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Abstract

Two matrix optimization problems are analyzed. These problems arise in signal processing and commu-
nication. In the first problem, the trace of the mean square error matrix is minimized, subject to a power
constraint. The solution is the training sequence, which yields the best estimate of a communication channel.
The solution is expressed in terms of the eigenvalues and eigenvectors of correlation and covariance matrices
describing the communication, and an unknown permutation. Our analysis exhibits the optimal permutation
when the power is either very large or very small. Based on the structure of the optimal permutation in
these limiting cases, we propose a small class of permutations to focus on when computing the optimal
permutation for arbitrary power. In numerical experiments, with randomly generated matrices, the optimal
solution is contained in the proposed permutation class with high probability.

The second problem is connected with the optimization of the sum capacity of a communication channel.
The second problem, which is obtained from the first by replacing the trace operator in the objective function
by the determinant, minimizes the product of eigenvalues, while the first problem minimizes the sum of
eigenvalues. For small values of the power, both problems have the same solution. As the power increases,
the solutions are different, since the permutation matrix appearing in the solution of the trace problem is not
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present in the solution of the determinant problem. For large power, the ordering of the eigenvectors in the
solution of the trace problem is the opposite of the ordering in the determinant problem.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In this paper, we analyze two matrix optimization problems, which arise in signal processing
and wireless communication. In the first problem, we minimize the trace, denoted “tr”’, of a matrix:

mSin tr(DS*QSD + I)~! (1.1)
subjectto  tr(S*S) < P, S e C™*".

Here Q and D are nonzero Hermitian, positive semidefinite matrices, and the positive scalar P is
the power constraint associated with the signal S. The inverse matrix

C = DS*QSD + !

appearing in the cost function is the mean square error (MSE) matrix; it is the covariance of
the best estimate of the matrix representing a communication channel. Application areas include
joint linear transmitter—receiver design [15,17], training sequence design for channel estimation
in multiple antenna communication systems [25], and spreading sequence optimization for code
division multiple access (CDMA) communication systems [22].

The solution in the special case D = I, found for example in [17,25], can be expressed in terms
of the eigenvalues and eigenvectors of Q and a Lagrange multiplier associated with the power
constraint. In the applications introduced in this paper, D # I and minimizing the trace of the
mean square error is more difficult. We will show that (1.1) has a solution which can be expressed
S = UXV* where U and V are orthonormal matrices of eigenvectors for Q and D, respectively,
and X is diagonal. Solving (1.1) involves computing diagonalizations of Q and D, and finding an
ordering for the columns of U and V. We are able to evaluate the optimal ordering when either P is
large or P is small. However, for intermediate values of P, the problem (1.1) has a combinatorial
nature, unlike the special case D = L.

In the second matrix optimization problem, we maximize the determinant, denoted “det”, of a
matrix:

mSax det(DS*QSD +1) (1.2)
subjectto  tr(S*S) < P, S e C™*".

The cost function is related to the sum capacity of a CDMA communication channel. Since the
determinant of the inverse of a matrix is the reciprocal of the determinant of the matrix, it follows
that problem (1.2) is equivalent to replacing trace by determinant in (1.1). Hence, in the original
problem (1.1), we minimize the sum of the eigenvalues of the MSE matrix C, while in the second
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problem (1.2), we minimize the product of the eigenvalues of C. In either case, we try to make
the eigenvalues of C small, but with different metrics.

In the special case D = I, the solution of (1.2) can be found for example in [19], while for the
special case Q = I, the solution of (1.2) can be found in [26]. For the more general problem (1.2),
we again show that the solution can be expressed S = UXV*, where U and V are orthonormal
matrices of eigenvectors for Q and D, respectively, and X is diagonal. Unlike the trace problem
(1.1), the ordering of the columns of U and V does not depend on the power P—the columns of
U and V should be ordered so that the associated eigenvalues of Q and D are in decreasing order.
Also note that in the paper [2], the authors consider essentially the same optimization problem
in the context of a space-time spreading scheme for correlated fading channels in the presence
of interference. Based on the previous known result for the special case Q = I [26], the authors
propose to optimize S over the set of matrices of the form S = UITXV*; they do not show that
the optimal S has this structure. Here we prove that the optimal solution does indeed have this
structure.

The paper is organized as follows: In Section 2, we present some applications which lead to
the optimization problems (1.1) and (1.2). In Section 3, we show that (1.1) has a solution of the
form S = UXV* where the columns of U and V are eigenvectors of Q and D, respectively, and X
is diagonal. In Section 4, we obtain the optimal X assuming the optimal ordering of the columns
of U and V is known. In Section 5, the optimal ordering of the columns is determined when P is
either large or small. In Section 6, majorization theory is used to derive the optimal solution of the
determinant problem (1.2). Finally, in Section 7, we compare the solutions of the trace problem
and the determinant problem. Also, we propose a class of permutations in which to search for
the optimal solution of the trace problem (1.1). Numerical experiments indicate that with high
probability, the optimal permutation is contained in this class.

2. Applications

In this section we briefly describe a few of the many applications which lead to optimization
problems of the form (1.1) and (1.2).

