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Optimum Power Allocation for Single-User MIMO
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Abstract— We consider both the single-user and the multi-
user power allocation problems in MIMO systems, where the
receiver side has the perfect channel state information (CSI),
and the transmitter side has partial CSI, which is in the form of
covariance feedback. In a single-user MIMO system, we consider
an iterative algorithm that solves for the eigenvalues of the
optimum transmit covariance matrix that maximizes the rate.
The algorithm is based on enforcing the Karush-Kuhn-Tucker
(KKT) optimality conditions of the optimization problem at each
iteration. We prove that this algorithm converges to the unique
global optimum power allocation when initiated at an arbitrary
point. We, then, consider the multi-user generalization of the
problem, which is to find the eigenvalues of the optimum transmit
covariance matrices of all users that maximize the sum rate
of the MIMO multiple access channel (MIMO-MAC). For this
problem, we propose an algorithm that finds the unique optimum
power allocation policies of all users. At a given iteration, the
multi-user algorithm updates the power allocation of one user,
given the power allocations of the rest of the users, and iterates
over all users in a round-robin fashion. Finally, we make several
suggestions that significantly improve the convergence rate of the
proposed algorithms.

Index Terms— Multi-user MIMO, MIMO multiple access
channel, partial CSI, covariance feedback, optimum power allo-
cation.

I. INTRODUCTION

N GAUSSIAN MIMO multiple access systems, when
Ithe receiver side has the perfect CSI, the calculation of
the information theoretic capacity boils down to finding the
transmit covariance matrices of the users. Finding the transmit
covariance matrices, in turn, involves two components: finding
the optimum transmit directions and finding the optimum
power allocation policies. In a single-user MIMO system,
when both the receiver and the transmitter have the perfect CSI
and the channel is fixed, [2] showed that the optimum transmit
directions are the right singular vectors of the deterministic
channel matrix, and the optimum power allocation policy
is to water-fill over the singular values of the deterministic
channel matrix. In a multi-user MIMO system, when both
the receiver and the transmitters have the perfect CSI and
the channel is fixed, [3] showed that the optimum transmit
directions and the power allocation policies can be found
using an iterative algorithm that updates the transmit directions
and the power allocation policy of one user at a time. When
the channel is changing over time due to fading, and perfect
and instantaneous CSI is known both at the receiver and at
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the transmitter side, these solutions extend to water-filling
over both the antennas and the channel states in single-
user [2], and multi-user [4] MIMO systems. However, in
most of the wireless communication scenarios, especially in
wireless MIMO communications, it is unrealistic to assume
that the transmitter side has the perfect knowledge of the
instantaneous CSI. In such scenarios, it might be more realistic
to assume that only the receiver side can perfectly estimate
the instantaneous CSI, while the transmitter side has only a
statistical knowledge of the channel.

When the fading in the channel is assumed to be a Gaussian
process, statistics of the channel reduce to the mean and
covariance information of the channel. The problem in this
setting as well is to find the optimum transmit covariance
matrices, i.e., the optimum transmit directions and the op-
timum power allocation policies. However, in this case the
transmit directions and the power allocations are not functions
of the channel states, but they are functions of the statistics
of the channel states, that are fed by the receiver back to the
transmitters. The optimization criteria that we consider are
the maximum rate in a single-user system, and the maximum
sum rate in a multi-user system. For the covariance feedback
case, it was shown in [5] for a multi-input single-output
(MISO) system, and in [6], [7] for a MIMO system that the
optimal transmit covariance matrix and the channel covariance
matrix have the same eigenvectors, i.e., the optimal transmit
directions are the eigenvectors of the channel covariance
matrix. For the mean feedback case, the eigenvectors of the
optimal transmit covariance matrix were shown to be the same
as the right singular vectors of the channel mean matrix for a
MISO system in [5] and for a MIMO system in [6]. In [8]-
[10], we generalized these results, both in covariance and mean
feedback cases, to MIMO-MAC systems. We showed that in
a MIMO-MAC system with partial CSI at the transmitters,
all users should transmit in the direction of the eigenvectors
of their own channel parameter matrices. Consequently, we
showed that, the transmit directions of the users in a MIMO-
MAC with partial CSI at the transmitters are independent
of the presence of other users, and therefore, that the users
maintain their single-user transmit direction strategies even in
a multi-user scenario.

On the other hand, in this aforementioned literature, the
optimization of the eigenvalues of the transmit covariance ma-
trices, i.e., the power allocation policies, are left as additional
optimization problems. The optimum eigenvalues are known
only for specific conditions, called beamforming optimality
conditions. If the channel statistics satisfy these conditions,
then unit rank transmit covariance matrices are optimum for
all users, i.e., users allocate all of their powers to the direction
of their strongest eigenvectors. References [5], [6], and [9]-
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[10] derived beamforming optimality conditions in single-
user MISO, single-user MIMO, and multi-user MIMO-MAC,
respectively.

Although having beamforming optimality conditions is ex-
tremely helpful, beamforming is unconditionally optimal only
when the number of users grows to infinity in a fading
multi-user MIMO setting when partial CSI is available at the
transmitters [10]. In a single-user MIMO or in a MIMO-MAC
with finite number of users, the channel statistics might be so
that beamforming may never be optimal. For such scenarios,
efficient and globally convergent algorithms are needed in
order to solve for the optimum eigenvalues of the transmit
covariance matrices. References [11] and [12]- [13] proposed
algorithms that solve this problem for a single-user MISO
system, and for a single-user MIMO system, respectively.
However, in both cases, the convergence proofs for these
algorithms were not provided. In a MIMO-MAC scenario
with partial CSI available at the transmitters, although the
eigenvectors of the optimal transmit covariance matrices are
known [8]-[10], no algorithm is available to find the optimum
eigenvalues in a multi-user setting.

In this paper, first, we give an alternative derivation for
the algorithm proposed in [12], [13] for a single-user MIMO
system by enforcing the KKT optimality conditions at each
iteration. We prove that the convergence point of this algorithm
is unique and is equal to the optimum eigenvalue allocation.
The proposed algorithm converges to this unique point starting
from any point on the space of feasible eigenvalues. Next, we
consider the multi-user version of the problem. In this case,
the problem is to find the optimum eigenvalues of the transmit
covariance matrices of all users that maximize the sum rate of
the MIMO-MAC system. We apply the single-user algorithm
iteratively to reach the global optimum point. At any given
iteration, the multi-user algorithm updates the eigenvalues of
one user, using the algorithm proposed for the single-user case,
assuming that the eigenvalues of the remaining users are fixed.
The algorithm iterates over all users in a round-robin fashion.
We prove that, this algorithm converges to the unique global
optimum power allocation for all users.

