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Abstract—Complex matrix derivatives play an important role
in matrix optimization, since they form a theoretical basis for the
Karush-Kuhn-Tucker (KKT) conditions associated with matrix
variables. We commence with a comprehensive discussion of
complex matrix derivatives. First, some fundamental conclusions
are presented for deriving the optimal structures of matrix
variables from complex matrix derivatives. Then, some restric-
tions are imposed on complex matrix derivatives for ensuring
that the resultant first order equations in the KKT conditions
exploit symmetric properties. Accordingly, a specific family of
symmetric matrix equations is proposed and their properties are
unveiled. Using these symmetric matrix equations, the optimal
structures of matrix variables are directly available, and thereby
the original optimization problems can be significantly simplified.
In addition, we take into account the positive semidefinite con-
straints imposed on matrix variables. In order to accommodate
the positive semidefinitness of matrix variables, we introduce a
matrix transformation technique by leveraging the symmetric
matrix equations, which can dramatically simplify the KKT
conditions based analysis albeit at the expense of destroying
convexity. Moreover, this matrix transformation technique is
valuable in practice, since it offers a more efficient means of
computing the optimal solution based on the optimal structures
derived directly from the KKT conditions.

Index Terms—Matrix variable optimization, complex matrix
derivatives, Karush-Kuhn-Tucker conditions, matrix symmetric
structures, matrix variable transformation.

I. INTRODUCTION

Matrix optimization plays an essential role in wireless
system designs [1]-[4]. For example, multiple-input multiple-
output (MIMO) system optimization, including both transmit
precoder (TPC) matrix optimization and equalizer matrix
optimization, is an important design issue in wireless systems
[1], [2], [4]-[8]. Complex matrix derivatives provide efficient
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tools for solving these advanced matrix optimization problems
[9]. In view of the importance of complex matrix derivatives,
there is already some literature, in which many insightful
results are tabulated for readers to look up the required ones
[9]-[13]. With the evolution of wireless technologies, many
new matrix optimization problems are emerging subject to new
constraints. Solving these problems generally requires efficient
mathematical optimization tools, which which is the core of
our work.

Because the matrix variables are typically high-dimensional,
the key issue in matrix optimization is how to reduce the
computational complexity. A popular strategy is based on
the Karush-Kuhn-Tucker (KKT) conditions, which constitute
necessary conditions for finding optimal solutions [14]. Specif-
ically, for convex optimization problems, the solutions that
satisfy the KKT conditions are the optimal solutions, since
the KKT conditions act as sufficient and necessary conditions
for this case. Even for many non-convex problems, all the
solutions derived from the KKT conditions have a common
structure, which is also the analytical structure of the optimal
solution. Therefore, the KKT conditions having beneficial
mathematical tractability play a vital role in solving general
optimization problems [3], [15]. The second strategy is that
of leveraging majorization theory, which relies on matrix
inequalities associated with the diagonal elements of Hermi-
tian matrices [2]. However, there are strict limitations on the
optimization objective functions and constraints when utilizing
the majorization theory based methods. For example, for the
classical MIMO transceiver design, the majorization theory
is only suitable for handling Schur-convex or Schur-concave
objective functions subject to the total power constraint [16],
[17]. The third one is referred to as the matrix monotonic
optimization framework, which exploits the monotonicity of
the positive semidefinite matrix cone to derive the optimal
structures of matrix variables [1], [18], [19]. Unfortunately, the
matrix monotonic optimization framework is not applicable to
many practical applications, such as the optimization problems
where multiple constraints conflict with each other.

Among the three strategies, the KKT conditions based
strategy may be declared to be the prime technique of matrix
variable optimization, given its appealing mathematical sim-
plicity [3], [15], which has also been well studied by wireless
researchers. Nevertheless, in general, the KKT conditions
are only necessary conditions for the optimal solutions. The
complex matrix derivative is a fundamental tool conceived
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for deriving the KKT conditions, which usually has close
relationships with the specific structures of matrix variables.
A number of papers and textbooks have been published on
complex matrix derivatives [9], [13]. Building upon these
works, the complex matrix derivatives for the KKT conditions
associated with matrix variables can be derived.

The studies [3], [15] have shown the advantages of the
KKT conditions based algorithms, in which complex matrix
derivatives act as a theoretical basis for formulating the
KKT conditions. Generally, there exist equivalent variants
of a real-valued function based on matrix manipulations,
thereby leading to complex matrix derivatives in a diverse
range of mathematical formulas. Motivated by this fact, the
KKT conditions based methods usually rely on a case-by-
case implementation. Specifically, it was found in [3] that
the optimal water-filling structure of the positive semidefinite
transmit signal covariance matrix directly accrues from the
KKT conditions. In [21], the optimal structures of matrix
variables were derived from KKT conditions utilizing uplink-
downlink duality. However, the authors of [15] pointed out that
the optimal solution structure is difficult to directly obtain from
the KKT conditions, since the corresponding optimization
problem is non-convex. Fortunately, these KKT conditions
can be simplified by exploiting the fact that when a matrix
multiplied by a diagonal matrix is diagonal, the original matrix
must also be diagonal. Based on this, the optimal closed-
form linear TPC/equalizer was derived and also proved to be
able to diagonalize the MIMO channel into its eigen sub-
channels. In the face of the ever increasing requirements
for wireless communications, the performance optimization
problems can be diverse. Considering the existence of multiple
objective functions, a general framework of KKT conditions
based matrix variable optimization is investigated in this paper.
Our novel contributions are contrasted to the above-mentioned
literature, which can be seen at a glance in Table I and are
further detailed as follows:

o We provide a number of fundamental conclusions regard-
ing complex matrix derivatives for wireless communi-
cations. It is noted that there are several mathematical
formulations for traditional complex matrix derivatives.
In contrast to ignoring some strict restrictions on com-
plex matrix derivatives in some classical textbooks, we
additionally define symmetric complex matrix derivative
operators for reasons of mathematical rigour. Therefore,
our provided fundamental conclusions form a firm basis
for the successive theoretical analysis and mathematical

derivations.

o Inspired by matrix Hermitian symmetry, we propose
the concept of symmetric matrix equations and some
important conclusions to simplify the related theoretical
analysis. Considering several typical matrix optimization
problems in MIMO systems, we derive the corresponding
symmetric matrix equations from their KKT conditions.
Based on this, the optimal structures of matrix variables
are available and thereby the original optimization prob-
lems can be significantly simplified.

o For practical wireless communications, we consider the
positive semi-definite constraints imposed on matrix vari-
ables, which substantially affect the resultant complex
matrix derivatives. Therefore, we introduce an efficient
variable transformation technique to transform the posi-
tive semi-definite matrices into matrices associated with
independent variables. It is shown that this transfor-
mation technique can automatically satisfy the matrix
rank constraints. Although the variable transformation
may destroy the convexity of the original optimization
problems, it can simplify the derivation of the optimal
structures of matrix variables. Consequently, the opti-
mization problems can be drastically simplified.