2.1. Channel estimation for multiple antenna communication systems

The first application arises when the channel matrix in a multiple antenna communication
system is estimated. Let us consider the communication from the base station to the mobile unit
of a cellular system (the downlink of the cellular system). It is assumed that the base station has
multiple transmit antennas, while the mobile unit has a single antenna due to the space limit of the
handset. At the beginning of each data packet, a training sequence is inserted to aid the channel
estimation at the receiver. During the training period, the received baseband signal at the mobile
unit satisfies

y =Sh+e, @2.1)

where y is an N, x 1 vector containing the N, received symbols, hisaz x 1 vector containing the
t channel gains from the transmit antennas to the receiver, S is the N, X ¢ training symbol matrix
associated with the 7N, training symbols, the ith column of S is the training signal transmitted
by the ith antenna, and e represents additive Gaussian noise with zero mean and covariance E
which models the co-channel interference from other cells. Usually, N, is much larger than ¢. It
is assumed that S is known by the receiver.
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We adopt the one-ring correlated channel model [18] which models the channel gain vector h
as follows:

h = R!?hn,, (2.2)

where R is the correlation between the transmit antennas and h,, is a # x 1 vector whose ele-
ments are independent, identically distributed, zero-mean, complex circular-symmetric Gaussian
random variables with unit variance. After substituting (2.2) in (2.1), the baseband signal received
at the mobile unit can be expressed as

y = SR!’h,, +e.

By the Bayesian Gauss—Markov Theorem [11], the minimum mean square error estimator
(MMSE) for hy, is

ﬁw — (RI/ZS*E—ISRI/Z + I)_IRI/QS*E_ly.
The performance of the estimator is measured by the error € = hy, — ﬁw with mean zero and
covariance

C. = R'’S*E7ISRY? + 1)~

The diagonal elements of the error covariance matrix C yield the minimum MSE for the estima-
tion of the corresponding parameters of h,,. Observe that C, depends on the choice of the training
symbol matrix S. In the following optimization problem, we search for the training sequences,
which achieve the best estimation performance under a transmission power constraint:

min r(R'2S*E~'SR'/2 + 1)~! (2.3)
subjectto  tr(S*S) < P, S e C™*".

This optimization problem has the same form as (1.1) with D = R'/72and Q = E~ L.
2.2. Spreading sequence optimization for CDMA systems

The trace problem (1.1) also arises in spreading sequence optimization for code division
multiple access (CDMA) systems. In cellular communication systems, multiple access schemes
allow many users to share simultaneously a finite amount of radio resources. CDMA is one of
the main access techniques. It is adopted in the IS-95 system and will be used in next generation
cellular communication systems [23]. In a CDMA system, different users are assigned different
spreading sequences so that the users can share the communication channel. We consider the
uplink (communication from the mobile units to the base station) of a CDMA system where the
users within a base station are symbol synchronous. The co-channel interference from the users
in the neighboring cells are modeled by additive, colored Gaussian noise. The received signal at
the base station is

K
y= Zhisixi +e,
i=1
where K is the number of signals received by the base station, x; is the symbol transmitted from
the ith user, S; € C™ is the spreading sequence assigned to the ith user, ; is the channel gain
from the ith user to the base station, and e € CMr is the additive, colored Gaussian noise with
zero mean and covariance E. Usually the size of K and N, are comparable. It is assumed that
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the symbols x; are independent with zero mean and unit variance. The received signal can be
expressed as

y =SHx + e, 2.4)
where S, the spreading sequence matrix, has jth column s;, and H is a diagonal matrix with
ith diagonal element /;. Again, by the Bayesian Gauss—Markov Theorem [11,13], the MMSE
estimator of x is

X = (H*S*E"!SH + I) 'H*S*Ey.

The corresponding covariance matrix of the estimation error is

C.= H'S*E"'SH+1I)~ .

The optimal spreading sequences for all the users which minimizes the co-channel interference

to other cells, subject to a power constraint, corresponds to (1.1) with Q =E~' and D =H, a
diagonal matrix.

2.3. Channel capacity for CDMA systems

For CDMA systems, a different performance measure, which arises in information theory, is
the sum capacity of the channel. The sum capacity is a performance measure for coded systems.
It represents the maximum sum of the rates at which users can transmit information reliably. The
sum capacity of the synchronous multiple access channel (2.4) is

CSlllTl ZmaXI(xla --waQY),
where I represents the mutual information [3] between the inputs x; and the output vector y. The
maximization is over the independent random inputs x;. For the Gaussian channel in (2.4), the

maximum is achieved when all the random inputs are Gaussian [3]. In this case, the sum capacity
[21,22] becomes

1
Coum = — logdet(H*S*E~'SH +I).
2N,
Since log is a monotone increasing function, the maximization of the sum capacity, subject to a

power constraint, corresponds to the optimization problem (1.2) with Q = E~! and D = H.
3. Solution structure for the trace problem

We begin by analyzing the structure of an optimal solution to (1.1). Let UAU* and VAV* be
diagonalizations of Q and D, respectively (the columns of U and V are orthonormal eigenvectors).
LetX;,1 < j <m,and§;, 1 <i < n,denote the diagonal elements of A and A, respectively. We
assume that the eigenvalues are arranged in decreasing order:

)Ll>)h2>"’>)hm and 812822"'28}% (31)
Let us define
T = U*SV. (3.2)

Making the substitution S = UTV* in (1.1) yields the following equivalent problem:

min tr(AT*ATA + )~} (3.3)
subjectto  tr(T*T) < P, T e C™".

We now show that (3.3) has a solution with at most one nonzero element in each row and column.
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Theorem 3.1. There exists a solution of (3.3) of the form T = 11 XI1, where I1; and 11, are
permutation matrices and o;j = 0 for all i # j.

Proof. We establish the theorem under the following nondegeneracy assumption:
8 #8; >0 and A; #A; >0 foralli # j. 3.4)

Later we show that since any é > 0 and 4 > 0 can be approximated arbitrarily closely by vectors
0 and 4 satisfying (3.4), the theorem holds for arbitrary 4 > 0 and 6 > 0.