II. SYSTEM MODEL

We consider a multiple access channel with multiple trans-
mit antennas at every user and multiple receive antennas at
the receiver. The channel between user k and the receiver
is represented by a random matrix Hj; with dimensions of
nr X nr, where ng and np are the number of antennas at the
receiver and at the transmitter, respectively!. The receiver has
the perfect knowledge of the channel, while the transmitters
have only the statistical model of the channel. Each transmitter
sends a vector x;, and the received vector is

K
r= Z H;xr +n (1)

k=1
where K is the number of users, n is a zero-mean, identity-
covariance complex Gaussian vector, and the entries of Hy, are

I Although we consider the case where all transmitters have the same
number of antennas, our results immediately extend to the cases where the
transmitters have different number of antennas.
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complex Gaussian random variables. Let Q) = E[xka] be
the transmit covariance matrix of user &, which has an average
power constraint of Py, tr(Q) < Px.

The statistical model that we consider in this paper is the
“partial CSI with covariance feedback” model where each
transmitter knows the channel covariance information of all
transmitters, in addition to the distribution of the channel.
In this model, there exists correlation between the signals
transmitted by or received at different antenna elements. For
each user, the channel is modeled as [14],

H, = ®,/°7, %,/ 2)

where the receive antenna correlation matrix, ®;., is the corre-
lation between the signals transmitted by user k, and received
at the np receive antennas of the receiver, and the transmit
antenna correlation matrix, X, is the correlation between the
signals transmitted from the nr transmit antennas of user k.
While writing (2), we separately apply the single-user model
in [14] to every single transmitter-receiver link. In this paper,
we will assume that the receiver does not have any physical
restrictions and therefore, there is sufficient spacing between
the antenna elements on the receiver such that the signals
received at different antenna elements are uncorrelated’. As
a result, the receive antenna correlation matrix becomes the
identity matrix, i.e., ®; = L. Now, the channel of user k is
written as

H) = 7,2}/ 3)

where the entries of Z; are i.i.d., zero-mean, unit-variance
complex Gaussian random variables. From this point on, we
will refer to matrix X as the channel covariance feedback
matrix of user k. Similar covariance feedback models have
been used in [5], [6], [7], [11].

III. POWER ALLOCATION FOR SINGLE-USER MIMO

In this section, we will assume that K = 1. In a single-user
system with partial CSI in the form of the channel covariance
matrix at the transmitter, the optimization problem is that of
choosing a transmit covariance matrix Q, which is subject
to a trace constraint representing the average transmit power
constraint,

C = max FE[log|I,, + HQH| S

w(Q)<P
where E[-] is the expectation operator with respect to the
channel matrix H, and | - | is the determinant operator. We
note that the cost function of the optimization problem in (4)
is concave in QQ and the constraint set is convex.

The channel covariance matrix 3, which is known at the
transmitter, has the eigenvalue decomposition 3 = Uyp Ay UTE
with unitary Uy, and diagonal Ay of ordered eigenvalues. The
transmit covariance matrix Q has the eigenvalue decomposi-
tion Q = UQAQUZ2 with unitary Ug and diagonal Aq. It
has been shown that the eigenvectors of the optimum transmit
covariance matrix must be equal to the eigenvectors of the

2We refer the reader to Section VII, for a discussion on extending our
results to the case where the channel has double-sided correlation structure,
i.e., to the case where the signals arriving at the receiver are correlated as
well.
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channel covariance matrix, i.e., Ug = Uy [6]. By inserting
this into (4), and using the fact that the random matrices ZUy,
and Z have the same probability distribution for zero-mean
identity-covariance Gaussian Z and unitary Uy, [2], we get

C:

max F

[ 1/2¢ 7 T
e _1og L., + ZUs Ay " U UgAQ Uy,

UEA;”UTZZTH 5)

_ [ i TH
lr(/r&?));PE _log I,, +ZUsAQAs U Z (6)
- E[log |1, + ZAoA ZTH 7
w(Agyp L8 n T EAQAY @
nr
= max E|log|L, +Y A\’zz! (8)
ST AR<P &|Tnn ;
where z; is the i*" column of Z, ie., {z;,i = 1,...,n7}

is a set of np x 1 dimensional i.i.d., zero-mean, identity-
covariance Gaussian random vectors. The Lagrangian for the

above optimization problem is,
nrtT
] —n <ZA? —P) ©

nr
L=E |log|ln, + Y A\ zz]
i=1 =1

where £ is the Lagrange multiplier. In order to derive the KKT
conditions, we need the following identity which is proved in

[6],

(,%log|A+a:B| =tr[(A +2B) 'B] (10)

Using this identity, the KKT conditions can be written for
t=1,...,n7 as

-1

nr
AE |z InR+ZA§?A§ZJ—z} zi| <p (11)

j=1
Defining A = I, + Z;Zl )\?/\?zjz;, and A; = A —

)\l-Q/\iEZiZI, and using the matrix inversion lemma [15, page
19], we get for i =1,...,nr

)\iEszi_lzi
1+ A9022T A g,

EA%) 2 E

] < Wy 12)

where we defined the left hand side of (12) as E;(A?). The
it" inequality in (12) is satisfied with equality whenever the
optimum A;° is non-zero, and with strict inequality whenever
the optimum )\,L-Q is zero. We note that in classical water-
filling solutions, since the channel is either fixed or known
instantaneously at the transmitter, the corresponding KKT
conditions do not involve an expectation, and therefore, non-
Zero /\iQ ’s can be solved for in terms of the Lagrange multiplier
and the eigenvalues of the fixed/instantaneous channel matrix.
However, in our case, we cannot directly solve for )\,L-Q in (12).
Instead, we multiply both sides of (12) by /\?,

AEAQ) =pAe, i=1,...,np (13)

We note that when /\ZQ = 0, both sides of (13) are equal
to zero. Therefore, unlike (12), (13) is always satisfied with
equality for optimum eigenvalues. By summing both sides
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over all antennas, we find y, and by substituting this p into
(13), we find the fixed point equations which have to be

satisfied by the optimum eigenvalues for ¢ = 1,...,np,
AR (@ P
b Z"Tl ,\Q(E ()AQ)P - AR E;(AQ) £ 5H(%) a4
. ; . 5
g=173 2 2B, (AQ)

where A? = X9, ..., A ], and we defined the right hand
side of (14) which depends on all of the eigenvalues as f;(A?).
It is important to emphasize that the optimum solution of the
KKT conditions always satisfies the fixed point in (14), even
if the optimum solution has some zero components.