This paper is organized as follows. In Section II, we present

fundamental definitions and results concerning complex matrix
derivatives, which provide the theoretical basis for our work. In
Section III, we derive some fundamental results for the family
of the symmetric matrix equations, which form the basis of
the KKT conditions based methods harnessed for deriving the
optimal structures of matrix variables. Moreover, a number
of specific applications are presented in this section. In Sec-
tion 1V, the positive semidefinite constraints are investigated,
and the corresponding symmetric matrix equations are derived.
In Section V, our numerical results are presented in support
of our conclusions offered in Section VI.
Notations: We use regular letters for scalars, lowercase and
uppercase boldface letters for vectors and matrices, respec-
tively. ()*, ()T, ()™ and (-)~! represent the conjugate,
transpose, Hermitian and inverse operators, respectively. O
denote the zero matrix and I denote the identity matrix. For a
complex matrix X, Xg and X7 denote its real and imaginary
parts, respectively. [X]; ; denote the (,7)-th element of X.
|X| and Tr(X) represent the determinant and trace of X,
respectively. A;(X) denote the ith largest eigenvalue of X.
X > 0 means that the matrix X is positive semidefinite and
(x)" = max{0, x}.



TABLE II
SUMMARY OF MAIN SYMBOLS

Symbols Denotations Symbols Denotations
s The transmitted signal Qn The weighting matrix associated with the per-antenna power constraints
n The additive noise Q The equivalent weighting matrix associated with the sum power constraints
F The precoding matrix II The covariance matrix of the additive noise
H The channel matrix A The diagonal matrix of SVD
Q The covariance matrix of the transmitted signal o The Lagrange multiplier associated with the sum power constraints

II. FUNDAMENTAL RESULTS ON COMPLEX MATRIX
DERIVATIVES

Optimization relying on matrix variables is more general
than based on vector or scalar variables, but it subsumes
both vector and scalar optimization as its special cases. Sec-
ondly, complex-valued matrix derivatives play an important
role in wireless communications. From the engineering point
of view, the phases of signals must be taken into account.
Therefore, the matrices involved in wireless communications
are usually defined as complex matrices. However, new appli-
cations are continuously emerging, which involve new com-
plex matrix variable optimization subject to specific structural
constraints. For example, in hybrid beamforming optimization
or transceiver design, the complex-valued analog matrix is a
special matrix variable with each element subject to constant
modulus constraints. Another example is a reconfigurable
intelligent surface aided MIMO system, where the complex
reflecting matrix is a diagonal matrix having diagonal elements
under constant modulus constraints. It is therefore necessary to
investigate complex matrix derivative operators under practical
structural constraints. This is a widely open issue.

Let the optimization objective function (OF) f be a real-
valued scalar function of the complex matrix variable X =
XRg + j X7, where j = /—1. Then the following fundamental
linear complex matrix derivative operators may be defined [9],
[12], [13].

of(X) _ 1 (3f(X) B -3f(X)> ’

0X 2\ 0Xgr 0 X1
) 1 (91X 9100 0
oxX* 2\ 0Xgr Xy )’

The real matrix derivative operator involved in (1) is defined
as follows [9], [12], [13]

R
8Z . . )
2f(Z) 2f(Z)
9[Z]n; 1 OlZ]N; ,Ne

where Z € RN-*Ne i a real matrix. When Z is a symmetric
matrix, the right hand side of (2) must also be a symmetric
matrix.

Highlight 1. When some structural constraints are imposed
on Z, e.g., Z is a diagonal matrix, the definition given in (2)
becomes meaningless.

It should be highlighted that for some intermediate steps,
the complex matrix derivations with respect to X itself and
with respect to its conjugate X * are different. For example, the
following complex matrix operators are defined in the classic
textbooks [9], [12]

oTr(XM)

3Tr(XH) B
0X*

3)

0X ’

It is worth noting that the role of complex matrix derivatives
is to find extreme values. From a mathematical viewpoint,
it is meaningless to argue that a complex number is larger
or smaller than another complex number. Therefore, setting
the complex derivatives of a complex valued function is
totally meaningless. In the classic textbook [12], the following
complex matrix derivative operators were defined:

ITr(WX) T 8Tr(WHXH) _
0X =W 0X =0, @
and
OTr(WX) B 8Tr(WHXH) Jp—
oxX* o 0X* =W ©)

where X is a complex matrix variable and W is a complex
matrix of appropriate dimension. It is worth noting that
Tr(WX) can be a complex-valued function. In this case,
the matrix derivative operators of (4) and (5) would become
meaningless from a mathematical viewpoint. However, in real-
world applications Tr(W X) and Tr(WH XH) usually appear
in together. Thus, it is more meaningful to define the following
complex matrix derivative operators

O[Tr(WX) + Tr(WHXH)]

—‘VT
0X -
HyH
8[Tr(WX);(T*r(W xH)] H ©

instead of the previous operators of (4) and (5).

Highlight 2. The complex matrix derivative can be set either
with respect to a complex matrix variable X itself or to its
conjugate X*. For these two matrix derivatives, the resultant
KKT conditions are exactly the same.

The key is that regardless of which complex matrix deriva-
tion is used, the resultant KKT conditions must be the same.
In the following, two quadratic derivative operators are defined

OTr(XWXH) OTr(XWXH)
X+ X

XW, = (wxhT,

)

where W must be a Hermitian matrix, i.e., W = WH, If
W is indeed a square matrix but not a Hermitian matrix,
the definition in (7) becomes meaningless and the following
operator can be defined

ITr(XWXH) + Tr(XWHXH)|
0X+

in which the term (W +W ) is definitely a Hermitian matrix.

The complex matrix derivative based methods are much
more straightforward than the existing traditional signal pro-
cessing techniques, and they can substantially simplify the

=X(W+wWH), (8




optimization [22]. Upon considering beamforming as an ex-

ample, the corresponding beamforming optimization problem
is formulated as [22]

w Aw

max —m—————————5

w wHBw+ 02’

The first order equation (FOEqu) of its KKT conditions may

be formulated as

(whBw + 0?)Aw — (w? Aw) Bw

(wHBw + ¢2)?

s.t. wlw < P. 9)

= \w. (10)

Based on (10) and exploiting that wfw = P, the Lagrange

multiplier can be derived as
N cﬁ w Aw
- P (wHBw + 02)?’

Upon substituting (11) into the FOEqu (10), the following

matrix equality holds
2
(B + %I ) w.

Aw — w Aw
wHBw + 02

It may then be concluded that the optimal beamforming vector

w equals to

o2 \ 7

Wopt =P <(B+PI> A) )

where the operator P (M) denotes the principal eigenvector of
M [23]. Let us now consider a more complex beamforming
optimization problem under per-antenna power constraints,
which is formulated as [22]

wl Aw
max —————
w wHBw + 02’

The FOEqu of its KKT conditions is given by

(1)

12)

13)

s.t. [ww'], ,, < P,. (14)

(w'Bw + 0?)Aw — (W Aw)Bw
(wBw + 02)? - En: Anddnto

A'Il
=\ Z0,w. 15
Let us now define 3z £ \,, and >, A, 2 Q, where the
value of A is chosen for ensuring that the optimal beamformer

w satisfies wHQw = >, Pn. Hence, the optimal w is given
by

—1
0.2
Wopt = P <B+ZnPnZn:Q> Al, (16)

where € is a diagonal matrix. If all the diagonal elements
of Q are identical, the optimal solutions of the above two
optimization problems, namely, (13) and (16), are the same.
The values of {)\,} can be computed using the subgradient
algorithm, as proposed in [18]. It may then be concluded that
the KKT conditions based method is a powerful counterpart
of the family of numerical optimization methods relying on
optimization software toolboxes.