There exists an optimal solution of (3.3) since the feasible set is compact and the cost function
is a continuous function of T. Since the eigenvalues of AT*ATA are nonnegative, it follows that
for any choice of T,

tr(AT*ATA + D)~ < n,

with equality if and only if T = 0. Hence, there exists a nonzero optimal solution of (3.3), which
is denoted T. Since the gradient of the constraint in (3.3) does not vanish at T, the first-order
necessary optimality conditions imply that there exists a scalar y > 0 such that the derivative of
the Lagrangian vanishes:

d—Ttr((AT*ATA +D7' +yT*T) g = 0. (3.5)
For any invertible matrix M, we have

dm-! M-t (MY -
dT dT '

Equating to zero the derivative of the Lagrangian at T in the direction 6T € C™*", we obtain:
tr(y[T*0T + 0T*T] — M 'A[T*AST + dT*ATIAM ') = 0, (3.6)
where
M = AT*ATA + L (3.7)

Let Real(z) denote the real part of z € C. Since tr(A + A*) = 2(Real[tr(A)]) and tr(AB) =
tr(BA), it follows that

Real[tr(y T*0T — AM2AT*AST)] = 0.
By taking 0T either pure real or pure imaginary, we conclude that
tr([yT* — AM?AT*AJ6T) = 0
for all T. Choosing 8T = ([y T* — AM~2AT*A]0T)", we deduce that
yT* — AM2AT*A = 0. (3.8)

If y =0, then T = 0 since both A and A are invertible. Consequently, y > 0.
By the matrix modification formula [5], we have

M~ = @+ AT*ATA) ! = (L + [AT*AV2[A2TA])
=1- AT*AY2A + AV2TA?T* A2 TA 2 TA. 3.9)
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Hence,

M_IAT*AI/Z — AT*Al/z(I + AI/ZTAZT*Al/Z)_l.
It follows that

M“2AT*AY2 = AT*AY2(1 + AV2TAZT*AY/2) 2,
Making this substitution in (3.8) gives

pT* — AT A2+ AV2TAPT*A2) 2712 = 0,

Multiplying on the right by T yields
T*T — lAZT*Al/Z(I 4 A1/2TA2T*A1/2)72A1/2T'
14

This equation has the form

T'T = A’A, A= lT*Al/Z(I T+ AV2TA2T*AV2) 27127,

14

Since A is Hermitian and no two diagonal elements of A are equal (see the nondegeneracy
condition (3.4)), we conclude that both T*T and A are diagonal.
Let us define

R = AT*ATA. (3.10)
By (3.7) and (3.10), M = R + I. Hence, (3.8) can be written:

yATIT* = (R + D) 2AT*A.
Multiply on the right by TA to obtain:

yAT'T*TA= R+D R=1+R) "' = I+R)~2%. (3.11)

The eigenvectors of (I + R)™' — (I + R)~2 coincide with the eigenvectors of R. Since T*T and
A are both diagonal, the eigenvectors of )/A*IT*TA coincide with the columns of the identity
matrix. Hence, R is diagonalized by the identity matrix, which implies that R is diagonal.

Since R is diagonal, both M = R + I and M~ are diagonal, and the factor AM~2A in (3.9)
is diagonal with real diagonal elements denoted by e;, 1 < j < n. By (3.8), we have

viij = hiejtij. (3.12)
If 7;; # 0, then (3.12) implies that
Ariej =y #0.

By the nondegeneracy condition (3.4), no two diagonal elements of A are equal. If for any fixed
Jj» tij # 0 for i =iy and iy, then the identity A;e; = y yields a contradiction since y # 0 and
Ai; # Ai,. Hence, each column of T has at most one nonzero. Since T*T is diagonal, two different
columns cannot have their single nonzero in the same row. This shows that each column and each
row of T have at most one nonzero. A suitable permutation of the rows and columns of T yields
a diagonal matrix X.

So far, we have established Theorem 3.1 under the assumption that 4 and 6 satisfy the non-
degeneracy condition (3.4). Now, consider arbitrary o€ R"and 1 € R™ with 1 > 0 and 5 > 0.
Let d; and 4y, for k > 0 denote sequences which satisfy the nondegeneracy condition (3.4), and
which converge to 7 and 3, respectively. Let A; and Ay be diagonal matrices with d; and 4x on
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their respective diagonals. By our previous analysis, problem (3.3) with A = Ay and A = Ay has
a solution T} of the form Ty = Hll‘ Zkﬂg, where Hll‘ and Hé are permutation matrices and Xy, is
diagonal. Since the set of permutation matrices for any fixed dimension is finite and since the X
sequence lies in a compact set corresponding to the trace constraint in (3.3), there exists a diagonal
matrix f, fixed permutations Il; and l'I/z\ , and a subsequence, also indexed by k for convenience,
with the property that X; converges to X and (Hk, H’g) = (I, II,), independent of k.

By the definition of Ty, we have

tr(A T ARTAL + D7 > r (A TEA T AL + D70, (3.13)

whenever T satisfies the constraint tr(T*T) < P. We let k tend to infinity in (3.13). By continuity,
it follows that

tAT*ATA +D ! > cAT*ATA +D .
Hence, T= l'[f)il'[z is a solution of (3.3) associated with § = dandi=4 O

Combining the relationship (3.2) between T and S and Theorem 3.1, we conclude that problem
(1.1) has a solution of the form S = UIT, XTI, V*, where I1; and I, are permutation matrices.
We will now show that one of these two permutation matrices can be deleted if the eigenvalues
of D and Q are arranged in decreasing order.