We propose to use the following fixed point algorithm

A9 +1) = f(A9(n)) (15)

where £ = [f1,..., fuy]- In order to solve for the optimum
eigenvalues, (15) updates the eigenvalues at step n + 1 as
a function of the eigenvalues at step n. We claim that this
algorithm converges and that the unique stable fixed point of
the algorithm is equal to the optimum eigenvalues. Although
this algorithm is the same as the one proposed in [12], [13],
here, we also provide a convergence proof.

IV. CONVERGENCE PROOF

As stated in (8), the constraint set of the optimization
problemis Y i, /\ZQ < P. We know that the optimum value is
obtained when the summation is equal to P. If the summation
was strictly less than P, we could increase the value of the
objective function by increasing any one of the /\?’s, while
keeping the rest fixed. Therefore, the constraint set becomes
S A2 = P. This equality defines a simplex in the ng-
dimensional space (see Fig. 1), and all feasible eigenvalue
vectors are located on this simplex. Note that if the algorithm
is initiated at an exact corner point of the simplex, then the
updates stay at the same point indefinitely. The reason for
this is that while we obtain (13) from (12), we create some
artificial fixed points. That is, although some non-optimum
/\ZQ = 0 does not satisfy (12) with equality, the same non-
optimum )\Z.Q = 0 always satisfies (13) with equality.

As a result, in addition to the point that is the solution
of the KKT conditions, the solution set of the fixed point
equation in (14) includes some artificial fixed points. Since
our optimization problem is concave and the constraint set
is convex, the solution of the KKT conditions is the unique
optimum point of the optimization problem. On the other
hand, artificial fixed points are the solutions to some reduced
optimization problems, which are obtained by forcing some
of the components of the power allocation vector to be zero.
When we force a choice of n — 1 components to be zero, we
can find one optimum solution to the corresponding reduced
optimization problem for each choice. Since there are (n:T_l)
ways of choosing zero components, this adds nr artificial
fixed points, which are the corner points of the simplex, to
the solution set of the fixed point equation. Similarly, when
we force a choice of ny — 2 components to be zero, we
can find one optimum solution to the corresponding reduced
optimization problem for each choice. This adds ( nr )

npr—2
artificial fixed points to the solution set of the fixed point
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equation. By counting all possibilities, we find that there
are a total of 27 — 2 artificial fixed points. However, it is
important to note that one of these counted points might be
the optimum solution of the KKT conditions, if there are some
zero components in the optimum eigenvalue vector. If the
optimum eigenvalues are all non-zero, then the solution of the
KKT conditions is different than these artificial fixed points.
Therefore, we call a point an artificial fixed point only if it is
not the optimum solution.

In this section, we will first prove that our algorithm con-
verges. Then, we will prove that the algorithm cannot converge
to an artificial fixed point, and therefore, the only point that the
algorithm can converge to is the unique solution of the KKT
conditions. The main ingredient of our convergence proof is
the following lemma.

Lemma 1: Let us have two feasible vectors on the simplex,
A@ and A@, such that /\ZQ > XiQ, then f;(AQ) > f;(AQ).

Proof: Note that A? > \? implies Y, ¥ < 3., AY,
since all /\? sum up to P. Therefore, the lemma can be proved
equivalently by proving that f;(A?) is increasing in )\,L-Q when
the rest of the /\?, j # i are fixed, and f;(A¥) is decreasing
in Z#i )\JQ, when )\Z.Q is fixed. The first part of the claim is
easy to show. Consider (14), it can be shown that the partial
derivative of A? E;(A®?) with respect to A% is positive, and the
partial derivatives of )\JQEJ-()\Q), for j # 4, with respect to /\iQ
are all negative. Therefore, %
and f;(A9) is increasing, in /\ZQ when the rest of the )\JQ, EX
are fixed. The second part of the claim is a little bit involved.
In order to show that f;(A?) is decreasing in i A9, we

j ’
(AQ . .
need to show that 3, %—) < 0. It is sufficient to show
J

is decreasing (for all j),

%E}Q) < 0 for all j # 4. In order to show this, consider (14),
it is easy to show that the partial derivative of /\?Ei()\Q)
with respect to \; is negative. We, then, need to show that
OE LI T B (A?)

NG
Appendix. O

In Lemma 1, we showed the monotonicity property of the
algorithm. By using this property, in the next lemma, we will
show that the algorithm converges.

Lemma 2: The algorithm in (15) converges to one of the
points in the solution set of the fixed point equation in (14)
when it is initiated at any arbitrary feasible point, A%(0), that
is not on the boundary of the simplex.

Proof: After the first iteration of the algorithm, we have
one of the following three cases for each )\Z.Q. The first case is
that )\?(1) = fi(AQ(0)) = /\ZQ(O). This means that we have
started the algorithm at the optimum point that solves the KKT
conditions. Since all of the artificial fixed points are on the
boundary of the simplex, this point cannot be an artificial fixed
point.

The second case is that )\?(1) = fi(A%(0)) > /\ZQ(O). In
this case, by applying Lemma 1 repeatedly, we get /\? (n) >
Ao —1) > - > A%(1) > A2(0). Since A%(n) is a
monotonically increasing sequence and it is upper bounded, it
is guaranteed to converge.

The third case is that A?(1) = fi(A2(0)) < A2(0). In
this case, by applying Lemma 1 repeatedly, we get /\ZQ (n) <

> 0. We will give the proof of this in the
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A —1) < - < A%(1) < A2(0). Since A\2(n) is a
monotonically decreasing sequence and it is lower bounded,
it is guaranteed to converge.

Finally, since each component of A% converges, the vector
itself also converges to a point inside the solution set of the
fixed point equation. O

Although we proved that the algorithm converges when it
is initiated at any arbitrary feasible point that is not on the
boundary of the simplex, there is a possibility that it converges
to an artificial fixed point instead of the optimum solution of
the KKT conditions. In the following lemma, we will show
that this is never the case.

Lemma 3: The artificial fixed points are unstable. For a
very small and fixed e, if we are ¢ away from an artificial
fixed point, with one iteration of the algorithm, we will move
further away from that artificial fixed point.

Proof: The main idea of the proof is the following. We
will start from an artificial fixed point that is not the optimum
solution of the KKT conditions of the original optimization
problem, and show that by perturbing this artificial fixed point
by an € amount, we move further away from that artificial fixed
point. We give the proof of the most general scenario with
nr antennas and starting from any arbitrary artificial fixed
point in the Appendix. Here, we give the outline and the basic
methodology of the general proof by considering a simple
case where ny = 3. In this case, we have 2"T — 2 = 6
artificial fixed points. Three of them are the corner points of
the 3-dimensional simplex. The other three of them lie on
the boundary of the simplex, each point corresponding to a
solution of the reduced optimization problem where one of
the components is forced to be zero. These points can be seen
in Fig. 1.

