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Abstract—Power control, beamforming and link scheduling
are all important operations to improve the power-and-spectral
efficiency of networks of multiple-input multiple-output (MIMO)
wireless links. We call a joint optimization of the above opera-
tions the space-time power scheduling (STPS) scheme. The STPS
scheme is formulated as joint optimization of the transmitter
covariance matrices of all active MIMO links over all dimensions
of space and time, which includes the dimension of frequency as
a dual form of time. In this paper, we address the proportional
fair (PF) and quality-of-service (QoS) issues of the STPS scheme,
which are important for networks with asymmetric topology
and/or asymmetric traffic demands. Both slow fading channels
and fast fading channels are considered. We demonstrate that
the PF-STPS scheme provides a very attractive tradeoff between
sum capacity and rate distribution for asymmetric links. We
also demonstrate that the QoS-STPS scheme has a much higher
power-and-spectral efficiency than the previously existing QoS
based scheme that do not exploit the temporal freedom. Efficient
optimization algorithms for both PF-STPS and QoS-STPS are
provided. The STPS scheme is a centralized cooperative scheme
which requires a scheduler. For ad hoc networks, this scheduler
can be elected adaptively among eligible nodes in the network.

Index Terms—MIMO systems, proportional fairness, quality-of-
service, space–time power scheduler.

I. INTRODUCTION

THIS paper considers a network of distributed mul-
tiple-input multiple-output (MIMO) wireless links. The

topology of the network can be arbitrary, an example of which
is illustrated in Fig. 1. This network may represent a spectrally
isolated portion of a much larger network. In fact, if the original
network is too large, for ease of management, the larger net-
work can be partitioned into multiple smaller networks, each of
which is assigned with an orthogonal frequency band. The focus
of this paper is to optimize the power-and-spectral efficiency of
a given network in a given frequency band. Many conventional
nondistributed MIMO links such as multiple access MIMO
links (i.e., multiple users with multiple antennas transmitting

Manuscript received July 13, 2007; revised February 10, 2008. This work
was supported in part by the U.S. National Science Foundation under Grant
ECS-0401310, the U.S. Army Research Laboratory under the Collaborative
Technology Alliance Program, and the U.S. Army Research Office under the
MURI Grant W911NF-04-1-0224. The U.S. Government is authorized to re-
produce and distribute reprints for Government purposes notwithstanding any
copyright notation thereon. The associate editor coordinating the review of this
manuscript and approving it for publication was Dr. Homayoun Yousefi’zadeh.

Y. Rong was with the Department of Electrical Engineering, University of
California, Riverside, CA 92521. He is now with the Department of Electrical
and Computer Engineering, Curtin University of Technology, Bentley, WA
6102, Australia (e-mail: y.rong@curtin.edu.au).

Y. Hua is with the Department of Electrical Engineering, University of Cali-
fornia, Riverside, CA 92521 (e-mail: yhua@ee.ucr.edu).

Digital Object Identifier 10.1109/JSTSP.2008.920667

Fig. 1. Ad hoc network of distributed MIMO links where each node possibly
has multiple antennas. The arrows indicate the desired active links in a time/
frequency band of interest. The black node is an elected scheduler. The other
nodes are idle.

to a base station with multiple antenna) and broadcast MIMO
links (i.e., a base station with multiple antennas transmitting to
multiple users with multiple antennas) are extreme cases of the
distributed MIMO links.

The power-and-spectral efficiency of the network of dis-
tributed MIMO links depends on the operations at all links in
the network. To achieve a high power-and-spectral efficiency, a
scheduler for the network is desirable whenever possible. For
a cellular network, the scheduler should naturally reside at the
base station. For an ad hoc network, the scheduler can reside at
any node in the network. See Fig. 1. In a dynamic environment
where nodes come and go, the scheduler can be adaptively
elected among eligible nodes in the network. The election can
be done based on the capacity of a node, the status of a node,
and the location of a node, etc. The research of the scheduler
election issues is important but beyond the scope of this paper.
We assume that a scheduler is available for the network within
the time scale of interest.

