasa (1988), a method was proposed for finding generalized deriva-
tives when the matrices contain real-valued components. The method proposed in Tracy
and Jinadasa (1988) is not adequate for the complex-valued matrix case; however, the
method presented in the current chapter can be used. As in Tracy and Jinadasa (1988),
a method is presented for finding the derivative of a function that depends on structured
matrices; however, in this chapter, the matrices can be complex-valued. In Palomar and
Verdu (2006), some results on derivatives of scalar functions with respect to complex-
valued matrices were provided, as were results for derivatives of complex-valued scalar
functions with respect to matrices with structure. Some of the results in Palomar and
Verdu (2006) are studied in detail in the exercises. It is shown in Palomar and Verda
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(2007) how to link estimation theory and information theory through derivatives for
arbitrary channels. Gradients were used in Feiten, Hanly, and Mathar (2007) to show the
connection between the minimum MSE estimator and its error matrix. In Hjerungnes
and Palomar (2008a—2008b), a theory was proposed for finding derivatives of functions
that depend on complex-valued matrices with structure. Central to this theory is the
so-called pattern producing function. In this chapter, this function will be called the
parameterization function, because in general, its only requirement is that it is a diffeo-
morphism. Because the identity map is also a diffeomorphism, generalized derivatives
include the complex-valued matrix derivatives from Chapters 3 to 5, where all matrix
components are independent. Hence, the parameterization function does not necessarily
introduce any structure, and the name parameterization function will be used instead of
pattern producing function. Some of the material presented in this chapter is contained
in Hjerungnes and Palomar (2008a—2008b). The traditional chain rule for unpatterned
complex-valued matrix derivatives will be used to find the derivative of functions by
indicating the independent variables that build up the function. The reason why the
functions must have independent input variable matrices is that in the traditional chain
rule for unpatterned matrix derivatives, it is a requirement that the functions within the
chain rule must have freely chosen input arguments.

In this chapter, theory will be developed for finding complex-valued derivatives with
respect to matrices belonging to a certain set of matrices. This theory will be called
generalized complex-valued matrix derivatives. This is a natural extension of complex-
valued matrix derivatives and contains the theory of the previous chapters as a special
case. However, the theory presented in this chapter will show that it is not possible to
find generalized complex-valued derivatives with respect to an arbitrary set of complex-
valued patterned matrices. It will be shown that it is possible to find complex-valued
matrices only for certain sets of matrices. A Venn diagram for the relation between pat-
terned and unpatterned matrices, in addition to the connection between complex-valued
matrix derivatives and generalized complex-valued matrices, is shown in Figure 6.1.
The rectangle on the left side of the figure is the set of all unpatterned matrices, and the
rectangle on the right side is the set of all patterned matrices. The sets of unpatterned and
patterned matrices are disjoint, and their union is the set of all complex-valued matrix
variables. Complex-valued matrix derivatives, presented in Chapters 2 through 5, are
defined when the input variables are unpatterned; hence, in the Venn diagram, the set
of unpatterned matrices and the complex-valued matrix derivatives are the same (left
rectangle). Generalized complex-valued matrix derivatives are defined for unpatterned
matrices, in addition to a proper subset of patterned matrices. Thus, the set of matrices
for which the generalized complex-valued matrix derivatives is defined represents the
union of the left rectangle and the half circle in Figure 6.1. The theory developed in
this chapter presents the conditions and the sets of matrices for which the generalized
complex-valued matrix derivatives are defined.

Central to the theory of generalized complex-valued matrix derivatives is the so-called
parameterization function, which will be defined in this chapter. By means of the chain
rule, the derivatives with respect to the input variables of the parameterization function
will first be calculated. By introducing terms from the theory of manifolds (Spivak 2005)
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Figure 6.1 Venn diagram of the relationships between unpatterned and patterned matrices,
in addition to complex-valued matrix derivatives and generalized complex-valued matrix
derivatives.

and combining them with formal derivatives (see Definition 2.2), it is possible to find
explicit expressions for the generalized matrix derivatives with respect to the matrices
belonging to certain sets of matrices called manifolds. The presented theory is general
and can be applied to find derivatives of functions that depend on matrices of linear
and nonlinear parameterization functions when the matrix with structure lies in a so-
called complex-valued manifold. If the parameterization function is linear in its input
matrix variables, then the manifold is called linear. Illustrative examples with relevance
to problems in signal processing and communications are presented.

In the theory of manifolds, the mathematicians (see, for example, Guillemin & Pollack
1974) have defined what is meant by derivatives with respect to objects within a manifold.
The derivative with respect to elements within the manifold must follow several main
requirements (Guillemin & Pollack 1974): (1) The chain rule should be valid for the
generalized derivative. (2) The generalized derivative contains unpatterned derivatives
as a special case. (3) The generalized derivatives are mappings between tangent spaces.
(4) In the theory of manifolds, commutative diagrams for functions are used such that
functions that start and end at the same set produce the same composite function. A
book about optimization algorithms on manifolds was written by Absil, Mahony, and
Sepulchre (2008).

The parameterization function should be a so-called diffeomorphism; this means that
the function should have several properties. One such property is that the parameteriza-
tion function depends on variables with independent differentials, and its domain must
have the same dimension as the dimension of the manifold. In addition, this function
must produce all the matrices within the manifold of interest. Another property of a
diffeomorphism is that it is a one-to-one smooth mapping of variables with independent
differentials to a set of matrices that the derivative will be found with respect to (i.e.,
the manifold). Instead of working on the complicated set of matrices with a certain
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structure, the diffeomorphism makes it possible to map the problem into a problem
where the variables with independent differentials are used.

In the following example, it will be shown that the method presented in earlier chapters
(i.e., using the differential of the function under consideration) is not applicable when
linear dependencies exist among elements of the input matrix variable.

Example 6.1 Let the complex-valued function g : C>*? — C be denoted by g( W), where
W e C**? is given by

gW) =Tr{AW}, (6.1)

and assume that the matrix W is symmetric such that W’ = W, that is, (W)o1 = wo,1 =
(M) o=w1p £ w. The arbitrary matrix 4 € C>*? is assumed to be independent of the
symmetric matrix W and (A);; = ax,;. The function g can be written is several ways.
Here are some identical ways to express the function g

wo,0
w
g(W) = vec” (A") vec(W) = [ao0.a0.1, a0, a1.1] »
w1
wo,0
w
= |ao,0, a1,0, a0,1, a1,1] »
Wi,
wo,0

= [a0.0. «(ao.1 + ar0). (1 — a)(ao,1 + a1.0), a1

Wo,0
= [ao,o,ao.l +al,o,al,1] w ) (6.2)
w1

where o € C may be chosen arbitrarily. The alternative representations in (6.2) show
that it does not make sense to try to identify the derivative by using the differential of
g when there is a dependency between the elements within W, because the differential
of g can be expressed in multiple ways. In this chapter, we present a method for finding
the derivative of a function that depends on a matrix that belongs to a manifold; hence,
it may contain structure. In Subsection 6.5.4, it will be shown how to find the derivative
of the function presented in this example.

In this chapter, the two operators dimg{-} and dimc{-} return, respectively, the real
and complex dimensions of the space they are applied to.
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The rest of this chapter is organized as follows: In Section 6.2, the procedure for finding
unpatterned complex-valued derivatives is modified to include the case where one of
the unpatterned input matrices is real-valued, in addition to another complex-valued
matrix and its complex conjugate. The chain rule and the steepest descent method are
also derived for the mixture of real- and complex-valued matrix variables in Section 6.2.
Background material from the theory of manifolds is presented in Section 6.3. The
method for finding generalized derivatives of functions that depend on complex-valued
matrices belonging to a manifold is presented in Section 6.4. Several examples are
given in Section 6.5 for how to find generalized complex-valued matrices derivatives
for different types of manifolds that are relevant for problems in signal processing and
communications. Finally, exercises related to the theory presented in this chapter are
presented in Section 6.6.

Derivatives of Mixture of Real- and Complex-Valued Matrix Variables

In this chapter, it is assumed that all elements of the matrices X € RX*% and Z € CV*?
are independent; in addition, X and Z are independent of each other. Note that X e
RX*L and Z € CV*€ have different sizes in general. For an introduction to complex
differentials, see Sections 3.2 and 3.3.'

Because the real variables X, Re {Z}, and Im {Z} are independent of each other, so are
their differentials. Although the complex variables Z and Z* are related, the differentials
of X, Z, and Z* are linearly independent in the following way:

Lemma 6.1 Let A; € CM*NC B e CMXKL X e REXL gnd Z € CVN*2, where the
matrices B, Ay, and A, might depend on X, Z, and Z*, but not on the differential
operator. If

Bdvec(X) + Aydvec(Z) + Aidvec(Z*) = 041, (6.3)
foralldX e R and dZ € CV*Q, then B = 0y k1 and A; = 0yxnofori € {0, 1}.

Proof If dvec(Z) = dvec(Re {Z}) + jd vec(Im {Z}), then it follows by complex conju-
gation that d vec(Z*) = d vec(Re {Z}) — jd vec(Im {Z}). If d vec(Z) and d vec(Z*) are
substituted into (6.3), then it follows that

Bdvec(X) + Ag(dvec(Re{Z}) + jd vec(Im{Z}))
+ Aj(dvec(Re{Z}) — jdvec(Im{Z})) = 0y - (6.4)
The last expression is equivalent to
Bdvec(X) + (Ay + Ar)dvec(Re {Z}) + j(Ay — A1)d vec(Im{Z}) = 0pr1. (6.5)
! The mixture of real- and complex-valued Gaussian distribution was treated in van den Bos (1998), and this
is a generalization of the general complex Gaussian distribution studied in van den Bos (19955). In van den

Bos (1995a), complex-valued derivatives were used to solve a Fourier coefficient estimation problem for
which real- and complex-valued parameters were estimated jointly.
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Table 6.1 Procedure for finding the unpatterned derivatives for a mixture of real- and
complex-valued matrix variables, X € R¥*t, Z € CV*2 and Z* € CV*9.

Step 1: Compute the differential d vec(F).
Step 2: Manipulate the expression into the form given in (6.6).
Step 3: The matrix DxF(X, Z, Z*), D;F(X, Z, Z*), and

Dz F(X, Z, Z*) can now be read out by using Definition 6.1.

Because the three differentials d X, d Re{Z}, and d Im{Z} are independent, so are
dvec(X), dvec(Re{Z}), and dvec(Im{Z}). Thus, (6.5) leads to B = 0y;xxr, Ao+
Ay =0y n0,and Ay — Ay = 047, yo. From these relations, it follows that 4y = 4; =
047« v o, which concludes the proof. [ |

Next, Definition 3.1 is extended to fit the case of handling generalized complex-valued
matrix derivatives. This is done by including a real-valued matrix in the domain of the
function under consideration, in addition to the complex-valued matrix variable and its
complex conjugate.

Definition 6.1 (Unpatterned Derivatives wrt. Real- and Complex-Valued Matrices)

Let F : REXL x CN*Q x CN*Q — CM*P_ Then, the derivative of the matrix function
F(X, Z, Z*) € CM*P with respect to X € RX*L s denoted by DxF(X, Z, Z*) and has
size MP x K L, the derivative with respectto Z € CN*9 is denoted by Dz F (X, Z, Z*),
and the derivative of F(X, Z, Z*) € CM*F with respect to Z* € CVN*? is denoted by
DrF(X,Z,Z"). The size of bothDzF(X, Z, Z*Yand Dz F(X, Z, Z*)is MP x NQ.
The three matrix derivatives DxF(X, Z, Z*), DzF (X, Z, Z*), and DzF(X, Z, Z*)
are defined by the following differential expression:

dvec(F) = (DxF(X, Z, Z%))d vec(X)
1 (DzF(X, Z, Z*)dvec(Z) + (Dg F(X, Z, Z*)) d vec(Z*).  (6.6)

The three matrices DxF(X, Z,Z"), Dz F(X, Z, Z"), and Dz F(X, Z, Z*) are called
the Jacobian matrices of F with respect to X, Z, and Z*, respectively.

When finding the derivatives with respect to X, Z, and Z*, these matrix variables
should be treated as independent matrix variables. The reason for this is Lemma 6.1,
which shows that X, Z, and Z* have independent differentials. Finding the derivative
of the complex-valued matrix function F with respect to the real- and complex-valued
matrices X, Z, and Z* can be achieved using the three-step procedure shown in Table 6.1.
An example for how this can be done is shown next.

Example 6.2 Let the complex-valued function F : REXL x CV*Q x CN*Q — CM*P
be given by

F(X,Z,Z")= AXBZCZ" D, (6.7)
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where the four matrices 4 € CM*K B e CEXN, € € C2%9, and D € CV** are inde-
pendent of the matrix variables X € RX*L, Z € C¥*€, and Z* € CV*€. By following
the procedure in Table 6.1, we get

dvec(F) = dvec (AXBZCZ"D) = [(D"Z*C"Z" B") ® A] dvec (X)
+(DP"Z*C") ® (AXB)dvec(Z) + [D" ® (AXBZC)| K y pdvec(Z*). (6.8)

It is observed that d vec (F) has been manipulated into the form given by (6.6); hence,
the derivatives of F with respect to X, Z, and Z* are identified as

DxF = (D"Z2°C"Z"B") ® 4, (6.9)
DzF = (D"Z*C") ® (AXB), (6.10)
Dz F = [D" ® (AXBZC)| Ky . (6.11)

The rest of this section contains two subsections with results for the case of a mixture
of real- and complex-valued matrix variables. In Subsection 6.2.1, the chain rule for
mixed real- and complex-variable matrix variables is presented. The steepest descent
method is derived in Subsection 6.2.2 for mixed real- and complex-valued input matrix
variables for real-valued scalar functions.

Chain Rule for Mixture of Real- and Complex-Valued Matrix Variables

The chain rule is now stated for the mixture of real- and complex-valued matrices. This
is a generalization of Theorem 3.1 that is better suited for handling the case of finding
generalized complex-valued derivatives.

Theorem 6.1 (Chain Rule) Let (Sp, Si, S;) € REXE x CV*Q x CV*Q, and let F :
So x Si x Sy — CM*P pe differentiable with respect to its first, second, and third argu-
ments at an interior point (X, Z, Z*) in the set Sy x S| x Sy. Let Ty x T; € CM*F x
CM*P pbe such that (F(X, Z, Z%), F*(X, Z, Z*)) € Ty x T, for all (X, Z, Z*) € Sy x
S1 x Sy. Assume that G : Ty x T, — CR*S s differentiable at an interior point
(F(X,Z,Z"), F'(X, Z, Z%)) € 1y x T,. Define the composite function H : Sy x S x
S, — CR*S py

H(X,Z,Z)2 G(F(X,Z,Z"), F\(X, Z,Z"). (6.12)
The derivatives DxH, DzH, and Dz H are obtained through

DxH = (DrG) DxF + (D G) Dx F*, (6.13)
DzH = (DrG)DzF + (D G) Dz F*, (6.14)
Dz H = (DpG) Dz F + (Dp-G) Dz F*. (6.15)

Proof The differential of the function vec(H) can be written as

dvec (H) = dvec(G) = (DrG)dvec(F) + (Dr+G) d vec(F*). (6.16)
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The differentials d vec(F) and d vec(F*) are given by
dvec(F) = (DxF)dvec(X) + (DzF)dvec(Z) + (DzF)dvec(Z"), (6.17)
dvec(F*) = (DxF*)dvec(X) + (DzF*)dvec(Z) + (DgF*)dvec(Z*), (6.18)

respectively. Inserting the two differentials d vec(F) and d vec(F*) from (6.17) and
(6.18) into (6.16) gives the following expression:

dvec(H) = [(DrG) DxF + (DpG) DxF*| dvec(X)
+ [(PrG)DzF + (Dp+G) Dz F*| d vec(Z)
+ [(DFG) Dz F + (Dp-G) Dz F*| dvec(Z*). (6.19)

By using Definition 6.1 on (6.19), the derivatives of H with respect to X, Z, and Z* can
be identified as (6.13), (6.14), and (6.15), respectively. |

By using Theorem 6.1 on the complex conjugate of H, it is found that the derivatives
of H* with respect to X, Z, and Z* are given by

DxH* = (DpG*)DxF + (Dp+G*) DxF*, (6.20)
DyH* = (DpG*) Dz F + (Dp-G*) D4 F*, (6.21)
Dy H* = (DpG*) Dz F + (Dp-G*) Dy F*, (6.22)

respectively. A diagram for how to find the derivatives of the functions H and H* with
respectto X € RE*L, Z € CV*€, and Z* € CV*€ is shown in Figure 6.2. This diagram
helps to remember the chain rule.”

RX*L and

Remark 7o use the chain rule in Theorem 6.1, all variables within X €
Z € CV*Q must be independent, and these matrices must be independent of each other.
In addition, in the definition of the function G, the arguments of this function should be

chosen with independent matrix components.

Example 6.3 (Use of Chain Rule) The chain rule will be used to derive two well-known
results, which were found in Example 2.2. Let W = {w € C**! | w = [z, z*]7,z € C}.
The two functions f and g from the chain rule are defined first. These play the same
role as in the chain rule. Define the function f: C x C — W by

flz.29) = { ZZ ] : (6.23)

and let the function g : C>*! — C be given by

g ([ Z’ D = 2071 (6.24)

2 Similar diagrams were developed in Edwards and Penney (1986, Section 15-7).
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Figure 6.2 Diagram showing how to find the derivatives of H(X, Z, Z*) = G(F, F*), with respect
to X e RExL Z e CN*Q and Z* € CV*2, where F and F* are functions of the three matrix
variables X € RK*!| Z € CV*€Q, and Z* € CV*€. The derivatives are shown along the curves
connecting the boxes.

In the chain rule, the following derivatives are needed:

D.f = [ (1) ] , (6.25)
D f = [ (1) ] , (6.26)
Dizy,z18 = [21, 2o (6.27)

Let 4 : C x C — C be defined as

h(z,z¥)=g (f ([ ZZ* ])) = zz* = |z)?, (6.28)

that is, the functions represent the squared Euclidean distance from the origin to Z. This
is the same function that is plotted in Figure 3.1. From the definition of formal partial
derivative (see Definition 2.2), it is seen that the following results are valid:

D.h(z, z¥) = ¥, (6.29)
D,h(z,z*) = z. (6.30)

These results are in agreement with the derivatives derived in Example 3.1.



142

6.2.2

Generalized Complex-Valued Matrix Derivatives

Now, these two results are derived by the use of the chain rule. From the chain rule in
Theorem 6.1, it follows that

D.h(z) = D,g ( 0 ) D.f(z) =[z%, z] { (1) } =z* (6.31)
1 pe
and
D.h(z) = D.g ( 20 ) D..f(z) = [2*, 2] [ ’ ] =z (63)
2 pe

and these are the same as in (6.29) and (6.30), respectively.

Steepest Ascent and Descent Methods for Mixture of Real- and
Complex-Valued Matrix Variables

When a real-valued scalar function is dependent on a mixture of real- and complex-
valued matrix variables, the steepest descent method has to be modified. This is detailed
in the following theorem:

Theorem 6.2 Let f : RE*L x CV*Q x CN*Q — R. The directions where the func-
tion [ has the maximum and minimum rate of change with respect to the
vector [vec! (X), vec”(Z)] are given by [Dxf(X,Z,Z"), 2Dy f(X, Z, Z*)] and
—[Dxf(X, Z, Z%), 2Dz f(X, Z, Z%)), respectively.

Proof Because f € R, it is possible to write df in two ways:
df = (Dxf)dvec(X)+ (Dzf)dvec(Z) + (Dz f)dvec(Z¥), (6.33)
df* = (Dxf)dvee(X) + (D7 f)" dvee(Z*) + (D f)* d vec(Z), (6.34)

where df = df* since f € R. By subtracting (6.33) from (6.34) and then applying
Lemma 6.1, it follows’ that Dz f = (D f)*. By using this result, (6.33) can be rewritten
as follows:

df = (Dx f)dvec(X) + 2Re {(Dz f) d veo(2)}
= (Dx f)dvec(X)+ 2Re {(Dz*f)*dvec(m}. (6.35)

Ifa; € CX*!, where i € {0, 1}, then,

Re {alla)} = <[ Re {ao} ] : [ Re{ai} ]> (6.36)

Im {ao} Im {a;}

where (-, -) is the ordinary Euclidean inner product (Young 1990) between real vectors
in R?A*1_ By using the inner product between real-valued vectors and rewriting the

3 A similar result was obtained earlier in Lemma 3.3 for functions of the type F : CN*€Q x CN*Q . CcMxP
(i.e., not a mixture of real- and complex-valued variables).
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right-hand side of (6.35) using (6.36), the differential of f can be written as

(Dxf)" dvec(X)

df = < 2Re {(Dz*f)T} , | dRe{vec(Z)} > . (6.37)
2Im {(Dz )"} d Im {vec(Z)}

By applying Cauchy-Schwartz inequality (Young 1990) for inner products, it can be

shown that the maximum value of df occurs when the two vectors in the inner product
are parallel. This can be rewritten as

[dvec! (X), dvec’ (Z)] = a[Dxf, 2Dz f], (6.38)
for @ > 0. And the minimum rate of change occurs when

[dvec” (X), dvec’(Z)] = —B[Dxf, 2Dz f], (6.39)
where 8 > 0. |

If a real-valued function f is being optimized with respect to the parameter matrices
X and Z by means of the steepest descent method, it follows from Theorem 6.2 that
the updating term must be proportional to [Dx f, 2Dz f]. The update equation for
optimizing the real-valued function in Theorem 6.2 by means of the steepest ascent or
descent method can be expressed as

[ vee(Xi+1) } _ { vee(Xk) ] n (Dx f(Xk. Zx. ZZ))T (6.40)
vec(Zy1) vec(Zy) 2(Dz f (X, Zx, Z;’;))T ’ ’
where w is a real positive constant if it is a maximization problem or a real negative
constant if it is a minimization problem, and where X € RE*L and Z;, € CV*€ are the
values of the unknown parameter matrices after k iterations.

The next example illustrates the importance of factor 2 in front of Dz f* in Theo-

rem 6.2.

Example 6.4 Consider the following non-negative real-valued function: 4 : R x C x
C — R, given by

h(x,z, z¥) = x> +zz* = x>+ |z)%, (6.41)

where x € R and z € C. The minimum value of the non-negative function # is in the
origin where its value is 0, that is, (0, 0, 0) = 0. The derivatives of this function with
respect to x, z, and z* are given by

Dih = 2x, (6.42)
D.h = 2, (6.43)
Doh =z, (6.44)

respectively. To test the validity of factor 2 in the steepest descent method of this function,
let us replace 2 with a factor called 8. The modified steepest descent equations can be
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expressed as

R S R R b R
EAT 7S B (75> 9 3 [ S 70 B =

_[ -2
=[aZmma ] 49

where k is the iteration index. By studying the function % carefully, it is seen that the
three real-valued variables x, Re{z}, and Im{z} should have the same rate of change
when going toward the minimum. Hence, from the final expression in (6.45), it is seen
that 8 = 2 corresponds to this choice. That § = 2 is the best choice in general is shown
in Theorem 6.2.

Definitions from the Theory of Manifolds

A rich mathematical literature exists on manifolds and complex manifolds (see,
e.g., Guillemin & Pollack 1974; Remmert 1991; Fritzsche & Grauert 2002; Spivak 2005,
and Wells, Jr. 2008). Interested readers are encouraged to go deeper into the mathematical
literature on manifolds.

To use the theory of manifolds for finding the derivatives with respect to matrices
within a certain manifold, some basic definitions are given in this section. Some of these
are taken from Guillemin and Pollack (1974).

Definition 6.2 (Smooth Function) A function is called smooth if it has continuous par-
tial derivatives of all orders with respect to all its input variables.

Definition 6.3 (Diffeomorphism) A smooth bijective* function is called a diffeomor-
phism if the inverse function is also smooth.

Because all diffeomorphisms are one-to-one and onto, their domains and image set
have the same real- or complex-valued dimensions.

Example 6.5 Notice that the function f : R — R given by f(x) = x? is both bijective
and smooth; however, its inverse function f~!(x) = X3 is not smooth because it is not
differentiable at x = 0. Therefore, this function is not a diffeomorphism.