Let N denote the minimum of m and n. Making the substitution S = UIT; ZI1, V* in (1.1), we
obtain the equivalent problem:

min (ML AT E* (IT: ATT)) E(TH ATE) +1) (3.14)
o,lly,11

N
subject to Zaiz < P.

i=1

Here the minimization is over diagonal matrices X with ¢ on the diagonal, and permutation
matrices Il and I15.

The symmetric permutations I} AIlj and I, AIT; essentially interchange diagonal elements
of A and A. Hence, (3.14) is equivalent to

N 1

min
6,71, l; ((Sﬂz(i)ai)z)um(i) +1

(3.15)

N
subject to Zaﬁ <P, me?P,, mwmeP,,
i=1
where 2, is the set of bijections of {1, 2, ..., m} onto itself.
We first show that we can restrict our attention to the largest diagonal elements of D and Q.

Lemma 3.2. Let UAU* and VAV* be diagonalizations of Q and D, respectively, where the
columns of U and V are orthonormal eigenvectors. Let 6, 71, and wy denote an optimal solution
of (3.15) and define the sets

N ={iio;>0), 2={gp:icN}), and D= {pyq i€ N}

If V" has l elements, then the elements of the set & and 2 are all nonzero, and they constitute the
[ largest eigenvalues of D and Q, respectively.
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Proof. Define the set
P = {i : )‘nl(i)ai(;nz(i) > 0}.

If 67,;) = O for some i € ./, then the cost function in (3.15) is decreased by setting ; = 0 and
by increasing o; for some j € 2. This violates the optimality of ¢, 7y and m2; consequently,
8x,(i) > 0. By the same reasoning, A5 ;) > O for alli € .4". Suppose k ¢ A" and 87, (k) > Ox,()
for some i € /. Interchanging the values of 75 (i) and 7> (k), the new ith term is smaller than the
previous ith term, which again violates the optimality of ¢ and 7. Hence, 85, x) < 05, (;). Finally,
suppose that k ¢ A" and Ay, k) > Ax, ). Interchanging the values of 71 (i) and 71 (k), the new ith
term is smaller than the previous ith term. Hence, Az, 1) < Ag ). O

Using Lemma 3.2, we now eliminate one of the permutations in (3.15).

Theorem 3.3. Let UAU* and VAV* be diagonalizations of Q and D, respectively, where the
columns of U and V are orthonormal eigenvectors, and the eigenvalues of Q and D are arranged
in decreasing order as in (3.1). If K is the minimum of the rank of D and Q, then (3.15) is
equivalent to

K
1

min Y —————— (3.16)

o L= (8;01)*Ax(i) + 1

K
subject to Zoiz <P, mePk,
i=1

where o; = 0 fori > K.

Proof. Since at most K eigenvalues of either D or Q are nonzero, it follows from Lemma 3.2
that the set /" has at most K elements. Since the associated eigenvalue sets 2 and & are the
largest eigenvalues of Q and D, respectively, we can assume, without loss of generality, that
m1(i) € [1, K]and m2(i) € [1, K] for each i € ./". Hence, we restrict the sum in (3.15) to those
indices i € . where

S ={my'():1<j <K}

Letusdefines’, = o - andrw(j) = nl(ngl(j)).Sincen(j) € [1, K]forj € [1, K], itfollows

J > ()
that m € Zk. In (3.15) we restrict the summation to i € & and we replace i by 7, I J) to obtain
K

K
1 1
= — where Y ()’ < P.
§(5n2<i>@)2/\m<z‘>+1 ;(516})2/\nm+1 ,; !

This completes the proof of (3.16). [

Corollary 3.4. Problem (1.1) has a solution of the form S = UIIXV* where the columns of U
and V are orthonormal eigenvectors of Q and D, respectively, with the associated eigenvalues
arranged in decreasing order, Il is a permutation matrix, and X is diagonal.

Proof. Let 6 and 7 be a solution of (3.16). For i > K, define 7 (i) =i and o; = 0. If Il is the
permutation matrix corresponding to 7, then substituting S = UIIXV* in the cost function of
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(1.1), we obtain the cost function in (3.16). Since (3.15) and (3.16) are equivalent by Theorem
3.3,Sisoptimal in (1.1). O

4. The optimal X

Assuming the permutation 7 in (3.16) is given, let us now consider the problem of optimizing
over o. To simplify the indexing, let p; denote A, ;). Hence, for fixed m, (3.16) is equivalent to
the following optimization problem:

K
1
mny —— (4.1)
¢ ; (i0i)?p;i + 1

K
subject to Zal-z < P.

i=1

The solution of (4.1) can be expressed in terms of a Lagrange multiplier associated with the con-
straint (this solution technique is often called “water filling” [3] in the communication literature).