Highlight 3. In the traditional definition of complex matrix
derivatives, there is no restriction imposed on the structures

of the matrix variable. The elements of the matrix variable are
independent variables.

Conclusion 1. Complex matrix derivatives may also be inter-
preted as concise and elegant expressions for multiple vari-
ables’ derivatives. This kind of expression can substantially
simplify the derivation and analysis processes. Furthermore,
it is always possible to use separate real and imaginary parts
to define the corresponding real matrices’ derivatives.

In the above definitions of this section, no structural con-
straints are imposed on the matrix variable X. If there are
some specific structural constraints, the results given above
may become incorrect. For example, when X is a symmetric
real matrix, i.e., X = X7, but W is not a symmetric real
matrix, we have

oTr(WTX) 1

0X 2

This example shows that a matrix specific structure signif-

icantly influences the matrix derivatives. Moreover, for the

same function of complex matrix, there are more than one

mathematical formulae for complex matrix derivatives. Here,

the MIMO channel capacity may be considered as an example,
which satisfies the following equalities

C=log|I+ FF"H"H|=log|I+ HFF"H"|, (18)

(W +wh). (17)

where F' is the linear TPC at the source and H is a constant
channel matrix. Therefore, we have the following complex
matrix derivative operators
dlog |[I+FF' H"H| -
OF'* N

"H(I+FF'H"H) 'F,
(19)
dlog |[I+ HFFYH"|
OF~

—H"(I+HFF"H") 'HF.
(20)

It is plausible that the complex matrix derivative operators
in (19) and (20) must be equal to each other, since they are
derived from the same OF. This conclusion is always true,
because the following equality always holds:

(I+HFF'H"YH =H(I+FF'H"H). (21)

The mathematical formulation of (20) is better than that of
(19). Explicitly the formulation in (19) is not suitable for
analysis, since the matrix FFPHYH may not have an
eigenvalue decomposition (EVD) for a general matrix F' [23].

Symmetry is an important property that can be exploited
to derive the optimal structure of F'. The following section
provides important design guidelines, based on which the
optimal structure of matrix variables can be derived.

III. MATRIX SYMMETRIC EQUATIONS

In this section, several important design guidelines are
provided for complex matrix derivatives to guarantee having a
symmetric structure. First, we introduce the following matrix
equality for the pair of Hermitian matrices A and B of
appropriate dimensions:

AB =9, (22)



where ® is also a Hermitian matrix. This kind of matrix
equation is referred to as matrix symmetric equation. We will
show that A, B and ® have the same unitary EVD matrix.

Lemma 1. For a pair of Hermitian matrices A and B
satisfying A" = A and BY = B, both A and B as well as
AB have the same unitary EVD matrix, provided that AB is
a Hermitian matrix, i.e., BEAY = AB.

It should be pointed out that for a Hermitian matrix, its EVD
is not unique. In other words, a Hermitian matrix can have
multiple unitary EVD matrices. The statement in Lemma 1
means that there exists at least one unitary matrix that is also
the unitary EVD matrix of A, B and AB. This result is given
in Theorem 4.1.6 of [23]. However, there is no requirement
that A and B should be positive definite here.

Lemma 2. For complex matrices A and B of appropriate
dimensions, when AYBHYBA and AR A have the same
unitary EVD matrix, BEB and AAY have the same unitary
EVD matrix.

Proof. The proof is given in Appendix A. O

Conclusion 2. For a pair of matrices A and B of appropriate
dimensions, when BYAYAB and BY™B have the same
unitary EVD matrix, the right unitary matrix in singular value
decomposition (SVD) of A and the left unitary matrix in SVD
of B are the same.

Proof. Conclusion 2 is a direct result of Lemma 2. O

Conclusion 3. For a pair of matrices A and B of appropriate
dimensions and a positive definite matrix ®, when BE A" AB
and BR®B have the same unitary EVD matrix, there exists
a unitary matrix that is simultaneously the right unitary SVD
matrix of A®P 2 and the left unitary SVD matrix of $:B.
In other words, & AYA® 3 and ®: BBH®? have the
same unitary EVD matrix.

Proof. Conclusion 3 can be inferred upon replacing B and A
in Conclusion 2 by B = ®:Band A = AP 2, respectively.
O

Conclusion 4. For an arbitrary complex matrix A,
AR (AAY + 1) A and AR A have the same unitary EVD
matrix. The scalar k can be an arbitrary real number.

Proof. Upon expressing the SVD of matrix A as A =
UAVH, we have AHA = VAUAVH and AH(AAY +
DA = VAR(AAHR 4 T)FAVE, O

Highlight 4. The EVD is not unique for a Hermitian matrix
since the eigenvalues can be arranged in different orders.
For two N x N positive semidefinite matrices A and B,
the following matrix inequalities can be exploited to choose
eigenvalues pairing [1]

N
Matrix Inequ. I1: log|I + AB| < Zlog 1+ (AN (B)],
i=1
(23)

N

Matrix Inequ. 2: log|A+ B §Z log [An—it+1(A)+X:(B)],
i=1

(24)

N
Matrix Inequ. 3: Tr(AB) Z An—ir1(A)N(B)], (25)

Matrix Inequ. 4: Tr[(A+B) 1]
> Z[AN,M(A) +Xi(B)] . (26)

Having a symmetric matrix structure is an important charac-
teristic that can be exploited to derive the optimal solution. In
the following subsection, a number of specific matrix variable
optimization examples are given to illustrate how to derive the
optimal structures of the matrix variables based on symmetric
matrix equations.

A. Optimization for MIMO Communications

We mainly consider a general MIMO downlink communi-
cation scenario, where the BS and the user are equipped with
N; and N, antennas, respectively. Then the signal received at
the user can be expressed as

y=HFs+n, 27

where H € CV~*Nt denotes the channel matrix, F represents
the precoding matrix, s is the transmitted signal satisfying
E[ssf] = I, and n is the additive noise vector at the user.
Based on (27), the capacity of the system can be expressed as

C=log|lI+ F'H"HF]|, (28)
and the mean square error (MSE) can be expressed as
MSE =Tr((II+ FPH"HF)™ '), (29)

where II satisfying II = E[nn'!] is the covariance matrix
of the additive noise. We consider the following optimization
problem relying on a combined OF under practical per-antenna
power constraints.

Pl:max v log|Tl+ FU'H"HF|

—»Tr((MI+ FYH"HF)™")

st. Tr(Q,FFY) < P,, 1<n< N, (30)

where v, and 7, are the weighting factors, and P,, denotes

the maximum transmit power of the n-th antenna at the BS.
To obtain the optimal structure of F', we firstly derive the

FOEqu of the KKT conditions associated with P1, given by

FOEqul : v HY"HF (M + FPHY"HF)™!

+wHYHF(M + FEHYHF)? = uQF,
Nt A
Q&) o, 3D
n=1 H

where )\, is the Lagrange multiplier associated with the n-th
weighted power constraint. Based on FOEqul (31), we have
the following matrix symmetric equation (MSEqu)

MSEqul : FAPHUYHF
———
A



Algorithm 1: Proposed algorithm for solving P1

Input : Initial parameters vy, vo, IT, H, {Q4}, { P, }.
1 Initialize {\,,} and set t = 1.
2 repeat
3 Calculate p = (Zi\f;l )\g)Pn)/P.
4 | Derive @ = (Zflv;l )\S)Qn)/u.
5 Obtain Uy and Upy from (34).
6 Derive A by the water-filling method.
7 Derive the optimal F' from (33).
s | Update \{™ = \Y 4 p(Tv(Q, FFY) — P,)]*
with the decreasing step size p.
9 Sett=1t+ 1.
10 until [p(Tr(Q, FFY) — P,)| < ¢, Vn;
Output: The optimal precoder F'.

x (n(M+FYHYHF) '+ (II+ FPHYHF)?)