Definition 6.4 (Real-Valued Manifold) Let X be a subset of a big ambient’ Euclidean
space RNV*1 Then, X, is a k-dimensional manifold if it is locally diffeomorphic to R¥*1,
where k < N.

4 A function is bijective if it is both one-to-one (injective) and onto (surjective).
5> An ambient space is a space surrounding a mathematical object.
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For an introduction to manifolds, see Guillemin and Pollack (1974). Manifolds are a
very general framework; however, we will use this theory to find generalized complex-
valued matrix derivatives with respect to complex-valued matrices that belong to a
manifold. This means that the matrices might contain a certain structure (see Figure 6.1).

When working with generalized complex-valued matrix derivatives, there often exists
a mixture of independent real- and complex-valued matrix variables. The formal partial
derivatives are used when finding the derivatives with respect to the complex-valued
matrix variables with independent differentials. Hence, when a complex-valued matrix
variable is present (e.g., Z € CV*?), this matrix variable has to be treated as independent
of its complex conjugate Z* € CV*€ when finding the derivatives. The phrase “treated
as independent” can be handled with a procedure where the complex-valued matrix
variable Z € CV*€ is replaced with the matrix variable Z, € C¥*¢, and the complex-
valued matrix variable Z* € CV*€ is replaced with the matrix variable Z; € CV*2,
where the two matrix variables Z, and Z; are treated as independent.®

Definition 6.5 (Mixed Real- and Complex-Valued Manifold) Let W be a subset of the
complex space CM*P_ Then W is a (KL + 2N Q)-real-dimensional manifold’ if it
is locally diffeomorphic to REXL 5 CNXQ % CN*Q where KL + 2NQ <2MP, and
where the diffeomorphism F : RK>*L x CN*Q x CN*Q — W C CM*F is denoted by
F(X, Z, Z*), and where X € RX*L and Z € CV*© have independent components. The
components of Z and Z* should be treated as independent when finding complex-valued
matrix derivatives.

It is possible to find the derivative with respect to matrices that belong to a certain
manifold, and this includes some special types of patterned matrices. Hence, with the
theory presented in this chapter, it is not possible to find derivatives with respect to an
arbitrary pattern, but only with respect to matrices that belong to a manifold.

Definition 6.6 (Tangent Space) Assume that VW is a mixed real- and complex-valued
manifold given by Definition 6.5; hence, W is the image of the parameterization func-
tion F : REXL 5 CN*Q x CN*Q — W. Let & : (—e, €) — W be a smooth curve on
the manifold W, where € > 0. Let U € CM*? bpe the direction of the tangent of the
curve D(t) at the point Y(0) = W € W. The matrix function  can be expressed as

vec (P(¢)) = vec (W) + t vec (U), (6.46)

where t € (—e€, €). The tangent space is denoted by Ty and is defined as the set of all
pairs of the form (W, U) called tangent vectors at the point W € W.

Example 6.6 (Hermitian Matrix) Let WV be the set of Hermitian N x N matrices,
that is, W = {W € C¥*V | w¥ = W}. Then W is a subset of the ambient complex
Euclidean space CV*V. Clearly, the actual matrix components of the Hermitian matrix

6 In Brandwood (1983, pp. 11-12), a similar procedure was used when replacing the two scalars z and z* with
the two independent variables z; and z;, respectively.
7 The complex dimension of W is KTL + NQ, that is, dimgc{W} = KTL +NQ = M‘
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are dependent of each other because the elements strictly below the main diagonal are
a function of the elements strictly above the main diagonal. Hence, matrices in W are
patterned. The differentials of all matrix elements of W € W are independent.

(N=DN (N=DN

The function F : R¥V*! x C~=2 xC 2z — W denoted by F(x, z,z") and given
by

vec(F(x,z,2%) = Lax + Liz + L,z", (6.47)

is one-to-one and onto V. It is also smooth, and its inverse is also smooth; hence,
it is a diffeomorphism. Therefore, YV is a manifold with real dimension given by
dimg{W} = N + 29500 = N2,

It is very important that the parameterization function cannot have too many input
variables. For example, for producing Hermitian matrices, the function H : CV*V x
CN*N — W given by

1
H(Z, Z") =3 (z+z"), (6.48)
will produce all Hermitian matrices in W when Z € CV*¥ is an unpatterned matrix.

The function H is not one-to-one. There are too many input variables, so this function
is not a bijection, which is one of the requirements for a diffeomorphism.

Example 6.7 (Symmetric Matrix) Let K denote the field of real R or complex C numbers,
and let W = {Z € KN*N|ZT = Z} be the set of all symmetric N x N matrices with
elements in K. Then WV is a linear manifold studied in Magnus (1988) for real-valued
components. If k£ # [, then (Z),; = (Z); x; hence, Z is patterned.

Example 6.8 (Matrices Containing One Constant) Let WV be the set of all complex-valued
matrices of size N x Q containing the constant ¢ in row number k£ and column number /,
where k,1 € {0, 1,..., N — 1}. The set WV is then a manifold because a diffeomorphism
can be found for generating V¥ from N O — | independent complex-valued parameters.

Magnus (1988) and Abadir and Magnus (2005) studied real-valued linear structures.
A linear structure is equivalent to a linear manifold, meaning that the parameterization
function is linear. Methods for how to find derivatives with respect to the real-valued
independent Euclidean input parameters to the parameterization function are presented
in Magnus (1988) and Wiens (1985). For linear manifolds; one set of basis vectors can
be chosen for the whole manifold; however, this is not the case for a nonlinear manifold.
Because the requirement for a manifold is that it is locally diffeomorphic, the choice
of basis vectors might be different for each point for nonlinear manifolds. Hence, when
working with nonlinear manifolds, it might be best to try to optimize the function with
respect to the parameters in the space of variables with independent differentials (i.e.,
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H(X,Z,Z2")=G(F(X,Z,2"),F(X,Z,2")

‘ZV*E CMXP
W e CMxP GW, W)

Manifold
W W C CMxP

| % * MxP
(X,2,z7)=F'(w) (W eWcC

Figure 6.3 Functions used to find generalized matrix derivatives with respect to matrices W in the
manifold W and matrices W* in W*. Adapted from Hjerungnes and Palomar (2008a), (© 2008
IEEE.

the input variables to the parameterization function), since one set of basis vectors is
enough for the space of input variables of the parameterization function.

Finding Generalized Complex-Valued Matrix Derivatives

In this section, a method is presented for how to find generalized matrix derivatives with
respect to matrices that belong to a manifold. The method will be derived by means of
the chain rule, the theory of manifolds, and formal derivatives.

Manifolds and Parameterization Function

We now want to develop a theory by which we can find the derivative also with respect
to a matrix belonging to a manifold W = F(X, Z, Z*); to achieve this, we need the
existence of Dy F~! and Dy~ F~!, which exist only when F is a diffeomorphism (see
Definition 6.5).

Figure 6.3 shows the situation we are working under by depicting how several functions
are defined. As indicated by this figure, let the three matrices X € RK*t, Z e CV*9,
and Z* € CV*? be matrices that contain independent differentials, such that they can
be treated as independent when finding derivatives. It is assumed that the three input
matrices X, Z, and Z* are used to produce all matrices in a considered manifold WV,
as they are the input variables of the parameterization function F(X, Z, Z*), which is
a diffeomorphic function (see Definition 6.5). The range and the image set of F are
equal, and they are given by W, which is a subset of C¥*”. One arbitrary member
of W is denoted by W (see the middle part of Figure 6.3). Hence, the matrix W
represents a potentially® patterned matrix that belongs to W. Let W € CM*” be a
matrix of independent components. Hence, the matrices W € CM*? and W* e CM*P

8 Notice that generalized complex-valued matrices exist for unpatterned matrices and a subset of all patterned
matrices (see Figure 6.1).
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are unpatterned versions of the matrices W € Wand W* e W* & (W* e CM*F | W e
W]}, respectively. It is assumed that all matrices W within WV can be produced by the
parameterization function F : REK*L x CV*Q x CV*Q — W C CM*P given by

W = F(X, Z, Z*). (6.49)

In Figure 6.3, the function F is shown as a diffeomorphism from the matrices X € RX*L,
Z € CV*Q and Z* € CV*€ onto the manifold W € CM*?_ Figure 6.3 is a commutative
diagram, such that maps that start and end at the same set in this figure return the same
functions. In order to use the theory of complex-valued matrix derivatives (see Chapter 3),
both Z and Z* are used explicitly as variables, and they are treated as independent when
finding derivatives.

The parameterization function F : RE*E x CV*2 x CV*¢ — W is onto and one-
to-one; hence, the range and image set of F are both equal to V. Because F is a bijection,
the inverse function F~! : W — RE*L x CN*Q x CN*€ exists and is denoted by

F'\(W)=(X, 2,2 = (FX'(W) F7' (W) F:(W)), (6.50)

where the three functions Fy' : W — REXL F,': W — CV*C and F,! 1 W —
CV*@ are introduced in such a way that X = F)_(l(W), Z = F}l(W), and Z* =
F}I(W). It is required that the function F : RKXE x CV*Q x CV*C — W is differen-
tiable when using formal derivatives. Another requirement is that the function F~'(W)
should be differentiable when using formal derivatives.

The image set of the diffeomorphic function F is W, and it has the same dimen-
sion as its domain, such that dimg{W} = dimg{RX*t x CN*9} = KL +2NQ <
dimg {CM*P} = 2M P. This means that the set of matrices ¥V can be parameterized
with K L independent real variables collected within X € RX*! and NQ indepen-
dent complex-valued variables inside the matrix Z € C¥*€ and its complex conju-
gate Z* € CV*€ through (6.49). The two complex-valued matrix variables Z and Z*
cannot be varied independently because they are the complex conjugate of each other;
however, they should be treated as independent when finding generalized complex-valued
matrix derivatives.

The inverse of the parameterization function F is denoted F~!, and it must satisfy

F Y F(X,Z 2%))= (X, Z, Z", (6.51)
F(F'\(W) =w, (6.52)

for all X e RKXL Z e CV*Q, Z* € CV*Q, and W e W. Here, the space RX*L x
CN*€ x CN*Q contains variables that should be treated as independent when finding
derivatives, and }V is the set that contains matrices in the manifold. The real dimension of
the tangent space of WV, produced by the parameterization function F defined in (6.49),
is KL +2N Q. To find the generalized complex-valued matrix derivatives, a basis for
expressing vectors of the form vec (W) should be chosen, where W € V. Because the
manifold is expressed with K L 4+ 2N Q real- and complex-valued parameters inside X €
REXL Z € CV*€, and Z* € CV*€ with independent differentials, the number of basis
vectors used to express the vector vec(W) € CMP*!is KL + 2N Q. This will serve as a
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basis for the tangent space of VW. When using these K L 4 2N Q basis vectors to express
vectors of the form vec (W), the size of the generalized complex-valued matrix derivative
DwF~'is (KL +2NQ) x (KL + 2N Q); hence, this is a square matrix. When using
the same basis vectors of the tangent space of W to express the three derivatives Dx F,
DzF, and Dz F, the sizes of these three derivatives are (KL +2NQ) x KL, (KL +
2NQ) x NQ,and (KL +2N Q) x N Q, respectively.

Taking the derivative with respect to X on both sides of (6.51) leads to

Iy,
(DwF™")\DxF =Dx(X.Z,Z*) = | Onoxkr | . (6.53)
OyoxkL

where Dy F~' and DxF are expressed in terms of the basis for the tangent space
of W, and they have size (KL +2NQ) x (KL +2NQ), and (KL +2NQ) x KL,
respectively. In a similar manner, taking the derivatives of both sides of (6.51) with
respect to Z gives

Oxzxno
(DwF ") DzF =Dz(X,Z,Z%) = Ing , (6.54)

Oyoxno

where the size of Dy F~! and DzF are (KL +2NQ) x (KL +2NQ) and (KL +
2N Q) x N Q when expressed in terms of the basis of the tangent space of V. Calculating
the derivatives with respect to Z* of both sides of (6.51) yields

Oxzxno
(DwF™ ") DypF=Dz(X.Z,Z)= | Onguno |- (6.55)
Ing

where Dy F~! has size (KL +2NQ) x (KL +2NQ) and Dz F has size (KL +
2N Q) x N Q when expressed in terms of the basis of the tangent space of W.

The three results in (6.53), (6.54), and (6.55) can be put together into a single equation
as follows:

(DwF ") [DxF,DzF, Dz F] = Ix 1280, (6.56)

where the size of [DxF,DzF,DzF] is (KL+2NQ)x (KL +2NQ) when
expressed in terms of the basis of the tangent space of W.

By calculating the derivatives of both sides of (6.52) with respect to W and expressing
the derivatives with respect to the basis of the tangent space of W, it is found that

[DxF,DzF,DzF]1DwF ™' = DyW = Ix1 an0, (6.57)

where the size of both [DxF, D, F, Dy F] and Dy F~' are (KL +2NQ) x (KL +
2N Q), when the basis for the tangent space of W is used.

In various examples, it will be shown how the basis of VW can be chosen such that
DyF'=1 kL+2n0 for linear manifolds. For linear manifolds, one global choice of
basis vectors for the tangent space is sufficient. In principle, we have the freedom to
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choose the K L + 2N Q basis vectors as we like, and the derivative Dy F~' depends on
this choice.

Here is a list of some of the most important requirements that the parameterization
function F : RE*L x CV*Q x CN*€ — W must satisfy

* For any matrix W € W, there should exist variables (X, Z, Z*) such that
F(X, Z, Z*) = W. This means that the parameterization function can produce a//
matrices within the manifold W of interest.

* The parameterization function should produce matrices only within the manifold.
This means that for all allowable values of the independent parameters (X, Z, Z*), the
value of F(X, Z, Z*) should always give a matrix within the manifold W of interest.
It should never give any matrix outside this manifold.

* The number of input variables of the parameterization function should be kept to a
minimum. This means that no redundant variables should be introduced in the domain
of the parameterization function. The parameterization function should be bijective;
hence, the dimension of the domain of the parameterization function and the dimension
of the manifold of interest will be identical.

* Even though the input variables Z and Z* of the parameterization function should
be treated as independent variables when finding the derivatives of this function, they
are a mathematical function of each other. Formal derivatives (Wirtinger derivatives)
should be used.

* When finding a candidate for the parameterization function, this function should
satisfy the two relations in (6.56) and (6.57).

Some candidate functions for parameterization functions (diffeomorphisms) are pre-
sented next; some can be parameterization functions and others cannot.

Example 6.9 Let /' : C — C be given by
fz)=z. (6.58)

It is observed that this function does not have z* as an input variable, and f is the identity
function. The function f satisfies equivalent versions when only z is the input variable
of (6.56) and (6.57). Hence, the function f is a diffeomorphism because the function is
one-to-one and smooth, and its inverse function is also smooth.

Example 6.10 Let /' : C — C be given by
fz5)==z" (6.59)

This function is equivalent to the function in Example 6.9; hence, the function f is a
diffeomorphism because the function is one-to-one and smooth, and its inverse function
is also smooth.
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Example 6.11 Let /' : C — C be the function given by

fl@)y=z" (6.60)

For this function, D, f = 0; hence, it is impossible that equivalent versions of (6.56)
and (6.57), for one input variable z, are satisfied. Therefore, the function f is not a
parameterization function.

Example 6.12 Let / : C — C be the function given by

@) =z (6.61)

This function is equivalent to the function in Example 6.11. Thus, the function f is not
a parameterization function.

Example 6.13 Let /' : C x C — C be given by
f(z,z%) =z (6.62)

1

0
however, (6.56) is not satisfied. The function f is not a diffeomorphism.

In this example. D,, /! = { ] ,and [D, f, D.« f]1 = [1, 0]. Hence, (6.57) is satisfied,

Example 6.14 Let f: C — C x C be given by

fz) = [ s ] : (6.63)

In this example, it is found that D, f = [ (1) ] and D, f~' =[1, 0]. It is then observed

that (6.56) is satisfied, but (6.57) is not satisfied. Hence, the function f is not a diffeo-
morphism.

Example 6.15 Let W = {w e !

w:[zz*],ze(C}.Letf:(Cx(CeWbe

given by

fz,2%) = [ ZZ ] —w. (6.64)
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In this case, Dy, .1 f = I», and D,, f_1 = I, and both (6.56) and (6.57) are satisfied.
The function f satisfies all requirements for a diffeomorphism; hence, the function f is
a parameterization function.

Finding the Derivative of H(X, Z, Z*)

In this subsection, we find the derivative of the function H(X, Z, Z*) by using the
chain rule stated in Theorem 6.1. As seen from Figure 6.3, the composed function
H : REXL 5 CVNXQ % CVXQ — CR*S denoted by H(X, Z, Z*) is given by

H(X,Z,Z') & GW, W)\ jy—w—rx.2.2
=G(F(X,Z,Z"),FX, Z,Z") = G(W, W*). (6.65)

One of the requirements for using the chain rule in Theorem 6.1 is that the matrix
functions F and G must be differentiable; this requires that these functions depend
on matrix variables that do not contain any patterns. The unpatterned matrix input
variables of the function G are W and W", and they should be treated as independent
when finding complex-valued matrix derivatives. Let the matrix function G : CM*? x
CM*P _ CR*S be defined such that the domain of this function is the set of unpatterned
matrices (W, W*) € CM*P x CM*P We want to calculate the generalized derivative of

GW, W) = GW, W*)‘ i with respect to W € W and W* € W*. The chain rule
can now be used for ﬁnding_the derivative of the matrix function H(X, Z, Z*) because
in both function definitions,

G : CMXP 5 CM*P 5 CRXS, (6.66)
and

F : REXL 5 CVXQ 5 CV¥9 5 W c CM*P, (6.67)

the input arguments of G and F can be independently chosen because all input vari-
ables of G(W, W*) and F(X, Z, Z*) should be treated as independent when finding
complex-valued matrix derivatives. In addition, both of these functions are assumed to
be differentiable with respect to its matrix arguments. By using the chain rule, we find
the derivative of H(X, Z, Z*), in (6.65), with respect to X, Z, and Z*, respectively, as

DxH(X, Z, Z*) = (DWG W, W*)|W:F(X,Z$Z*)) DyF(X, Z, Z%)
+

=

(
(DW*G ’W*)|W:F(X,Z,Z*)) DxF*(X,Z,Z),  (6.68)

D H(X, Z, Z*) = (DWG(W, 178 W:F(X,z,z*)) D,F(X, Z, Z*)

+ (D GOV, W iy pix.zz) D2F (X, 2,2, (6:69)
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and

Dy H(X, Z, Z") = (DWG(W, W iv—roxz, Z*)) Dy F(X, Z, Z")

+ (DW*G(W, W*)|W=F(X,Z,Z*)) Dy F (X, Z,Z*). (6.70)

From (6.68), (6.69), and (6.70), it is seen that the derivatives of the function H can be
found from several different derivatives of ordinary unpatterned derivatives; then the
theory of unpatterned derivatives from Section 6.2 can be applied. Hence, a method has
been found for calculating the derivative of the function H(X, Z, Z*) with respect to
the three matrices X, Z, and Z*.

Finding the Derivative of G(W, W*)

We want to find a way of finding the derivative of the complex-valued matrix function G :
W x W* — CR*S with respect to W € W. This function is written G(W, W*), where
it is assumed that it depends on the matrix W € W and its complex conjugate W* € W*.
Generalized derivatives of the function G with respect to elements within the manifold W
represent a mapping between the tangent space of WV onto the tangent space of the
function G' (Guillemin & Pollack 1974). The derivatives Dy G and Dy~ G exist exactly
when there exists a diffeomorphism, as stated in Definition 6.5. From (6.49), it follows
that W* = F*(X, Z, Z*). Because the diagram in Figure 6.3 is commutative, it follows
that Dy G and Dy~ G can be found as

DwG = [DxH,Dz;H, Dy HDyF~!, (6.71)
Dw+G = [DxH, DzH, Dz H| Dy~F ', (6.72)

where DxH, Dz H, and Dz H can be found from (6.68), (6.69), and (6.70), respectively,
while Dy F~! and Dy F~! can be identified after a basis is chosen for the tangent space
of W, and the sizes of both these derivatives are (KL +2N Q) x (KL +2N Q). The
dimension of the tangent space of W is (K L + 2N Q), such that the sizes of both Dy G
and Dy~G are RS x (KL + 2N Q).

Specialization to Unpatterned Derivatives

If the matrix W is unpatterned and complex-valued, then we can choose (K, L) = (0, 0)
(the real parameter matrix X is not needed), (N, Q) = (M, P),and W = F(Z, Z*) = Z,
and this leads to Dz* F(Z, Z*) = ONQXNQ = DzF*(Z, Z*) and DzF(Z, Z*) = INQ =
Dz F*(Z, Z¥). Therefore, the derived method in (6.69) and (6.70) reduces to the method
of finding unpatterned complex-valued matrix derivatives as presented in Chapters 3
and 4.
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Specialization to Real-Valued Derivatives

If we try to apply the presented method to the real-valued derivatives, no functions
depend on Z and Z*; hence, N = Q = 0. The method can then be modified by using
the function F : REXL — RM*® to produce all matrices W = F(X) € W € RM*? in
the real-valued manifold W, where the unpatterned real-valued parameter matrix is
denoted X € RX*L. The function of interest is G : RM*” — RX*S and is denoted by
G(W). The unpatterned real-valued variables in R > are collected in ¥; the composite
function is defined as H : RX*. — RE*S and is given by H(X) = G(W) = G(F(X)).
By using the chain rule, the derivative of H with respect to X is given by

DxH(X) = (Dyy G(W)ljy_px)) DxF(X). (6.73)

This result is consistent with the real-valued case given in Tracy and Jinadasa (1988);
hence, the presented method is a natural extension of Tracy and Jinadasa (1988) to the
complex-valued case. In Tracy and Jinadasa (1988), investigators did not use manifolds
to find generalized derivatives, but they used the chain rule to find the derivative with
respect to the input variables to the function, which produces matrices belonging to a
specific set. The presented theory in this chapter can also be used to find real-valued
generalized matrix derivatives. One important condition is that the parameterization
function F : RX*L — WV should be a diffeomorphism.

Specialization to Scalar Function of Square Complex-Valued Matrices

One situation that appears frequently in signal processing and communication problems
involves functions of the type g : CV*N x C¥*N — R denoted by g(W, W), which
should be optimized when W € W € CV*V where W is amanifold. One way of solving
these types of problems is by using generalized complex-valued matrix derivatives.
Several ways in which this can be done are shown for various manifolds in Exercise 6.15.
A natural definition of partial derivatives with respect to matrices that belong to a
manifold W € CV*¥ follows.

Definition 6.7 Assume that W is a manifold, and that g: C"*N x CV*N — C.
Let W e W C CV*N and W* € W* € CN*N. The derivatives of the scalar function g
with respect to W and W* are defined as

g Z Z 0g
— = E;;, (6.74)
0 = AWy
N—1N-1
ag ag
— = —Ey, (6.75)
oW == (W),

where Ej; is an N x N matrix with zeros everywhere and +1 at position number
(k, 1) (see Definition 2.16). If the function g is independent of the component (W), ,
of the matrix W € W, then the corresponding component of 5—5’;, is equal to 0, that is,
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(;—;) e 0. Hence, if the function g is independent of all components of the matrix W,

then Bl"gV =0yxn.

This definition leads to results for complex-valued derivatives with structure that are
in accordance with results in Palomar and Verda (2006) and Vaidyanathan et al. (2010,
Chapter 20). By using the operator Vec(-) on both sides of (6.74), it is seen that

vec (88W> Zvec (Er.p) 8(W) + Zvec(Ek;) P (W)

g g g
+ vec (Ek N———— =1Ly + L + L, , (6.76
2 amokl aveea ) Hovee, 1) T avee, omy 70
where (2.157), (2.163), and (2.170) were used. Assume that the parameterization
N—-1)N N—-1)N
function F : R¥X! x C“57 %1 x €77 %! — W of the manifold W is denoted by
N—-1)N
W = F(x,z,z*). Let the composed function /4 : RV*1 x C“= 7 15 C
be defined as
h(x,2,2%) = g(W, W) = g(W, W*). (6.77)
W=W=F(x,7,7")
This relation shows that the functions A(x, z, z*) and g(W, W*) are identical. If this fact
is used in (6.76), it is found that

N (A P R PP L - (6.78)
aw )~ " avecy (W) Yo vec, (W) “dvec, (W) '

This expression will be used later in this chapter to find partial derivatives of the form fy
when the matrix W belongs to complex-valued diagonal, symmetric, skew-symmetric,
Hermitian, or skew-Hermitian sets of matrices.