Theorem 4.1. The optimal solution of (4.1) is given by

1 1 1/2
0; = max - ——,0 , “4.2)
l : Spin  87pi }
where the parameter (1 is chosen so that
K
Za} =P. (4.3)
i=1

Proof. Since the minimization in (4.1) takes place over a closed, bounded set, there exists a
solution. The inequality constraint is active at a solution (otherwise, S can be multiplied by a
scalar larger than 1 to reduce to the value of the cost function). Defining s; = ol.2 and p; = S?Ai,
the reduced problem (4.1) is equivalent to

Ko
min Y ——— (4.4)
s ; pisi +1

K
subject to Zsi =P, s=>0.

i=1

Due to the strict convexity of the cost function and the convexity of the constraints, (4.4) has a
unique solution.
The first-order optimality conditions (KKT conditions) for an optimal solution of (4.4) are the
following: There exists a scalar 4 > 0 and a vector v € RX such that
—(pisf’—jrl)ﬁu—vi:o, v >0, 5 >0, v =0, 1<i<K. (4.5)
Due to the convexity of the cost and the constraints, any solution of these conditions is the unique
optimal solution of (4.4).
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A solution to (4.5) is obtained as follows: Define the function

) +
si(p) = (,/— ~ p;1> : (4.6)
pil

Here x™ = max{x, 0}. This particular value for s; is obtained by setting v; = 0 in (4.5) and
solving for s;; when the solution is <0, we set s; () = 0 (this corresponds to the + operator
(4.6)). Observe that s; (1) is a decreasing function of u which approaches +o0co as p approaches
0 and which approaches 0 as p tends to +00. Hence, the equation

K
Y sy =P 4.7)
i=1

has a unique positive solution. Since s; (p;) = 0, we have s; (i) = 0 for u > p;, which implies
that

Pi
-— 4
(pisi(n) + 1)?

It follows that the KKT conditions are satisfied when u is the positive solution of (4.7). O

w=-—pi+pn>0 foru> p;.

5. Optimal eigenvector ordering for large or small power

To solve (1.1), we need to find an optimal ordering for the eigenvalues of D and Q. In Theorems
5.1 and 5.2, we determine the optimal ordering when the power P is either large or small.

Theorem 5.1. Ifthe eigenvalues {A;} and {5;} of Q and D, respectively, are arranged in decreas-
ing order, then for P sufficiently large, an optimal permutation in (3.16) is
7(@)=K+1—i, 1<i<K, =n@)=i, i>K. (5.1)

Proof. By Theorem 4.1, as P tends to infinity,  tends to zero and the optimal o; tend to infinity.
Choose P large enough so that the following two conditions hold for an optimal ¢ and 7 in (3.16):

@ [ > 820!
87 pip '

2
8i8/DiP;

(b) of + 0} > , whenl<i<j<K.
Here p; = Az (;) is the reordered eigenvalue of Q. We will show that p; < po < --- < pg. By (a),
the max in (4.2) is attained by the first term, which corresponds to the solution of (4.5) associated
with v; = 0.

Suppose that there exist indices 7 and j such thati < j and p; > p;. Since ¢ yields an optimal

solution of (3.16), it follows that a solution of the following problem is t; = Uiz and h = o2

j
min ! + : 5.2)
th pitr+1  patr +1

subjectto t + 1t = P, t1 20,60 >0,
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where P = ovl.z + aj2, p1= Sizp,', and p; = 8?pj. By Theorem 4.1, the #; can be expressed:

() = [ — —p; (53)
pilt

where ( is obtained from the condition t; 4+t = P:

r+nr
=——, r=1 i\ 54
Vi Frrad /N/pi (5.4)
Let C denote the cost function for (5.2). Combining (5.3) and (5.4) gives
1 (r1 +12)?

opin+1 + ptr+1 F_’—i—r12+r22'
Define the following quantities:
ar =1/pi, ax=1//pj, b1 =1/5, and by =1/§;.
With these definitions, r; = a;b; fori = 1, 2, and C becomes
(a1b1 + arby)?

= — . (5.5)
P + (a1b1)? + (a2b2)?
Since the eigenvalues of D are arranged in decreasing order, i < j, and p; > p;, we have
by <by and aj < as. (5.6)

Now, suppose that we interchange the values of 7 (i) and 7 (). This interchange has the effect
of interchanging the values p; and pj, or equivalently, interchanging a; and a». Let CT denote
the cost value associated with the interchange:

ct— (arb1 + arby)?
P+ (a2b1)? + (a1b2)*

After cross-multiplying the inequality C™ < C, we find (after considerable algebra) that C* < C
if and only if

(a1 — az)(ay + az)(by — b2) (b1 + b2)(2riry — P) < 0. (5.7

By (b), 2riry — P < 0. Since a; < ap and by < bs, the expression (5.7) is < 0. If (5.7) is
<0, then we contradict the optimality of ¢ and 7. Hence, the expression (5.7) is zero, and by
interchanging p; and p;, the cost function in (3.16) does not change. In summary, for each i
and j withi < j and p; > pj, we can interchange the values of 7 (i) and 7 () to obtain a new
permutation with the same value for the cost function. After the interchange, we have p; < p;.
In this way, the p; are arranged in increasing order. Since the A; are arranged in decreasing order,
we conclude that the associated optimal permutation 7 is (5.1).

One technical point must now be checked: We should verify that if p; > p; withi < j, and
if we exchange p; and p;, then the corresponding optimal solution of (5.2) remains positive (the
formula (5.5) is based on the assumption that the optimal solution is positive). Since the original
solution, before the exchange, is positive, it follows from (5.3) and (5.4) that

I3+r12>r1r2 and P-|-7’22>7’17’2- (5.8)
After the exchange, the analogous inequalities that must be satisfied to preserve nonnegativity are

P+a3b? >riry and P4 albl > rin.
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These are equivalent to
P+ri(ay/a))* >riry and P+ (by/b)’rf > riry.
These follow from the first inequality in (5.8) and the fact thata; < az and by < by. O

Theorem 5.2. Suppose the eigenvalues {)\;} and {5;} of Q and D, respectively, are arranged in
decreasing order, and let L be the minimum of the multiplicities of §1 and \1. For P sufficiently
small, an optimal solution of (1.1) is

P L
S = \/;;u,-vf, (5.9)

where w; and v; are the orthonormalized eigenvectors of Q and D associated with A1 and &1,
respectively.