At the most ideal extreme, one would like to develop co-
operative coding schemes for distributed MIMO links in order
to maximize the network throughput. But this approach is cur-
rently considered to be highly infeasible even in theory. For a
network of only two single-input single-output (SISO) links, co-
operative coding is still considered a challenging research topic
to date [1]. Because of this limitation, we will assume that only
single-user decoder is used at each MIMO link.
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The next most fundamental problem for maximizing the net-
work throughput (which is treated as an equivalent term for
power-and-spectral efficiency) is to design the best transmitter
covariance matrix of each MIMO link. Here and throughout the
paper, we assume that the single-user receivers of all links are
optimally designed. In [2]–[4], the authors investigated the op-
timal design of single-beam beamforming of each MIMO link
(or equivalently joint design of transmitter and receiver beam-
forming). The single-beam beamforming approach effectively
treats the transmitter covariance matrix of each MIMO link as
a rank-one matrix. In [5]–[8], the network throughput under
optimal transmitter covariance matrix without any rank con-
straint for each MIMO link is investigated. The best network
throughput achievable by this approach is generally higher than
that based on the single-beam beamforming approach. All of the
above mentioned works can be seen as a generalization of power
control from distributed SISO links to distributed MIMO links.
However, they are all limited to a setting where each MIMO link
is allocated with a time (or frequency) invariant transmitter co-
variance matrix. The above approaches do not treat link sched-
uling as an integral part of the design of transmitter covariance
matrices.

In the recent works [9], [10], the authors proposed a joint op-
timization of power control, multiple-beam beamforming and
link scheduling where effectively the transmitter covariance ma-
trix of each link is treated as a time (or frequency) varying
function within the given frequency band. This is what we call
space-time power scheduling (STPS). Under a symmetric net-
work condition, the STPS scheme has been developed for max-
imizing a sum capacity of distributed MIMO links for slow
fading channels in [9] and for fast fading channels in [10].

In this paper, we further develop the STPS scheme by ad-
dressing the issues of fairness and quality-of-service (QoS).
These issues are particularly important for networks with
asymmetric topology and/or asymmetric traffic demands.

To address the fairness issue, we will incorporate a propor-
tionally fair (PF) utility function into the STPS scheme. The PF
notion was proposed in [11] and later also applied in [12]–[14].
The rates of all links are said to be proportionally fair if any in-
crease of the rate of one link by % would result in a decrease of
the mean rate of other links by more than %. Remarkably, the
PF notion is automatically embedded in such a utility function
that is the sum of the logarithms of link rates. In this paper, we
demonstrate that by incorporating the PF notion into the STPS
scheme, the resulting PF-STPS scheme typically yields a near
maximum sum capacity for asymmetric networks while a rela-
tively even distribution of link rates can be maintained. Further-
more, by applying ([15], Theorem IV.1) for the fast fading case,
we will develop a simpler form of the ergodic capacity, which
in turn leads to a much simplified optimization algorithm than
that in [10].

On the other hand, QoS corresponds to a set of predetermined
service performance [16]. Mathematically, QoS can be formu-
lated into different forms of constraints such as the signal-to-
interference-plus-noise ratio (SINR) constraint [2], [3], the
transmission error rate constraint [17], and the end-to-end rate
constraint [18]. In this paper, we will consider a set of link-wise
rate constraints as the QoS measure. Such a rate-constrained

STPS scheme will be referred to as the QoS-STPS scheme.
Under the QoS-STPS scheme, any set of finite data rates of all
links is feasible. This property does not hold for the space-only
power scheduling scheme such as [7], where the feasible region
of data rates is bounded even if the transmission power of each
link is unbounded. Since any finite data rates are achievable
with finite power under the STPS scheme, we can apply the
penalty method ([19, Sec. 3.1]) to develop a very efficient
optimization algorithm. As tested in simulations, this algorithm
consistently yields the results that satisfy the desired rates.