If some of the elements within W have dependent differentials when finding complex-
valued derivatives, then a nonstandard basis for the space WV is often necessary. The
manifold W is a proper subset of C¥*¥ in these cases, and the number of the tangent
space of the manifold W is strictly less than the number of basis vectors that span CV*¥
The number of basis vectors that spans C¥*" is N2. In cases with dependent differentials

within W

g
Dwg # vec <8 W) (6.79)

because the sizes of each side are different. The size of Dy g is a row vector of length
equal to the number of elements in W € WV that have independent differentials. The
size of ;—fy is N x N, such that the size of vec” ("—g) is 1 x N2. For example, if W

aw
belongs to the set of symmetric N x N matrices, then the size of Dy g is 1 X w,

and vec” (;—fy) has size 1 x N?2. This will be shown in Example 6.22.
If all the elements in W have independent differentials, then,

a
Dwg = vec” (afy) . (6.80)
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For example, when W belongs to the set of Hermitian matrices, all its components have
independent differentials; this will be shown in Example 6.25, and (6.80) will hold.
Now let g : CM*P x CM*P _ R, that is, g is a real-valued function denoted by
g(W, W"), where W is unpatterned. Assume that V can be produced by the param-
eterization function F : RK*L x CV*Q x CN*Q — W, and let h(X, Z, Z*) be given

by

hX,Z,Z") £ g(W, W*)|I7V:W:F(X,Z,Z*)

=g(F(X,Z,Z"), F (X, Z,Z") = g(W, W"), (6.81)

To solve
i .82
min g, (6.82)

the following two (among others) solution procedures can be used:
(1) Solve the two equations:

Dxh(X,Z,Z") = Ok x1, (6.83)
Dyh(X, Z, Z*) = Onxo. (6.84)

The total number of equations here is KL + N Q. Because /& € R, (6.84) is equiva-
lent to

Dsh(X, Z, Z*) = Oyrp. (6.85)

There exist examples for which it might be easier to solve (6.83), (6.84), and (6.85)
jointly, rather than just (6.83) and (6.84).
(2) Solve the equation:

g

— 0, p. 6.86
aw — MxF (6.86)

The number of equations here is M P.
If all elements of W € WV have independent differentials, then Dy F~! is invertible,
and solving

9
Dyg = vec! (aé) =0, 0, (6.87)

might be easier than solving (6.83), (6.84), and (6.85). When Dy F~! is invertible,
it follows from (6.71) that solving (6.87) is equivalent to finding the solutions of
(6.83), (6.84), and (6.85) jointly.

The procedures (1) and (2) above are equivalent, and the way to choose depends on
the problem under consideration.
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Examples of Generalized Complex Matrix Derivatives

When working with problems of finding the generalized complex matrix derivatives, the
main difficulty is to identify the parameterization function F that produces all matrices in
the manifold VW, which has a domain of the same dimension as the dimension of W. The
parameterization function F should satisfy all requirements stated in Section 6.3. In this
section, it will be shown how F can be chosen for several examples with applications in
signal processing and communications. Examples include diagonal, symmetric, skew-
symmetric, Hermitian, skew-Hermitian, unitary, and positive semidefinite matrices.

This section contains several subsections in which related examples are grouped
together. The rest of this section is organized as follows: Subsection 6.5.1 contains some
examples that show how generalized matrix derivatives can be found for scalar functions
that depend on scalar variables. Subsection 6.5.2 contains an example of how to find
the generalized complex-valued derivative with respect to patterned vectors. Diagonal
matrices are studied in Subsection 6.5.3, and derivatives with respect to symmetric matri-
ces are found in Subsection 6.5.4. Several examples of generalized matrix derivatives
with respect to Hermitian matrices are shown in Subsection 6.5.5, including an example
in which the capacity of a MIMO system is studied. Generalized derivatives of matrices
that are skew-symmetric and skew-Hermitian are found in Subsections 6.5.6 and 6.5.7,
respectively. Optimization with respect to orthogonal and unitary matrices is discussed
in Subsections 6.5.8 and 6.5.9, while optimization with respect to positive semidefinite
matrices is considered in Subsection 6.5.10.

Generalized Derivative with Respect to Scalar Variables

Example 6.16 Let W = {w € C | w* = w}. Hence, W consists of all real-valued points
within C. One parameterization function’ would be f : R — W given by

w= f(x)=ux, (6.88)

that is, the identity map; hence, f~! : W — R is also the identity map, and D, f =
D, f~! = 1. Consider the function g : C x C — R, given by g(i, ®*) = ||>. The
unconstrained derivatives of this function are given by Dyg = w* and Dy«g = W;
these agree with the corresponding results found in Example 2.2. Define the composed
function 2 : R — R by

h(x) = g(, B )pmuw= ) = 1 /(@) = x%. (6.89)

9 Another function that could be considered is ¢ : C x C — W, given by #(z, z*) = %(z + z*). This function
is not a parameterization function because dimg{)V} = 1; the dimension of the domain of this function is
dimg {C x C} = 2, where the fact that the first and second arguments of #(z, z*) cannot be chosen freely
is used. The first and second input variables of #(z, z*) are the complex conjugate of each other. Any
diffeomorphism has the same dimension as its domain and image set.
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The derivative of 4 with respect to x is found by the chain rule,
Dih = (Digi=w=r)Dx [ + Pir@i=w=r)Px f* =x -1 +x-1=2x. (6.90)

Using the method of generalized derivatives, the derivative of g with respect to w is
given by

Dyg = (Deh)De f~' =2x -1 =2x, (6.91)

which is the expected result.

Example 6.17 Let g : C x C — R be given by
g(, w*) = wi* = || (6.92)

This is a very popular function in signal processing and communications, and it is equal
to the function shown in Figure 3.1, which is the squared Euclidean distance between
the origin and . We want to find the derivative of this function when w lies on a circle
with center at the origin and radius » € R, that is, w lies in the set

WelweClw=re’ 0e(-nm)}. (6.93)

This problem can be seen as a generalized derivative because the variables w and w*
are assumed to be constrained to WV and W*, respectively. It will be shown below how a
parameterization function can be found for producing the set YW C C. From inspection
of (6.92), we know that this function should not vary along WW; hence, we expect that the
generalized derivative is zero. See also Figure 3.1, which shows the contour plot of the
function g(w, w*). Now, we use the presented method to find the generalized derivative
of g with respect to w € W.

First, we consider the function g(w, w*), where @ € C is unconstrained. To find the
derivatives of g with respect to w and @*, the differential of g is found as

dg = w*dw + wdw*. (6.94)

This implies that Dy g = @w* and Dy«g = 0.

Next, we need to find a function that depends on independent variables and parame-
terizes W in (6.93). This can be done by using one real-valued parameter because VW
can be mapped over to a straight line in the real domain. Let us name the independent
variable x € (—, 7r) (in an open interval'”) by using the following nonlinear function
fi(=m,m)->WcC:

w= f(x)=re", (6.95)

10° A parameterization function must be a diffeomorphism; hence, in particular, it is a homeomor-
phism (Munkres 2000, p. 105). This means that the parameterization function should be continuous.
The inverse parameterization function’s map of the circle should be open; hence, the domain of the parame-
terization function should be an open interval. When deciding the domain of the parameterization function,
it is also important that the function is one-to-one and onto.
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then it follows that
w* = f(x) =re’". (6.96)

In this example, the independent parameter that is defining the function is real valued,
so K =L =1,and N = Q = 0; hence, Z and Z* are not present (see Definition 6.5).
The derivatives of f and f* with respect to x can be found as

D, f = jre’*, (6.97)
D, ff=—jre’*. (6.98)

The function /(x), in the presented method for finding generalized derivatives, is given
by h(x) = g(w, w*)|w=re) = g(f(x), f*(x)) = r*. Now, we can use the chain rule to
find the derivative of /(x):

Dih(x) = (Dag(®, W) g=rx)) Dx f(x) + (Dar g, W)= r(x)) Dx S (x)
=e I rel* + el (—jre” ) =0, (6.99)

as expected because /(x) = r? is independent of x. The derivative of g with respect to
w € W can be found by the method in (6.71), and it is seen that

Dyg = (D) Dyf'=0-D, [ =0, (6.100)

which is the expected result because the function g(w, w*) stays constant when moving
along a circle with center at the origin and radius r.

Remark It is possible to imagine the function t : C — W C C given by t(z) = re!%*
as an alternative function for producing the manifold VW in Example 6.17. The image set
of the function t is VW, however, the problem with this function is that its domain has one
dimension in the complex domain and VW has only one dimension in the real domain;
this is impossible for a diffeomorphism. It is possible to parameterize VV with a function
that depends on only one real variable, and this can, for example, be done by means of
the function given in (6.95). This shows the importance of parameterizing the manifold
with a function that is a diffeomorphism.

Example 6.18 Let @ € C be an unconstrained complex variable. Three examples of
scalar manifolds will now be presented.

(1) The set defined as
W ={w € C | w = Re{w}}, (6.101)
is a manifold because the following function f : R — W C C, given by
w= f(x)=x, (6.102)

is a diffeomorphism that corresponds to a parameterization function for Y.
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(2) Let the set V be defined as
V={weC|w=jIm{w}}. (6.103)
This is a manifold because the function g : R — V C C, defined as
glx) = jx, (6.104)

is a diffeomorphism.
(3) The set U defined as follows:

U={w e C| Re{fw} = w, Re{w} > 0}, (6.105)

is also a manifold. The reason for this is that it can be parameterized by the function
h:RY — U C C, given by

w=h(x)=x, (6.106)

and 4 is a diffeomorphism.

Generalized Derivative with Respect to Vector Variables

Example 6.19 Let g : C>*! x C?>*! — R be given by
g, w*) = || Aw — b|* = wi A" 4w — w" A" — b AW + b"b, (6.107)

where 4 € CV*% and b € C¥*! contain elements that are independent of % and Ww*
and rank(A4) = 2. The vector W is unpatterned. First, the unconstrained optimization
problem of minimizing g over the setw e C?>*!is solved. To find necessary conditions for
optimality, the equations Dy g = 04, or Dy;+g = 04, can be used. The derivatives Dy g
and Dy+g can be found from

dg = (dw') A" aw +w" 4" adw — (aw'") A"b — b" AdWw
= (WA 4—b"A)aw + (W' A" A" — b" 4%) dW*. (6.108)
Hence, the two derivatives Dy; g and Dj;+ g are given by
Dyg=wlA"A—b" A, (6.109)
Dicg=wl AT 4* — bT 4%, (6.110)

respectively. Necessary conditions for the unconstrained problem migl 1 g(w, w*) canbe
weC?x

found by, for example, D;;+g = 0;«2, and this leads to
W= (4" 4)" 4"b = A"b, (6.111)

where rank (4) = rank (A" A) = 2 and (2.80) were used.
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Now, a constrained set is introduced such that the function g should be minimized
when its argument lies in WW. Let W be given by

VV:{WEC2X1 w:{i}x—kj[_ll}y,x,yeﬂ%}

={we<(:2x1 w:[;],zec}. (6.112)

Let w € W, meaning that when it is enforced, the unconstrained vector w should lie
inside the set W, then it is named w. The dimension of W is given by dimg{WW} = 2 or,
equivalently, dimc{W} = 1.

In the rest of this example, it will be shown how to solve the constrained complex-
valued optimization problem yrvlg\l/ g(w, w") in two alternative ways.

(a) Let the function f : C x C — W be defined as

f(z,z%) = [ZZ } —w. (6.113)

As in all previous chapters, when it is written that f: C x C — W, this means
that the first input argument z of f takes values from C, and simultaneously the
second input argument z* takes values in C; however, the two input arguments are
complex conjugates of each other. Hence, they cannot be varied independently of
each other. When calculating formal partial derivatives with respect to these two
input variables, they are treated independently. The total complex dimension of the
space of the input variables z and z* is 1, and this is the same dimension as the
manifold W in (6.112). It is seen that the function f produces all elements in W;
hence, it is onto W. It is also seen that f is one-to-one. Hence, f is invertible. The
derivatives of f with respect to z and z* are given by

D.f= {(1)} (6.114)
0

D, f = BE (6.115)

respectively. From the above two derivatives, it follows from Lemma 3.3 that

" 0

D.f* = o (6.116)
. 1

D, f* = [ 0 ] . (6.117)

Define the composed function 2 : C x C — R by

Wz ) = gO0 W)L = 80w w) = g(f(2.2), f1(z.2). (6.118)
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(b)

The derivatives of 4 with respect to z and z* can be found by the chain rule as
follows:

Dzh = Dﬁg'w:w sz+ Dw*g|ﬂ'=w sz*

1 . a0
= [w" 4" 4—b" 4] [0 } + whA" a4 —b" 4] [ X ] (6.119)
and
D.+h = Dygli—w D= f + Digliyyy Do f
— H 4H 4 pH 0 T 4T 4% _ pT 4% 1
= [w"A"4—b A][I]Jr[w A" A bA}[O] (6.120)

Note that (6.119) and (6.120) are the complex conjugates of each other, and this is
in agreement with Lemma 3.3. Necessary conditions for optimality can be found by
solving D,h = 0 or, equivalently, D.-h = 0 (see Theorem 3.2). In Exercise 6.1, we
observe that each of these equations has the same shape as (6.269), and it is shown
how such equations can be solved.

Alternatively, the constrained optimization problem can be solved by considering
the generalized complex-valued matrix derivative D,,g, and this is done next. Let
the N x N reverse identity matrix (Bernstein 2005, p. 20) be denoted by Jy, and
it has zeros everywhere except +1 on the main reverse diagonal such that, for

1 . .
example, J, = [ (1) 0 ] The function f: C x C — W is one-to-one, onto, and
differentiable. The inverse function f~!: W — C x C, which is unique, is given
by
fl(w)zfl([zz* D B LZ } =w=Jw’, (612D

hence, f~'(w) = w and the derivative of f with respect to w is given by
D, f'=1I. (6.122)
Because the elements of w* have independent differentials, we get
Dy [~ =Dy (Jow*) = . (6.123)

Now, the derivatives of g with respect to w and w* are determined. It follows
from (6.71) that

Dyg = [D:h, Dz*h]{ - D, f' =[D.h, D..-h]¢ -

o+ ] =f'ow)

_ H 4 H 4 pH 1 T T g T 1] 0
_[[wAA bA}LJ%—[wAA b" A* 1]’

W A" A — b" A] { 0

) } + [whA" 4" — b" 4*] B H (6.124)
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When solving the equation D,, g = 0,4, using the above expression, the following
equation must be solved:

WA A—b"A| I+ [w' A" 4* — bT A*] T, = 01,,. (6.125)
Using that w* = Jow, (6.125) is solved as
w=[A"A+ 1, A" 4° 3, [4"b+ J,A"b*] . (6.126)

In Exercise 6.2, it is shown that the solution in (6.126) satisfies J,w = w*.
From (6.72), it follows that the derivative of g with respect to w* is given by

Dy+g =[D:h, Dz*h]|: Z Dy f~' = (Dug) J2. (6.127)

- }=f1(w)

From (6.127), it is seen that the solution of D,,«g = 0> is also given by (6.126).

In Exercise 6.3, another case of generalized derivatives is studied with respect to a
vector where a structure of the time reverse complex conjugate is considered. This is a
structure that is related to linear phase FIR filters. Let the coefficients of the causal FIR
filter H(z) = Yy h(k)z™* form the vector h £ [h(0), A(1), ..., k(N — 1)]7. Then,
this filter has linear phase (Vaidyanathan 1993, p. 37, Eq. (2.4.8)) if and only if

h=dJyh*, (6.128)

where |d| = 1. Linearly constrained adaptive filters are studied in de Campos, Werner,
and Apolindrio Jr. (2004) and Diniz (2008, Section 2.5). In cases where the constraint
can be formulated as a manifold, the theory of this chapter can be used to optimize
such adaptive filters. The solution of linear equations can be written as the sum of the
particular solution and the homogeneous solution (Strang 1988, Chapter 2). This can
be used to parameterize all solutions of the set of linear equations, and it is useful, for
example, when working with linearly constrained adaptive filters.

Generalized Matrix Derivatives with Respect to Diagonal Matrices

Example 6.20 (Complex-Valued Diagonal Matrix) Let W be the set of diagonal N x N
complex-valued matrices, that is,

W={weC"V | woly=Ww}, (6.129)

where © denotes the Hadamard product (see Definition 2.7). For W, the following
parameterization function F : CV*! — W € CV*¥ can be used:

vec (W) = vec (F (z)) = Lyz, (6.130)

where z € CV*! contains the diagonal elements of the matrices W € W, and where the
N? x N matrix L, is given in Definition 2.12. The function F is a diffeomorphism;
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hence, W is a manifold. From (6.130), it follows that d vec (F (z)) = Lydz, and from
this differential, the derivative of F with respect to z can be identified as

D.F =L, (6.131)
Let g : CV*N — C be given by

gW)=Tr{aW}, (6.132)

where 4 € CV*V is an arbitrary complex-valued matrix, and where W € CV*V contains
independent components. The differential of g can be written as dg = Tr {Ad W} =
vec” (A") dvec (W). Hence, the derivative of g with respect to W is given by

Dyg = vec' (A7), (6.133)

and the size of Djg is 1 x N2
Define the composed function 4 : CV*! — C by

h(z) = W)y = 8W) = g(F (2)). (6.134)
The derivative of & with respect to z can be found by the chain rule
D;h = (Dyg)|j_y D:F = vec” (A") Ly = vecj (A), (6.135)

where (2.140) was used.

Here, the dimension of the tangent space of W is N. We need to choose N basis vectors
for this space. Let these be the N x N matrices denoted by E; ;, where E;; contains
only Os except +1 at the i-th main diagonal element, where i € {0, 1,..., N — 1} (see
Definition 2.16). Any element W € W can be expressed as

W=20Eoo+z1E11+ - +zy_1En-1.nv-1 = [2iE.) (6.136)

where [z](g, ) contains the N coefficients z; in terms of the basis vectors E; ;. If we look
at the function F : CN*! — W and express the output in terms of the basis E; ;, this
function is the identity map, that is, F(z) = [z]g,,); here, it is important to be aware
that z inside F(z) is expressed in terms of the standard basis e; in CV*!, but inside
[z](E,, the z is expressed in terms of the basis E; ;. Definition 2.16 and (2.153) lead to

the following relation:
[vec (Eo),vec(Ey ), ..., vec(Ey_1n-1)] = Lq. (6.137)
The inverse function F~! : WW — CV*! can be expressed as
F'w) = F ' ([2)ig.) = 2. (6.138)

Therefore, Dy F~! = D[z](E“)F 1 = Iy. We can now use the theory of manifolds to
find Dy g. The derivative of g with respect to W can be found by the method in (6.71):

Dwg = (D;h) DwF ' = vec) (A) Iy = vec] (A). (6.139)

Note that the size of Dyyg is 1 x N, and it is expressed in terms of the basis chosen
for W. Hence, even though the size of both W and W is N x N, the sizes of Dyg and
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Djy g are different, and they are given by 1 x N and 1 x N2, respectively. This illustrates
that the sizes of the generalized and unpatterned derivatives are different in general.
If vec; (W) = z and vec; (W) = vec, (W) = 0w, are used in (6.78), an expres-
2

sion for %/ can be found as follows:

g ah L il ah il dh
veC| — | =vec| — | = u
aw aw “avecaw) " avec(W) 3 vec, (W)
dh
= Lda— = Ly (D,;h)T = Lyvecy (A) =vec(A0 Iy), (6.140)
2z

where Definition 6.7 and Lemma 2.23 were utilized. Hence, it is observed that ;Tg,, is
diagonal and given by
g

= =AQIy. 6.141
oW Oly ( )

Example 6.21 Assume that diagonal matrices are considered such that W € W, where
W is given in (6.129). Assume that the function g : C¥*¥ x CV*V — C is given,

and that expressions for Djg = vec” ( ;f.y) and Dy+g = vec’ ( aaﬁ"/*) are available.

The parameterization function for WV is given in (6.130), and from this equation, it is
deduced that

Dy F = 0p2xn, (6.142)
D F* = 0n2xns (6.143)
D F* = Ly. (6.144)

Define the composed function 4 : C¥*! — C by
h(z) = g(W, W*)]WZW =g(W,w). (6.145)

The derivative of & with respect to z is found by the chain rule as

b
D.h = Dyl D:F + Dyrg| j_y DF* = vec! ( £ )‘ L,

oW J lw=w
r (98
=vec,; | —=- . (6.146)
8 W W=w
When W € W, it follows from (6.130) that the following three relations hold:
vecy (W) =z, (6.147)
VeC, (W) = O(N—ZI)N «1° (6148)

VveC, (W) = O(JVEI)N «1° (6.149)
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From Definition 6.7, it follows that because all off-diagonal elements of W are zero, the
derivative of g with respect to off-diagonal elements of W is zero. Hence, it follows that

og oh
= = 0w-w s 6.150
dvec, (W)  dveq, (W)  “aoxl (6.150)
3 dh
g _ =00y, (6.151)
dvec, (W) 0dvec, (W) T X

Since vec, (W) = z contains components with independent differentials, it is found
from (6.78) that

g\ _p h L, 9k dh
veC | —— = /AP —
AW Tavecg (W) " avec, (W) 3 vec, (W)

g g
=L, (D,h)" = L,vec, | —= =vec (I @~>’ ) 6.152
4 (D;h) d Vecy <8W>’W—W ( NO oS . ( )

From this, it follows that {f—fy is diagonal and is given by

a a
9 _ o0

= = 6.153
ow ow ( )

W=w

It is observed that the result in (6.141) is in agreement with the result found in (6.153).

Generalized Matrix Derivative with Respect to Symmetric Matrices

Derivatives with respect to symmetric real-valued matrices are mentioned in Payar6 and
Palomar (2009, Appendix B)''.

Example 6.22 (Symmetric Complex Matrices) Consider symmetric matrices such that
the set of matrices studied is

W= {WeCVN | wl =wyccV¥V, (6.154)

(N-1)N
2

A parameterization function F : CV*! x C *1' 5 W denoted by F (x,y) = W is

given by
vec(W)=vec(F(x,y))=Ls;x+(L;+L,)y, (6.155)

where x = vecy(W) € CV*! contains the main diagonal elements of W, and y =
N-DN . . .
vec; (W) = vec, (W) € €51 contains the elements strictly below and also strictly

above the main diagonal. From (6.155), it is seen that the derivatives of F with respect

1 It is suggested in Wiens (1985) (see also Payard and Palomar 2009, Appendix B) to replace the vec(-)
operator with the v(-) operator for finding derivatives with respect to symmetric matrices.
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to x and y are, respectively,
DF = L,, (6.156)
DyF=L+L,. (6.157)

Let us consider the same function g as in Example 6.20, such that g(#) is defined in
(6.132), and its derivative with respect to the unpatterned matrix ¥ is given by (6.133).
To apply the method presented in this chapter for finding generalized matrix derivatives

. . (N-1)N
of functions, define the composed function 4 : CV*! x C ™= — Cas

hx,y)=g(W)|j_y =g(W) =g (F(x,y)). (6.158)

The derivatives of & with respect to x and y can now be found by the chain rule as

x1

Dih = (Dyg)|_yy Do F = vec” (A7) Ly = vec] (4), (6.159)
Dyh = (Dyg)|_y DyF = vec” (A7) (L; + L,) = vec] (A+A4"),  (6.160)

respectively.