Proof. By Lemma 3.2, (1.1) is equivalent to (3.16). Let ¥ and ¢ denote an optimal solution to
(3.16), and let ./ denote the indices of the nonzero o; defined in Lemma 3.2. Again, to simplify
the indexing, we define p; = A, ;). Let € be a (positive) separation parameter defined by

. 1 1
€ =ming |—— - ——
{ Siv/Aj S
Consider any value of P small enough that
€ > P11 (5.10)
We will show that if P satisfies (5.10), then §?p; = 53 pjforalliand j € A"
Suppose thati and j € .4 and (Siz oi 8? pj. As in the proof of Theorem 5.1, let us consider the

8 # 8L ikell,nl, j,l e [l,m]}.

restricted problem (5.2) whose solutionis t; = crl.z and 1, = o 2. Later, in the proof of Theorem 5.1,
we point out that positivity of o; and o; is equivalent to the pair of inequalities (5.8). Combining
these inequalities, we obtain:

P P

—+rn>r>rn—-—.

rn ri
It follows that

1 ! 5 -1 -1

et =|ri —r2| < Pmax{r; ",r, } < PéiyA 5.11)

Si/oi 8 /Pj
since P > P,

l/r = 3,'\/5 <O1vAar and 1/rp =6;./pj < 81V AL
Since 8% p; # 8]2 0j, the definition of € implies that
1 1
Si/oi 8 /Pj
Eqgs. (5.10)—(5.12) are inconsistent. Hence, 8i2p,~ = 8]2./0/ foralli, j € .

Let « denote the product Sizpi for any i € 4. Suppose that i and j € 4" and again, let us

consider the restricted problem (5.2), whose solution is t; = ol.z and ) = ojz. Since o = p1 =

D2, it follows from (5.3) that 1y = 1, = 01.2 = sz. From the constraint of (5.2), we deduce that

0<e<

. (5.12)

h=h=P /2. Hence, the cost function in (5.2) has the value
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. 2
1+ 5aP
Now, suppose that §; > §;. Since the product Sl.zpi is independent of i € ./, it follows that
pi < pj.Let us interchange the indices in 7 (i) and 7 (j), and focus on the associated 2-variable
problems:
. 1 1
min +
i Bt +1  fotr + 1
subjectto 11+ =P, 1t >0, 1>0,

where 81 = (S_lzpj and B, = 6]2.,0,~. Since §; > §; and p; > p;, it follows that 81 > o > B,. The
choice 1; = P and t, = 0 is feasible, and the associated cost is

ct=1 where 81 > a.

+
1P +1
We show that Ct < C. After cross-multiplication, this inequality is equivalent to
1+ .5¢P
1+pBiP
P(a — Bi(1 — 5aP))
1+ B8P '

2> 1+ .5aP +

—24 (5.13)

Since B > «, it follows that for P sufficiently small, @ — 81 (1 — .50515) < 0. In this case, the
inequality (5.13) is satisfied, which is equivalent to C™ < C. This violates the optimality of &
and 7. Hence, §; = §; for all i and j € ./". In a similar fashion, p; = p; forall i and j € A"
In particular, it follows from Lemma 3.2 that §; = §; and p; = A1 for all i € 4. With these
substitutions, the problem (3.16) reduces to

L 1
min —_—
0.7 Z r8%0% + 1
i=1 17
L
subject to E oiz < P.

i=1

By Egs. (4.2) and (4.3) in Theorem 4.1, oiz = P/L for 1 <i < L, which yields the
solution (5.9). O

6. Solution of the determinant problem
The solution to the determinant problem (1.2) can be expressed as follows:

Theorem 6.1. Let UAU* and VAV* be the diagonalizations of Q and D, respectively, where
the columns of U and V are orthonormal eigenvectors and the corresponding eigenvalues {\;}
and {6;} are arranged in decreasing order. If K is the minimum of the rank of Q and D, then the
optimal solution of (1.2) is given by

S = UXV*, 6.1)
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where X is diagonal with diagonal elements given by

{1 1
0; = max { —

12
-—,0 orl <i <K, 6.2
RS } fe (6.2)

and o; = 0 fori > K, where the parameter | is chosen so that
K
Z oiz = P.
i=1

Proof. Initially, let us assume that both D and Q are nonsingular—Ilater we remove this restriction.
Insert T = Q'/2S in (1.2) and multiply the objection function on the left and right by det(D~!)
to obtain the following equivalent formulation:

max det(T*T +D~2) (6.3)
subjectto  tr(TT*Q~ ') < P, TeC™",

Let w;, 1 <i < n, denote the eigenvalues of T*T arranged in decreasing order. By a theorem of
Fiedler [4] (also see [14, Chap. 9, G.4]), the determinant of a sum T*T + D2 of Hermitian matri-
ces is bounded by the product of the sum of the respective eigenvalues (assuming the eigenvalues
of T*T and D are in decreasing order):

n
det(T*T +D72) < [ J(wi +8;7). (6.4)
i=1

Also, by a theorem of Ruhe [16] (also see [14, Chap. 9, H2]), the trace of a product (TT*)Q ™! of
Hermitian matrices is bounded from below by the sum of the product of respective eigenvalues
(assuming the eigenvalues of TT* and Q are in decreasing order):

N
w(TT*Q™") > > wir;', N =min{m,n}, (6.5)
i=1

since at most N eigenvalues of T*T and TT* are nonzero.
We replace the cost function in (1.2) by the upper bound (6.4) and we replace the constraint in
(1.2) by the lower bound (6.5) to obtain the problem:

n N
-2 -2
max [T 67| [ [+ (6.6)
i=N+1 i=1
N
subject to Zwiki_l <P, w 2w+ 20 fori <N.
i=1