It is important to note that under the STPS scheme, the math-
ematical problem is nonconvex. All known attempts to simplify
the problem into a convex problem result in loss of power-and-
spectral efficiency. The optimization algorithm that we have de-
veloped for the STPS scheme is a projected gradient search. The
transmitter covariance matrices from any other scheme can be
used as an initial condition in the STPS based search. Although
not guaranteed to be “globally optimal”, the results from the
STPS based search are consistently better than those under other
schemes. This has been shown in [9] and [10] and will be fur-
ther demonstrated in this paper. For convenience, we will not al-
ways distinguish the STPS scheme from the STPS based search
algorithms.

The rest of this paper is organized as follows. In Section II, the
preliminaries of the STPS scheme are introduced. In Section III,
we present the PF-STPS scheme. In Section IV, we develop the
QoS-STPS scheme. The performance of the PF-STPS scheme
and the QoS-STPS scheme is illustrated in Section V.

II. PRELIMINARIES OF THE STPS SCHEME

We consider a network of distributed MIMO links oper-
ating in a given frequency band. Each link consists of a trans-
mitting node and a receiving node, and no link shares a node
with another link. In practice, such a network represents a snap-
shot of an ad hoc network where the pairing of transceivers has
been determined from an upper layer operation.

Both slow fading channels and fast fading channels will be
considered. For slow fading channels, the channel coefficients
remain constant within the time window of a complete
packet as governed by a delay requirement in practice. For
fast fading channels, the channel coefficients change randomly
within . But for both cases, we assume that the channel
coefficients remain constant over contiguous time
slots. The length of each time slot can vary significantly, which
depends on many factors including the available bandwidth.
The “time slots” referred to in this paper can be replaced by
“frequency bins” or a combination of “time and frequency”.
This will not change the power-and-spectral efficiency of the
STPS scheme.

The transmitter covariance matrix of each link is treated as
a function of the time slot index , which is denoted by
with and . For slow fading channels,

can be set to equal time slots. For fast fading channels,
can be set to equal a large multiple of time slots. The

development of a search algorithm to compute , for
and , is a central part of the STPS scheme.

We will refer to the receiver of the th desired (as opposed to
interfering) link as the th receiver and the transmitter of the th
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desired link as the th transmitter. The signal received by
the th receiver during the th time slot is modeled as

(1)

where is the channel matrix between the th trans-
mitter and the th receiver, denotes the channel gain (in-
cluding the propagation path-loss and shadowing effect) be-
tween the th transmitter and the th receiver, is the signal
vector transmitted from the th transmitting node within the
th time slot, and is the noise. The covariance matrix of

is , i.e., where is
the expectation. We assume that , for and

, are independent and identically distributed (i.i.d.)
Gaussian noise (AWGN) with zero mean and covariance matrix

. Here denotes the identity matrix. We
have assumed for convenience that each node has antennas.

The capacity of the th link over time slots is given by

(2)

where denotes
the determinant of a matrix, and is the interference-plus-
noise covariance matrix at the th receiving node within the th
time slot, i.e.,

(3)

In [9], the following STPS scheme is proposed:

(4)

(5)

(6)

where denotes the trace of a matrix. This scheduling
problem is useful for slow fading channels where all channel
matrices are required by the scheduler. The receiver of each
link needs to know the channel matrix of that link.

In [10], the STPS scheme is extended to fast fading channels
as follows:

(7)

subject to the same power constraints (5) and (6), where
stands for the statistical expectation with respect to

, and denotes the matrix trans-
pose. The above scheme (7) is useful for fast fading channels
where the scheduler does not need to know any channel matrix
and hence the transmitter covariance matrices are independent
of the channel matrices but the receiver of each link needs to

know the channel matrix of that link. The complexity of the
closed form expression depends on the
statistical properties of the channel matrices, which will be
assumed to be i.i.d. Gaussian in this paper. The ergodic sum
capacity is theoretically achievable through coding over a large
multiple of time slots.

The implementation of the STPS scheme requires a central
scheduler. In a wireless mesh network with access point (AP),
the AP can take up the role of the scheduler. In an ad hoc net-
work, the scheduler can be adaptively elected. For the case of
slow fading channels, the scheduler needs to coordinate the cal-
ibration of channel matrices, collect all channel matrices, and
then compute and distribute the transmitter covariance matrices
of all links. In the case of fast fading channels, the scheduler
does not need to known the channel matrices but assumes the
statistics of all channel matrices. The statistics of all channel
matrices is needed so that a closed form expression of the er-
godic sum capacity can be found to facili-
tate the (off line) development of the optimization algorithm.