Here, in this outline of the general proof, we will also
assume that the artificial fixed point we focus on has only
one zero component. In particular, we assume that we are at
the artificial fixed point ps = (a,b,0), see Fig. 1. Since this
is a fixed point, the following equalities hold from (14),

_ a1 (p4) _ bE>(p4)

 aBEi(pa) +bE2(ps) T aBi(ps) + bEs(pa)

From above, we find that aF1(p4) + 0E2(ps) = PE1(pa) =
PFE5(p4). This is equivalent to saying that the KKT conditions
of the reduced optimization problem corresponding to the first
and second components are satisfied with equality, that is,
Ey(p4) = Ex(ps) = /. We call this Lagrange multiplier 1/,
because this is possibly different than the Lagrange multiplier
of the original optimization problem. For E3(p4), we have
three possibilities. F5(ps) = p’ cannot hold, because that
would mean that the third KKT condition is also satisfied
with equality and this can only happen when optimal )\3Q
is non-zero. E3(p4) < /' cannot hold, because that would
mean that we satisfy all three KKT conditions of the original
optimization problem with ¢/ = p, and this fixed point is
optimum. This contradicts with our assumption that we are at
an artificial fixed point that is not the optimum solution of the
original optimization problem. Therefore, the only possibility
at an artificial fixed point is that E5(ps) > p'.

Now, we will show that by perturbing this artificial fixed

P (16)
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point by an e amount, we move further away from this fixed
point. We run the algorithm for p} = (a — €,b,¢€). We first
calculate F1(p)),

Ei(py) =FE

h(e) ] (17

where h(e) is the value of the function h(x) =

-1
AlzzJ{ (Ap4 - x()\lzzlz]i)) z, evaluated at © = ¢, where
A, =1,, +ar’z ZJ{ + bAQEzQz; Using tPe matrix inversion

Arz Ap,zi
1—I)\%ZIAP4Z1
Taylor series expansion formula around z = 0, and denoting
wyp = /\%ZIA;}ZL we obtain

lemma [15, page 19], we get h(x) = . Using the

h(e) = wy + ew? + Ew? + ...
= w1 +O(€)

(18)
(19)

where O(¢) is an asymptotic upper bound for the magnitude of
the residual in terms of e. Mathematically, a function, h(e) is

order O(e) as € — 0 if and only if 0 < limsup,_,, h(j) <00
[16]. Now, when we insert this into (17), we obtain
wy + O(E)
Ep)=F| ———-~2— 20
1(p4) |:1 + aw; +O(€) ( )
1 1
=—(1-F|—— 21
a( [1—|—aw1+0(e)}> @

We again use the Taylor series expansion formula, this time
with h(x) = 1/x, around z = 1 + aw,

1

h(1 4 aw; + O(e€)) = m (22)

1 O(e)
p— - .. 23
1+ aw; (1+aw1)2+ @9

1
= m + 0(6) (24)
Finally, (17) becomes

Ei(p)=E [#;wj +0(e) 25)
= E1(p4) + O(e) (26)

By using similar arguments, we can conclude that F;(p}) =
Ei(p4) + O(e), for i = 1,2, 3. If we insert these into f3(p}),
we obtain

f3(p}) = <Fs(pa)

al(pa) + bE2(pa) + O(e)

since the summation of terms that are in the order of O(e)
and smaller will be in the order of O(¢). Finally, by applying
Taylor series expansion one more time with h(xz) = 1/z, we
get

P+ 0(é%),

27)

_ €l3(pa)
all1(pa) + bE2(pa)

We know from (16) that aF1(ps) + bFEs(psa) = PE1(p4) =
PE5(p4). Inserting this into the above equation, we have

Alp) = EAES 4 O(e)

> €

P+ 0(é?)

(28)

(29)
(30)
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where the last inequality follows from the fact that F3(p4) >
' = F1(p4). This result tells us that starting from e away
from an artificial fixed point, the third component of the
updated vector, and therefore the updated vector itself moves
further away from that artificial fixed point. Finally, by using
Lemma 1, we note that the algorithm will move away from the
artificial fixed point at each iteration. Therefore, this artificial
fixed point is unstable. O

As a result of Lemma 3, the algorithm never converges to
an artificial fixed point, if it is not initiated at the boundary
of the simplex. Therefore, the point that the algorithm con-
verges to, always satisfies the KKT conditions of the original
optimization problem. Since this point is unique, when the
algorithm converges, it does so to the unique optimum power
allocation policy.

A. Comparison to Water-filling

In this section, we will compare our results to the classical
water-filling solution. We note that in [2], the channel matrix
H is known to both the receiver and the transmitter. The singu-
lar value decomposition of H can be written as H = UDVT,
where np X ngr dimensional U, and np X npr dimensional V
are unitary, and ng X nr dimensional D is non-negative and
diagonal. Let the diagonal elements of D be denoted by d;, for
i=1,...,min(ng,ny). The solution of the KKT conditions
for this case yields,

11\
A = (ﬁ —~ d_i) ., i=1,...,min(ng,nr) (3
where (2)* = max{0,z}. Although A% is given explicitly,
the Lagrange multiplier ¢ still has to be solved. On the other
hand, note that the algorithm proposed in this paper calculates
the eigenvalues directly, without the need for calculating the
Lagrange multiplier of the KKT conditions. Considering this
fact, we can propose the following new algorithm for the
water-filling solution in [2], using the idea in this paper. For

i=1,...,min(ng,nr), we have
AL (n)d;
Td
AR (n+1) = A (32)

Q .
Z- A7 (n)d;
71422 (n)d;

Note that this algorithm has the same properties as (15), and
finds the optimum eigenvalues without the need for calculating
the Lagrange multiplier .