The dimension of the tangent space of W is w To use the theory of manifolds, we
need to find a basis for this space. Let E; ;, defined in Definition 2.16, be a basis for the
diagonal elements, where i € {0, 1, ..., N — 1}. Furthermore, let G; be the symmetric
N x N matrix with zeros on the main diagonal and given by the following relations:

vee)(G;) = vee,(G) = (L), (6.161)

wherei € {0, 1, ..., M — 1}. This means that the matrix G; is symmetric and con-

tains two components that are +1 in accordance with (6.161), and all other components
are zeros. As two examples, G; for i € {0, 1} is given by

010 ---0 001 ---0
100 ---0 000 ---0
Gy=|000 -0} Gg=|100 - 0 (6.162)
000 ---0 000 ---0
Define x = [xg, x1, ..., xy_1]” andy = [yo,yl,...,yw_lr,thenany W e W can

be expressed as
W=xoEqo+xi1Ei1+- - +xy1Ey_1ny-1 +y0Go+ G+ ---
+y(N—21)N_IG(N—21)N_] = [[x]{E,,J}, [y]{Gi}} s (6.163)

where the notation [[x]g,,), [¥](g,] means that the basis matrices defined above in
(N=)N

{E i,i}f\': f)l and {G};_; ! are used. Notice that (6.137) and the following relation are
valid:

[vec(Go),vec (G)), ... vec (G(i_l)} =L +L,. (6.164)

The result in (6.164) follows from (2.159) and (2.166).
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When studying the parameterization function F in terms of the basis for the tangent
space of W, we have W = F(x, y) = [[x](£,,). [V](6.)]; hence, this is the identity map.
Its inverse is also the identity map:

F'w) = F ' ([[x)ig.1, DPli6n]) = (. »)- (6.165)
The derivative of F~' (W) with respect to W is given by
DWF_I(W) =D [[x](Ei,i)’[y](Gi):I F_l ( [[x]{Ei»f}’ [y]{Gz}]) = IW ’ (6166)

Now, we are ready to find Dy g by the method presented in (6.71):

Dwg = [Dxh, Dyh] DyF~" = |vec] (A), vec, (A+ AT)][ (6.167)

Ly Li+L,]"
Here, Dy g is expressed in terms of the basis chosen for W, which is indicated by the
subscript [Ly, L; 4+ L, ]. The size of Dy g expressed in terms of the basis [L,, L; + L,]
is1 x w, and this is different from the size of Dj,g, whichis 1 x N2 (see (6.133)).
Hence, this shows that, in general, Dy g # Dy,g.

If vecy (W) = x and vec; (W) = vec, (W) = y are used in (6.78), it is found that

vec (Bg) =L, oh + L, oh +L, oh
ow avecy (W) avec; (W) avec, (W)
= Ly(Deh) + L (Dyh)" + L, (Dyh)"
= Lyvecy (A)+ (L; + L,) (vec; (A) + vec, (A4))
= L,vecy (A) + L;vec; (A)+ L, vec, (A) + L;vec, (A) + L, vec; (A)
= vec(A) + L; vec; (AT) + L, vec, (AT) + L, vecy (AT) — L, vecy (AT)
= vec(A) +vec (A7) —vec(AO Iy) =vec (A+ A" — A0 Iy), (6.168)

where Definition 2.12 and Lemmas 2.20 and 2.23 were utilized. Hence, g—fV is symmetric
and given by

0g T
= =A+ A —AO Iy. 6.169
oW + Oly ( )

In the next example, an alternative way of defining a parameterization function for
symmetric complex-valued matrices will be given by means of the duplication matrix
(see Definition 2.14).

Example 6.23 (Symmetric Complex Matrix by the Duplication Matrix) Let W € CN*V
be symmetric such that W € W, where W is defined in (6.154). Then, W can be
parameterized by the parameterization function F : C S W C CN*N | given by

vec (W) = vec(F(z)) = Dyz, (6.170)

where Dy is the duplication matrix (see Definition 2.14) of size N? x , and

N(N+1)
z € C— = x1

N(N+1)
2

contains all the independent complex variables necessary for producing
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all matrices W in the manifold JV. Some connections between the duplication matrix D y
and the three matrices Ly, L;, and L, are given in Lemma 2.32. Using the differential
operator on (6.170) results in d vec (F) = D ydz, and this leads to D, F = D .

To find the inverse parameterization function, a basis is needed for the set of matrices
within the manifold W. Let this basis be denoted by H; € Z; *", such that

vec (H;) = (Dy).; € Z) "1, (6.171)
where i € {O, I,..., W — 1}. A consequence of this is that
Dy = [Vec(Ho),Vec(Hl),...,Vec (wal)} . (6.172)
2

If W € W, then W can be expressed as

N(N+1) N(N+1)
=1 =1

vec(W) =vec(F(z)) =Dyz= »  (Dy),zi= » vec(H)z. (6.173)

i=0 i=0

This is equivalent to the following expression:

N(]\;Jrl) 1
W=FQ)= Z Hz; & [z)im, (6.174)
i=0
NN+
where the notation [z],, means that the basis { H;};_g isused to express an arbitrary

element W € W. This shows that the parameterization function F(z) = [z]g,, is the
identity function such that its inverse is also given by the identity function, that is,
F! ([z];m,)) = 2. Hence, the derivative of the inverse of the parameterization function
is given by Dy F~' = Dy, F~' = Lo,

Consider the function g defined in (6.132), and define the composed function 4 :
C™7 ! - Cby

h@) = gW)ljy—w = g(W) = g(F(2)). (6.175)
The derivative of & with respect to z can be found by the chain rule as
D;h = Djygljy_yD.F = vec” (A") Dy. (6.176)

By using the method in (6.71), it is possible to find the generalized derivative of g with
respect to W € W as follows:

Dwg = (D;h)DwF ™' = vec” (A") Dy, (6.177)

. NOVED . .
when the basis {H};_; is used to express the elements in the manifold W.
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To show how (6.177) is related to the result found in (6.167), the result presented
in (2.175) is used to reformulate (6.177) in the following way:

vec! (A") Dy = vec” (A7) Ly} +vec” (A7) (L, + L) V]
vecy (AT) Vi +vec] (A") V] +vec] (A7) V]

= Vech (AT)VE +vee] (A") V] + vec] () V]
T
a (

= vec) (A") V] +vec] (A+ A" V]
%A
= [vec! (A7), vec! (A+ 47)] V”; : (6.178)
I
From (2.182), it follows that
VT
d
[La, L+ L] pr | = Dy. (6.179)
I
From (6.178) and (6.179), it is seen that (6.177) is equivalent to the result found in (6.167)
Ni N 1 N(N+1 .
because we have found an invertible matrix ¥ € C* >~ x* ), which transforms one
basis to another, that is, Dy V = [Ly, L; + L,], where V = [V, V;] is given in Defi-
nition 2.15.

Because the matrix W is symmetric, the matrix a & will also be symmetric. Let us use
the matrices T; ; defined in Exercise 2.13. Using the vec(-) operator on (6.74) leads to

—1N-1

oh oh
vec ( ) ZO ;Vec 8 (W) ;VGC (T,-’j) 78(W)i,j
= [vec(To,0),vec(T10), - . vec(Ty_10),vec(T11), -, vec(Ty_1n-1)]

- ah -
(W) 0
oh

W0

| = | =py (6.180)
( 32’71‘0 3U(W)

W),

dh
L 0(W)y-_1v—1 A

where (6.175) has been used in the first equality by replacing g with 4, and (2.212) was
used in the last equality. If v(W) = z is inserted into (6.180), it is found from (2.139),
(2.150), and (2.214) that

0 oh
vec (ang) = DNav(W) =Dy (D;h)" = DyD}; vec (4")

= DNDQKN,N vec (A) = DNDﬁvec (A)
=Uy+Kyy— Kyn O Iy2)vec(A) = vec (A+AT —A@IN). (6.181)

This result is in agreement with (6.169).




6.5.5

6.5 Examples of Generalized Complex Matrix Derivatives 17

Examples 6.22 and 6.23 show that different choices of the basis vectors for expanding
the elements of the manifold W may lead to different equivalent expressions for the
generalized derivative. The results found in Examples 6.22 and 6.23 are in agreement
with the more general result derived in Exercise 6.4 (see (6.277)).

Generalized Matrix Derivative with Respect to Hermitian Matrices

Example 6.24 (Hermitian) Let us define the following manifold:
W={(WeCVN|wi=w)cCcV¥V. (6.182)

An arbitrary Hermitian matrix W € WV can be parameterized by the real-valued vec-
tor x = vecy (W) € R¥*! which contains the real-valued main diagonal elements, and
the complex-valued vector z = vec;(W) = (vec,(W))* € c=" *1which contains the
strictly below diagonal elements, and it is also equal to the complex conjugate of

the strictly above diagonal elements. One way of generating any Hermitian N x N
(N—D)N

matrix W e W is by using the parameterization function F :R¥*! x C™z *! x
N—-1)N
C5 %1 5 W given by
vec(W) = vec(F(x,z,2") = Lax + Liz + L,z". (6.183)

From (6.183), it is seen that DyF = Ly, D, F = L;, and D,«F = L,,. The dimen-
sion of the tangent space of W is N2, and all elements within W € W can be
treated as independent when finding derivatives. If we choose as a basis for W
the N? matrices of size¢ N x N found by reshaping each of the columns of L,,
L, and L, by “inverting” the vec-operation, we can represent W e W as W £
[[x], [z], [z* 1L, L., L,)- With this representation, the function F is the identity func-
tion because W = F(x, z, z*) = [[x], [z], [z*]][L,.L,,1,]- Therefore, the inverse func-

(N-DN (N-D)N
2

tion F7' : W - RVl x =7 *IxC

*1 can be expressed as

F'(W) = F'([[x]. [2], [2*1)iLs.1.2.1) = (Veca(W), vec (W), vec, (W)
=(x,z,2%), (6.184)

which is also the identity function. Therefore, it follows that Dy F~! = I'y..

Example 6.25 Let us assume that W € W C C¥*V, where WV is the manifold defined

in (6.182). These matrices can be produced by the parameterization function F :
N-1)N N-1)N

RVX1 5 C55 1 xy(C'v 75 %1 5 W given in (6.183). The derivatives of F with respect

tox € RV*! z € C*57 %! and z* € C“5" %! are given in Example 6.24. From (6.183),

the differential of the complex conjugate of the parameterization function F is
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given by
dvec(W*) =dvec(F*) = Lydx + L,dz + L;dz*. (6.185)

And from (6.185), it follows that the following derivatives can be identified: D, F* = L,
D.F*=L,,and D F* = L,.

Let g : CV*V x CVN*N — C be given by g(W, W"), where W € CV*V is a matrix
containing only independent variables. Assume that the two unconstrained complex-
valued matrix derivatives of g(W, W*) of size 1 x N? are available, and given

by Dyg = vec! (;éfy) and DW*g = vec”
Rle xC—=2—

f;}). Define the composed function 7 :

(N— 1)1\ (N— I)N

Ly C™z %! = Cby
hix,z,2%) = g(W, W*)‘W_W = g(W, W*) = g(F(x,z,2%), F*(x,2,2). (6.186)

The derivatives of the function 4 with respect to x, z, and z* can be found by the chain
rule as follows:

Dih = Dyygly_yy DiF + Djrgly,, DoF* = [Dwg+DW*g W

dg  og g T
= vec! <~ + — *>‘ L;= Vech , (6.187)
oW AW ) j—w T aW e
D.h = Dygl;_y D:F + Dy w D F*
3 3
= vec! ( % ) L, + vec! <~g*>‘ L,
oW ) iy oW ) ljy—w
= vec] ( ( ) ) , (6.188)
V=W
and
Dyh = Djygly_p D F + Dyrgl;_,, Do F*
B
=vecT< %)’ L, + vec” < g>‘ L,
3W W=w
dg ag \'
= vec! [ ==+ ( < > ) (6.189)
oW oW bw

The sizes of the three derivatives Dyh, D;h, and D,«h are 1 x N, 1 x w, and
1 x (N_%, respectively. The total number of components within the three derivatives
Dyh, D h, and D,-h are N + w + M = N?. If the method given in (6.71) is
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used, the derivative Dy g can now be expressed as

(DwgliL, 1,11 = [Dxh, D;h, D, h] Dy F~!

_ [ (;gy o () )

where the results from (6.187), (6.188), and (6.189), in addition to Dy F~' = I'y> from
Example 6.24, have been utilized. In (6.190), the derivative of g with respect to the
matrix W € W is expressed with the basis chosen in Example 6.24, that is, the N first

W=DV a5 the
(N=1)N
2

W=w

[La, L, Lu]] , (6.190)
[Lq, L, L,]

basis vectors of W are given by the N columns of L, then the next
M columns of L;, and the last M basis vectors are given by the
columns of L,; this is indicated by the subscript [L,, L;, L, ].

Let the matrix Z € CV*¥ be unpatterned. From Chapter 3, we know that unpatterned
derivatives are identified from the differential of the function, that the unpatterned
matrix variable should be written in the form dvec(Z), and that the standard basis
used to express these unpatterned derivatives is e; of size N> x 1 (see Definition 2.16).
To introduce this basis for the example under consideration, observe that (2.42) is
equivalent to

L
vec” (A4) = [vec) (A), vec] (A), vec] (4)] | L] |. (6.191)
LT
From this expression, it is seen that if we want to use the standard basis E; ; (see
Definition 2.16) to express Dy g, this can be done in the following way:

[DWg][Ei,j] = [DWg][Ld,LI,Lu] LIT = [’th’ Dzh’ Dz*h] LIT
LT LT
T
8g L(;
= vec! [Ld,Lz,L 11 L]
8W o
r [ 9g
= |vec + vec” (6.192)
ow Ww=w
DWg + {KN N Vec <g*) } = [DWg + (Dw*g) KN,N] W (6193)
oW e

where the notation []g, ; means that the standard basis E;; is used, the notation
[-)iL,.1,,1,) means that the transform is expressed with [L,, L;, L,] as basis, and LdLg +
LiL] 4+ L,LT = I'y> has been used (see Lemma 2.21). Notice that, in this example,
where the matrices are Hermitian, the sizes of Djg and Dyyg areboth 1 x N 2. the reason
for this is that all components inside the matrix W € WV can be treated as independent of

each other when finding derivatives. Since for Hermitian matrices Dyg = vec’ (;—fy) ,
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it follows from (6.192) that

) 3 ag \7’
e %+< :i) ] | (6.194)
aw -\ oW i
Because W* = W7 it follows that
) ) ag \ 7 ) ag \ 7
s _ %8 _ (28 | % (? . (6.195)
W aw W AW W) |

Alternatively, the result in (6.194) can be found by means of (6.78) as follows:

vee (98 _ 1 oh ) oh i L ah
ow) davecd(W) lavecl(W) “ 3 vec, (W)
=Ly (th)T + L (Dzh)T + L, (Dz*h)T

3 ag \" 3 ag \'
= L,vecy %+( & ) + L;vec; %—i—( ~g*)
ow W _ w ow

Ww=w

3 ag \’

+ L, vec, ‘%—i—( :g*>
ow ow

which is equivalent to (6.194).

To find an expression for Dy+g, the method in (6.72) can be used. First, an expression
for Dy+F~! should be found. To achieve this, the expression vec (F _1) is studied
because all components inside W* have independent differentials when W is Hermitian.
The desired expression can be found as follows:

W=w

3 ag \’
= vec % +< :g*) s
oW ow o

W=w
(6.196)

x LT vec(W) LYKy y vec(W*)
vee(F')=| z | = LI vee(W) | = | LKy nvec(W"
z* LT vec(W) LT Ky y vec(W*)
LT vec(W*) L}
= | LIvec(W*) | = LI | vec(w™). (6.197)
L] vec(W™) L’

Because all elements of W* have independent differentials, it follows from (6.197)
that

Ly

Dy-F'=| LT |. (6.198)
Lf
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When (6.72) and (6.198) are used, it follows that Dy~g can be expressed as
Ly
Dy~g = [Dsh, D;h, DphlDy+F~' = [Dyh, D;h, D..h] LT

Ll
d ag \"
= vec) 5 4 < :g*> L
ow ow T
i) ag \'
+ vec] £ ( §*> Ll
ow ow P
d ag \'
+ vecg % + < :g*> L,T
ow a W
ag ag r
= vec) | —= + ( R ) L}
d oW W=w
d ag \"
+ vec/ Lg* + < %) L]
a ow e
9 ag\’
+ vec! g ( £ > Ll
? oW W=w

r( 02 (92" TR
=vec | —x+ = = vec — , (6.199)
oW ow —w ow

which is in agreement with the results found earlier in this example (see (6.195)).

In the next example, the theory developed in the previous example will be used to
study the derivatives of a function that is strongly related to the capacity of a Gaussian
MIMO system.

Example 6.26 Consider the set of Hermitian matrices, such that We W = {W €
CM>M: | wH — W}, This is the same set of matrices considered in Examples 6.24
and 6.25.

Define the following function g : CM>M: 5 CM>M: . C, given by:

g(W, W") =In (det (I, + HWH")), (6.200)

where W e CM>M: is an unpatterned complex-valued (not necessarily Hermitian)
matrix variable. Using the theory from Chapter 3, it is found that

dg =Te{(Ly, + HWH")"" H (aW) H" |

=Te{H" (Iy, + HWH")"' HaWV}. (6.201)
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B H

N x 1 M; x N My x1 M, x M, M, x 1

Figure 6.4 Precoded MIMO communication system with M, transmit and M, receiver antennas and
with correlated additive complex-valued Gaussian noise. The precoder is denoted by B € CM<V|
the original source signal, x € C¥*!, the transmitted signal, z € C¥*!  the Gaussian additive
signal-independent channel noise, n € C**! the received signal, y € C¥*!, and the MIMO
channel transfer matrix, H € CM>*M:

From Table 3.2, it follows that

0 v ot T 1yl T - *
—Ng(W, ):H (1M+HWH) H, (6.202)
and

0 o
et (W, % ) -~ (6.203)

These results are valid without enforcing any structure to the matrix W. The above
results can be rewritten as

o -1
Dyg = vec! (HT (IM, B WTHT) H*) : (6.204)

3
Dyrg = vec” (a;) =040 (6.205)

Consider now the generalized complex-valued matrix derivatives. Assume that W e
W, and we want to find the generalized derivative with respect to W € W. From (6.194),
(6.202), and (6.203), it follows that

%,g(W, W =H" (I, + H*W H")" H". (6.206)

Because W* = W7 it follows that

d 9 ! H H)~1
Wg(%= (an(%> =H" (I, + HWH") " H. (6.207)

Example 6.27 Consider the precoded MIMO system in Figure 6.4. Assume that the
additive complex-valued channel noise n € C*-*! is zero-mean, Gaussian, independent
of the original input signal vector x € C¥*!, and n is correlated with the autocorrelation
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matrix given by
X, =E[nn"]. (6.208)

The M, x M, matrix X, is Hermitian. The goal of this example is to find the derivative
of the mutual information between the input vector x € CV*! and the output vector
y € C**1 when it is considered that X! is Hermitian. Hence, it is here assumed that
the inverse of the autocorrelation matrix 3, is a Hermitian matrix, and, for simplicity,
it is not taken into consideration that it is a positive definite matrix.

The differential entropy of the Gaussian complex-valued vector n with covariance
matrix X, is given by Telatar (1995, Section 2):

H(n) = In(det(reX))). (6.209)

Assume that complex Gaussian signaling is used for x. The received vector y € CM-*!
is complex Gaussian distributed with covariance:

Yy, =E [yyH] =E [(HBx + n)(HBx + n)H]
=E [(HBx +n) (x"B"H" +n")] = HBX .B"H" + %, (6.210)

where X = E[xx*'] and E[xn''] = 0y, . The mutual information between x and y
is given by Telatar (1995, Section 3):

I(x;y)=H(y)—H(y | x)=H(y)— H(n)=In (det (reX)) —In(det (reX,))
=In (det (¥, X,")) =1In(det (I, + HBX,B"H"X,")).  (6.211)

Let W € CM>*M: be a matrix of the same size as X', which represents a matrix with
independent matrix components. Define the function g : CM->M x CM->M:- . C as

g(W, W") =In(det (I, + HBXB" H"W)) . (6.212)
The differential of f is found as

dg = Tr { (I, + HBX B H'" W)™ HBEXBHHHdVV}
= vec’ (H*B*E;;BTHT (IM,_ + WTH*B*ZjBTHT)_1> dvec (W)
= vec” (H*B* (1v+ =B HT VVTH*B*f1 E;BTHT) dvec ()
= vec” (H*B* ((2;;)’1 +BH' WTH*B*)_] BTHT) dvec (W), (6.213)
where Lemma 2.5 was used in the third equality. Define the matrix E(W) € CV*V as

EGW)2 (z.'+ B"H"WHB) ™" (6.214)

Then it is seen from dg in (6.213) that the derivative of g with respect to the unpatterned
matrices W and W can be expressed as

Dyg =vec’ (H*B*E"(W)B"H"), (6.215)
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and
Djyrg = 01512, (6.216)

respectively.

Let W be a Hermitian matrix of size M, x M,. The parameterization function
F(x, z,z*) is defined in (6.183). From (6.193), it follows that for Hermitian matri-
ces, the following relation can be used to find the generalized matrix derivative in terms
of the unpatterned matrix derivative:

Dwg = [Dyg+ (Dyrg) Knyn) jyyy - (6.217)

when the standard basis {E,-,j} is used to express Dy g. By using this relation, it is
found that the generalized derivative of g with respect to the Hermitian matrix W can
be expressed as

Dwyg =vec' (H*B*E"(W)B"H"). (6.218)

When W = W is used as argument for g(W, W*)| e = g(W, W), then the function
g(W, W*) = I(x;y), where I(x;y) is mutual information between x and y, and W is a
Hermitian matrix representing the inverse of the autocorrelation matrix of the noise vec-
tor n, that is, W represents 2;1. Hence, the derivative of the mutual information /(x; y)
with respect to W is given by

Dyl = vec’ (H*B*E"(W)B"H") . (6.219)
Because W is Hermitian, Dy [ = vec” (=), and it is possible to write
0
WI = H'B'ET(W)B"H'. (6.220)

Because 7 is scalar, it follows that

0 ;- 0 I—(81>T—(H*B*ET(W)BTHT)T
awy T \aw )

= HBE(W)B"H". (6.221)

This is in agreement with Palomar and Verdu (2006, Eq. (26)).
From the results in this example, it can be seen that

Dyrg =012, (6.222)
Dy~g = vec’ (HBE(W)B"H"). (6.223)

This means that by introducing the Hermitian structure, the derivative Dy~ g is a nonzero
vector in this example, and the unconstrained derivative Dj+g is equal to the zero
vector.
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Generalized Matrix Derivative with Respect to Skew-Symmetric Matrices

Example 6.28 (Skew-Symmetric) Letthesetof N x N complex-valued skew-symmetric
matrices be denoted S and given by

S={§eCVVN|sT =_5). (6.224)

Skew-symmetric matrices have zero elements along the main diagonal, and the elements
strictly below the main diagonal in position (k, /), where k > /, are equal to the elements
strictly above the main diagonal in position (/, k) with the opposite sign. Notice that no
complex conjugation is involved in the definition of skew-symmetric complex-valued
matrices; hence, it is enough to parameterize these matrices with only the elements
strictly below the main diagonal. Skew-symmetric matrices S € S C CV*V can be
parameterized with the parameterization function F : C S anE LN , given by

vec(S)=vec(F(z))=Liz—L,z=(L;—L,)z, (6.225)
where z € C“=" %! contains all the independent complex-valued variables that are
necessary for producing the skew-symmetric matrices § € S. From (6.225), it is seen
that the derivatives of F with respect to z and z* are given by

D,F=1L,—L,, (6.226)
Do F =0y, 0. (6.227)

By complex conjugation (6.226) and (6.227), it follows that D F* = 0,, «-nv and
2
D, F* =L, — L,. Let the function g : CY*N x CN*N — C be denoted g(S, 8"),

where § € CV*V is unpatterned, and assume that the two derivatives Dyg = vec” (g—i

and Dy g = vec” ( ;S%) are available. Define the composed function / : c 1 L ¢

as follows:

h(z) = g(8, 8| = g(8, §) = g(F(z), F*(2)). (6.228)

S=S=F(z)

By means of the chain rule, the derivative of 4 with respect to z is found as follows:

(Ll - Lu)

g
D;h = Dygls_ ¢ D:F + Dy gls ¢ D:F* = vec” <as> *
=S

r (98 r (98
= VeCl I’;‘ } — Vecu ;,;v
=S

From (6.225), it follows that vecy (S) = Oy, vec; (S) = z, and vec, (S) = —z. If the
result from Exercise 3.7 is used in (6.78), together with Definition 6.7, it is found

(6.229)

S=s
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that

ec og L oh + L oh + L o
v —= ) = ——
0S i) vecy (S) " vec; (S) d vec, (S)

= LD + L, (D oyh)' = Li(Dh)" — L, (D) = (L — L,)(D:h)"

(L — 98\ _ og
e (5) o ()],

d 0 9
= Ly vecy (%) + L; vec; (%) + L, vec, (‘%)
98/ [3=s 38/ [5=s 38 ) |5_s
e) r 0 T 9 T
—La vecy <%> —L; vec; (%> —L, vec, (‘%)
98 5 EKY . 98 )
S=S 5= J—s
d ag\ "
=vee | 5 - <§> : (6.230)
A NY g

This result leads to

9 d ag\"
%8 _ 1% _ (‘?) . (6.231)
iR a8 R .
3=s
T .
From (6.231), it is observed that (%) =— g—f;; hence, g—i is skew-symmetric, implying

that ‘;—f; has zeros on its main diagonal.