Once each transmitter has received the information of its
transmitter covariance matrices from the scheduler, the
transmitter applies the transmitting covariance matrices

over time slots in the slow fading case or over
a large multiple of time slots in the fast fading case. The
th receiver decodes the packet based on ,

and over time slots in the slow fading case or over a
large multiple of time slots in the fast fading case. With
given , the existing coding and modulation
techniques can be applied. But the linearity of power amplifiers
is required. If is chosen, the scheme (4) reduces to the
space-only power schedule shown in [7]. If is chosen
and is forced to have rank one, then both (4) and (7)
become a space-only single-beam beamforming method for
maximizing the sum capacity.

But (4) and (7) are appropriate only for symmetric networks
where no link either dominates or is inferior to others in terms of
channel quality. Otherwise, the data rate distribution among the

links would be very uneven or very unfair. In the next section,
we will examine a PF based STPS scheme.

There are also situations where the desired data rate for each
link within a given time/frequency band is predetermined from
a higher layer of the network. In such situations, we can find
the transmitting covariance matrices with the least amount of
total transmission power to satisfy the desired data rates for all
links. The desired data rates are an important measure of QoS.
In Section IV, we will present a QoS based STPS scheme.

III. PROPORTIONAL FAIR BASED STPS SCHEME

Following the same idea as used in [12]–[14], we can revise
the problem (4)–(6) into the following so called proportional fair
(PF) problem for slow fading channels:

(8)

(9)
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(10)

The logarithmic function in (8) decreases the reward (i.e., the in-
crease of data rate) for a link as the data rate of the link becomes
large. In fact, the notion of “proportional fair” comes from the
fact that the differential of the logarithm of a data rate is in-
versely proportional to the data rate. The power constraint (9) is
a total power constraint which differs from the link-wise power
constraint (5).

Similarly, for fast fading channels, the optimization problem
with the objective function (7) and constraints (5) and (6) can
be revised into:

(11)

subject to constraints (9) and (10).
Both of the above optimization problems can be solved in the

same way as in [9] and [10]. The logarithm in the objective func-
tion only affects the gradient computation in an obvious way.
But in the following, we introduce a much simpler expression of

than that used in [10], which in turn simplifies the
computation of the problem (11). This simplification is based
on an asymptotical form of as .

Let us write

(12)

as the eigenvalue decomposition of , where
is the diagonal matrix of the eigen-

values and is the (unitary) matrix of the eigenvectors.
Using (12) in (2), we have

(13)

Assuming that all elements in are i.i.d. Gaussian with zero
mean and unit variance, the elements in
are also i.i.d. Gaussian with zero mean and unit variance. Hence,
(13) is equivalent to

(14)

Applying [15, Theorem IV.1], which is also used in [20], (14)
has the following asymptotical form with respect to

(15)

where
, and and satisfy the following non-

linear equations, respectively:

(16)

(17)

with . Since the left hand sides of (16)
and (17) are monotonically increasing functions of and

respectively, and can be easily found, for
example, by the bisection method ([21, pp. 145]). It is worth
noting that (15) is an accurate approximation to the ergodic ca-
pacity (13) even when is as small as three [20].

With the closed form expression (15) at hand, the problem
(11) can be solved by the gradient projection method similar to
that developed in [10], which we will not repeat.

In Section V, we will illustrate the performance of the
PF-STPS scheme (8) and (11) numerically.

IV. QUALITY-OF-SERVICE BASED STPS SCHEME

To ensure a pre-determined data rate for each link, we can
formulate the QoS-STPS scheme as follows.

For slow fading channels, the QoS-STPS scheme is

(18)

(19)

(20)

where is the desired rate of link in bits/second/Hertz (bits/s/
Hz). The rate can be determined by a higher layer of the
network operation.