If T is feasible in (6.3), then the first N eigenvalues w;, 1 <i < N, of T*T are feasible in (6.6) by
(6.5). And by (6.4), the value of the cost function in (6.6) is greater than or equal to the associated
value (6.3). Since the feasible set for (6.6) is closed and bounded, and since the cost function is
continuous, there exists a maximizing , and the maximum value of the cost function (6.6) is
greater than or equal to the maximum value in (6.3).
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Consider the matrix T = UQ!/2V* where Q is a diagonal matrix containing the maximizing
o on the diagonal. For this choice of T, the inequalities (6.4) and (6.5) are both equalities. Hence,
this choice for T attains the maximum in (6.3). The corresponding optimal solution of (1.2) is

S = Q—l/zT — UA—I/ZU*UQI/Zv* — UA_1/2QI/2V*. (67)

To complete the proof of the theorem, we need to explain how to compute the optimal @ in (6.6).

At the optimal solution of (6.6), the power constraint must be an equality (otherwise, we could
multiply @ by a positive scalar and increase the cost). Let us ignore the monotonicity constraint
w; 2 wi+1 (we will show that the maximizer satisfies this constraint automatically). After taking
the log of the cost function, we obtain the following simplified version of (6.6):

N
max Zlog(wi + 81._2) (6.8)
i=1
N
subject to Za)iki_l =P, w>0.

i=1

Since the cost function is strictly concave, the maximizer of (6.8) is unique.
The first-order optimality conditions (KKT conditions) for an optimal solution of (6.8) are the
following: There exists a scalar « > 0 and a vector v € R” such that

1
e B 20, w20, @20, v =0, 1<i<N. 6.9)

wi+8f2 Ai

Analogous to the proof of Theorem 4.1, we define the function
)\" _ +
wi (1) = (Zl — 5 2) . (6.10)

This particular value for w; is obtained by setting v; = 01n (6.9), solving for w;; when the solution
is < 0, we set w; (1) = 0 (this corresponds to the + operator (6.10)). Observe that w; (i) in (6.10)
is a decreasing function of © which approaches +oc as u approaches 0 and which approaches 0
as u tends to +00. Hence, the equation

n
Z wi(Wr =P (6.11)
i=1
has a unique positive solution. We have w; = 0 for pu > ki8i2, which implies that
1 1
Vi =——2+ﬁ=——2+ﬂ > —81-2+6i2=0, whenu>ki8i2.
w;i (1) + 6, Ai 8- A

1

It follows that the KKT conditions are satisfied when u is the positive solution of (6.11). Since
the A; and §; are both arranged in decreasing order, it follows that for any choice u > 0, the w;
given by (6.10) are in decreasing order. Hence, the constraint w; 1 < w; in (6.6) is satisfied by the
solution of (6.8). Combining the formula (6.10) for the solution of (6.8) with the expression (6.7)
for the solution of (1.2), we obtain the solution S given in (6.1) and (6.2) where X = ATI2Q1/2,

Now suppose that either D or Q is singular. Let us consider a perturbed problem where we
replace Q by Q¢ = UAU* and D by D, = VA V*:
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max det (DeS*QSDe + 1) (6.12)
subjectto  tr(S*S) < P, S e C™*".

Here A and A, are obtained from A and A by setting §; = € = A fori or j > K. Since Q. and
D, are nonsingular, it follows from our previous analysis that the perturbed problem (6.12) has a
solution of the form S = UX,V* where the diagonal elements of X, are given by

{ { 1/2
max ———2,0 forl <i <K,
of = L (6.13)
! 1 1 172
max{———3,0} fori > K.
n €

Let u be chosen so that

K
Z(af)2 = P.
i=1

Observe that when € < u, we have of =0fori > K and

N
Z(o’f)z = P.
i=1

Hence, for each € > 0 with €3 < p, the optimal solution of the perturbed problem does not depend
on € and the trailing diagonal elements o for i > K vanish.

Let S denote the matrix S¢ for any value of € satisfying 0 < e < ., and let Dy and Qy denote
the sequence of matrices corresponding to D, and Q, with ¢ = 27¥. By the optimality of So, we
have

det(D; T*QTD; + I) < det(D;SEQxSoDx + D), (6.14)

whenever T satisfies the constraint tr(T*T) < P and k is sufficiently large. We let k tend to infinity
in (6.14). By continuity, it follows that

det(DT*QTD + I < det(DS;QSoD + I).

Consequently, the solution (6.1)—(6.2) is valid, even when either Q or D is singular.

We note that the solution to the determinant optimization problem described in Theorem 6.1
has a standard water-filling interpretation [3]. The idea of upper bounding the cost function as
in (6.4), lower bounding the constraint as in (6.5), and showing that the bounds are tight, is also
used in a different context in [24,25].

7. Solution comparison and computation

Referring to Corollary 3.4, the solution to the trace problem (1.1) has the form S = UIIZV*
where the columns of U and V are orthonormal eigenvectors of Q and D, respectively, whose
associated eigenvalues are in decreasing order, and Il is a permutation matrix. By Theorem 6.1,
the solution to the determinant problem (1.2) has the form S = UXV*. When the power P is small,
the solution of the trace problem is given by (5.9), which implies that IT is the identity when P
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is small. Hence, the solution of the trace problem coincides with the solution to the determinant
problem for small P.