6.5.7 Generalized Matrix Derivative with Respect to Skew-Hermitian Matrices

Example 6.29 (Skew-Hermitian) Let the set of N x N skew-Hermitian matrices be
denoted by WV and given by

W={WeCVVN | wh=_w). (6.232)

An arbitrary skew-Hermitian matrix W € W C CY>*V can be parameterized by an N x
1 real vector x = vecy(W)/ j, that will produce the pure imaginary diagonal elements of
W and a complex-valued vector z = vec;(W) = —(vec,(W))* € C £55 X1 that contains
the strictly below main diagonal elements in position (k, /), where k > [; these are equal
to the complex conjugates of the strictly above main diagonal elements in position (/, k)

with the opposite sign. One way of generating any skew-Hermitian N x N matrix is by
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(N=DN (N=DN
7 x1 2

using the parameterization function F : RV*! x C x C L W c CVV,

given by
vec(W) = vec(F(x,z,2")) = jLyx + L;z — L,z*. (6.233)

From (6.233), it follows that D, F = jL,, D,F = L;, and D« F = —L,. By complex
conjugating both sides of (6.233), it follows that Dy F* = —jL,;, D, F* = —L,, and
D,-F* = L;. The dimension of the tangent space of WV is N2, and all components of
W € W can be treated as independent when finding derivatives. If we choose as a basis
for W the N? matrices of size N x N found by reshaping each of the columns of
JLy, L;, and —L,, by “inverting” the vec-operation, then we can represent W € WV as
W £ [[x], [z], [*]];,L,.L,.—,1- With this representation, the function F is the identity
function in a similar manner as in Example 6.24. This means that

DwF~ ' =1y, (6.234)

when [jLy, L;, —L,] is used as a basis for V.
Assume that the function g : CV*V x CV*N — C is given, and that the two deriva-

tives Djyg = vec (aang) and Dj+g = vec” ( da;:) are available. Define the func-
(N-1)N

tionh RVl x C™=z I xC

(N=1)N
7 1 5 Cas

h(x,z,2%) = g(W, W")

W=W=F(x,z,z*

=g(F(x,z,2%), F(x,2,2")). (6.235)

)=g(W, W)

By the chain rule, the derivatives of 4 with respect to x, z, and z* can be found as

th = DWg|!7V=WDxF+ 'Dﬁ,*g

a a
vec! ( % ) ’ JLg — vec” ( ~g*> ‘ JL4
oW /) ly=w oW ) lw=w

5 5
= vec! (?)‘ — J vech (fi)’ , (6.236)
W) iw oW ) liv_w

D.h = Dyg|;_,y DoF + Dyrg

0 0
vecT< ‘%)’ L,—VecT( Lg*)‘ L,
oW ) liv=w ow W=w

ol o)
vee; | —=- — vec, o
W) W

W:WDXF*

W:WDZF*

, (6.237)
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and

Dz*h = ,DWg|W:WIDZ*F+ DW*g W:WDZ*F*

9 9
= — vec! (‘%)‘ L, + vecT (i)‘ L;
oW W=w aW W=w
9 9
=—wm§<§) +wd< ﬂ)’ : (6.238)
W oW ) e

Using the results above for finding the generalized complex-valued matrix derivative of
g with respect to W € W in (6.71) leads to

Ww=w

[DwelyL,.1,.-1,) = [Dxh, D:h, Dokl DwF ' = [Dyh, D;h, Dyoh], (6.239)

when[jLy, L;, —L,]is used as a basis for VW. By means of Exercise 6.16, it is possible to
express the generalized complex-valued matrix derivative Dy g in terms of the standard
basis {E; ;} as follows:

—L
[Dwglie, ) = (Pwelyryp.- ke Li =L =[Dwgly i, 1,1, LITT
_Lu
—L
= [Dyh, D;h, D h] L]
_LZ"
8g> T < g )} T
= |Jjvec — | — J vec — —JL
[J d<aW J veey % sz( JLg)
0 0
+ [VeclT ( %) — vec, ( . } L/
ow a W=w
d d
+ [—Vecg < %) +VeCIT( Lg*)] (—Lg)
ow 0 =W
ag ag g
= [Vec§< = } LT — |vec] < = *> LY
BW W=w 0 ~
—w
9 ag \'
+ |:VeCIT( %)} L] — |vec] ( ~g*> L]
oW ) | j—w a .
=W
9 ag \"
+ [Vecf< %)} LT - [vecf << :g*> )] LT
ow —w a T
d d
= vec’ < é: > —vec” ( ig*) . (6.240)
ow 0
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From (6.233), it is seen that vec,; (W) = jx, vec; (W) = z, and vec, (W) = —z*. By
using (6.78) and the result from Exercise 3.7, it is found that

A T L N S
\ — | = u
ow davecd(VV) lavecl(W) avec, (W)

T
=L (D/xg) + L (ng)T + L, (,sz*g)T

L
= =L D) + L (D,;h)" — L, (Dy-h)"
J

ras s (555) e (55|
= — Vv — —V =
JLaJj d Y % d Y% e
d ad
+ L [VGC[ ( ‘g) — vec, (:g*)]
ow ow V—w

—L, {— VEC,

w
ag r
= Ld VeCy = — Ld VeCy ~ %
9 =W 9 W=w
3 ag \"
—i—leec;( %)’ —leeq(( ~g*>>
oW ) i 9 .
3 ag \"
+Ll,vec,,< %)’ —Luvecu<< i) )
J w=w 3 W=w
3 ag \"
=Vec< g —( ?*) . (6.241)
ow 0 N
W=w
From the above expression, it follows that
3 3 ag \"
e _ [%_( :i) ] . (6.242)
ow ow W
ag \ 3 3
Itis observed that ( 735 ) = — 455, that is, 3 is skew-Hermitian. In addition, it is seen

that (6.240) and (6.241) are consistent.
As a particular case, consider the function g : C**? x C>*? — C as

g(W, W*) = det(I/NV) = det <|: z?’z z?i :|> = W, 0W;,1 — Wo,1W1,0- (6.243)
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In this case, it follows from (3.48) that the derivatives of g with respect to the unpatterned
matrices W and W are given by

Wy, —Wio
Djyg = vec’ . . )
—Wo,1  Wo,0

Dyg = 01x4.

(6.244)

(6.245)

Assume now that W is the set of 2 x 2 skew-Hermitian matrices. Then W € WV can be

expressed as
W ( Wo,0 Wo,1 ) _ ( Jxo —z* )
wio Wi, z X
Using (6.242) to find the generalized complex-valued matrix derivative leads to
T N .
og _ ag_(ag) ZK .y —ww)_o“}
ow  |aw  \aw" W —io,1  Wo,0 “iw
— ( wy1  —Wio ) _ ( JX1 —z )
—wo,1  Wo,0 ¥ yx )
By direct calculation of j—i’,, using (6.74), it is found that

f] f]

g wi,  —Wio X —z
—= = | Do B (wg gwy — wyowo,)= ’ ) =(’ )
3 3 oW, ,0Wo, "

ow —wp,1  Wo,0 z JX0

i)wl,o i)wl,l
(6.248)

(6.246)

(6.247)

which is in agreement with (6.247).

In Table 6.2, the derivatives of the function g : CV*V x CN*¥ — C, denoted by
g(w, W*), are summarized for complex-valued unpatterned, diagonal, symmetric, skew-
symmetric, Hermitian, and skew-Hermitian matrices. These results were derived earlier
in this chapter, or in Exercise 6.4.

Orthogonal Matrices

Example 6.30 (Orthogonal) Let @ € C¥*V be an orthogonal matrix, then @ can be
found from

0 = exp(S), (6.249)

where exp(-) is the exponential matrix function stated in Definition 2.5, and § = —S7
is skew-symmetric. In (6.225), a parameterization function for the set of N x N
complex-valued skew-symmetric matrices is given. The matrix @ is orthogonal
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Table 6.2 Various results for the generalized derivatives aa—fy of the function g : CV*VN x CV*¥ — C

denoted by g(W, ") when the input matrix variable P belongs to the set 1V of unpatterned, diagonal,
symmetric, skew-symmetric, Hermitian, and skew-Hermitian complex-valued matrices.

The set W belongs to %’/
Unpatterned %’V

W = {W e CV*¥V}

Diagonal Iyo &

aw lw=w

W={WeCV¥N |\ W=1Iy0 W}

. ; T ;
Symmetric [d% + (;TgV) ~Ivo ;Tgy} W=w
W={WeCV¥ | w=w'

Skew-symmetric [;Tg,, - (%)T} o
W={WeCVN | W=-w)
" 3 ag \T
Hermitian [ﬁ + (Mi’;*) } Fw
W= {WeCVVN | w=wh
Skew-Hermitian [;Té,, - (;Tfﬁy} P
W= {WeCVVN|w=-w)
because
00" = exp(S) exp(S”) = exp(S) exp(—S) = exp(§ — )
= eXP(ONxN) = INa (6250)

where it has been shown that exp(A)exp(B) = exp(B)exp(A) = exp(A + B) when
AB = B A (see Exercise 2.5). However, (6.249) does always return an orthogonal matrix
with determinant 41 because

det(Q) = det(exp(S)) = exp (Tr{S}) = exp(0) = 1, (6.251)

where Lemma 2.6 was utilized together with the fact that Tr{S} = 0 for skew-symmetric
matrices. Because there exist infinitely many orthogonal matrices with determinant —1
when N > 1, the function in (6.249) does not parameterize the whole set of orthogonal
matrices.

Unitary Matrices

Example 6.31 (Unitary) Let W = {W € CV*V | W = —W} be the set of skew-
Hermitian N x N matrices. Any complex-valued unitary N x N matrix can be



186

Generalized Complex-Valued Matrix Derivatives

parameterized in the following way (Rinehart 1964):
U = exp(W) = exp (F(x, z,2%)), (6.252)

where exp(+) is described in Definition 2.5, and W € W C CV*V is a skew-Hermitian
matrix that can be produced by the function W = F(x, z,z*) given in (6.233). It
was shown in Example 6.29 how to find the derivative of the parameterization func-
tion F(x,z,z*) and its complex conjugate with respect to the three vectors x, z,
and z*.

Let W € CY*V be an unpatterned complex-valued N x N matrix. The derivatives of
the two functions U £ exp(W) and U~ 2 exp(W") are'” now found with respect to the
two unpatterned matrices W € CV*N and W € CV*N_ To achieve this, the following
results are useful:

[} k _i )
dvec(ﬁ) = Z (k-i ) Z <(I7Vr)k ® W) dvec(W), (6.253)
k=0 T i=0
N R LA N Ny .
dvec(U ):Z(k~|—l)l Z((WH) (W )l) dvec(W"), (6.254)
k=0 Ti=0

following from (4.134) and (4.135) by adjusting the notation to the symbols used here.
From (6.253) and (6.254), the following derivatives can be found:

A ad l k ~ T k—i o
DU = W W, 6.255
W ; k+ 1) z:; ( ) ® (6.255)
DU = 0p2 2, (6.256)
Dy U" = 0pay iy, (6.257)
DU = f: : Ek: (WH)H & (W) (6.258)
W — (k+ 1) = ' ’

Consider the real-valued function g : C¥*¥ x CV*V — R denoted by g(¥/, U"), where
og
AU

U is unpatterned. Assume that the two derivatives Diyg = vec! ( and Dyrg =

vecT (a%) are available. Define the composed function 4 : RV*! x Co e x
C5 <! 5 Ras
h(x.7.7") = (i],i]*) ) =g(U,U*"
( ) g U=U=exp(F(x,z,2%)) g ( )
— g (exp(F(x. 2, 2")), exp(F*(x. 2, 2')) (6:259)

(N=1)N

where F : RV*! x C x C= X - W c CV¥ is defined in (6.233). The
derivatives of & with respect to the independent variables x, z, and z* can be found

(N-DN
——x1

12 The two symbols U and U" are used because the two matrices U = exp(W) and U= exp(l’NVk) can be
parameterized; hence, they are not unpatterned. The symbol U is different from both the unitary matrix U
and the unpatterned matrix U € CV*V,
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by applying the chain rule twice as follows:
Dyh(x,2,2°) = Dyg(U, Ul g_y DyyUljy—Ds F
+ Dy g, U g—y D U iy D F*, (6.260)
D.h(x,2,2") = Dyg(U, U)|g_y Dy Uljy_pD: F
+Dyg(U, Ul g_y D U ljy_wD: F*, (6.261)
Do h(x,2,5%) = Dyg(U, U)g_y Dy Ul jyyDe F
+ Dy g0, U y_yDjir U jy_yy Dy F*, (6.262)

where Dgg(f], 17*)|,7=U and Df,*g(f], I~J*)|,~/=U must be found for the function under
consideration, and Dy U|j_, and Dy ﬁ*|W=W are found in (6.255) and (6.258),
respectively. The derivatives of F(x, z, z*) and F*(x, z, z*) with respect to x, z, and z*
are found in Example 6.29. To use the steepest descent method, the results in (6.260)
and (6.262) can be used in (6.40).

More information about unitary matrix optimization can be found in Abrudan,
Eriksson, and Koivunen (2008), and Manton (2002) and the references therein.

Positive Semidefinite Matrices

Example 6.32 (Positive Semidefinite) Let W = {§ € CV*V | § > Oy, n}, where the
notation § > 0y, y means that § is positive semidefinite. If § € W C C¥*¥ is positive
semidefinite, then S is Hermitian such that § = § and its eigenvalues are non-negative.
Define the set L as

(N=DN

z”“}. (6.263)

ﬁé{L e CV*N | vec(L)=Lyx + Lz, x € {R*U{ONV*!, z € C

One parameterization of an arbitrary positive semidefinite matrix is the Cholesky decom-
position (Barry, Lee, & Messerschmitt 2004, p. 506):

§S=LL", (6.264)

where L € £ ¢ CY*V is a lower triangular matrix with real non-negative elements on
its main diagonal, and independent complex-valued elements below the main diagonal.
Therefore, one way to generate L is with the function F : {R* U {0}}V*! x C X1,
L denoted by F(x,z), where x € {R" U {0}}NXl and z € C*2" %!, and F(x,7) is
given by

vec (L) = vec(F(x,z)) = Lgx + Ljz. (6.265)

The Cholesky factorization is unique (Bhatia 2007, p. 2) for positive definite matrices,

and the number of real dimensions for parameterizing a positive semidefinite matrix is
(N-1)N

dimg {{R* U {0}V 1} + dimg{C"F" 1} = N 4+ 2950Y — N2,
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A positive semidefinite complex-valued N x N matrix can also be factored as
S=UAU", (6.266)

where U € CV*V is unitary and A is diagonal with non-negative elements on the main
diagonal. Assuming that the two matrices U and A are independent of each other, the
number of real variables used to parameterize S as in (6.266) is

(N — )N

dimp{RT U {O}Y*' + N +2 =2N+N* —N=N*+N. (6267)

This decomposition does not represent parameterization with a minimum number of
variables because too many input variables are used to parameterize the set of positive
definite matrices when A and U are parameterized independently. It is seen from the
Cholesky decomposition that the minimum number of real-valued parameters is N2,
which is strictly less than N + N.

In Magnus and Neudecker (1988, pp. 316-317), it is shown how to optimize over the
set of symmetric matrices in both an implicit and explicit manner. It is mentioned how
to optimize over the set of positive semidefinite matrices; however, they did not use the
Cholesky decomposition. They stated that a positive semidefinite matrix W e CV*V
can be parameterized by the unpatterned matrix X € CV*V as follows:

w=Xx"Xx, (6.268)

where too many parameters'® are used compared with the Cholesky decomposition
because dimp{CV*V} = 2N2.

Exercises

6.1 Leta, b, c € C be given constants. We want to solve the scalar equation
az + bz* =c, (6.269)

where z € C is the unknown variable. Show that if |a|> # |b|?, the solution is given by

a*c — bc*

Show thatif |a|? = |b|?, then (6.269) might have no solution or infinitely many solutions.

6.2 Show that w stated in (6.1206) satisfies

Jow =w*, (6.271)

13 If the positive scalar 1 (which is a special case of a positive definite 1 x 1 matrix) is decomposed by the
Cholesky factorization, then it is written as 1 = 1 - 1, such that the Cholesky factor L (which is denoted /
here because it is a scalar) is given by / = 1, and this is a unique factorization. However, if the decomposition
in (6.268) is used, then 1 = e~7?¢/? for any 6 € R, such that x = e/? (where the symbol x is used instead
of X because it is a scalar). Therefore, in (6.268), the decomposition is not unique.
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6.3 Define the set W by

Z
W={weC¥! |y= x ,zeCV xy eR ) c COVEDXT  (6.272)
JNz*

It is observed that if w € W, then J,ny,1w* = w. Hence, the set VW can be interpreted
as FIR filters that are equal to their own time reverse complex conjugation. These filters
are important in signal processing and communications.

Let g : CEN+Dx1 5 CCN+Dx1 _ R be given by

gow, w*) = || 4w — b|*, (6.273)

where 4 € CY*N+D and b € CM*!, and where it is assumed that rank(4) = 2N + 1.
Show by solving Dy+g = 01x@n+1), that the optimal solution of the unconstrained
optimization problem min g(W, w*) is given by

WweCeN+Dhx1

W= [4"4]" 4"b = a*b. (6.274)

A possible parameterization function for WV is defined by f : R x CV*! x CN*! — W
and is given by

4
fx,z,2%) = x , (6.275)
JNZ*

where x € Rand z € CV*1.
By using generalized complex-valued vector derivatives, show that the solution of the
constrained optimization problem miglv g(w, w*) is given by
we

w=[AT A" i1 + Jan 1 A7 A] T (ATB* + oy 1 A7) . (6.276)
Show that for the solution in (6.276), Joy1w™ = w is satisfied.

64 Let W= {WeC"N|wl =W} with the parameterization function given
in (6.155). Assume that the function g : CV*V x CN*V — C is denoted by g(W, W,

ot e T ( dg o — T ( g ;
and that the two derivatives Dj;g = vec ( aW) and Dj+g = vec ( aW*) are available,

where W € CV*V is unpatterned. Show that the partial derivative of g with respect to
the patterned matrix W € W can be expressed as

dg | og ( dg )T dg
— = |—= 4+ = —Iy O —= 6.277
oW [a w \ow Y| (6.277)
W=w
As an example, set g(W, W) = det (W). Use (6.277) to show that
g
22 =200 - Iy 0 €M), (6.278)

where C(W) contains the cofactors of C.
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For a common example in signal processing, let g(W, W*) =Tr { w' W} = || W| 2

F’
where W € CV*V is unpatterned. Use (6.277) to show that
98 _aw_aryow (6.279)
ow M= '

6.5 Let T € CY*V be a Toeplitz matrix (Jain 1989, p. 25) that is completely defined
by its 2N — 1 elements in the first column and row. Toeplitz matrices are characterized
by having the same element along the diagonals. The N x N complex-valued Toeplitz
matrix T can be expressed by

Zo zZ_q e N Z—(N—l)
z) Zo  Z-1 tr Z(N-2)
T = 2 Z1 Z0 ot Z-(N-3) |, (6.280)
ZN-1 ZN-2 - Z1 20
wherez; € Candk € {0, 1, ..., N — 1}. Letthe set ofall such N x N Toeplitz matrices
be denoted by 7.
One parameterization function for 7 is F : CeN=Dx! . 7 c CV*V | given by
N—1
T=F@)= Y zly. (6.281)
k=—(N—1)

where 7 € C@¥=D*! contains the 2N — 1 independent complex parameters given by
2= [ZN1,ZN-2s -5 21520, Z—1s -+ o5 Z—n—1)] T (6.282)

and 7 5]\5) is defined as the N x N matrix with zeros everywhere except for 41 along the
k-th diagonal, where the diagonals are numbered from N — 1 for the lower diagonal
and —(N — 1) for the upper diagonal. In this way, the main diagonal is numbered as 0,
such that 1(18) =1y.

Show that the derivative of T = F(z) with respect to z is given by

D.F = [vec (I%V*”), vec (I(,SH)), .. vec (Iﬁg‘N””ﬂ , (6.283)
which has size N> x 2N — 1).

6.6 Let T € CV*V be a Hermitian Toeplitz matrix that is completely defined by all
the N elements in the first column, where the main diagonal contains a real-valued
element and the off-diagonal elements are complex-valued. The N x N complex-valued
Hermitian Toeplitz matrix T can be expressed as

* *
x Zl “ e .« .. ZN_I
z1 X zi e ZN_s
*
T = 22 21 X o Znosz |, (6.284)

ZN-1 ZN-2 = Z1 X
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where x e R and z; € C for k€ {1,2,..., N — 1}. Let the set of all such N x N
Hermitian Toeplitz matrices be denoted by 7.

A parameterization function for the set of Hermitian Toeplitz matrices 7 is F :
R x CV=Dx1 5 CN=Dx1 T < CN*N | given by

N—-1 N—-1
T=Fxz.73)=xIy+ Y zdy +> 15", (6.285)
k=1 k=1

where 7 € CW=D*! contains the N — 1 independent complex parameters given by
2=[z1,22, ..., znv1]", (6.286)

and where 1 %) is defined as in Exercise 6.5. Show that the derivatives of F(x, z, z*) with
respect to x, z, and z* are given by

D,F = vee(Iy), (6.287)
D.F = [vec (1;?) , vec (1‘5)) ... vee (I(X,V‘”)} : (6.288)
D.F = [VCC (I(]Ql)) , vec (15;”) ... vec (13;““”)} , (6.289)

respectively, of sizes N2 x 1, N> x (N — 1), and N> x (N — 1).

6.7 Let C € CV*V be a circulant matrix (Gray 2006), that is, row i + 1 is found by
circularly shifting row i one position to the right, where the last element of row i becomes
the first element of row i + 1. The N x N circulant matrix C can be expressed as

ZO Zl ... e ZN*I
ZN-1 Z0 ZI 't ZN-2
C=|2%Nv-2 ZN-1 Z0 ' ZIN-3 |, (6.290)
z] Zy s ZN-1 20
wherez;, € Cforallk € {0, 1, ..., N — 1}. Let the set of all such matrices of size N x N

be denoted C. Circulant matrices are used in signal processing and communications, for
example, when calculating the discrete Fourier transform and when working on cyclic
error correcting codes (Gray 2006).

Let the primary circular matrix (Bernstein 2005, p. 213) be denoted by P ; it has
size N x N with zeros everywhere except for ones on the diagonal just above the main
diagonal and on the lower left diagonal. As an example for N = 4, then Py is given by

P, = (6.291)

Let the transpose of the first row of the circulant matrix C be given by the N x 1
vector z = [zg, 21, ..., zy—1]7, where z; € C, such that z € CV*!. A parameterization
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function F : CV*! — ¢ € CV*¥ for generating the circulant matrices in C is given b
g g g y

N—-1
C=F()=) zPy, (6.292)
k=0

because the matrix P’]‘v contains Os everywhere except on the k-th diagonal above
the main diagonal and the (N — k)-th diagonal below the main diagonal. Notice that
N 0
PN =P =Iy.
Show that the derivative of C = F(z) with respect to the vector z can be expressed as

D, F = [Vec (Iy), vec (P}V) yov., VEC (Pﬁ\vf_l)] , (6.293)

where D, F has size N> x N.