B
=uFHQF. (32

According to Lemma 1, FEHYHF and FEQF have the
same unitary EVD matrix, and FEHYHF and II have the
same unitary EVD matrix. Hence it can be concluded from
Conclusion 3 that the optimal solution of F' for P1 satisfies
the following structure:

Fop = Q Uy ApUL, (33)

where the unitary matrices Ugr and Uy are defined based on
the following EVDs

Q HYHQ * = UgAgUL, T = UgAnUYE. (34)

As there are two EVDs, an eigenvalue pairing problem natu-
rally exists based on Highlight 4. Specifically, when v; > 0
and ~5 > 0, it can be concluded that based on MSEqul, the
eigenvalues of the two EVDs in (34) are in the reverse order.
Moreover, for the general case, when v; > 0 and 72 > 0
are not guaranteed, we can fix the eigenvalue ordering of the
first EVD and then perform an exhaustive search to find the
optimal eigenvalue ordering of the second EVD. The proposed
algorithm based on the optimal structure is summarized in
Algorithm 1.

Highlight 5. It is worth noting that when v, = 0, PI reduces
to the MSE minimization problem. Whereas when 3 = 0, P1
becomes the classical MIMO capacity maximization problem.
In particular, when ~v; > 0 and v, > 0, Pl is convex.
Nonetheless, v, and ~s are not limited to nonnegative values.
Therefore, the optimal structure derived based on the KKT
conditions is also applicable to the case, when P1 is nonconvex
or does not satisfy the matrix-monotonic property [18].

Highlight 6. Under the assumption of imperfect CSI, we
may derive the expectation of problem PI with respect to the
channel error, which is ultimately formulated as [16]

max 71 log !I + R_lﬁFFHfI\H‘
— 3 Te((I+ R HFFTH™) ™),

st. Tr(Q,FF") <P, 1<n<N, (35)

where H denotes the estimated channel matrix, and R =
I+ Tr(RrFFY)Rg. Rg and Ry denote the receive and
transmit spatial correlation matrices, respectively. Similarly,
we can derive the optimal structure of F' as follows

Fop =T 2UApUler, (36)

where the positive semidefinite matrix T satisfies

T = 4+ Tr (R’lRR —(R+ ﬁFFHﬁH)*lRR) Ry
+7Tr (I - D)DR 'Rg) Rr. (37)
with D = (I + R HFFY'H")!

and Upg is the unitary matrix defined by the following EVD.

I *HYR 'HT ? = URARUL. (38)

B. Other Specific Examples

1) Min-Max Diagonal Element of Matrix Inversion: First,
we investigate the optimization problem of minimizing the
maximum diagonal element of a matrix inverse under mul-
tiple weighted power constraints. The detailed mathematical
formulation is elaborated as follows.

P2 :min max
F 1<n<N

st. Tr(QFFY) <P, 1<k<K.

(1+ FRH"HF) |

n,n

(39)

The min-max optimization problem considered in [2] is a
special case of P2, which aims to minimize the MSE for the
worst user. The traditional complex matrix derivative operator
is difficult to apply to the max-min OF. In order to overcome
this difficulty, an auxiliary variable ¢ is introduced and the
optimization problem (39) is reformulated as

min ¢

t,F

st {(I—i—FHHHHF)_l} <t Vn,
n,n

Tr(QFFY) <P, 1<k<K.

(40)

The FOEqu of the KKT conditions for the optimization
problem (40) is given by

FOEqu2: o H'HF (I+F"H"HF) ' (I+FYH"HF)

A
k=1

(41)

where « is the common Lagrange multiplier associated with
the first IV constraints of the problem (40). The derivation is
given in Appendix B. Note that we can prove that all the
Lagrange multipliers for the first N constraints are equal.
From FOEqu2 (41), we have the following matrix symmetric
equation (MSEqu)

MSEqu2 :
oF"HYHF (I+F"HYHF) ™' (I+F'H"HF)™
—_—
A B
= uFHQF. (42)



Based on both (42) and Lemma 1, it can be concluded that
FUHYHF and FEQF have the same EVD unitary matrix.
Then based on Conclusion 3, the optimal F' satisfies the
structure:

Fop = Q :UnApUp, 43)
where Uy is the right SVD unitary matrix of H Q2 and the
unitary matrix Up is still unknown. Furthermore, according
to the KKT conditions of (40), the following equalities must
hold

=t, Vn.

n,n

[(I + FUHYHF) ’1} (44)
Consequently, the optimal Ur can be chosen as a DFT matrix
[23] and thus the optimal F' satisfies the following structure

Fop = Q U ApUlpr. (45)

It is seen that for the min-max design, the method of
KKT conditions based on symmetric matrix equations is more
straightforward than that based on majorization theory [2].

2) Optimization of Matrix Inversion: For completeness, we
also investigate the following optimization problem with the
OF in the form of summing up the diagonal elements of matrix
inversion

. H gyH -1 -1
P3: max Tr(((I+F'HUHF)" +9)") 6
st. Tr(QFFY) <P, 1<k<K.

The FOEqu of the KKT conditions for P3 and the associated
MSEqu are given respectively by

FOEqu3 :
HY"HF(I+F"H"HF) ' (I+F"H"HF) '+¥)
x (I+FRPHYHF)™' = uQF, 47)

2

MSEqu3: FYHYHF x
N—_——

A

(+FYHYHF)? (I+FUHYHF) '4+%) (I+FYH HF)™

B

— WFPOF. (48)

According to Lemma 1, FEHYHF and FHQF have the
same unitary EVD matrix. Moreover, F HY HF and ¥ have
the same unitary EVD matrix. As such, the optimal F' for
the optimization problem P3 of (46) satisfies the following
structure

Fop = Q Uy ApUY, (49)

where Ugr and Uy are the unitary matrices defined by the
following EVDs

Q 2 HYHQ ? =UyAgUL, ¥ = UgAgUY.  (50)

As there are two EVDs, an eigenvalue pairing problem natu-
rally exists. According to Highlight 4, the eigenvalues of the
two matrices given in (50) are in the same order.

3) Optimization of Combined Functions: Similarly, another
optimization of combined OFs is expressed as

P4 :max mlog|I+ F'H"HF|

—Te(WI + F'H"HF)™")

st. Tr(QQFFY) <P, 1<k<K, (51)

with weighting factors v; and ~s. Sepcifically, when v; = 0,
P4 reduces to the weighted MSE minimization problem.
Whereas when v, = 0, P4 becomes the classical MIMO
capacity maximization problem. Similar to P3, +; and v, are
not limited to nonnegative values. The FOEqu of the KKT
conditions and the corresponding MSEqu are then respectively
shown in (52) and (53) at the top of the next page. According
to Lemma 1, FEHEHF and FEQF have the same unitary
EVD matrix. Furthermore, FE HY H F and W have the same
unitary EVD matrix. Based on Conclusion 3, the optimal
structure of F' for P4 is given by

Fop = Q Uy ApUl,, (54)

where the unitary matrices Up and Uy, are defined by the
following EVDs

Q HYHQ 7 = UgAgUR, W = UwAwUl,. (55)

When «; > 0 and 72 > 0, it can be concluded that the
eigenvalue ordering of the two EVDs in (55) are in the same
order. Furthermore, for the general case, when v; > 0 and
2 > 0 are not guaranteed, again we can fix the the eigenvalue
ordering of the first EVD and then perform an exhaustive
search to find the optimal eigenvalue ordering of the second
EVD.