V. POWER ALLOCATION FOR MULTI-USER MIMO
The sum capacity of a MIMO-MAC is given as [17],

K
Cown = max E |log|L,. +S H HT} 33
ax g|ln, + > HyQuH] (33)
k=1,....K k=1

Let 3 = UE,CAE,CUTE,c be the spectral decomposition of
the channel covariance matrix of user k. Then, the optimum
transmit covariance matrix Qg of user k has the form Qj =
Us, AQkUTEk, for all users [10]. This means that each user
transmits along the directions of its own channel covariance
matrix. While proving this in [10], we used the fact that the
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random matrices {Z; Uy, }< | and {Z;}£ | have the same
joint distribution for zero-mean identity-covariance Gaussian
{Z}K | and unitary {Uy, }< . Since the structure of the
sum capacity expression is similar to the single-user capacity
expression except for the summation inside the determinant,
single-user solution easily generalizes to the multi-user case.
By inserting this into (33), we get

K
Clywm = max log |Iny + > ZrAg, As, ZL” (34)
u-(AQk)SPk 1
k=1,...,
K nrt
=, max E \log|L,, + Z Z /\;“)\;ﬂZmZ;“ (35)
ST A <P k=1i=1
where z; is the '™ column of Zj, ie., {zki k=
1,...,K,i=1,...,np} is a set of ng x 1 dimensional i.i.d.,

zero-mean, identity-covariance Gaussian random vectors.

A result of [10] is that the optimal multi-user transmit
direction strategies are decoupled into a set of single-user
transmit direction strategies. However, in general, this is not
true for the optimal transmit power allocation strategies. The
amount of power each user allocates in each direction depends
on both the transmit directions and the power allocations of
other users. If the eigenvalues of the channel covariance ma-
trices satisfy the conditions given in [10], then beamforming
becomes optimal, and the optimal transmit power allocation
strategy for each user reduces to allocating all of its power to
its strongest eigen-direction, and this strategy does not require
the user to know the channel covariance matrices of the other
users. However, if the eigenvalues of the channel covariance
matrices do not satisfy these conditions, finding the optimum
eigenvalues becomes a harder task. In this section, we will
give an iterative algorithm that finds the optimum eigenvalues
for all users. We will follow a similar direction as in the single-
user case. By writing the Lagrangian for (35) and using the
identity in (10), we obtain the i*" KKT condition for user k

as
NoZh AL Zni
Eu(A9) 2 B ’gz’ﬂ < (36)
1+ ASAL z,ﬂA,;- Zhi
where A9 = [AY,... A9, )\kQ = [)\kl, . .,/\gnT] is the

eigenvalue vector of user k, and py, is the Lagrange multiplier
corresponding to user k, Ag; = A — )\,ﬂ)\,ﬂz;ﬂzll, and
A=1,+ Zk 1 Z"T /\Q /\kakakj The mequahtles in
(36) are satisfied with equality whenever the optimum /\
non-zero, and with strict inequality Whenever the optimum /\
is zero. Similar to the single-user case, /\k cannot be solved
directly from (36) because of the expectation operator. Again,
we will multiply both sides of (36) by )\in,

/\%Em‘()\Q) = Aﬁiuk 37

Note that, similar to the single-user case, (37) is satisfied with
equality for all /\gi, and we have created some artificial fixed
points while obtaining (37) from (36). For any k, we can find
(i by summing over all antennas, and by inserting this g
into (37), we can find the fixed point equations that have to

1407
be satisfied by the optimum power values of user k,
AL Eri(A°9
@ _ MaBQ) p s gki(A9), i=1,...,np (38)

ki
Zj )‘ijEkj (A9)

where we defined the right hand side of (38) which depends
on all of the eigenvalues as gy;(A?).

We propose the following algorithm, that enforces (38),

AP+ =g (AT AT AR AL, AR ) (39)
where g = [gk1, - - -, gkny] 1S the vector valued update func-
tion of user k. This algorithm finds the optimum eigenvalues of
a given user by assuming that the eigenvalues of the rest of the
users are fixed. The algorithm moves to another user, after (39)
converges. A complete update corresponding to user k& only,
i.e., running the algorithm in (39) for user k until it converges
while the eigenvalues of the other users are fixed, is equivalent
to the single-user algorithm proposed in (15). Therefore, we
know from the previous section that the algorithm in (39)
converges to the unique optimum point, when the eigenvalues
of the rest of the users are fixed. The optimization problem
that is solved by (39) is,

nrtT

Cr = log ‘Bk + Z /\%/\EizkizLi
=1

max
n
Zi:Tl )‘Sigpk

where B, = 1,,,, + Zf;k S )\lqu)/\lzizlizji depends on the
fixed eigenvalues of all other users. Such an algorithm is
guaranteed to converge to the global optimum [18, page 219],
since Cly,,m 18 a concave function of \p; for all £ and 4, C}, is
a strictly concave function of Ay, for all 7, and the constraint
set is convex and has a Cartesian product structure among
the users. Note that in [3], this kind of an algorithm is used
in order to find the iterative water-filling solution. However,
in that setting, where both the receiver and the transmitters
know the perfect CSI, an iteration corresponding to user k
does not include another algorithm, but it is just a single-user
water-filling solution.

] (40)

In order to improve the convergence rate, we also propose
the following multi-user algorithm,

Q
g

A2 (n+1) =gp (AlQ(n—i— 1), A% (n+1),

AL AT (), AR (M) @D

where &/ = (n 4+ 1) mod K. At a given time n + 1, this
algorithm updates the eigenvalues of user %&’. In the next
iteration, it moves to another user. Since at a given iteration
corresponding to user k, this algorithm does not solve (40)
completely, we cannot conclude its convergence using [18,
page 219]. However, we have observed the convergence of
this algorithm experimentally through many simulations. One
potential method to prove the convergence of this algorithm
could be through proving that each iteration of the single-user
algorithm in (15) increases the objective function of the opti-
mization problem, i.e., the rate. Even though we proved that
each iteration of this algorithm either monotonically increases
or monotonically decreases each eigenvalue, and therefore,
monotonically decreases the distance between the iterated
eigenvalue vector and the optimum eigenvalue vector, we have
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Fig. 1. The trajectories of the single-user algorithm when it is started from
the corner points of the simplex for the case where the optimal eigenvalues
are all non-zero.

not been able to prove mathematically that each iteration
monotonically increases the objective function. Yet, we have
observed this monotonicity through extensive simulations.
Given that the objective function is a strictly concave function
of the eigenvalue vector, we conjecture that the algorithm
in (15) increases the objective function monotonically. On
the other hand, we have observed experimentally that the
algorithm in (41) converges much faster than the algorithm
in (39). This could be due to the fact that, while the algorithm
in (39) runs many iterations of the same user before it moves
to another user, the algorithm in (41) runs only one iteration
for each user before it moves to the next user.

VI. NUMERICAL RESULTS

In this section, we will provide numerical examples for the
performances of the proposed algorithms. In Fig. 1 and Fig. 2,
we plot the trajectories of the iterations of the proposed single-
user algorithm for a MIMO system with ngp = np = P = 3.
We run the algorithm three times for each figure with different
initial points, which are e away from the three corner points
of the 3-dimensional simplex. In Fig. 1, all of the optimum
eigenvalues are non-zero, and in Fig. 2, one of the optimum
eigenvalues is zero. We observe, from the two figures, that the
algorithm converges to the unique optimum point.