As an application for how to use the results derived in this exercise, consider the
problem of finding the closest circulant matrix to an arbitrary matrix Cy € C¥*V. This
problem can be formulated as

z = argmin || F(z) — Col1%, (6.294)
{ZECNX 1 )

where [|W||3. £ Tr {WW?"} denotes the squared Frobenius norm (Bernstein 2005,
p. 348) and argmin returns the argument which minimizes the expression stated after
argmin. By using generalized complex-valued matrix derivatives, find the necessary
conditions for optimality of the problem given in (6.294), and show that the solution of
this problem is found as

7= % (D, F)" vec(Cy), (6.295)

where D, F is given in (6.293). If the value of z given in (6.295) is used in (6.290), the
closest circulant matrix to Cy is found.

6.8 Let H € CV*V be a Hankel matrix (Bernstein 2005, p. 83) that is completely
defined by all the 2N — 1 elements in the first row and the last column. Hankel matrices
contain the same elements along the skew-diagonals, that is, (H); ; = (H), for all
i+ j=k+/. An N x N Hankel matrix can be expressed as

ZIN-1 ZIN-2 ZIN-3 “°° Zo
ZN-2 ZN-3 ZIN-4 zZ_1

H=| ZN-3 ZN-4 ZN-5 - zZ_) , (6.296)
Zo  Zo1  Zop ot Zo(N-D)

where z; € C. Let the set of all N x N complex-valued Hankel matrices be denoted
by H.
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A possible parameterization function for producing all Hankel matrices in H is F :
COeN=Dx1 5 H C CV*¥ given by
N-1
H=F@)= > zJy, (6.297)

k=—(N—1)
where 7 € C@¥=Dx! contains the 2N — 1 independent complex parameters given by
2= [ZN1,ZN 25 -5 21520, Z—1s - oo Z-n—1)] T (6.298)

and where J(]]J) has size N x N with zeros everywhere except for +1 along the
k-th reverse diagonal, where the diagonals are numbered from N — 1 for the left upper
reverse diagonal to —(N — 1) for the right lower reverse diagonal. In this way, the reverse
identity matrix is numbered 0, such that A N-

Show that the derivatives of F(z) with respect to z can be expressed as

D.F = [Vec (J(,\],V_l)) . vec (J(,\],V_Z)) , ..., VeC (.I(]\;(N_l)))} , (6.299)
which has size N2 x 2N — 1).

6.9 Let Ve CY*N be a Vandermonde matrix (Horn & Johnson 1985, p. 29). An
arbitrary N x N complex-valued Vandermonde matrix V can be expressed as

1 2z Z(Z) Zév_l
1 =z z% Z{V_l
V=1 . . . . , (6.300)
2 N—1
Lozyor 2y 0 2y

where z; € Cforallk € {0, 1,..., N — 1}. Let the set of all such N x N Vandermonde
matrices be denoted by V.

Define z € CV¥*! to be the vector given by z = [zo, z1, ..., zy—1]7. A parameteriza-
tion function F : CV*! — ¥ < CV*¥ for generating the complex-valued Vandermonde
matrix V' is

V=F@) = [1ya. 2, 22, 207Y], (6.301)

where the special notation A% is defined as A% £ 4© A © ... © A, where A appears
k times on the right-hand side. If 4 € CM*¥ then A®' = 4 and A°° £ 1), v, even
when A contains zeros.

Show that the derivative of the parameterization function F with respect to z is given

by
Oyxn
Iy

2 diag(z)

| (N - l)d-iangz(z) |
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where diagk(z) = (diag(z))k and the operator diag(-) is defined in Definition 2.10. The
size of D, F is N*> x N.

6.10 Consider the following capacity function C for Gaussian complex-valued MIMO
channels (Telatar 1995):

C =In(det (Iy, + HWH")), (6.303)

where H € CM*M: is a channel transfer matrix that is independent of the autocorre-
lation matrix W e CM>*M: The matrix W is a correlation matrix; thus, it is a positive
semidefinite matrix. The channel matrix H can be expressed with its singular value
decomposition (SVD) as

H=UxV", (6.304)

where the matrices U € CM*M and V' € CM>*M: are unitary matrices while the matrix
X € CM>*M: is diagonal and contains the singular values o; > 0 in decreasing order on
its main diagonal, that is, (X), ; = 0;,and 0; > o; wheni < j.

The capacity function should be minimized over the set of autocorrelation matrices W
satisfying

Tr (W} = p, (6.305)

where p > 0 is a given constant indicating the transmitted power per sent vector. By
using Hadamard’s inequality in Lemma 2.1, show that the autocorrelation matrix W that
is maximizing the capacity is given by

W=VAV, (6.306)
where A € CM*M: i a diagonal matrix with non-negative diagonal elements satisfying
Tr{A} = p. (6.307)

Leti € {0, 1, ..., min{M,, M;} — 1}, and let the i-th diagonal element of A be denoted
by %;. Show, by using the positive Lagrange multiplier u, that the diagonal elements of
A maximizing the capacity can be expressed as

1 1
A; = max <0, - — 2) . (6.308)
n o;

The Lagrange multiplier © > 0 should be chosen in such a way that the power constraint
in (6.305) is satisfied with equality. The solution in (6.308) is called the water-filling
solution (Telatar 1995).

6.11  Consider the MIMO communication system illustrated in Figure 6.4. The zero-
mean transmitted vector is denoted by z € CM !, and its autocorrelation matrix X, €
CM>*M: s given by

¥, =E[zz"] = BX,.B", (6.309)

where B € CM <N represents the precoder matrix, and X, € CV*¥ is the autocorrelation
matrix of the original signal vector x € CV*1.
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Let the set of all Hermitian M, x M, matrices be given by
W = (W e CM>M | wH — Wy c cMM:, (6.310)

The set W is a manifold of Hermitian M, x M, matrices. Let W € CM:*M: be a matrix
with complex-valued independent components, such that I is an unpatterned version of
W € W.In this exercise, as a simplification, the Hermitian matrix W is used to represent
the autocorrelation matrix X', even though X, is positive semidefinite. Hence, we
represent X, with the Hermitian matrix W. This is a simplification since the set of
Hermitian matrices W is larger than the set of positive semidefinite matrices.

Let g : CMxMi 5 CMxM: 5 C be given as

gW. W) =1In(det (I, + HWH" 3,)) . (6.311)

This means that g(W, W*) has a similar shape as the mutual information; in (6.211);
however, the autocorrelation matrix X, = BX B isreplaced by the unpatterned matrix
W. For an arbitrary unpatterned matrix W, the function g(W, VV*) is complex valued
in general. Assume that the matrices H and Z’;l are independent of W, W, and their
complex conjugates.

Show that the derivatives of g with respect to W and W" are given by

- -1
Dyg = vec! (HT (1w, + =, B W HT) EnTH*> , (6.312)
and
Dyyrg =010, (6.313)

respectively.
Use the results from Example 6.25 to show that when expressed in the standard basis,
the generalized matrix derivatives of g with respect to W and W* are given by

ain =H" (I, +%,"H* WTHT)’1 > TH, (6.314)
%g =H"3;" (I, + HWH" 3;") " H. (6.315)

Show that
[EifV*g} S BX,=H"Y;'HB (X' + B"H"X,'HB)"'.  (6316)

Explain why this is in agreement with Palomar and Verdu (2006, Eq. (23)).

6.12 Assume that the function F : CV*¢ x CVN*¢ — CM*M js given by
F(Z,Z*)= AZCCZ" 4" 2w, (6.317)

where the matrix W was defined in the last equality, and the two matrices 4 € CY*¥ and
C € C2%” are independent of the matrix variables Z and Z*. Show that the derivatives
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of F and F* with respect to Z and Z* are given by

DzF = (A4*Z°C*CT) ® 4, (6.318)
Dy F =Ky [(4ZCCT) ® A7, (6.319)
DyF* = Ky [(A4"2°C°CT) ® 4], (6.320)

Dy F* = (AZCC?) ® A" (6.321)

Let the function g:CM*M x CM*M _, C be denoted g(W, W"), where the
matrix W € CM*M is an unpatterned version of W. Assume that the two derivatives

oW
Let the composed function z : CV*2 x C¥*¢ — C be given by

o — T (g o — T (_dg_ i
Dy,g = vec ( < ) and Dj+-g = vec (zWV*) are available.

WZ,Z*) = g(W, W)

| =g(F(z, zZ%), FXZ, Z%)). (6.322)

W=W=F(Z,2*

By using the chain rule, show that the derivatives of # with respect to Z and Z* are given
by

ah 3 ag \'

O T g~+< i) Az CCT, (6.323)
Y4 oW \ oW

dh ag\T  ag

- =A4" ( ) + —= Azcch, (6.324)
Az AW W | L,

6.13 Consider the MIMO system shown in Figure 6.4, and let
W= {WeCVVN | wh=wy), (6.325)

be the manifold of N x N Hermitian matrices. Let the matrix W € W c C¥*¥ be Her-
mitian, and let W represent X.. The unpatterned version of W is denoted by W € CV*V
Let g : CV*¥ x CV*¥ — C be given by the mutual information function in (6.211),
where X, is replaced by W, that is,

g(W, W) =1In(det (I, + HBWB"H" %)), (6.326)

where the three matrices X,, € C¥-*¥- (positive semidefinite), H € C¥-*M: and B €
CM >N are independent of W and W". Notice that the function g(W, W*) is in general
complex valued when the input matrix W is unpatterned. Show that the derivatives of g
with respect to W and W are given by

~ —1
Djyg = vec! <BTHT (IM, + 3T H* B WTBTHT) Z‘nTH*B*> (6327
Djyrg = 01xn2, (6.328)

respectively.
Because W is Hermitian, the results from Example 6.25 can be utilized. Use these
results to show that the generalized derivative of g with respect to W and W* when using
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the standard basis can be expressed as

0 _
%/ =B"H" (I, + =, "H*B*W B"H") " =, "H"B", (6.329)
0 _
ﬁ = B"H" %, (I, + HBWB"H" x,"\"' HB. (6.330)
Show that
0 —
9 ¥, =B"H"S,'HB(X;'+ B"H"S;'"HB)" . (6331
L P

Explain why (6.331) is in agreement with Palomar and Verdu (2006, Eq. (25)).

6.14 Consider the MIMO system shown in Figure 6.4, and let the Hermitian mani-
fold W of size M, x M, be given by

W = (W e CM>M | 't — wy, (6.332)

Let the autocorrelation matrix of the noise X, € CM M- be represented by the
Hermitian matrix W € W C CM>*M: The unpatterned version of W is denoted by
W e CM-*M:  \where it is assumed that W and W are invertible. Let the function
g CMxMe o CMxM: s C be defined by replacing X, by the unpatterned matrix W
in the mutual information function of the MIMO system given in (6.211), that is,

dW, W)= (det (IM, + HBX B H" W“)) . (6.333)

Show that the unpatterned derivatives of g with respect to W and W can be expressed
as

) - _ S
g= W "H*'B*>TBTH' (IM, W TH*B*E,{BTHT) W, (6.334)

d
Wg = 0us, x4, » (6.335)

respectively.
By using the results from Example 6.25, show that the generalized derivative of g
with respect to the Hermitian matrices W and W* can be expressed as

0 —

€= W THB S B H (I + W "H'B 3B H) "W, (6.336)
9 -

= —w' (I, + HBX B"H"W")"  HBX B"H" W', (6.337)

respectively, when the standard basis is used to expand the Hermitian matrices in the
manifold W.
Show that

a

e =-X.'HB (X' + B"H"x,;'HB)” B"H"X;'.  (6338)
w=x,

Explain why this result is in agreement with Palomar and Verdu (2006, Eq. (27)).
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6.15 Let the function g : CV*V x CV*N — R be given by

g, Wy = ||l — B|, =Tc{ (4 - B) (W' 4" —B") ), (6339)

where W € CV*V is unpatterned, while the two matrices 4 € C¥*N and B € CM*V are
independent of ¥ and W". Assume that rank (4) = N. In this exercise, the function g
will be minimized under different constraints on the input matrix variables, and the
results derived earlier in this chapter can be used to derive some of these results.

For all cases given below, show that the inverse matrices involved in the expressions

exist.

(a)

(b)

(©

Show that the derivatives of g with respect to W and W are given by
Dyg = vec! (AT (A* W B*)) , (6.340)
Dj»g = vec’ (A" (AW — B)), (6.341)
respectively.
Because Djyg = vec! (fﬁ/) and Dy+g = vec” (Bi.f,* ), it follows that
a -
g A7 <A* W B*) , (6.342)
ow
ag 0o
> = A" (AW — B). 6.343
oW ( ) (6.343)

By using the above derivatives, show that the minimum unconstrained value of W
is given by

W= (4"4)"" 4"B=4"B, (6.344)

where (2.80) is used in the last equality.
Assume that W is diagonal such that W e W = (W e CVVN | W =1y O W}.
Show that

%,g(W, wH=10[A" (4w - BY). (6.345)

By solving % g(W, W*) = Oy, show that the N x N diagonal matrix that mini-
mizes g must satisfy

vee (W) = [Iy © (4" 4)] " vecy (4" B) . (6.346)

Assume that W is symmetric, such that W e W = {W € CV*V | wT = W}. Show
that

%Vg(W, W=A"AW +WA"4— Iy [A" AW

—A"B*—B"A+Iy0 [A"B]. (6.347)



(d)

(e)

®
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By solving %g( W, W*) = Oy, show that the symmetric W that minimizes g is
given by

vec(W) = [Iy ® (47 A) + (4" 4) ® Iy — L,L} {Iy ® (4" 4)}] "
x vec (A"B+B"4*— Iy © (A"B)). (6.348)

Show that if W is satisfying (6.348), then it is symmetric, that is, W7 = W.
Assume that W is skew-symmetric suchthat W e W = {W € CV*V | wT = —w}.
Show that

3
Wg(W, Wy=A" AW+ w a4 — A" B* + B" 4. (6.349)

By solving ﬁ g(W, W*) = Oy, show that the skew-symmetric W that minimizes
g is given by

vec(W) = [Iy ® (4" 4) + (47 4) @ Iy] ' vec (4" B— B" A7) . (6.350)

Show that if W is satisfying (6.350), then it is skew-symmetric, that is, W7 = —W.
Assume that W is Hermitian, such that W e W = (W € CVN*V | W# = W}. Show
that

3
2" Wy =AT AW + wi A" 4* — A" B* — BT 4*. (6.351)

By solving the equation % g(W, W*) = Oyyxy, show that the Hermitian W that
minimizes g is given by

vec (W) = [(A"A*) @ Iy + Iy ® (4" A)] ' vec (A" B+ B 4).  (6.352)

Show that if W is satisfying (6.352), then it is Hermitian, that is, W = W.
Assume that W is skew-Hermitian, such that W e W = {W e CV*N | i =
—W}. Show that

3
ﬁg(W, W= —-A" AW’ —w' A" 4 — A" B* + B 4*. (6.353)

By solving ﬁ g(W, W*) = Oy, show that the skew-Hermitian W that minimizes
g is given by

vec(W) = [(A7A4) @ Iy + Iy ® (4" 4)] ' vec (4" B — B 4).  (6.354)

Show that if W is satisfying (6.354), then it is skew-Hermitian, that is, wi = —w.

6.16 LetB = {by, by, - ,by_,}beabasis for CV*!, such that b; € CV*! are linearly
independent and they span CV*!. Let the matrix U € CV*V be given by

U = [bo, b1, ..., by_1]. (6.355)
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We say that the vector z € CV*! has the coordinates cy, ¢y, . .., cy—1 with respect to the
basis B if
co
N—1 ¢
2= cibi=1[bo.b1,....by11| = Uk, (6.356)
i=0 :
CN-1
where ¢ = [co, ¢1, ..., cy—1]7 € CV*! If and only if (6.356) is satisfied, the notation
[z]s = c is used. Show that the coordinates of z with respect to the basis 5 are the same
as the coordinates of U~ 'z with respect to the standard basis {e, e/, . .., ey_;}, where
e; € 7Y is defined in Definition 2.16.
Let A = {ag, a1, ..., ay_.} be abasis of C'** where a; € C'*™_ The matrix V €
CM*M i given by
ay
a
V= . . (6.357)
ay—1
Let x € C'*M; then it is said that the vector x has coordinates dy, di, ..., dy—; with

respect to the basis A if

ao

-1
a
X = dia; = [do, d, ...,dy_1] . =dV, (6.358)

S

Il
o

ap—1

where d = [dy, d;, ...,dy_1] € C”M. If and only if (6.358) holds, then the nota-
tion [x]4 = d. Show that the coordinates of x with respect to A are the same as the coor-
dinates of x " ! with respect to the standard basis {e] , e[, ..., e}, |}, where e; € Z)"*!

is given in Definition 2.16.
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7.2
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Introduction

In this chapter, several examples of how the theory of complex-valued matrix derivatives
can be used as an important tool to solve research problems taken from signal processing
and communications. The developed theory can be used to solve problems in areas where
the unknown matrices are complex-valued matrices. Examples of such areas are signal
processing and communications. Often in these areas, the objective function is a real-
valued function that depends on a continuous complex-valued matrix and its complex
conjugate. In Hjorungnes and Ramstad (1999) and Hjerungnes (2000), matrix derivatives
were used to optimize filter banks used for source coding. The book by Vaidyanathan
et al. (2010) contains material on how to optimize communication systems by means
of complex-valued derivatives. Complex-valued derivatives were applied to find the
Cramer-Rao lower bound for complex-valued parameters in van den Bos (19945) and
Jagannatham and Rao (2004)

The rest of this chapter is organized as follows: Section 7.2 presents a problem from
signal processing on how to find the derivative and the Hessian of a real-valued function
that depends on the magnitude of the Fourier transform of the complex-valued argument
vector. In Section 7.3, an example from signal processing is studied in which the sums of
the squared absolute values of the off-diagonal elements in a covariance matrix are min-
imized. This problem of minimizing the off-diagonal elements has applications in blind
carrier frequency offset (CFO) estimation. A multiple-input multiple-output (MIMO)
precoder for coherent detection is designed in Section 7.4 for minimizing the exact
symbol error rate (SER) when an orthogonal space-time block code (OSTBC) is used
in the transmitter to encode the signal for communication over a correlated Ricean
channel. In Section 7.5, a finite impulse response (FIR) MIMO filter system is studied.
Necessary conditions for finding the minimum mean square error (MSE) receive filter
are developed for a given transmit filter, and vice versa. Finally, exercises related to this
chapter are presented in Section 7.6.

Absolute Value of Fourier Transform Example

The case that was studied in Osherovich, Zibulevsky, and Yavneh (2008) will be con-
sidered in this section. In Osherovich, Zibulevsky, and Yavneh (2008), the problem
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studied is how to reconstruct a signal from the absolute value of the Fourier transform
of a signal. This problem has applications in, for example, how to do visualization of
nano-structures. In this section, the derivatives and the Hessian of an objective function
that depends on the magnitude of the Fourier transform of the original signal will be
derived.

The rest of this section is organized as follows: Four special functions and the inverse
discrete Fourier transform (DFT) matrix are defined in Subsection 7.2.1. The objective
function that should be minimized is defined in Subsection 7.2.2. In Subsection 7.2.3,
the first-order differential and the derivatives of the objective function are found. Sub-
section 7.2.4 contains a calculation of the second-order differential and the Hessian of
the objective function.

Special Function and Matrix Definitions

Four special functions and one special matrix are needed in this section, and they are
now defined. The four functions are (1) the component-wise absolute value of a vector,
(2) the component-wise principal argument of complex vectors, (3) the inverse of the
component-wise absolute value of a complex vector, which does not contain any zeros,
and (4) the exponential function of a vector. These functions are used to simplify the
presentation.

Definition 7.1 Let the function |- |: CV*! — (RT U {0}}¥*! return the component-
wise absolute value of the vector it is applied to. If 7 € CN*1 then,

2o |zo]
zy |z1]
ZN—1 lzy-1l
where z; is the i-th component of g, wherei € {0,1,..., N — 1}.

Definition 7.2 The function Z(-) : CV*!' — (—m, w1V*! returns the component-wise
principal argument of the vector it is applied to. If 7 € CN*!, then,

Zg ZZ()
Z1 ZZ]
li=/| . = , , (7.2)
ZN-1 Zzn_1

where the function /-:C — (—m, ] returns the principal value of the argu-
ment (Kreyszig 1988, Section 12.2) of the input.
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Definition 7.3 The function | - |~ : {C\ {0}}V*! — (RTV*! returns the component-
wise inverse of the absolute values of the input vector. If 7 € {C \ {0}}V*!, then,

B
» 2117
2|7 = : ; (7.3)
|lzy—1l™!
where z; # 0 is the i-th component of 7, wherei € {0,1,..., N — 1}.

Definition 7.4 Let 7 € CV*!, then the exponential function of a vector e? is defined as
the N x 1 vector:

e’
e
&t = . , (7.4)
eszl
where z; is the i-th component of the vector 7, wherei € {0,1,..., N — 1}.

Definitions 7.1, 7.2, 7.3, and 7.4 are presented above for column vectors; however,
they are also valid for row vectors.

Using the three functions |z|, Zz, and e/ given through Definitions 7.1, 7.2, and
7.4, the vector z € CV*! can be expressed as

z = exp(y diag (£2)) |z] = |z| © &/, (7.5)

where diag(-) is found in Definition 2.10, and where exp(-) is the exponential matrix
function defined in Definition 2.5, such that exp (; diag (£z)) has size N x N. If z €
(C\ {0)¥*! then it follows from (7.5) that

eF =70z (7.6)
The complex conjugate of z is given by
2" = exp (- diag (£2)) [z] = |z] @ e /4% (7.7
If z € (C\ {0})"*!, then it follows from (7.7) that
e =70l (7.8)

One frequently used matrix in signal processing is defined next. This is the inverse
DFT (Sayed 2003, p. 577).

Definition 7.5 The inverse DFT matrix of size N x N is denoted by F y, it is a unitary
symmetric matrix with the (k, [)-th element given by

1 JkI27

(Fy)y=—F=e ¥, (7.9)

3

where k,[ € {0,1,..., N —1}.
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It is observed that the inverse DFT matrix is symmetric, hence, F ](, = Fy. The DFT
matrix of size N x N is a unitary matrix that is the inverse of the inverse DFT matrix.
Therefore, the DFT matrix is given by

F' = Fll = F3. (7.10)

Objective Function Formulation

Letw € CV*!, and let the real-valued function g : CV*! x CV*! — R be given by

gw.w*) = llwl—rll> = (wl" —r") (Iwl —r) = [w|"lw| —2r"Iw| + |Ir|?,
(7.11)

where r € (R*)V*! is a constant vector that is independent of w, and w*, and where
lla|| denotes the Euclidean norm of the vector a € CV*!,i.e., ||a||*> = a’a. One goal of
this section is to find the derivative of g with respect to w and w*.