4) Capacity Maximization of Dual-Hop MIMO: The ca-
pacity maximization problem for the dual-hop amplify-and-
forward MIMO system is formulated as [24]

|HoFHHYFUHE + 0?H, FFYHY + 021|

P5: 1
g o8 (0P Ho, FFRHY + 021

st. Tr(F(H HY +oiI)F") < P, (56)

where H» and H; are the channel matrices in the second hop
and the first hop, respectively, while F' is the relay forwarding
matrix. The FOEqu with respect to F' is given by

FOEqusS :

HY(H,F®F"H} + 021)"'H,F

— HY (0IH,FFUHY 4 021) '0? H,F® ™ = uF, (57)
where ® = H;H}' + o21. Based on (57), the following
MSEqu holds

MSEqus : FUHY (H,F®F"H} + 021) ' H,F
— FUHY (6?H,FFYHY + 021) '6?H,F® ' = uFYF.
(58)

According to MSEqus, FYHY(ciH,FFRHY +
U%I)_lo%HgF is a Hermitian matrix, and we conclude
that FEHY H,F as well as ® have the same unitary EVD

matrix. Similarly, FFH and FHHé{HgF also have the same



FOEqu4 :

HY"HF (v(I+ FFHYHF) '+ (I+FYHHF) "W (I+FPH HF) ™) = .QF,

MSEqud4: FUHYHF
N——

A

x (mI+FHYHF) ' 47 (I+FYHY"HF) 'W(I+F"H"HF) ") =uF"QF.

(52)

(53)

B

unitary EVD matrix. As a result, the optimal relay forwarding
matrix F' satisfies the following structure

F = Vy,ArUg,, (59)

where the unitary matrices Vg, and Up, are defined based
on the following EVDs

H, =Up, Ay, Vy,, Hy=Ug,An,Vy,. (60)

It follows from MSEquS5 that the eigenvalues of FRHYHF
and FEF are in the same order. Therefore, the eigenvalues
of the two EVDs in (60) are in the same order.

It can be seen that using symmetric matrix equation, the
KKT conditions based method is much more straightforward
than the derivations given in [24].

5) Two alternative BER minimization examples: Bit error
rate (BER) is an important performance metric for MIMO
transceiver optimization, which reflects the reliability of data
transmission. However, since an analytical expression of BER
may be not readily accessible, we instead consider an al-
ternative BER performance metric, i.e., the so-called MSE
metric, for guaranteeing the reliable data transmission. This
approach has been widely adopted in the existing MIMO
related literature [15]. For example, two alternative BER
minimization examples are given below. Firstly, in terms of
the transmitted signal detection at high SNRs, the alternative
BER minimization (i.e., sum MSE minimization) problem can
be relaxed as

P6 : mI;n Tr((FHIIF) ™)

st. Tr(QFFR) <P, 1<k<K. b
The FOEqu of the KKT conditions for P6 is given by

FOEqu6 : HF(FHHF)f2 = uQ2F, (62)
based on which the following MSEqu is obtained

MSEqué6: (F'TIF)™' = uFTQF. (63)

It can be concluded that FHIIF and FHQF have the same
unitary EVD matrix. Based on Conclusion 3, the optimal F'
satisfies the following structure

Fopo = Q 2UzApUY, (64)
where the unitary matrix Ug is defined in the following EVD
_1 _1 H

Q2N 2 = UgAzUR, (65)

and U,,y, is an arbitrary unitary matrix of appropriate dimen-
sions.

Secondly, from the perspective of channel estimation at
high SNRs, the relaxed sum MSE minimization problem is
expressed as [25]

: Hy—1
P7 min Tr((FIIFT) 1)

66
s.t. TI‘(QkFFH) Spk, ].SkSK ( )

Note that P6 and P7 are significantly different, because of the
position of the Hermitian operation in the OF. The FOEqu of
the KKT conditions for P7 is given by

FOEqu7 : (FHFH) TFII = uQF, (67)
based on which the following MSEqu holds
MSEqu7: (FTIF") ™' = uQFF". (68)

We conclude that FEQF and £ have the same unitary EVD
matrix, and FHIIF and FEQF have the same unitary EVD
matrix. Recalling Conclusion 3 yields the optimal structure
of F

F,,. = UgArUL, (69)

where the unitary matrices Uy and Ug are defined using the
following EVDs

II = UnAnUs, Q= UqAU§. (70)

As there are two EVDs, there is an eigenvalue pairing issue
according to Highlight 4. From MSEqu7, the optimal eigen-
values involved in Aty and Agq in (70) are in the reverse order.
C. EVD Pairing Results

Based on the symmetric matrix equations derived for the
KKT conditions based method, the optimal structure of the
matrix variable can be efficiently obtained. However, since
the eigenvalues of a Hermitian matrix can be arranged in dif-
ferent orders, the optimal matrix variable cannot be uniquely
determined from the optimal structure. In order to overcome
this issue, an important conclusion is given in the following.

Conclusion 5. For the OF that is a matrix monotonic function
with respect to FAHYHF under multiple weighted power
constraints, i.e., when Tr(Q, FFY) < Py, if FRHYHF and
FHQF have the same unitary EVD matrix, we can conclude
that the eigenvalues of the matrices FRHYHF and FHQF
are in the same order.

IV. POSITIVE SEMIDEFINITE CONSTRAINTS

In many MIMO optimization problems, the covariance
matrix @ of the transmit signal is the complex matrix variable,
which is positive semidefinite [26]-[29]. In contrast to an
unconstrained complex matrix variable, there are two con-
straints imposed on Q: 1) it is conjugate symmetric, and 2) its
eigenvalues are all nonnegative. Based on the definition of
the complex matrix derivative [12], when the OF is a real
valued function, the matrix derivative result is a Hermitian
matrix of the same dimension. Motivated by this fact, we have
the following equality for the corresponding complex matrix
derivative operators

(53 -4

(71)



For example, based on the complex matrix derivative and on
the fact that @ is positive semidefinite, we have the following
complex matrix derivative operators

aTr(WQ) 0Tr(WQHY)

0Q* N oQ*
It can be seen that the matrix derivative operators of (72)
are significantly different from those of (3). Here the matrix
W must be a Hermitian matrix. Otherwise, this derivation
definition is meaningless. In other words, there is no definition

for the complex matrix derivative in this case. In the following,
we consider the derivative of a quadratic function with respect

to Q

=W. (72)

ITH(QW QM)

2Q*
where W = WH and Q = Q. It is plausible that the
right-hand side of (73) is also a Hermitian matrix. It is worth

pointing out that this result is significantly different from the
traditional result derived without specific structural constraints.