In Fig. 3 and Fig. 4, we plot the eigenvalues as a function of
the iteration index. We observe that the eigenvalues converge
to the same unique convergence point starting from various
initial points. In addition to the points that are ¢ away from
the corner points, the other initial points are: the all-one
vector, and the point corresponding to the channel covariance
matrix eigenvalues, which is normalized to satisfy the power
constraint. In Fig. 3, all of the optimum eigenvalues are non-
zero, and in Fig. 4, one of the optimum eigenvalues is zero.
As we see from Fig. 3, the algorithm needs much less time
to converge to the optimum point when it is started from
the normalized channel covariance eigenvalue point compared
to the cases when it is started from any other points on the
simplex. This is true mainly because of an argument similar to
the water-filling argument, where we allocate more power to
the strongest channel. As a result, the unique optimum transmit
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0.5

oo
o

Fig. 2. The trajectories of the single-user algorithm when it is started from the
corner points of the simplex for the case where one of the optimal eigenvalues
is zero.

covariance eigenvalue vector is located close to the normalized
channel covariance eigenvalue vector. Since they are located
close by, it takes less time for the algorithm to converge to
the optimum. Therefore, we may prefer to start the algorithm
from the normalized channel covariance matrix eigenvalues,
in order to improve the convergence rate of the algorithm. We
note however that the algorithm converges to the optimum
point from any arbitrary initial point.

We also note that, even when we start the algorithm from the
normalized channel covariance matrix eigenvalues, we observe
from Fig. 4 that it may still take some time for the algorithm
to converge. In this case, this occurs mainly because one of
the optimum eigenvalues is equal to zero. In order to improve
the convergence rate, we can check if any one of the optimum
eigenvalues will be zero, before we start the algorithm. We can
use the beamforming optimality conditions [6], [10] in order
to check if the second component of the eigenvalue vector
is zero. For the rest of the components, similar conditions
can easily be derived by using the ideas in [6], [10]. If there
are any eigenvalues that will be zero at the optimum, we can
drop them from the optimization problem, and solve a reduced
problem with fewer dimensions. In Fig. 5, we have selected
the eigenvalues of the channel covariance matrix so that the
third eigenvalue of the optimum transmit covariance matrix
happens to be zero. We considered two different initial points:
the normalized channel covariance eigenvalue vector, and a
vector obtained by setting the third component of the channel
covariance eigenvalue vector to zero, before the normalization.
We observe that the algorithm converges much faster if we
identify the components that will be zero at the convergence
point and remove them from the iterations.

Finally, we consider a multi-user MIMO-MAC scenario.
Note that, for a given user, the multi-user algorithm given in
(39) demonstrates the same convergence behavior as in Fig. 3
and Fig. 4, when the eigenvalues of the other users are kept
constant. Therefore, we plot Fig. 6 by running the multi-user
algorithm proposed in (41). In this figure, we consider 3 users
with different channel covariance matrices. The algorithm
is started at the normalized channel covariance eigenvalue
vectors of the users. Each iteration in the figure corresponds
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Fig. 3. The convergence of the single-user algorithm starting from various points, when all of the (I)J)timal eigenvalues are non-zero: (a) convergence
. . . ) . . P P i . . N
of all three eigenvalues from (P — 2¢,¢,¢€); (b) convergence of all three eigenvalues from (E’ oo E)’ (c) convergence of all three eigenvalues from

(e,€, P — 2¢); (d) convergence of all three eigenvalues from the normalized channel eigenvalue vector.

to an update of the eigenvalues of the transmit covariance
matrices of all users. At the end of the first iteration, all users
have run the algorithm in (41) once. We can see in Fig. 6
that the multi-user algorithm converges quite quickly, and at
the end of the fourth iteration, all users are almost at their
optimum eigenvalue points.

VII. CONCLUSIONS AND DISCUSSIONS

We proposed globally convergent algorithms for finding
the optimum power allocation policies for both single-user
MIMO and MIMO-MAC systems. Combining this with our
previous results on the optimum transmit directions and the
asymptotic behavior of MIMO-MAC systems [10], the sum
capacity maximization problem is completely solved for a
finite or infinite sized MIMO-MAC with the full CSI at the
receiver and the partial CSI at the transmitters in the form
of channel covariance information. In this paper, for a single-
user case, we proved the convergence and the uniqueness of
the convergence point of a pre-existing algorithm. This proof
handles the complications arising from the existence of the
artificial fixed points, and it gives some insights to the classical

water-filling solution. For the multi-user case, we derived and
proved the convergence of a multi-user algorithm, which finds
the optimum power allocations of all users.

Due to the nature of our optimization problem, our al-
gorithms include calculation of some expectations at each
iteration. Direct calculation of these expectations is sometimes
difficult. However, by exploiting the ergodicity of the system
and using sample averages, we can get very fast results.
Although the number of expectations that has to be calculated
increases as the number of users increases, fortunately, we
can eliminate most of the components inside the expectations
using the results of [10], which state that beamforming be-
comes optimal as the number of users in the system increases.
As it can be seen in [10], even for a fairly low number of
users, beamforming is almost optimal. Therefore, by com-
bining beamforming optimality conditions with the proposed
algorithms, we can find the optimum power allocations of the
users much faster. Fig. 5 shows that the number of iterations is
significantly less when beamforming optimality conditions are
utilized. Although it cannot be seen in the figure, each iteration
takes less time as well, i.e., the expectations are computed
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Fig. 4. The convergence of the single-user algorithm starting from various points, when one of the optimal eigenvalues is zero: (a) convergence of all three

eigenvalues from (P — 2¢, €, €); (b) convergence of all three eigenvalues from (

P P P\ . : ATies .
o ﬁ)’ (c) convergence of all three eigenvalues from (e, e, P — 2¢);

(d) convergence of all three eigenvalues from the normalized channel eigenvalue vector.

faster, since there is less randomness in the system as a result
of setting some eigenvalues to zero.