The equivalence of the two solutions is based on the fact that the diagonal elements o; of X
all vanish, except for those elements associated with dominant eigenvalues of Q and D, for small
P. The power threshold where the solutions first depend on nondominant eigenvalues is different
for the two problems. As P increases, the solution to the two problems become more different.
In particular, by Theorem 5.1, the optimal permutation IT reverses the ordering of the first K
columns of U for P sufficiently large, where K is the minimum rank of Q and D.

The determinant problem is much easier to solve than the trace problem since there is no
permutation to compute. In this paper, we do not propose an algorithm for computing the optimal
permutation 7 in the trace problem; however, based on Theorems 5.1 and 5.2, and on Lemma
3.2, we propose the following strategy to approximate the optimal permutation: Let K denote the
minimum of the ranks of Q and D. In (3.16) we replace the set 2, of m! permutations by a set
2 of K permutations:

P ={m, 1, ..., 7K},
where
mii)=j+1—iforl<i<j and m;@@) =i fori > j.

The motivation for focusing on the set 2 is the following: As the power increases, the number
of nonzero components of ¢ in the optimal solution to (3.16) increases; and when the power is
large, the optimal permutation is given by the reverse ordering (5.1). According to Lemma 3.2,
the nonzero components of an optimal ¢ are associated with the largest eigenvalues of Q and D.
Hence, we focus on permutations that reverse the ordering of the first j indices, 1 < j < K.

To investigate the quality of the approximations obtained by replacing 2,, by 2 in (3.16), we
performed the following numerical experiment: 5 choices for the power were considered: P = 1,
10, 100, 1000, 10,000. For each choice of P, we randomly generate 100 sets of eigenvalues §;
and A; on the interval [0, 1]. We computed, using Matlab, both the exact solution of (3.16) and the
approximation corresponding to the special set 2 of permutations. To compute the exact solution
of (3.16), the complete set of permutations Zk can be enumerated efficiently by the algorithms
of Johnson [10] and Trotter [20] (see the clear exposition of Brualdi [1]). In Table 7.1, we give
the results corresponding tom =n = 5.

Table 7.1 shows both the number of times when the exact solution of (3.16) was given by a
permutation 7 in 2; in those cases where the exact solution to (3.16) was outside P, we computed
the average relative error in the approximation obtained by using 2 in place of 2,, in (3.16). The
relative error is obtained by subtracting the exact optimal cost from the approximation and dividing
by the exact optimal cost. Since there were only a few cases where the exact solution of (3.16) was
not contained in 2, the average relative error reported in Table 7.1 is a very rough approximation
to the true average. In Table 7.2, we give the results corresponding to m = n = 10.

Table 7.1

2P versus Py, form =n =15

P Exact cases (out of 100) Relative error (inexact cases)
1 100 .000000

10 96 .000064

100 93 .000740

1000 99 .000649

10,000 100 .000000




W.W. Hager et al. / Linear Algebra and its Applications 416 (2006) 815-834 833

"l:able 7.2

P versus Z, form =n = 10

P Exact cases (out of 100) Relative error (inexact cases)
1 100 .000000

10 82 .000007

100 92 .000416

1000 94 .000287

10,000 100 .000000

The data in Tables 7.1 and 7.2 indicates that with high probability, we can solve (3.16) by
restricting our attention to permutations in 2. Moreover, in the few cases where the exact solution
is not obtained using 2, the approximate cost agrees with the exact cost to within 3 or more digits,
on average. The time to solve (4.1) is at most O(K 2). Hence, the time to solve (3.16), with 2,,
replaced by 2, is O(K 3). In contrast, the time to solve the general problem (3.16) by considering
all possible permutations is K!O(K 2y,

8. Conclusions

We analyze two matrix optimization problems. The trace problem (1.1) arises in the design of
multiple-input multiple-output (MIMO) systems. The solution is the training sequence which gives
the best estimate for the matrix representing the communication channel. The solution is expressed
in the form S = UITZV* where the columns of U and V are orthonormal eigenvectors of Q and
D, respectively, with associated eigenvalues arranged in decreasing order, Il is a permutation
matrix, and X is diagonal. When the power constraint P is sufficiently small, all the diagonal
elements of X are zero except for those associated with the dominant eigenvalues. The solution
(5.9) is expressed in terms of the dominant eigenvectors of Q and D. When P is sufficiently large,
the optimal permutation (5.1) reverses the ordering of the first K columns of U, where K is the
minimum of the ranks of Q and D. This column reversal result was the basis for a technique to
approximate the solution to the trace problem; the complete set of permutations £,, is replaced by
a reduced set of K permutations denoted 2. In numerical experiments, the optimal permutation
for the trace problem (1.1) was an element of 2 with high probability.

The second matrix optimization problem is obtained by replacing the trace operation in the
first problem by the determinant. The optimal solution maximizes the sum capacity of a commu-
nication channel. For small P, the solutions of the trace and determinant problems are the same.
But for large P, the two solutions are different—there is no permutation in the solution to the
determinant problem. The solution of the determinant problem is obtained using majorization
theory, as developed in [14].

For additional optimization problems connected with the design of MIMO systems, see [6-9].
Recently in [12], we consider the following variation of the trace optimization problem (1.1):

mSin tr(S*QS + D)~ !
subjectto  tr(S*S) < P, S e C™",

where Q and D are Hermitian, positive definite matrices. Using techniques similar to those
developed in this paper, it is shown that for any choice of the power P, the optimal solution has
the structure given in Theorem 5.1. That is, S = UXV*, where U and V are orthonormal matrices
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of eigenvectors for Q and D, respectively, with the eigenvalues of Q arranged in increasing order
and the eigenvalues of D arranged in decreasing order.
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