Here, we use to measure the data rate of link as a func-
tion of the transmitter covariance matrices of all links during
each time window of time slots. In practice, one can modify
this function according to the actual coding and modulation
methods deployed. It should also be noted that for each time
window of time slots, a set of active links must be decided
from a higher layer operation. Each set of active links may or
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may not overlap with other sets of active links. The construc-
tion of the sets of active links is also an important process for
QoS purpose. For example, if the data rates (in bits/s/Hz aver-
aged over time slots) of all links are the same and link re-
quires more data to be transferred than all other links, then link

should be included in more sets of active links than all other
links.

Unlike that in [2] and [3] where QoS is also utilized,
here is not constrained to have rank one. Furthermore,
here is allowed to vary with the time slot index .
With , the feasible region of , is un-
bounded unless the power is bounded. A proof of this is simple.
Under , a sub-optimal scheduling is such that only one
link is active per time slot, which is the well known TDMA.
Since there is no interference in each time slot, any finite data
rate is therefore feasible. But for any space-only power sched-
uling such as [2] and [3] where , the feasible region of

, is bounded (with ) even if the power is
unbounded.

For fast fading channels, the QoS-STPS scheme follows by
replacing (19) by the following:

(21)

The property of the unbounded feasible region for the QoS-
STPS scheme makes the optimization much easier. Since we
know that the equalities in (19) and (21) are always achievable
under , we can follow the penalty method ([19, Sec. 3.1])
to solve the above problems as shown next.

A. Slow Fading Channels

For slow fading channels, we define the following penalized
cost function:

where is the associated cost coefficient. In particular,
starts with a small value and then gradually increases as is
updated. The update of follows a gradient ascend. The update

of follows a projected gradient descend. With straightfor-
ward manipulations, one can verify the following recursions to
minimize

where are the step-size parameters,
denotes the operation of projecting an arbitrary Hermitian

matrix to the set of positive semidefinite matrices, and
and are shown at the bottom of the page.

The parameter should be chosen such that it increases with
the number of iterations, while and can be chosen, for ex-
ample, according to the Armijo rule along the feasible direction
([19, pp. 225–226]). In this rule, is a constant throughout
the iterations, and , where is the minimal nonneg-
ative integer that satisfies the following inequality

Here and are constants. According to [19, pp. 225–226],
usually is chosen close to 0, while a proper choice of is
from 0.1 to 0.5.

In the numerical simulations, we observe that with properly
chosen step-size parameters, the sequence with respect
to always converges to a local optimal solution that achieves
the equality in (19). The convergence criterion is given by

where is a positive constant close to zero.
In our simulations shown later, we use

, and .
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B. Fast Fading Channels

For fast fading channels, we will utilize the closed form ex-
pression (15). The original optimization becomes

(22)

(23)

(24)

where is the right side of (15).
Now using the penalty method, we define the cost function

as follows:

(25)

where is the associated cost coefficient.
The stationary point of can be found by an iter-

ative method, where at the th iteration, and are
updated in the positive and negative gradient directions respec-
tively as follows:

where

Here the step-size parameters can be chosen similarly as in
Section IV-A. In the numerical simulations, we observe that
with properly chosen step-size parameters, the sequence
always converges to a local optimal solution which satisfies the
equality in (23).

V. NUMERICAL EXAMPLES

We now illustrate the performance of the PF-STPS scheme
shown in Section III and the QoS-STPS scheme developed in
Section IV. Throughout the simulations, we set .

A. Performance of the PF-STPS Scheme

For convenience of comparison, we will refer to the sum ca-
pacity based STPS scheme shown in Section II as SC-STPS(A).
We will also consider the sum capacity based STPS with total
power constraint (9), instead of link-wise power constraint (5),
which will be referred to as SC-STPS(B).

For both slow and fast fading channels, we define the
signal-to-noise ratio (SNR) of the th link as

and the nominal interference-to-noise ratio
(INR) from the th transmitting node to the th receiving node
as . We set .
We consider an asymmetric network with strong links and

weak links, i.e.,

(26)

We also set and vary INR
in each example.