Another issue that we want to discuss here is the possibility
of having a channel with double-sided correlation. In our
model, as a result of the assumption that the receiver (e.g.,
a base station) is not physically limited and one can place
the antenna elements sufficiently away from each other, the
receiver side correlation matrix becomes the identity matrix.
In a different model with receiver side correlation present in
the system, similar results can be found. For the single-user
scenario, it is already known that the transmit directions are
still the eigenvectors of the transmitter side channel correlation
matrix, even when there is receiver side channel correlation
in the system [19]. Beamforming optimality condition for this
case is also found previously [19]. For the power allocation
problem, an approach similar to the one in our paper can be
applied and a similar but more cumbersome algorithm can be
found. This algorithm includes extra terms that are similar to
the terms in beamforming optimality conditions that are given
in [19]. For the multi-user scenario, our approach generalizes
to the case where there is receiver side channel correlation in

the system, when the receiver side channel correlation matrices
of all users are the same. This might be motivated by assuming
that the receiver side channel correlation is only a result of the
physical structure of the receiver and the environment around
the receiver, therefore it is the same for all users. In this
case, it is possible to find similar but again more cumbersome
algorithms in order to solve the optimum power allocation
policies of all users.

VIII. APPENDIX
A. Proof of Lemma 1

Without loss of generality, let us take j = 1. We will show
O(SL A B (A9))
that > 0. It can be shown that

e
INTEL(N9) Azl ATz,
o =E . (42)
oA Qyx, T A1
1 1+ A7 ATZ0A 74
Now, for & = 2,...,np, let us consider AgEk(AQ) =

/\,?)\EE [z A~ 'z;]. Applying the matrix inversion lemma [15,
page 19] to A = A; + )\?/\%le'{, we get
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Fig. 5. The convergence of the single-user algorithm when one of the
optimum eigenvalues is zero.

QS -1, \2
Ek(AQ):)\E <E[ZkA1_1Zk]—E |—A1 )\1 (ZkAl Zl) ]) (43)

A
By taking the derivative of (43) with respect to )\?, we get

OE(A?) _ 5g
NG

A (zp AL '7)?
(1+X9\T21 AT 17)2

] (44)
Combining (42) and (44) with s, = ()\E/\g)lﬂzk, we have

nrt nt
0 (Z AEEk(AQ)> sTAT's1 — > (sfAT's))?
k=1 - k=2

NG

5 (45)
A¢ (1+s{Arts:)

We note that A =1+ Slsi, where S; = [S2,...,Sn.]-
Then, by using the matrix inversion lemma, we have Afl =
I-S,(1+S1S,)'S!. Finally, note that 3}7, (s] AT's;)? =
sJ{Aflsl SJ{Aflsl. Now, we will find equivalent expressions
for the numerator of (45). Let us first look at s{A;lsl,

slATls) =sls; —siS;(1+8{8,)7!Sls, (46)
Now, let us look at sJ{Al_lSl,
sIAT!S, =siS; —sis;(1+8!s,)7!sis, (47)

=siS; —sIS1(T+8]S;)"1(SIS; +I-1) @48)
—s!S (I+80s))! (49)

Inserting (46) and (49) into (45), it is sufficient to show that
the expression

sis1—s[S1(I+8]S1)~'Sis1—s]S1(I+S{S:)"?SIs; (50)

is positive. In order to proceed, we note that sl{sl >
s1S,(S1S1)~!S!s; holds. This can be seen by noting that
the matrix Sl(slsl)—ls{ is idempotent, and therefore its
eigenvalues are either zero or one. Hence, I-S; (s{sl)*ls{ is
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Fig. 6. The convergence of the multi-user algorithm where each iteration

corresponds to a single update of all users.

positive definite. Using this inequality, the condition becomes,
s{Si[(s]81) -1+ 8]81) 7= (14 8]81)~?[Ss1 20 51)

Now, let us look at the term between the square brackets,
(S181) 7'~ (I+8]S1) "'~ (I +8]81)* = (52)

[(s{s1)(r+sfs))-1|1+8]81) - (1+8]81) % (53)

= (S1S1) " M(T+8]S1) " — (T +58]8)) (54)
= (slsy —a+sisn)a+sisn™ 69
= (S]81) (1 +8[s) " (T+8]s)) ! (56)
— (1+8is,)"Y(sis)) '@ +sis))* (57)

Now, let the singular value decomposition of S; be S; =
UDVT, then S’;Sl = VD2VT, Inserting this into (57), and

(57) into (51), we get
siUD(I+D?)'D2(I+ D?)~'DUs; >0
slU(T+ D)1+ D) 'U's; >0

(58)
(59)

Finally, since (I + D?)~2 is positive definite, (59) holds and
(45) is greater than zero.

B. Proof of Lemma 3

For arbitrary number of antennas, we will assume that we
are at some artificial fixed point, which is not a solution
of the original optimization problem, with possibly more
than one zero components. Let this artificial fixed point be
p = (a1,a2,...,an,), and let S be the index set of the zero
components so that a; = 0 for all 7 € S. Since p is a fixed
point, the following equalities hold for i ¢ S

o — a;;(p)
> izs 4L (p)
From above, we find that 3 ¢ a;E;(p) = PE;(p) = P/,
for all 4+ ¢ S. This is equivalent to saying that the KKT

conditions of the reduced optimization problem corresponding
to components, ¢ ¢ S, are satisfied with equality, where ' is

(60)
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possibly different than p. We will show that some conditions
on E;(p), j € S cannot hold. The case where E;(p) =
for all 7 € S cannot hold, because this would mean that
the KKT conditions of the original optimization problem are
all satisfied with equality with x/ = pu, and this can only
happen when optimal )\,L-Q ’s for all ¢ are non-zero. Now, let k
be the smallest index in S, then because of the ordering of the
eigenvalues of the channel covariance matrix, Fy(p) is greater
than all E;(p), for all j # k, and j € S. The case where
Er(p) =1 and Ej(p) < 1/, for all j # k, and j € S cannot
hold, because that would mean that the KKT conditions of
the reduced optimization problem is violated. The case where
Er(p) < ¢/ and E;(p) < Ex(p) < /, for all j # k, and
j € S cannot hold, because that would mean that we satisfy
all KKT conditions of the original optimization problem with
i/ = p. This contradicts with our assumption that we are at
an artificial fixed point that is not the solution of the original
optimization problem. Therefore, in all other possibilities, we
have at least F,(p) > 1/, where k is the smallest index in S.
Now, we will show that by perturbing the artificial fixed point
by an e amount, we move further away from that artificial
fixed point. We run the algorithm for p’ which is different
from p in two components: the k" component is €, and any
ith component, for ¢ & S, is a; — €. By using the same Taylor
series arguments, we can say that E;(p’) = E;(p) + O(e), for
i=1,...,np. If we insert these into fi(p’), we have

¢Er(p)
Zigs a;E;(p)
We know from (60) that }_, ;¢ a; E;(p) = Pp'. Inserting this

into the above equation, we have

fe(p') =¢ EIL(,p)

> €

fr(@') = P+ O(e?) (61)

+0(é?)