=QW +WQ, (73)

A. Positive Semidefinite Matrix Variable

Moreover, as @ is a positive semidefinite matrix, the com-
plex matrix derivative must be defined on the set of positive
semidefinite matrices. Unfortunately, the existing definitions
of complex matrix derivatives never consider this. In other
words, there is a relaxation when performing complex matrix
derivatives in the classical literature, and if the final solution is
positive semidefinite, then there will be no loss. This is usually
guaranteed by the mathematical formula of the OF.

1) Lagrange Multiplier Method: 1t is worth noting that
there are certain specific structural constraints that cannot be
imposed on the matrix derivative results, but they are reflected
by Lagrange multipliers. Considering the positive semidefinite
constraint as an example, i.e., @ > 0, the physical meaning of
this inequality is that all the eigenvalues of ) are nonnegative.
Then a matrix-valued Lagrange multiplier associated with this
positive semidefinite constraint may be introduced [21]

TQ =0, ¥>O0. (74)

In [27], the Lagrange multiplier for the positive semidefinite
matrix @ with rank constraints is also given. In the following,
we take a variant of P3 as an example:

PS max. 1 log |I + HQH"|—v,Tr((I+ HQH")™")

st. Tr(Q) < Pe, 1<k<K, Q= 0. (75)

The optimization problem P8 is convex with respect to the
positive semidefinite matrix variable Q. It is straightforward
to see that the KKT conditions of P8 are the necessary and
sufficient conditions for the optimal solution. In the following,
a short discussion is given to show how to derive the optimal
solution based on the KKT conditions. More details can
be found in [27]. The FOEqu of the KKT conditions for
problem P8 is given by

FOEqus : H (7 (I+ HQH™) '+, (I+ HQH") ") H
_a.w (76)

based on which the following MSEqu holds
MSEqu8 : Q H" (v, (I + HQH")™' (77)
—2 1 1 1
+7(I+ HQH") ")HQ* = Q:QQ:.

It is plausible that the two matrices Q%QQ% and
Q%H g Q% have the same unitary EVD matrix. Then based
on Conclusion 3, the optimal structure of  can be obtained
as

Qopt = @ Uy AQUEQ "3, (78)
where Aq is a diagonal matrix and the unitary matrix Ugy is
derived from the following EVD
Q H"HQ * = UgAgUL, (79)

where the eigenvalues involved in Ay are arranged in a non-
increasing order.

Similar to the sum MSE minimization, in the following, we
consider another general optimization problem associated with
the OF in the form of matrix inversion

P9 min Tr[(I+ NQNH)~FK]

(80)
r(R,Q) <P, 1<n<N, Q*=0.

s.t.

The FOEqu of the KKT conditions for P9 and the associated
MSEqu are given respectively by

FOEqu9 : NY(I + NQN™)" 571N = 1 — ¥, (81)
MSEqu9 : Q: NI + NQN")"XINQ? = uQ:QQs.
(82)

It may be readily shown that Q% QQ% and Q% NEN Q% have
the same unitary EVD matrix. Then based on Conclusion 3,
the optimal structure of @ is derived as

Qopt = QN 2UNAQURQ 2, (83)

where Ag is a diagonal matrix and the unitary matrix Uy is
defined in the following EVD
Q INTNQ i = UNANUY, (84)

where the eigenvalues are sorted in a non-increasing order.

2) Relaxation-Based Methods: Another popular approach
to deal with the positive semidefinite constraint is utilizing
the relaxation-based method. For example, a MIMO training
optimization problem associated with the least square (LS)
estimator is formulated as [25]

P10 : mén Tr(WQ_l)

(85)
Tr(Q)< P, Q >0,

s.t.

where both the matrix variable @ and the weighting matrix
W are positive definite. Using the relaxation-based method,
the positive definite constraint is firstly relaxed and thus the
original training optimization problem is simplified as

rrgn Tr(WQ_l)

Tr(Q) < P. e

s.t.



Accordingly, the KKT conditions of the problem (86) are given
by

Q'WQ =\, >0, \(Tr(Q) — P)=0, Tr(Q) < P.
(87)

The optimal solution satisfying the above KKT conditions is
unique, and is given by [25]

Q= wh (88)

Tr(Wz)

The solution (88) is found to be positive definite, and thus it

is also the optimal solution of the original optimization prob-

lem (85). This relaxation-based method enjoys simplicity, but

a double check is needed for the derived solution. Moreover,

the main weakness of this kind of algorithm is that there are

strict requirements on the optimization problems considered.

Highlight 7. The complex matrix derivative for a real-valued
function with respect to a positive semidefinite matrix variable
must be a Hermitian matrix. The semi-positivity is guaranteed
by the fact that the optimal OF value occurs at the set of the
positive semidefinite matrix variables.

B. Variable Transformation for Single-matrix Variable

In order to overcome the challenges imposed by specific
structural constraints, an effective technique is to transform
the original complex matrix variables. For convex optimization
problems, it is possible to derive the optimal solutions purely
based on the KKT conditions. However, when the problem
considered is nonconvex, some variable transformation tech-
niques can be adopted to simplify the derivation of the optimal
structures of matrix variables. As such, the matrix derivative
operation involved can be substantially simplified.

In order to address the positive semidefinite constraint, such
as Q > 0, a feasible strategy is to exploit the equality

Q=FF", (89)
where F is a general matrix without structural constraints.
The benefit of this strategy is twofold. On the one hand, no
structural constraint is imposed on F' and thus the complex
matrix derivative with respect to F' is much easier to derive.
On the other hand, the rank constraint can be~taken into
account by adjusting the number of columns in F'. Unfortu-
nately, this strategy destroys convexity, where the KKT condi-
tions constitute necessary but not sufficient conditions for the
optimal solution. However in many non-convex optimization
problems, all the solutions that satisfy the KKT conditions
have a uniform structure, which is thus the optimal structure
of the matrix variable. It should be emphasized that having
optimal structures are of great importance, which can simplify
the original optimization problem.

For example, using the matrix variable transformation (89),

P9 can be transferred into
P11: min Tr[(I+ Nl?'FN‘HNH)*K]
F o 90)
st. Tr(Q,FFY) <P, 1<n<N.

The FOEqu of the KKT conditions of the problem P11 is
given by

FOEqull: KN"(I+ NFFIN")"7'NF = uQF,
oD
based on which the following MSEqu holds
MSEqu 11: KFUN™(I + NFFIN")"7'NF
= uFUQF. (92)

It is plausible that FEQF and FENYNF have the same
unitary EVD matrix. Then based on Conclusion 3, the optimal
structure of F' can be derived as

Fope = Q iUNAGVEL (93)

where Az is a diagonal matrix and the unitary matrix Upn
is defined based on the following EVD with the eigenvalues
arranged in a non-increasing order

Q :NUINQ 2 = UyANUL. (94)
Likewise, based on Q = FFY, the problem P10 can be
transferred into the following one

P12: min Tr(W(FF1)™)
F . (95)
st. Tr(FFY) <P,

The FOEqu of the KKT conditions for the optimization P12

is given by

FOEqu12: (FF")'W(FF")'F=\F,  (96)

where A is the Lagrange multiplier for the power constraint.
It follows from FOEqu12 that

~~ 1.1
FFY = \[W.
)\ 2

Clearly, FF" is the same as the optimal @ derived in [25].
This example shows that leveraging the variable transforma-
tion technique beneficially simplifies the derivation of the
optimal solution.

o7)

C. Variable Transformation for Multi-matrix Variables

1) Multi-user MIMO Capacity Maximization: The capacity
maximization problem of uplink multi-user MIMO communi-
cations can be formulated as [21]

N
I+ H,Q.H)

P13: max log
{1y n=1
N
s.t. Tr (Z Qn,m,an> g Pm,ka Vm, ka
n=1

Qn,=0,1<n<N, (98)

which can be equivalently transferred into the following prob-
lem by utilizing Q,, = F,, F!!