First, we simulate the slow fading channels where all channel
matrices are known at the scheduler.
We also assume that all elements in the channel matrices are
quasi-static, which remain constant within each block of
time slots but change independently from block to block with
i.i.d. Gaussian distribution.

The performance of all algorithms are compared in terms of
(a) the per link capacity averaged over strong links, (b) the per
link capacity averaged over weak links, and (c) the per link ca-
pacity averaged over all links, defined as follows:

where denotes the th link capacity (2) with the con-
verged for the th channel realization. We use
channel realizations. Obviously, we have

.
Fig. 2 illustrates the per link (mean) capacity of SC-STPS(A),

SC-STPS(B) and PF-STPS with and . In
terms of , the three schemes are about the same although
SC-STPS(B) is slightly better than others. Both SC-STPS(A)
and SC-STPS(B) maximize the sum capacity. But SC-STPS(B)
is subject to a weaker power constraint. Hence, SC-STPS(B) is
expected to yield a higher than SC-STPS(A). PF-STPS
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Fig. 2. Per link capacity comparison of the SC-STPS(A), SC-STPS(B), and
PF-STPS algorithms. Slow fading. � � �� � � � � ��.

is not designed to maximize the sum capacity and hence is ex-
pected to yield lower than the other two schemes. How-
ever, this numerical example shows that the differences in
among the three schemes are very small. This phenomenon is
also confirmed by other examples in our simulations. Fig. 2
also shows that the difference is the smallest
for PF-STPS, the second for SC-STPS(A) and the largest for
SC-STPS(B). This is expected from the problem formulation of
each scheme. But this numerical example shows that

varies significantly among the three schemes. Other ex-
amples in our simulation also support this observation. There-
fore, PF-STPS appears to have the best tradeoff between sum
capacity and fairness among the three schemes.

Next, we consider the fast fading channels. In this case, we
define the following performance measures:

where denotes the converged by the fast fading algo-
rithms, and here is performed by averaging over 1000 in-
dependent realizations of i.i.d. Gaussian channel matrices with
each given .

Fig. 3 illustrates the per link (mean) capacity of SC-STPS(A),
SC-STPS(B) and PF-STPS with and in the
fast fading case. The general phenomenon observed here is the
same as in the slow fading case.

B. Performance of the QoS-STPS Scheme

We evaluate the performance of the QoS-STPS scheme for
two different network settings:

• Symmetric network: The channel gains for all desired links
are , and the channel gains for all

Fig. 3. Per link capacity comparison of the SC-STPS(A), SC-STPS(B), and
PF-STPS algorithms. Fast fading. � � �� � � � � �.

Fig. 4. An asymmetric network: each node collects information at the rate �
and forwards the information to the access point (AP). The capacity of the three
active links (solid-line arrows) within a given time/frequency band must equal
to �� ��, and ��, respectively. The other two links (dash-line arrows) must
occupy a different time/frequency band so that no node transmits and receives
in the same time/frequency band. These two links are not considered in the sim-
ulation.

interfering links are , and
the rate requirement is .

• Asymmetric network: Five nodes are uniformly and lin-
early aligned together, forming a chain of relays accessing
to a common access point (AP) as shown in Fig. 4. We
consider power scheduling for the three links as indi-
cated by the solid arrows in a given time/frequency band.
(Given no node can transmit and receive in the same
time/frequency band, the other two links indicated by the
dash arrows would have to be scheduled in a different
time/frequency band.) The rate distribution for the three
links are , and . This is
a simple example of wireless mesh network with access
point.

For slow fading channels, we compare our slow fading
QoS-STPS scheme (18)–(20) with the slow fading single-beam
beamforming algorithm developed in [2]. For fast fading chan-
nels, we compare our fast fading QoS-STPS scheme (22)–(24)
with the following fast fading single-beam beamforming alter-
native:

(27)

(28)
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Fig. 5. Sum power comparison between the QoS-beamforming and the QoS-
STPS algorithms. Symmetric network. Slow fading. � � � and � � � � ��.

where is the interference-
plus-noise covariance matrix at the th receiving node when the
single-beam beamforming approach is applied at all transmit-
ting nodes, is an equivalent channel vector,

, and is a vector containing
all power allocation parameters. Note that for fast fading chan-
nels, we assume that the transmitter covariance matrices are
independent of the channel matrices. For any given rank-one
transmitter covariance matrix, there is one transmitting beam
vector. The equivalent channel vector of a link is simply the
channel matrix of the link multiplied by the transmitting beam
vector of the same link.