(62)
(63)

where the last inequality follows from the fact that Ej(p) >
/. This result tells us that starting from ¢ away from an artifi-
cial fixed point, the k" component of the updated vector, and
therefore the updated vector itself moves further away from the
artificial fixed point. By using Lemma 1, the algorithm will
move away from the artificial fixed point at each iteration.
Therefore, this artificial fixed point is unstable.

REFERENCES

[1] A. Soysal and S. Ulukus. Optimum power allocation in fading MIMO
multiple access channels with partial CSI at the transmitters. In Asilomar
Conference on Signals, Systems, and Computers, Pacific Grove, CA,
October 2006.

[2] 1. E. Telatar. Capacity of multi-antenna Gaussian channels. European
Transactions on Telecommunication, 10(6):585-596, November 1999.

[3] W. Yu, W. Rhee, S. Boyd, and J. M. Cioffi. Iterative water-filling
for Gaussian vector multiple access channels. [EEE Transactions on
Information Theory, 50(1):145—151, January 2004.

[4] W. Yu, W. Rhee, and J.M. Cioffi. Optimal power control in multiple

access fading channels with multiple antennas. In /EEE International

Conference on Communications, pages 575-579, 2001.

E. Visotsky and U. Madhow. Space-time transmit precoding with imper-

fect feedback. IEEE Transactions on Information Theory, 47(6):2632—

2639, September 2001.

[6] S. A. Jafar and A. Goldsmith. Transmitter optimization and optimality
of beamforming for multiple antenna systems. [EEE Transactions on
Wireless Communications, 3(4):1165-1175, July 2004.

[5

[t}

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 25, NO. 7, SEPTEMBER 2007

[7]1 H. Boche and E. Jorswieck. On the optimality range of beamforming
for MIMO systems with covariance feedback. IEICE Trans. Commun.,
E85-A(11):2521-2528, November 2002.

[8] A. Soysal and S. Ulukus. Asymptotic optimality of beamforming in
multi-user MIMO-MAC with no or partial CSI at the transmitters. In
Vehicular Technology Conference, Stockholm, Sweden, May 2005.

[9]1 A. Soysal and S. Ulukus. Transmit directions and optimality of

beamforming in MIMO-MAC with partial CSI at the transmitters.

In Conference on Information Sciences and Systems, Baltimore, MD,

March 2005.

A. Soysal and S. Ulukus. Optimality of beamforming in fading MIMO

multiple access channel. Submitted for journal publication.

E. Jorswieck and H. Boche. Optimal transmission strategies and

impact of correlation in multi-antenna systems with different types of

channel state information. [EEE Transactions on Signal Processing,

52(12):3440-3453, December 2004.

A. M. Tulino, A. Lozano, and S. Verdd. Power allocation in multi-

antenna communication with statistical channel information at the

transmitter. In /EEE Int. Symp. on PIMRC, Barcelona, Spain, September

2004.

A. M. Tulino, A. Lozano, and S. Verdi. Capacity-achieving input

covariance for single-user multi-antenna channels. [EEE Transactions

on Wireless Communications, 5(3):662—-671, March 2006.

C. Chuah, D. N. C. Tse, J. M. Kahn, and R. A. Valenzuela. Capacity

scaling in MIMO wireless systems under correlated fading. IEEE

Transactions on Information Theory, 48(3):637-650, March 2002.

R. A. Horn and C. R. Johnson. Matrix Analysis. Cambridge University

Press, 1985.

S. C. Malik and S. Arora. Mathematical Analysis. Wiley, 1992.

A. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath. Capacity limits

of MIMO channels. IEEE Journal on Selected Areas in Communica-

tions, 21(5), June 2003.

D. P. Bertsekas and J. N. Tsitsiklis. Parallel and Distributed Computa-

tion: Numerical Methods. Athena Scientific, 1997.

E. Jorswieck and H. Boche. Channel capacity and capacity-range of

beamforming in MIMO wireless systems under correlated fading with

covariance feedback. IEEE Transactions on Wireless Communications,

3(5):1543-1553, September 2004.

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

Alkan Soysal (S°03) received the B.S. degree in
electrical and electronics engineering from Middle
East Technical University, Ankara, Turkey in 2002,
and the M.S. degree in electrical and computer
engineering from University of Maryland, College
Park, MD in 2006. He is currently working toward
the Ph.D. degree in the Department of Electrical
and Computer Engineering, University of Maryland,
College Park. His research interests include wireless
communication theory and information theory with
particular focus on MIMO networks.

Sennur Ulukus (5’90, M’98) received the B.S.
and M.S. degrees in electrical and electronics en-
gineering from Bilkent University, Ankara, Turkey,
in 1991 and 1993, respectively, and the Ph.D. degree
in electrical and computer engineering from Rutgers
University, NJ, in 1998. During her Ph.D. studies,
she was with the Wireless Information Network
Laboratory (WINLAB), Rutgers University. From
1998 to 2001, she was a Senior Technical Staff
Member at AT&T Labs-Research in NJ. In 2001, she
joined the University of Maryland at College Park,
where she is currently an Associate Professor in the Department of Electrical
and Computer Engineering, with a joint appoinment at the Institute for
Systems Research (ISR). Her research interests are in wireless communication
theory and networking, network information theory for wireless networks,
signal processing for wireless communications, and security for multi-user
wireless communications.

Sennur Ulukus is a recepient of the 2005 NSF CAREER Award, and
a co-recepient of the 2003 IEEE Marconi Prize Paper Award in Wireless
Communications. She serves as an Associate Editor for the IEEE Transactions
on Communications since 2003, as a Guest Editor for the IEEE Journal
on Selected Areas in Communications in 2007, as the co-chair of the
Communication Theory Symposium at the 2007 IEEE Global Telecommuni-
cations Conference and as the Secretary of the IEEE Communication Theory
Technical Committee (CTTC).

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on October 02,2022 at 02:24:29 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 1.8)
  /CalRGBProfile ()
  /CalCMYKProfile (U.S. Sheetfed Uncoated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.50000
    0.50000
    0.50000
    0.50000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.12500
    0.12500
    0.12500
    0.12500
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004300610064006d007500730020004d00650064006900610057006f0072006b0073002000730065007400740069006e00670073002000760065007200730069006f006e00200043004d0057005f0041006300720036005f00560032002e002000200041006c006c002000730065007400740069006e0067007300200070006f00730074006500640020006f006e0020007700770077002e006300610064006d00750073006d00650064006900610077006f0072006b0073002e0063006f006d002e00200020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [576.000 783.000]
>> setpagedevice