P14: max log

{F7l}£:]:1

N
I+ > H,F,F)H]
n=1




N
s.t. Tr (Z ﬂnmkﬁnﬁ}f

) S Pm,ky vaka (99)
n=1

where H,, denotes the channel between the n-th user and
the base station. The FOEqu of the KKT conditions for the

optimization P14 is then written as

FOEqul4 :

N -1
HY (H +y° Hnﬁnﬁ‘jH§> H,F, = 1,Q,F,
n=1
)\m,k
0=y
k m n
The scalars A, ;, are the Lagrange multipliers associated with

the power constraints in P14. Then we have the following
MSEqu.

MSEqul4 :

Qpmi, 1<n<N. (100)

~ _1 _1 ~ ~ G N S |
FHgly, (I 3,2 H,F,FiHIS, ) .?H,F,
¥, =Y H;F;F'H!+1I, 1<n<N.
j#n
From MSEqul4, we conclude that FHH Uy 1H! HF and
FHQ F,, have the same unitary EVD matrix. By recalling

Conclusion 3, the optimal Fiy , satisfies the following
structure [18]

(101)

ﬁopt,n = Q;%UHnAﬁ‘nVA}{rb,na Vn, (102)

where the unitary matrix Ug,
following EVD

is defined according to the

-3 pyHs—1 -3 _ H
Q. HYS, 'H,Q,° = Uy, Au, Uh . (103)

Clearly, using the variable transformation technique, the
analytical structures of the optimal solutions for the more
complex multi-variable optimization are still available.

2) Dual-hop MIMO Optimization: Next, we investigate the
transmit precoder optimization of a dual-hop amplify-and-
forward MIMO relaying system having two matrix variables,
i.e., the transmit covariance matrix @ at the source and the
forwarding matrix F» at the relay [24]. Specifically, using
Q = F F}, the resultant matrix variable optimization prob-
lem is expressed as problem P15, shown at the top of the next
page. In P15, the precoder at the source and the forwarding
matrix at the relay are jointly optimized. Observe that P15
can be obtained by replacing H; and F' in the problem PS5
with H; F} and F5, respectively. Based on the results for PS5,
we directly infer that F> Fy' and F,' Hy' H, F have the same
unitary EVD matrix, and FI'F, and H, F, FFH}! also have
the same unitary EVD matrix. In addition, the FOEqu of the
KKT condition for P15 with respect to Fj is given by
FOEqul5: HI'SH, F, (FPHISH, F + 1)

=\ HI'F)'FH Fy + Ao Fy,
Y =FHYN O H,/R,FIHY + 621 Hy F,.
(105)

From (105), the following MSEqu holds
MSEqul5 : FHI'SH, F, (F'HI'SH, F, + 1)

= \NF'HIFIRH\F, + M FI'Fy.
(106)

It can then be concluded that Fy ﬁlH and ﬁlHH H, F have
the same unitary EVD matrix. Finally, the optimal structures
of F; and F5 are derived as

Fy = Vy, Az UL, Fy = Vi, ApUp,. (107)

D. Discussions and Results

Based on the aforementioned results, the most important
advantage of using the matrix variable Q (Q > 0) as the
optimization variable is that the convexity of the optimization
problem considered is guaranteed. Therefore, the optimal
solutions of the original optimization problems can be directly
derived from the KKT conditions. For example, the popular
water-filling solutions are available for MIMO communica-
tions from the KKT conditions of P13 [27], but the complex
matrix derivative with respect to @ is complicated, making it
hard to derive the corresponding KKT conditions.

_On _the other hand, using the transformed matrix variable

(FFH = @) as the optimization variable, the corre-
sponding optimization problem is no longer convex and the
corresponding KKT conditions are only necessary conditions
for the optimal solution. From a theoretical viewpoint, the
KKT condition based methods suffer from both “turning off”
effects and “permutation ambiguity” effects [30]. For example,
based on the KKT conditions of P15, the water-filling solution
cannot be derived directly. However, the complex matrix
derivative with respect to F' becomes simple, making the
inference of the optimal structure from the KKT conditions
simpler. Moreover, in many non-convex optimization prob-
lems, all the solutions that satisfy the KKT conditions have a
uniform structure, which is thus the optimal structure of the
matrix variable considered. Therefore, based on the derived
optimal structures, the original optimization problems can be
beneficially simplified. It can be concluded that the benefits
of the variable transformation often outweigh its drawbacks.

V. NUMERICAL RESULTS

In this section, we present numerical evidence to support
our conclusions. Specifically, we consider a point-to-point
MIMO system, where both the transmitter and the receiver are
equipped with 6 antennas. The MIMO channel is considered to
obey Rayleigh fading, denoted by H or IN. Unless otherwise
stated, F' and @ represent the transmit precoding matrix and
the transmit covariance matrix, respectively. The maximum
per-antenna power Py is assumed to be the same for all the
users and the power weighting matrix €2 is set to a diagonal
matrix whose k-th diagonal element is one and all the other
elements are zero. All the simulation results are obtained by
averaging over 100 random channel realizations.

First we consider the maximization problem P3, where we
set v1 = 72 = 1 and IT = I. We compare the performance
of three solutions, namely, 1) Our derived optimal solution



|H,F Hy FyFP H FJ HY + 0 Ho Fo FY'HY + 03|

P15: max log
P Fy |o?Hy Fo FYUHY + 031
st. Tr(F(H P F'H{ + oiI)F}') < P, Tr(FF}') < Py. (104)
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Fig. 1. The achievable performance as the functions of SNR obtained by
three different solutions for the optimization problem P3 under the weighted
power constraints.
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Fig. 2. Comparison between the optimal solution (83) using the Lagrange
multiplier method and the numerical solution using CVX toolbox for P9 as
well as between the optimal solution (88) using the relaxation-based method
and the numerical solution using CVX toolbox for P10.

to the optimal structure (33) in which the unitary matrices
Upg and Uy are defined in (34) and the diagonal elements
of Ag and A in (34) are sorted in the reverse order;
2) Diff-Unitary: The unitary matrices Uy and Up in (33)
are chosen as random unitary matrices; and 3) Diff-Ordering:
The diagonal elements of Ay and Ap in (34) are sorted
in the same order. Fig. 1 shows the OF values achieved
by the three schemes as the functions of SNR. It can be
seen from Fig. 1 that our optimal solution achieves the best
performance, which demonstrates both the optimality of the
derived unitary matrices Uy and Upy and the fact that the
eigenvalues involved in Ay and Ap must be in the reverse
order.

Next we consider the general optimization problem P9 and
the LS estimation problem P10 under the positive semidefinite
matrix constraint. The positive definite weighting matrix W
is set to I. Notes that when we set K = 1, P9 actually
becomes MSE minimization. It is worth noting that both the
optimization problems are convex, and the globally optimal
solutions can be derived numerically using the CVX tool-
box [31]. Recall from Subsection IV-A that the Lagrange

5 10
SNR(dB)
Fig. 3. Comparison ofv the objective values of problem P9/P11 under different
rank constraints of {F, Q} for the single-variable case.

multiplier method and the relaxation-based method can be
utilized to solve the problems P9 and P10, respectively, and
the corresponding optimal structures of () are obtained as
(83) and (88), respectively. Fig. 2 confirms that the two
proposed optimal structures given in (83) and (88) are capable
of achieving the same performance as their corresponding
numerical CVX solutions for the optimization problems P9
and P10, respectively. This verifies the global optimality of
both these obtained structures.