The function # : CV*! x CV*! — R is defined as

2, (7.12)

h(z.2") = gw. w)|,_p. . = g(Fyz. Fyz") = [[|Fyzl —r|

where the vector Fz is the DFT transform of the vector z € CV*!. Another goal of
this section is to find the derivative of 4 with respect to z and z*; this will be achieved by
the chain rule presented in Theorem 3.1 by first finding the derivative of g with respect
to w and w*. The function # measures the distance between the magnitude of the DFT
of the original vector z € CV*! and the constant vector r € (RT)V*!,

First-Order Derivatives of the Objective Function
One way to find the derivative of g is through the differential of g, which can be expressed
as

dg = dw)" w|+ w|"dlw| —2rTdw| =2 (Iw|" —r") dw]. (7.13)

It is seen from (7.13) that an expression of d|w| is needed. From (3.22), (4.13), and
(4.14), it follows that the differential of |w;| is given by

1 1
dlw;| = 5(fJéw'arw,- + Ee"widw;‘, (7.14)
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wherei € {0, 1, ..., N — 1}, and where w; is the i-th component of the vector w. Now,
d\w| = [d|wol, d|w], ...,d|lwy_1|]" can be found by
d|wol e~ gy, eféw‘)dw(’;
d|w| 1 e /4 dw, 1 el “v dw?
dlw| = = - + =
S B s 2 .
dwy_1| eI AU dwn e/A“N*Idw}k\,_1

1 1
= Eeﬂéw Odw+ Ee/éw © dw*

1 1
=3 exp (—j diag (Lw))dw + 3 exp (y diag (Zw)) dw*, (7.15)

where it has been used that exp(diag(a))b = e¢* ® b when a, b € CV*!, and that

LZwy 0 .- 0
0 Zwy --- 0
diag(/w)= | . o . . (7.16)
0 0 s ZwN,1

By inserting the results from (7.15) into (7.13), the first-order differential of g can be
expressed as

dg=2(w|" —r") %exp(—] diag (/w))dw + %exp (y diag (Zw))dw*
= (Iw|" —r") [exp(—; diag (Lw))dw + exp (; diag (Lw)) dw*] . (7.17)
From dg, the derivatives of g with respect to w and w* can be identified as
Dywg = (Iwl" —r") exp(—; diag (Lw))
= [w|” exp (— diag (Zw)) — T exp (— diag (Lw))
=w —rT exp(—j diag(Lw)) =w —rT © e~ IEm’" (7.18)
and
Dy-g = (Iw|" —r") exp (; diag (Lw))
= [w|T exp (; diag (Lw)) — rT exp (; diag (Lw))
=w’ —rTexp(y diag(Lw)) =w” —rT © /", (7.19)

respectively, where (7.5) and (7.7) have been used.
To use the chain rule to find the derivative of /4, let us first define the function that
returns the DFT of the input vector f : CV*! x CN*! — CN*1; f(z, z*) is given by

fz,7%) = Fiyz, (7.20)
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where Fy is given in Definition 7.5. By calculating the differentials of f and f*, it is

found that
D.f = F%, (7.21)
Dy f = Oyxn, (7.22)
D f* = Onxw, (7.23)
D, f*=Fy. (7.24)

The chain rule in Theorem 3.1 is now used to find the derivatives of 4 in (7.12) with
respect to z and z* as

D:h = Duglyry: Dof + Du-glucry: Dif”
= [w”" —rTexp(—y diag(AW))]wzFsz Fy
=" FyFy —r" exp (- diag (£ (Fyz))) Fy
=" —rTexp (- diag (£ (Fyz))) Fy
_ {rT o Fyi) © |FNZ*|_T} F%, (7.25)
where |z]7T £ (|z|_1>T = |z”|~" (see Definition 7.3), and
Deh = Duglyers; Do f + D &lyerps: Do f*

= [w" —r" exp(; diag (Zw))] Fy

w=Fyz
=z FyFy —rTexp (ydiag (£ (Fyz))) Fy

=z —rlexp (jdiag (£ (F}z))) Fy

= [0 (Fy) 0 |Fial 7] P (7.26)

where the results from (7.18), (7.19), (7.21), (7.22), (7.23), and (7.24) were used.

724 Hessians of the Objective Function

The second-order differential can be found by calculating the differential of the first-
order differential of g. From (7.17), (7.18), and (7.19), it follows that dg is given by

dg = [w" —r" exp(— diag(Lw))] dw + [w’ —r” exp (; diag (Lw))] dw*.
(7.27)
From (7.27), it is seen that to proceed to find d*g, the following differential is needed:

de/m 0 ... 0

0 deém ... 0
d exp (; diag (4Lw)) = . ) . , . (7.28)

0 I
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Hence, the differential de/<™ is needed. This expression can be found as

del 4w del < v — 7
d JLwi dw; dw* = JZw; L) dw; JZw; Y gqw*
‘ dwi " i dw; nme <2wi) it e 2w} .
= 2we 2 T qwre i zm M T S zizn
(7.29)

where (3.22), (4.21), and (4.22) were utilized. By taking the complex conjugate of both
sides of (7.29), it is found that

1 1
dw; + dw?. (7.30)

de—]éw,» — _
2|w; |e2s < 2fw;| !

The second-order differential of g is found by applying the differential operator on
both sides of (7.27) to obtain

d*g=[dw" —r"d exp () diag(Lw))] dw+ [dw” —r" d exp (; diag (Lw))] dw*.

(7.31)
From (7.28) and (7.29), it follows that
d exp (j diag (Lw))
eI24W0 oy
Idwl(i 0o .- 0 ﬁ 0 e 0
00 dw; 0 efzzwldwf
1 w1 1 0 [wi] 0
T2 : 2 :
dwy_| e24UN-1dw*
0 0 T Twval 0 0 #
[y -1 1 274w —1 *
= Edlag (|w| @dw) - Edlag (e Olw|” ©dw ) (7.32)

where © denotes the Hadamard product defined in Definition 2.7, the special nota-
tion |w|~! is defined in Definition 7.3, and /<" £ [eféw", el L, eJéwN-‘] " fol-

lows from Definition 7.4. By complex conjugation of (7.32), it follows that

1 1
d exp (=7 diag (/w))= = diag (7" Olw| ' ©dw) +3 diag (jw|™' ©dw*) .
(7.33)
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By putting together (7.31), (7.32), and (7.33), it is found that the second-order differential
of g can be expressed as

dg = [dwﬂ_ﬂ; [~diag (e ™" © |w|™' @ dw)+diag (jw|™' © dw*)]} dw
+ {dwr - "T% [diag (Iw|™' © dw) — diag (¢¥/“" © w|™! de*)ﬂ dw*
= (dw") [2Iy—diag (rolw|™")] dw+ (dwT) %diag (rolw|™'©e ") dw

+ (dw') %diag (row/™ 0" dw*, (7.34)

where it is used that a” diag(b © ¢) = b’ diag(a © ¢) for a, b, c € CV*!. From the
theory developed in Chapter 5, it is possible to identify the Hessians of g from d°g. This
can be done by first noticing that the augmented complex-valued matrix variable YW
introduced in Subsection 5.2.2 is now given by

W= [ww*] e CV (7.35)

To identify the Hessian matrix Hyy yg € C2V*2VN | the second-order differential d*g
should be rearranged into the same form as (5.53). This can be done as follows:

L diag (row|~ @) Iy—1diag (roiw| )
IN_%dlag (r®|w|_1) %dlag (r®|w|—l®ej24w)

x dvec (W) £ (dvec” (W)) Advec(W), (7.36)

d*g=(dvec” (W))

where the middle matrix 4 € C2V*2N was defined. It is observed that the matrix A is
symmetric (i.e., AT = A). The Hessian matrix Hyy yyg can now be identified from (5.55)
as A, hence,

pdiag (row| '@ 2”)  Iy—;diag (rolw|™")
IN_%dlag (r®|w|_1) %dlag (r®|w|—l®eJZLw)
(1.37)

Hwwg=A4=

It remains to identify the complex Hessian matrix of the function % in (7.12). This
complex Hessian matrix is denoted by Hz z/, where the augmented complex-valued
matrix variable is given as

Z =1z, 7] e CV, (7.38)

The complex Hessian matrix Hz zh can be identified by the chain rule for complex
Hessian matrices in Theorem 5.1. The function F : CV*? — CV*? s first identified as

F(Z) = [Fyz, Fyz*] = [[Fy Onxy] vec(2), [0yxy Fylvec(Z)].  (7.39)

The derivative of F with respect to Z can be identified from

dvec(F) = [ Oi NN ORN }dvec (2). (7.40)
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From this expression of d vec (F), it is seen that d>F = 0,y 2y, and that

Fy,  Oyun ]

7.41
Oyxy Fy (7.41)

DaF = {
The scalars R and S in Theorem 5.1 are identified as R = S = 1; hence, it follows
from (5.91) that Hz zh is given by

F*N 0N><N FTV 0N><N

Hz zh = [1®(DZF)T} [Hw.wg| DzF=

Oyvxny Fn Ovxy Fn

[LFy diag (roIw[ 02N FYy Iy LFy diag (rolw| ") Fy
IN_%FN diag (r®|w|*l) F, %FN diag (r O |w|™! @ejuw) Fy
(7.42)

It is observed that the final form of Hz z/ in (7.42) is symmetric.

Minimization of Off-Diagonal Covariance Matrix Elements

This application example is related to the problem studied in Roman & Koivunen (2004)
and Roman, Visuri, and Koivunen (2006), where blind CFO estimation in orthogonal
frequency-division multiplexing (OFDM) is studied. Letthe N x N covariance matrix ¢
be given by'

® = FC" ()RC(W)Fy, (7.43)

where F  denotes the symmetric unitary N x N inverse DFT matrix (see Definition 7.5).
The matrix R is a given N x N positive definite autocorrelation matrix, the diagonal
N x N matrix C : R — CV*V is dependent on the real variable u, and C(u) is given
by

10 0
e 0
e N “ee
cw=|. . . | (7.44)
6 0 ' /Zn;II(VN—l)

where 1 € R. It can be shown that 7 = & and C* () = C*(1) = C(—u). The covari-
ance matrix @ in (7.43) is a simplified version of Roman and Koivunen (2004, Eq. (10)).
If the matrix @ is diagonal, it means that the frequency offset is perfectly compen-
sated. Hence, the objective is to choose w such that the matrix & becomes as close to a
diagonal matrix as possible. One possible real scalar objective function f(u) that could
be minimized to make the matrix @ become as diagonal as possible is the sum of the
squared magnitude of the off*diagonal elements of the matrix ®. The term Tr { P }
is the squared Frobenius norm of @, hence, it is the sum of the absolute squared value

! This covariance matrix corresponds to Roman and Koivunen (2004, Eq. (11)) when the cyclic prefix is set
to 0.
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of all elements of . Furthermore, the term Tr {515 O] 45*} is the sum of all the squared
absolute values of the diagonal elements of @. Hence, the objective function f(u) can
be expressed as

N—-1N-1

F@ =Y |@| =Tr {88} ~Tr {8 0 8"} =Tt {*} ~ Tr (P 0 B},
=
(7.45)

where it has been used that @ is Hermitian and, therefore, has real diagonal elements.
The goal of this section is to find an expression of the derivative of f(u) with respect
to u € R. This will be accomplished by the developed theory in this book; in particular,
the chain rule will be used.
Define the function @ : CV*V x CV*V — CV*¥ given by

&(C,C")=FyC"RCFy, (7.46)

where the matrix C € CY* is an unpatterned version® of the matrix C given in (7.44).
Define another function g : C¥Y*¥ — R by

o(®)=Tr {Epz} ~Tr{dod}, (7.47)

where @ € C¥*V is a matrix with independent components. The total objective func-
tion f(u) can be expressed as

= 8®)|4pcgn.cuy = EBCM), C (). (7.48)

C=C(n)

Applying the chain rule in Theorem 3.1 leads to

Duf = (Dé’g)‘iszq;(cw),c*(m) { (D@di) ’é:cw) D.C

+ (De-®) D.C ). (749

’C=C(/t)

All the derivatives in (7.49) are found in the rest of this section. The derivatives D, C
and D, C* are obtained by component-wise derivation, and they can be expressed as

o 0 .- 0
D//.C(M) = VeC . ) . ' , (750)
. . 2ﬂ(Nfl)- J2p(N-1)
0 0 B RIS
PuC) = ~DuC) = (D)’ 51

The differential of the function @ is calculated as
d® = F},C"R (dC) Fy + F}, (dC") RCFy, (7.52)
2 The same convention as used in Chapter 6 is used here to show that a matrix contains independent compo-

nents. Hence, the symbol C is used for an unpatterned version of the matrix C, which is a diagonal matrix
(see (7.44)).
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Applying the vec(-) operator to this equation leads to

dvec(@):[FN ® (F’;,C'*Rﬂ dvec (C) + KFNC'TRT) ®F}‘V} d vec (C'*> :

(7.53)

From this equation, the derivatives D@ and D¢+ P are identified as follows:
De® = Fy ® (F}‘VC*R) , (7.54)
Dp® = (FNCTRT) ® F,. (7.55)

The derivative that remains to be found in (7.49) is Dgg, and Dgg can be found through
the differential of g in the following way:

dg =2Tr {$dd} —2Tr {® © dP)
=2vec! (@) dvec (&) — 2 vec” (diag(vecy(®)) d vec (&)
— 2vec! (EpT - diag(vecd@))) dvec (®)
=2vec! (&' — Iy © &) dvec (), (7.56)

where the identities from Exercises 7.1 and 7.2 were utilized in the second and last
equalities, respectively. Hence,

Dyg = 2vec” (ésr —IyO 43) , (1.57)

and now the expression D,, / can be found by (7.49) because all the derivatives on the
right-hand side of the equation have been found.

MIMO Precoder Design for Coherent Detection

This section follows the presentation given in Hjerungnes and Gesbert (2007¢) and
shows in greater detail how the theory of complex-valued matrix derivatives can be
used to derive a fixed point method for precoder optimization. For an arbitrary given
orthogonal space-time block code (OSTBC), exact symbol error rate (SER) expressions
will be derived for a precoded MIMO system for communication over a correlated
Ricean channel. The receiver employs maximum likelihood decoding (MLD) and has
knowledge of the exact MIMO channel coefficients; the transmitter knows only the
channel statistics, that is, the Ricean factor, the line-of-sight (LOS) component, and the
autocorrelation matrix of the fading component of the channel. An iterative method is
derived for finding the exact minimum SER precoder for M-PSK, M-PAM, and M-QAM
signaling based on complex-valued matrix derivatives.

The rest of this section is organized as follows: In Subsection 7.4.1, the block model
of the MIMO system, which constitutes a transmitter containing an OSTBC and a
precoder, the MIMO channel, and the MLD in the receiver, is presented. A model for the
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(a) v
T _ .| OSTBC F - H % MLD | =
Clz)|_ z L , Y
Lx1 B N By WMy N Lx1
(b) Uk

S RV (= MLD

Figure 7.1 (a) Block model of the linearly precoded OSTBC MIMO system. (b) The equivalent
system is given by L SISO system of this type. Adapted from Hjeorungnes and Gesbert (2007¢),
© 2007 IEEE.

correlated Ricean MIMO channel is presented in Subsection 7.4.2. The studied MIMO
system is equivalent to a single-input single-output (SISO) system, which is presented in
Subsection 7.4.3. Exact SER expressions are derived in Subsection 7.4.4. The problem
of finding the minimum SER precoder under a power constraint is formulated and solved
in Subsection 7.4.5.

Precoded OSTBC System Model

Figure 7.1 (a) shows the block MIMO system model with M, transmit and M, receive
antennas. One block of L symbols xg, x;,...,x;_; is transmitted by means of an
OSTBC matrix C(x) of size B x N, where B and N are the space and time dimensions
of the given OSTBC, respectively, and x = [xp, X1, ..., X 1—1]7. It is assumed that the
OSTBC is given. Let x; € A, where A is a signal constellation set such as M-PAM,
M-QAM, or M-PSK. If bits are used as inputs to the system, L log, |.A| bits are used to
produce the vector x, where | - | denotes cardinality. Assume that [ [|xi |2] = axz for all
i €{0,1,...,L — 1}. Since the OSTBC C(x) is orthogonal, the following holds:

L-1

Cx)C(x)=ay il I, (7.58)
i=0

where the constant a is OSTBC dependent. For example, a = 1 if C(x) = GI, C(x) =
HI, or C(x) = HI in Tarokh, Jafarkhani, and Calderbank (1999, pp. 452-453), and
a=2if C(x) = (G})T or C(x) = (GHT in Tarokh et al. (1999, p. 1464). However, the
presented theory holds for any given OSTBC. The spatial rate of the code is L/N.
Before each code word C(x) is launched into the MIMO channel H, it is precoded
with a memoryless complex-valued matrix F of size M; x B, such that the M, x N
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receive signal matrix ¥ becomes
Y=HFCx)+V, (7.59)

where the additive noise is contained in the block matrix V of size M, x N, where
all the components are complex Gaussian circularly symmetric and distributed with
independent components having variance Ny; H is the channel transfer MIMO matrix.
The receiver is assumed to know the channel matrix H and the precoder matrix F
exactly, and it performs MLD of block ¥ of size M, x N.

Correlated Ricean MIMO Channel Model

In this section, it is assumed that a quasi-static non—frequency selective correlated Ricean
fading channel model (Paulraj et al. 2003) is used. Let R be the general M, M, x M; M,
positive definite autocorrelation matrix for the fading part of the channel coefficients, and
let /7% K H be the mean value of the channel coefficients. The mean value represents
the LOS component of the MIMO channel. The factor K > 0 is called the Ricean
factor (Paulraj et al. 2003). A channel realization of the correlated channel is found from

vec(H) = Vec

=4/ vec +1/— ——R"*vec(H,), (7.60)
I1+K 1+ K

where R'/? is the unique positive definite matrix square root (Horn & Johnson 1991)
of the assumed invertible matrix R, where R = E [vec (Hrading) vec” (Hrading)] is
the autocorrelation matrix of the M, x M, fading component Hp,ging Of the channel,
and H, of size M, x M; is complex Gaussian circularly symmetric distributed with
independent components having zero mean and unit variance. The notation vec (H,,) ~
CN (OM, M.x1> 4, M) is used to show that the distribution of the vector vec (H,) is
circularly symmetric complex Gaussian with mean value 0,71 given in the first
argument in CN(-, -), and its autocovariance matrix Iy, in the second argument

in CN(-, -). When using this notation, vec (H) ~ CN (, / HLK vec (H) LR)

* 1+K

VeC H Fadmg

Equivalent Single-Input Single-Output Model
Define the positive semidefinite matrix @ of size M, M, x M;M, as
& =R’ [(FF')®Iy] R (7.61)

This matrix plays an important role in the presented theory in finding the instantaneous
effective channel gain and the exact average SER. Let the eigenvalue decomposition of
this Hermitian positive semidefinite matrix & be given by

& =UAU", (7.62)
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(CM,MVXM,M, M, x MM,

where U € is unitary and A € RM:  is a diagonal matrix containing
the non-negative eigenvalues \; of @ on its main diagonal.
It is assumed that R is invertible. Define the real non-negative scalar « by

a £ |HF|% =Tr {I,, HFF"H"} = vec" (H) [(F*F") ® I,;,] vec (H)

1 K _
= l,/ = vec” (H,) R+ T & vec (H)]
[ 1 K _
le/zveC (Hw)+ 1+ KVeC (H)]
1

=% {VGCH (H,) + VK vec (H) R‘l/z} g

< (P FT) oL

X [VCC (H,)+ VKR vec (H)} , (7.63)

where (2.116) was used in the third equality. The scalar o can be rewritten by means of
the eigen-decomposition of & as

2
, (7.64)

1

MM, —1
1My )\j B _
a=[=EOI_H<‘(VeC(H:U)+VKUHR 1/2VCC(H)>

where vec (H',) ~ CN (0,1, 1. Lr,1,) has the same distribution as vec (H,).

By generalizing the approach given in Shin and Lee (2002) and Li, Luo, Yue, and
Yin (2001) to include a full complex-valued precoder F of size M, x B and having the
channel correlation matrix 1/(1 + K)R and mean /K /(1 + K )H, the MIMO system
can be shown to be equivalent to a system having the following input-output relationship:

Vi = axi + v}, (7.65)

fork € {0, 1, ..., L — 1}, and where v;, ~ CN(0, Ny/a) is complex circularly symmet-
ric distributed. This signal is fed into a memory-less MLD that is designed from the
signal constellation of the source symbol .A. The equivalent SISO model given in (7.65)
is shown in Figure 7.1 (b). The equivalent SISO model is valid for any realization of H.

Exact SER Expressions for Precoded OSTBC

By considering the SISO system in Figure 7.1 (b), it is seen that the instantaneous
acla

received signal-to-noise ratio (SNR) y per source symbol is given by y £ N

= da,

where § £ ”;0‘2 To simplify the expressions, the following three signal constellation—

dependent constants are defined:
b4 3 3

8pPSK = sin? M, gpPAM = ma gQAM = m (7.66)

The symbol error probability SER,, £ Pr {Error|y } fora given y for M-PSK, M-PAM,
and M-QAM signaling is given, respectively, by Simon and Alouini (2005, Egs. (8.23),
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(8.5), (8.12)).

WM-Dr

1 M __8PSKY

SER, = — e snZo df, (7.67)
T Jo
2M—1 [3

ser, =~ [T B, (7.68)
T 0
4 _ 2QAMY 3 _ 2QAMY

SER, = p (1 > / SinZe dO +/ e 2o df| . (7.69)

\ 4

The moment generating function of the probability density function p, (y) is defined
as ¢, (s) = fooo py(y)e’’dy. Because all L source symbols go through the same SISO
system in Figure 7.1 (b), the average SER of the MIMO system can be found as

SER £ Pr{Error} = /0 SER, p,(y)dy. (7.70)

This integral can be rewritten in terms of the moment generating function of y. Since
vec (H,,) + VKU" R vec (H) ~ CN («/_UHR Y2 vec (H) , IMZMF),itfollows
by straightforward manipulations from Turin (1960, Eq. (4a)), that the moment generat-
ing function of « can be written as

oK vee (H)R™7 [T = (D, — i @] | RV veo( B)

o = 7.71
9u(s) Y — (7.71)

Because y = d«, the moment generating function of y is given by

Gy (s) = ¢a (35) - (7.72)

By using (7.70) and the definition of the moment generating function together with
(7.72), it is possible to express the exact SER for all signal constellations in terms of the
eigenvalues \; and eigenvectors u; of the matrix &:

8PsK
SER = — ) do, 7.73
/ ¢V ~sin26 (7.73)
2M—-1 (2
SER = = : , <— graM ) a6, (7.74)
T M sin? 6
4 1 1 5 goaM H gQAM
SER= — (1= — ) |— (—, )de / (—, )de,
T ( \/M> [\/M/o P "o * z P\ "ing
(7.75)
for PSK, PAM, and QAM signaling, respectively.
Define the positive definite matrix 4 of size M; M, x M; M, as
8
A= Iy + g (7.76)

2
(1 4+ K)sin2(9)

where g takes one of the forms in (7.66). The symbols AT 4PAM "and 4QAM) are
used for the PSK, PAM, and QAM constellations, respectively.
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To present the SER expressions compactly, define the following real non-negative
scalar function, which is dependent on the LOS component H, the Ricean factor K, and
the correlation of the channel R, as

oK vec (H)R™ 12X R™V2 vee( )

f(X)= et ) , (7.77)

where the argument matrix X € CM M is nonsingular and Hermitian.
By inserting (7.72) into (7.73), (7.74), and (7.75) and utilizing the function defined in
(7.77), the following exact SER expressions are found

. T
SER = /(& hun) / F(APENg0, (7.78)
T 0

M, x M,

21(—1 M—1/[3
sER = 2/ Lvm) / * AP g, (7.79)
T M )

SER

_ 4 Tu) (1_ ! >
SR .

1 / A Y
FAPMYGY + [ F(APMYdp |
v MJo z
(7.80)
for PSK, PAM, and QAM signaling, respectively.

Precoder Optimization Problem Statement and Optimization Algorithm

This subsection contains two parts. The first part formulates the precoder optimization
problem. The second part shows how the problem can be solved by a fixed point iteration,
and this iteration is derived using complex-valued matrix derivatives.