As discussed in Subsection IV-B, using the trgnNSformation
of the positive semidefinite matrix variable Q@ = F F™ of (89),
the minimization problem P9 is converted to the minimization
problem P11, where the rank constraint of @ is taken into
account by adjusting the number of columns in F'. Fig. 3 plots
the achievable OF values of the problems P9 and P11 under
different rank constraints. As expected, when both the positive
semidefinite matrix @ and the transformed matrix variable
F are full-rank, the same optimal performances are achieved
by the optimal structures of @ and F'. However, it follows
from Fig. 3 that for a rank-deficient @, there is a significant
performance gap between the optimal OF values achieved by
the optimal structures of @ and F'. More specifically, the rank-
deficient F' attains better performance than the rank-deficient
Q of the same rank. This is because the optimal solution @
obtained by directly solving the problem P9 may not satisfy
the rank constraint. Therefore, a feasible Q can only be derived
using a relaxation method, such as the Gaussian randomization
method, which causes a further degradation of the system
performance.

Similarly, using the transformation of the positive semidefi-
nite matrix variables Q,, = FnF,fI, the maximization problem
P13 is converted to the maximization problem P14, where the
rank constraints of @, are taken into account by adjusting the
number of columns in F,,. Fig. 4 plots the achievable OF val-
ues of the maximization problems P13 and P14 under different
rank constraints. As expected, when the positive semidefinite
matrices @, are of full-rank, the optimal structures of @,
achieve the same optimal performance as that of the full-
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Fig. 4. Comparison of the objective values of problem P13/P14 under
different rank constraints of {Fn, Qn} for the multi-variable case.
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Fig. 5. Comparison of the BER performance achieved by solving problem
P3 with different parameter values.
rank F,,. However, for rank-deficient @Q,,, there is a significant
performance gap between the optimal OF values achieved by
F),, and Q,,, which also becomes larger when lower-rank Q,,
are considered. Specifically, the rank-deficient F;, attain better
performance than the rank-deficient Q,, of the same rank. This
is again because the optimal solutions Q,, obtained by directly
solving the maximization problem P13 may not satisfy the
rank constraint. Therefore, a feasible @Q,, can only be derived
using a relaxation method such as the Gaussian randomization
method, which causes a further degradation of the system
performance.

Finally, Fig. 5 shows the BER performance achieved by
solving problem P1 with different parameter values, i.e.,
Dyr=0andy =1;2)y3y=1and o =0and 3) 1 =1
and v = 1, which corresponds to the MSE minimization,
the capacity maximization and the hybrid optimization, re-
spectively. It is clear from Fig. 5 that the optimal solution for
case 1) achieves the best BER performance among the three
considered cases, which demonstrates that the MSE is indeed
closely related to the BER. Moreover, we observe that cases 1)
and 2) have almost identical BER performance at low SNRs,
since the OFs in these two cases degenerate to the same form.
Under the assumption of Gaussian distributed received signals,
we recall the OF curve associated with the optimal solution
in (83) in Fig. 2, and find that the MSE-trend and BER-trend
are similar, which also verifies the close relationship between
MSE and BER.

VI. SUMMARY AND CONCLUSIONS

In this paper, we have presented a comprehensive frame-
work of complex matrix derivatives, based on which the
KKT conditions of the matrix variable optimization prob-
lems considered can be derived directly. Our contribution has
been three-fold. In order to facilitate the theoretical analysis,
firstly some fundamental conclusions have been presented
for complex matrix derivatives, which represent the boundary
conditions for the applications of complex matrix deriva-
tives. Secondly, the symmetric properties involved in complex
matrix derivatives and the corresponding KKT conditions
have been investigated in depth. In addition, an important
matrix equation, referred to as symmetric matrix equation,
has been proposed in this paper. Using symmetric matrix
equations, the optimal structures of matrix variables can be
derived, based on which the matrix-variable optimization
is substantially simplified. Moreover, a number of specific
matrix-variable optimization problems have been discussed
in detail. Thirdly, considering positive semidefinite structural
constraints imposed on matrix variables, a useful variable
transformation technique has been discussed in depth, which
can be utilized for simplifying the KKT conditions and thus
for deriving the optimal structures more easily. In a nutshell,
we have improved the KKT conditions based methods of
matrix variable optimization beyond simply trying to derive
the optimal solutions purely based on the KKT conditions.

APPENDIX A
PROOF OF LEMMA 2

Assume that a unitary matrix U is the EVD matrix of both
ATBHB A and A" A. Therefore, it is straightforward to show
that A has the following SVD

A=QA U, (108)

Based on this and together with the fact that U is the
EVD unitary matrix of AYBYB A the following two matrix
equalities hold

UYAYBYBAU = ALQ"BY"BQAA =A,  (109)

where A is the diagonal EVD matrix of APBYBA. 1t is
plausible that in the case that the diagonal matrix A4 is a
square full rank matrix, the proof can be completed directly.
In general, however, some diagonal elements of A 4 may be
zero. To accommodate this general case, we define an index
set C as follows

[Aalnn #0, neC. (110)

Upon defining Q = [q1,---,qn] and [Aalpn = fn, the
second equality in (109) is equivalent to

[ALQ"B"BQAL):; = f.f;q;' B"Bgq;. (111)

Based on (111) as well as constructing é =
[ga), - saviey] and Aa = diag{fa), -, fovien )
where (n) denotes the n-th largest index in C and N{C} is
the total number of indices in C, we have

ALQ"BY"BQA4 = A, (112)



whereA is a diagonal matrix. In (112), A A is a full-rank
diagonal matrix and thus it is concluded that @ consists of
N{C} eigenvectors of BYB. In other words, the eigenvectors
of the EVD of A A corresponding to the nonzero eigenvalues
are the eigenvectors of the EVD of BYB. This proves that
there exists a unitary EVD matrix of BH B, which is also the
unitary EVD matrix of AAH.

APPENDIX B
DERIVATION OF (41)

The Lagrange of the optimization (40) is given by [14]
L(F.t{an}, {}) =) an ([(I+FHHHHF)1} - t>

+ M (Tr(QpFF™) = Py) + 1,
k
(113)

based on which the KKT conditions of (40) are derived as

1= o [+ FUHUHEF) | =1

n,n

: (114)
Me(Te(QuFFY) — P) =0, Te(QFFY) < Py, oy, >0,
HY"HF (I+F"H"HF) ' A, (I+F'H"HF)"'

Based on the first two KKT conditions, the Lagrange function
can be rewritten as

‘C(Fatv{an}a{)‘k})
t+ %Tr ((I n FHHHHF)_l) zn:an _ tzn:an

+Y (Te(FFY)—Py)
k

oTr <(I + FHHHHF)’I) + 3 M(TH(QFFY) — Py).
k

(115)

The first order equation with respect to F' is then given by

oH"HF (I + FP"H"HF) ™' (I+ F'H"HF)™

= uQUF. (116)
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