Optimal Precoder Problem Formulation
When an OSTBC is used, (7.58) holds, and the average power constraint on the trans-
mitted block Z £ FC(x) is given by Tr{ZZ} = P; this is equivalent to

aLo} Tt {FF"} =P, (7.81)

where P is the average power used by the transmitted block Z. The goal is to find the
precoder matrix F, such that the exact SER is minimized under the power constraint.
Note that the same precoder is used over all realizations of the fading channel, as it
is assumed that only channel statistics are fed back to the transmitter. In general, the
optimal precoder is dependent on N, and, therefore, also on the SNR. The optimal
precoder is given by the following optimization problem:

Problem 7.1

min  SER,
{FeCM<B}

subject to (7.82)
Lao}Tr{FF"} =P.
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Precoder Optimization Algorithm

The constrained minimization in Problem 7.1 can be converted into an unconstrained
optimization problem by introducing a Lagrange multiplier u’ > 0. This is done by
defining the following Lagrangian function:

L(F,F*)=SER+u/ Tr {FF"}. (7.83)
Define the M? x M?M? matrix,
2 (1 @vee! (In)| [T, ® Ky, Iy - (7.84)
To present the results compactly, define the BM, x 1 vector gq(F, 6, g, ) as follows:
g(F.0, ¢, 1) = [FT ®1M,] I [Rl/z ® (Rl/z)r]
x vec™ (A’1 + KA 'R vec (I_{) vec! (I_{) R’1/2A’1)

eK Vec""(}_I)R’l/zA’lR’l/2 vec(I:I)

7.85
sin2(0) det (A4) (7.85)
Theorem 7.1 The precoder that is optimal in (7.82) must satisfy
Moty
vec (F) = / q(F,0, gpsk, n)do, (7.86)
0
z
vee (F) = [ a(F. 6. gowm. ). (787
0
1 [F 5
vee (F) = [ q(F.60. ot 00 + [ a(F.0. gorsde. (788)
7)o Q . Q

for the M-PSK, M-PAM, and M-QAM constellations, respectively. The scalar | is
positive and is chosen such that the power constraint in (7.81) is satisfied.

Proof The necessary conditions for the optimality of (7.82) are found by setting the
derivative of the Lagrangian function L(F, F*) in (7.83) with respect to vec (F*) equal
to the zero vector of size M;B x 1.

The simplest part of the Lagrangian function L(F, F*) to differentiate is the second
term p’ Tr{F F"}, which has derivative wrt. F* given by

Dp+ [W TH{FF"}] = W/ Dp- [vec” (F) vec(F)| = W' Dp- [vec” (F) vec(F*)|
= ' vec! (F). (7.89)

It is observed from the exact expressions of the SER in (7.78), (7.79), and (7.80)
that all these expressions have similar forms. Hence, it is enough to consider only the
M-PSK case; the M-PAM and M-QAM cases follow in a similar manner.

When finding the derivative of the SER for M-PSK with respect to F*, it is first
seen that the factor in front of the integral expression in (7.78), that is, W, isa
non-negative scalar, which is independent of the precoder matrix F and its complex
conjugated F*.
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From Table 3.1, we know that de* = e*dz and d det(Z) = det(Z) Tr{Z~'d Z}, and
these will now be used. The differential of the integral of the SER in (7.78) can be
written as

Mol Mlr K vec”(l_i)Rfl/2 [A(PSK>]_]R7|/2 VeC(H)

v MoTe

d APSKN g — d/ do
/o S( ) A det (A7)

g {eK Vec”(l-i)R’l/2 |:A(PSK)]71R’1/2 vec(l_i) }

N /0 det (4S0)

K vecH (H)R™2[ APSK ™ R=1/2 vee(H 1
+e (H)R™'2[A"S9] ()d{det(A“’SK))Hde

/MM‘n e"K vec (H) R™'/? (d [A(PSK)]_1> R~ vec (H)
o

det (ATSK))
e’ (PSK)
= qor (ot (A7) | @0
%n eh
= / A m [K vec!! (F_I) R (d [A(PSK)]_1> R™?vec (F_I)
0 C
= Te { (4759) ™ a4} ao, (7.90)

where the exponent of the exponential function /4 is introduced to simplify the expres-
sions, and /4 is defined as

h 2 K vec! (H) R[4 RV vec (H) . (7.91)
To proceed, it is seen that an expression of d APS%) is needed, where APS% can be
expressed as

dgpsk
(1 + K)sin?(0)
The differential d vec (A®%X)) is derived in Exercise 7.4 and is stated in (7.142).

Using the fact that dA~' = —A~'(dA)A~" and (2.205), it is seen that (7.90) can be
rewritten as

AT = Ly R [(F'F) @ 1,] R, (7.92)

M-1 h

/ i de_t‘(zA) [Tr {KR’I/2 vec (il) vec (il) R V2471 (dA) A’l}
0

_Lh

det (A)
vec! (H) R™'2A™" + A7) dvec(A4)do, (7.93)

—i—Tr{A*ldA}] do = /T vec! (KA’IR’I/2 vec (F_I)
0

where the dependency on PSK has been dropped for simplicity, and it has been used
that A7 = A. After putting together the results derived above and using the results from



15

7.5 Minimum MSE FIR MIMO Transmit and Receive Filters 219

Order m Order ¢ v(n) Order [
BWN, e, %} (RO}
x(n) y(n) y(n) z(n)
N x1 M, x1 M, x1 N x1
M, x N M, x M, N x M,

Figure 7.2 FIR MIMO block system model.

Exercise 7.4, it is seen that

M-1 M—1
et eh » et _eh (Sg
/0 det (A) B /0 det (A4) (1 + K)sin?

vecH (KA’IR’I/2 vec (P_I) vec (P_I) R VA" 4+ Ail) do

Dp~

x |(R) @ R 7 [F 1y (7.94)
By using the results in (7.89) and (7.94) in the equation
DpL = 015,35, (7.95)

it is seen that the fixed point equation in (7.86) follows.
The fixed point equations for PAM and QAM in (7.87) and (7.88), respectively, can
be derived in a similar manner. |

Precoder Optimization Algorithm: Equations (7.86), (7.87), and (7.88) can be used
in a fixed point iteration (Naylor & Sell 1982) to find the precoder that solves Problem 7.1.
This is done by inserting an initial precoder value in the right-hand side of the equations
of Theorem 7.1, that is, (7.86), (7.87), and (7.88), and by evaluating the corresponding
integrals to obtain an improved value of the precoder. This process is repeated until
the one-step change in F is less than some preset threshold. Notice that the positive
constants ' and p are different. When we used this algorithm, convergence was always
observed.

Minimum MSE FIR MIMO Transmit and Receive Filters

The application example presented in this section is based on a simplified version of the
system studied in Hjerungnes, de Campos, and Diniz (2005). We will consider the FIR
MIMO system in Figure 7.2. The transmit and receive filters are minimized with respect
to the MSE between the output signal and a delayed version of the original input signal
subject to an average transmitted power constraint.

The rest of this section is organized as follows: In Subsection 7.5.1, the FIR MIMO
system model is introduced. Subsection 7.5.2 contains special notation that is useful for
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presenting compact expressions when working with FIR MIMO filters. The problem of
finding the FIR MIMO transmit and receive filters is formulated in Subsection 7.5.3. In
Subsection 7.5.4, it is shown how to find the equation for the minimum MSE FIR MIMO
receive filter when the FIR MIMO transmit filter is fixed. For a fixed FIR MIMO receive
filter, the minimum MSE FIR MIMO transmit filter is derived in Subsection 7.5.5 under
a constraint on the average transmitted power.

FIR MIMO System Model

Consider the FIR MIMO system model shown in Figure 7.2. As explained in detail
in Scaglione, Giannakis, and Barbarossa (1999), the system in Figure 7.2 includes time
division multiple access (TDMA), OFDM, code division multiple access (CDMA), and
several other structures as special cases. In this section, the symbol # is used as a time
index, and # is an integer, thatis,n e Z={..., -2,—1,0,1,2,...}.

The sizes of all time-series and FIR MIMO filters in the system are shown below
the corresponding mathematical symbols within Figure 7.2. Two input time-series are
included in the system in Figure 7.2, and these are the original time-series x(n) of size
N x 1 and the additive channel noise time-series v(n) of size M, x 1. The channel input
time-series y(n) and the channel output time-series y(n) have sizes M; x 1 and M, x 1,
respectively. The output of the system is the time-series X(n) of size N x 1. There are
no constraints on the values of N, M,, and M,, except that they need to be positive
integers. It is assumed that all vector time-series in Figure 7.2 are jointly wide sense
stationary.

FIR MIMO filters are used to model the transfer functions of the transmitter, the
channel, and the receiver. The three boxes shown from left to right in Figure 7.2 are the
M, x N transmit FIR MIMO E with coefficients { E(k)};_, the M, x M, channel FIR
MIMO filter C with coefficients {C(k)}{_,, and the N x M, receive FIR MIMO filter R
with coefficients {R(k)}izo. The orders of the transmitter, channel, and receiver are m,
q, and [, respectively, and they are assumed to be known non-negative integers. The
sizes of the filter coefficient matrices E(k), C(k), and R(k) are M, x N, M, x M;, and
N x M,, respectively. The channel matrix coefficients C(k) are assumed to be known
both at the transmitter and at the receiver.

FIR MIMO Filter Expansions

Four expansion operators for FIR MIMO filters and one operator for vector time-series
are useful for a compact mathematical description of linear FIR MIMO systems.

Let {A(i)}]_, be the filter coefficients of an FIR MIMO filter of order n and
size My x M,. The z-transform (Vaidyanathan 1993) of this FIR MIMO filter is given

n
by Z A(i)z~". The matrix A(7) is the i-th coefficient of the FIR MIMO filter denoted
=0

1
by A, and it has size My x M.
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Definition 7.6 The row-expanded matrix A_ of the FIR MIMO filter A with filter coef-
ficients {A(i)}]_,, where A(i) € CMo>M s defined as the My x (n + 1)M; matrix:

A_ = [A(0) A1) --- Am)]. (7.96)

Definition 7.7 The column-expanded matrix A, of the FIR MIMO filter A with filter
coefficients { A(i)}!_,, where A(i) € CM>*M js defined as the (n + 1)My x M, matrix
given by

A(n)
A —1)
A = : . (7.97)
A(1)
A(0)
Definition 7.8 Let g be a non-negative integer. The row-diagonal-expanded matrix A(QI)

of order q of the FIR MIMO filter A with filter coefficients {A(i)}}_,, where A(i) €
CMoxM s defined as the (q + 1)My x (7 + q + 1)M, matrix given by

A(0) A1) A2) - Am)  Ouyxm, 001, x 1,
Onroxnr,  AQ0)  A(1) Aln—1)  A(n) 01, x M,
ay— | . _
Orioxnty, Onmoxnr, -+ AW0) A1) An—1)  An)
(7.98)

Definition 7.9 Let q¢ be a non-negative integer. The column-diagonal-expanded
matrix A(f) of order q of the FIR MIMO filter A with filter coefficients {A(i)}!_,,
where A(i) € CM>*Mi s defined as the (n + q + 1)My x (g + 1)M, matrix given by

(@ —
A =

A(n)
A —1)

01,5 M,
A(n)

A —=2) A -1

A(O)

01, M,

L Ousyn,

A{l)
A(0)

0M()><M|

01,5 M,
01,5 M,

A(n)
A —1)

A(D)
A(0)

(7.99)

Definition 7.10 Let v be a non-negative integer, and let x(n) be a time-series of size
N x 1. The column-expansion of a vector time-series x(n) of order v is denoted by x(n)(‘”)
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and it has size (v + 1)N x 1. It is defined as

x(n)
x(m)® = o 3 D (7.100)
x(n .— V)

The column-expansion operator for vector time-series has a certain order. In each
case, the correct size of the column-expansion of the vector time-series can be deduced
from the notation. The size of the column-expansion of a FIR MIMO filter is given by
the filter order and the size of the FIR MIMO filter.

Remark Notice that the block vectorization in Definition 2. 13 and the column-expansion
in (7.97) are different but related. The main difference is that in the block vectorization,
the indexes of the block matrices are increasing when going from the top to the bottom
(see (2.46)). However, in the column-expansion of FIR MIMO filters, the indexes are
decreasing when going from the top to the bottom of the output block matrix (see (7.97)).

Next, the connection between the column-expansion of FIR MIMO filters in Defini-
tion 7.7 and the block vectorization operator in Definition 2. 13 will be shown mathemat-
ically for square FIR MIMO filters. The reason for considering square FIR MIMO filters
is that the block vectorization operator in Definition 2.13 is defined only when the sub-
matrices are square. Let {C(i )}f‘i 61, where C(i) € CN*N is square. The row-expansion
of this FIR MIMO filter is given by

C_=[C0O)C() --- C(M —1)], (7.101)

and C_ € CN*NM_ et the MN x MN matrix J be given by

Onxn -+ Oyxn Iy
N 0N><N IN 0N><N
ge | o s (7.102)
Iy - Oyun Oyxw

The block vectorization of the row-expansion of C can be expressed as

C(0)
c()

veeh(C_) = , (7.103)

C(M-1)
and vecb (C_) € CMN*N_ The column-expansion of the FIR MIMO filter C is given by
C(M—-1)

C = (7.104)

C(.l)
C(0)
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and C, € CMN*N By multiplying out J vecb (C_), it is seen that the connection between
the block vectorization operator and the column-expansion is given through the following
relation:

Jvech(C_)=C,, (7.105)

which is equivalent to JC, = vecb (C_). These relations are valid for any square FIR
MIMO filter.

Let the vector time-series x(n) of size N x 1 be the input to the causal FIR MIMO
filter E. The FIR MIMO coefficients {E(k)}]_, of E have size M, x N. Denote the
M; x 1 output vector time-series from the filter E as y(n) (see Figure 7.2). Assuming
that the FIR MIMO filter { E(k)}]_, is linear time-invariant (LTT), then convolution can
be used to find y(n) in the following way:

x(n)
" x(n—1)
y(n)=>_ E(kyx(n — k) = [E©0) E(1) -+ E(m)]
k= .
' x(n —m)
= E_x(n)™, (7.106)

where the notations in (7.96) and (7.100) have been used, and the size of the column-
expanded vector x(n)f’”) is (m + 1)N x 1. In Exercise 7.5, it is shown that

y(m)\" = Ex(n)m*D, (7.107)

where / is a non-negative integer. Let the FIR MIMO filter C have size M, x M,
and filter coefficients given by {C(k)}7_,. The FIR MIMO filter B is given by the
convolution between the filters C and E, and it has size M, x N and order m + q.
The row- and column-expansions of the filter B have sizes M, x (m + g + 1)N and
(m +q + DM, x N, respectively, and they are given by

B_=C_EY, (7.108)
B, = C™E,. (7.109)

The relations in (7.108) and (7.109) are proven in Exercise 7.6. Furthermore, it can be
shown that

B(ﬂl) — C(TI)E(?-H)’ (7.110)
BY = ¢V E®, (7.111)

The two results in (7.110) and (7.111) are shown in Exercise 7.7.

FIR MIMO Transmit and Receive Filter Problems

The system should be designed such that the MSE between a delayed version of the input
and the output of the system is minimized with respect to the FIR MIMO transmit and
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receive filters subject to the average transmit power. It is assumed that all input vector
time-series, that is, x(n) and v(n), have zero-mean, and all second-order statistics of the
vector time-series are assumed to be known. The vector time-series x(r) and v(n) are
assumed to be uncorrelated.

The autocorrelation matrix of size (v + 1)N x (v + 1)N of the (v + 1)N x 1 vec-
tor x(n)"" is defined as

@S),N} -k [x(n)(‘v) (x(n)ﬁv))H] . (7.112)

The autocorrelation matrix of v(n)(‘”) is defined in a similar way. Let the (m + )N x
(m + 1)N matrix 47;'"~N )(i) be defined as follows:

BN = E [(x)™) (xn+)")" ] (7.113)

where i e {—q —1,—q —1+1,...,q +1}. From (7.112) and (7.113), it is seen that
the following relationship is valid:

w0 = (@) = (@) 714

The desired receiver output signal d(n) € CV*! is often chosen as the vector time-
series given by

d(n) = x(n — 8), (7.115)

where the integer § denotes the non-negative vector delay through the overall communi-
cation system; it should be chosen carefully depending on the channel C and the orders
of the transmit and receive filters, that is, m and /. The cross-covariance matrix (bi‘f’dN) of
size (v + 1)N x N is defined as

) =B [x(n)d ™ (n)] . (7.116)
The block MSE, denoted by &, is defined as
E =E[|%(n) —dn)|*] = Tr {(X(n) — d(n)) (" (n) —d"(n)) } . (7.117)

By rewriting the convolution sum with the notations and relations introduced in Sub-
section 7.5.2, it is possible to express the output vector x(n) of the receive filter as
follows:

%(n) =R_CYECDx(n)mt1t) 1 R_y(n). (7.118)
In Exercise 7.8, it is shown that the MSE £ in (7.117) can be expressed as
E=Tr {diﬁ,o*N) + R.BIMIRE _ RO E@HD g+ Y)
— (o) (g (€0)" R
+R_CO EGH@rra+t ) (g (0! Rf’} ‘ (7.119)

The receiver (equalizer) design problem can be formulated as follows:
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Problem 7.2 (FIR MIMO Receive Filter)

min  &. (7.120)
{(R®Yo}

The average power constraint for the channel input time-series y(#n) can be expressed
as

E[lyml*] = Tr{E_$"VE"} = P, (7.121)

where (7.106) and (7.112) have been used.
The transmitter design problem is the following:

Problem 7.3 (FIR MIMO Transmit Filter)

min &,
{temy,

subject to (7.122)
Tr{E_®"VE"} = P.

The constrained optimization in Problem 7.3 can be converted into an unconstrained
optimization problem by using a Lagrange multiplier. The unconstrained Lagrangian
function £ can be expressed as

LE_,E*)=E+uTr{E_®"VE"}, (7.123)

where pu is the positive Lagrange multiplier. Necessary conditions for optimality are
found through complex-valued matrix derivatives of the positive Lagrangian function £
with respect to the conjugate of the complex unknown parameters.

FIR MIMO Receive Filter Optimization

In the optimization for the FIR MIMO receiver, the following three relations are needed:
0 1N
T {R, CO B et )} = Ot - (7.124)

which follows from the fact that R_ and R* should be treated independently when
finding complex-valued matrix derivatives,

% Tr{R_ &\ R"} = R_&\M, (7.125)
which follows from Table 4.3, and
o T () () o) e}
= ()" ()" ()" (7.126)

which also follows from Table 4.3.
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The derivative of the MSE &£ with respect to R* can be found by using the results

in (7.124), (7.125), and (7.126), and %5 is given by

0 n+q+1, N\ 7 H H
ar £ = RO — ($) (B9 ()
+ R_COEG+a+tN) (pa+D) T (e (7.127)
By solving the equation %5 = Onx@+1)m,, it is seen that the minimum MSE FIR

MIMO receiver is given by
H
(m+q+1,N) H H
R = ( x,zd ! ) (E(g+l)) (C(Tl))

-1
X |:C(4)E(§I+l)d5§cm+q+l,N) (E(g+l))H (Cg))H + gpg,M,)] . (7128)

FIR MIMO Transmit Filter Optimization

The reshape operator, denoted by T®, which is needed in this subsection is intro-
duced next.’ The operator 7® : CNxn+k+DN _ CU+DNxm+DN produces a (k +
)N x (m + 1)N block Toeplitz matrix from an N x (m + k + 1) N matrix. Let W_ be
an N x (m + k + 1)N matrix, where the i-th N x N block is given by W(i) € CN*V,
where i € {0, 1, ..., m + k}. Then, the operator T® acting on the matrix W_ yields

wky Wk+1) - Wim+k)

T(k){W7}= , (7.129)
w1y W) - Wm+1)
woy wqay - Wm)

where k is a non-negative integer.

All terms of the unconstrained objective function £ given in (7.123) that depend on
the transmit filter can be rewritten by means of the vec(-) operator. The block MSE &
can be written in terms of vec (£_) by means of the following three relations:

/ 1) g (m+gq+I,N)
Tr{R.COE L 0

T
= vecT <CT (RD)" T+ {(d)i”,’;‘”l'm) }) vec (E_).| (7.130)

ref (a )" (By)” () R

= vec!! (E_) vec <CH (R®)" T+ { o H}) : (7.131)

3 This is an example of a reshape(-) operator introduced in Proposition 3.9 where the output has multiple
copies of certain input components.
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and

H H
Tr{ R COEG @+ (£ )" ()" R |

g9 L 1 a
=vec” (E))Y D Y N WV +iy — iy — i3)®

io=0i;=0 i,=0 i3=0
[ (i) R (1)) R(i2)Ci3)] vee (E-). (7.132)
where the operator 7@+ is defined in (7.129). The three relations in (7.130), (7.131),
and (7.132) are shown in Exercises 7.9, 7.10, and 7.11, respectively.

To find the derivative of the power constraint with respect to E*, the following
equation is useful:

Tr{E_®"VE"} = Tr {®U"VE"E_} = vec” (E_®{"N)) vec(E_)
= vec!! (11, E_@)) vee (E_)=[{ (#")" @ Iy, } vec (E_)] Y vee(E.)
= vec () [(@0")" @ I, | vee (E_)
= vec’ (E_) [#"") @ Iy,] vec (E*) . (7.133)

By using the above relations, taking the derivative of the Lagrangian function £
in (7.123) with respect to E*, and setting the result equal to the zero vector, one obtains
the necessary conditions for the optimal FIR MIMO transmit filter. The derivative of the
Lagrangian function £ with respect to E* is given by

9 L I 4
D L=vec (E)Y S S ST (@0 Vg + iy —in —i3))”
i90=0i;=0 i,=0 i3=0

® [CH (i) R (i) R(2)C(3)] " + pvecT (E2) [80Y) @ I,
— vec” (C” (R@)" TtatD { (¢§ij‘1+"’v)) H}) : (7.134)

For a given FIR MIMO receive filter R, the necessary condition for optimal-
ity of the optimal transmitter is found by solving Dg+ £ = 01x@m+1)nva,, Which is
equivalent to

A-vec(E_) = b, (7.135)

where matrix A is an (m + 1)M; N x (m + 1)M; N matrix given by

qg I 1 q

A=D"3"NN W N+ iy — iy — i3) ® (C7 (i) R (i) R(12)C i)

i9=0 i1=0 i,=0 i3=0

+ @ N0) @ wuly,, (7.136)
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and the vector b of size (m + 1)M; N x 1 is given by

H m H
b = vec (CH (R®)" ta+D {(d)ij ) }) : (7.137)
Exercises
7.1 Show that
Tr{A© B} = vec” (diag (vec, (A))) vec (B), (7.138)

where A, B € CN*V,
7.2 Let A € CV*V Show that
diag (vecy (A)) = Iy © A. (7.139)
7.3 Using the result in (4.123), show that
vee ([(dF*)FT) @ Iy,) = II" [F ® I),] dvec(F¥), (7.140)
and
vec ([F* (dF")| ® Iy,) = II" (1), ® F*] K, pd vec(F), (7.141)
where the matrix IT is defined in (7.84).

7.4 Let A be defined in (7.92), where the indication of PSK is now dropped for
simplicity. Using the results from Exercise 7.3, show that

8g
(14 K)sin26

8g
b
(1+ K)sin?0

where the matrix IT is defined in (7.84).

dvec (A) = {(RVZ)T ® Rl/z} " [Iy, ® F*] Ky, pd vec (F)

[(RI/Z)T ® Rl/z} II" [F ® I,| dvec(F*), (7.142)

7.5 Lety(n)of M, x 1bethe output of the LTI FIR MIMO filter { E(k)};__, of size M; x
N and order m when the vector time-series x(n) of size N x 1 is the input signal. If /
is a non-negative integer, show that the column-expanded vector of order / of the output
of the filter is given by (7.107).

7.6 Let the FIR MIMO filter coefficients { E(k)}}_, of E have size M; x N, and the
FIR MIMO filter C have size M, x M, with filter coefficients {C(k)}I_,. If the FIR
MIMO filter B is the convolution between the filters C and E, then the filter coeffi-
cients {B(k)}?:oq of B have size M, x N. Show that the row- and column-expansions
of B are given by (7.108) and (7.109), respectively.

7.7 Let the three FIR MIMO filters with matrix coefficients { E(k)}7,, {C(k)}{_,, and
{B(k)}Z:'O" be defined as in Exercise 7.6. If [ is a non-negative integer, then show that
(7.110) and (7.111) hold.
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7.8 Show by inserting the result from (7.118) into (7.117) such that the block MSE of
the system in Figure 7.2 is given by (7.119).

7.9 Show that (7.130) is valid.
7.10 Show that (7.131) holds.
7.11  Show that (7.132) is valid.
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