For the symmetric network and slow fading channels, Fig. 5
shows the total power (averaged over 100 channel realizations)
required by the (slow fading) QoS-beamforming scheme in [2]
and our (slow fading) QoS-STPS scheme versus the data rate

, where and while
or . With , the nominal interference level
is comparable to the desired signal level . With

, the nominal interference level is higher than the desired
signal level . In either case, the QoS-STPS scheme con-
sumes much less power than the QoS-beamforming scheme.
In the case of , the data rate b/s/Hz is
nearly infeasible for the QoS-beamforming scheme but is still
well within the feasible region for the QoS-STPS scheme. This
significant advantage of the QoS-STPS scheme over the QoS-
beamforming scheme is due to two reasons. The first is that
the QoS-STPS scheme fully utilizes the spatial freedom while
the QoS-beamforming scheme only exploits a single stream per
link. The second is that the QoS-STPS scheme optimally inte-
grates link scheduling (temporal freedom) with MIMO power
control (spatial freedom) while the QoS-beamforming does not
exploit the temporal freedom at all.

For the asymmetric network and slow fading channels, Fig. 6
shows the total power required by QoS-beamforming and QoS-
STPS versus the data rate . The advantage of QoS-STPS is
obvious.

For the symmetric network and fast fading channels, we se-
lect and Fig. 7 shows the sum power required
by QoS-beamforming and QoS-STPS versus the data rate .

Fig. 6. Sum power comparison between the QoS-beamforming and the QoS-
STPS algorithms. Asymmetric network. Slow fading. � � � and � � � � �.

Fig. 7. Sum power comparison between the QoS-beamforming and the QoS-
STPS algorithms. Symmetric network. Fast fading. � � � � �.

This figure highlights a fact that the performance difference be-
tween the two schemes increases dramatically as , and
increase. In particular, we see that the feasible region of data rate
for QoS-beamforming shrinks quickly as , and increase.

For the asymmetric network and fast fading channels, we se-
lect and and Fig. 8 shows the sum power
required by QoS-beamforming and QoS-STPS versus the data
rate .

It is useful to observe from Figs. 5–8 that at a moderate
power consumption, the QoS-STPS scheme can allow each link
to operate at a relatively high spectral efficiency in bits/s/Hz.
This suggests that the advanced physical layer technology of
MIMO transceivers can be deployed along with the QoS-STPS
scheme.

VI. CONCLUSION

In this paper, we have investigated the fairness and
quality-of-service (QoS) issues of the space-time power
scheduling (STPS) scheme for a network of distributed MIMO
links with a central scheduler. This scheduler can be elected
adaptively among any eligible nodes in the network. To solve
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Fig. 8. Sum power comparison between the QoS-beamforming and the QoS-
STPS algorithms. Asymmetric network. Fast fading. � � � and � � � � �.

the fairness issue in the case of asymmetric networks, we
have examined the proportional fair (PF) criterion. As shown
through simulation, the PF-STPS scheme provides a very
attractive tradeoff between sum capacity and fair distribution
of data rates in comparison to two other alternatives that
directly maximize the sum capacity. One innovation in this
part of this paper is a simplified closed form expression of the
ergodic capacity for fast fading channels, which simplifies the
optimization algorithm significantly. For the QoS issue, we
have developed the QoS-STPS scheme that minimizes the total
transmission power subject to data rate constraints. Within the
STPS framework where the transmitter covariance matrices are
functions of time and/or frequency, any set of finite link data
rates in any given time/frequency band can be feasible for a
finite network. We have exploited this property to transform the
original optimization problem into one much easier to solve.
This transformation would not have been possible without the
STPS framework. Simulation results consistently show that the
QoS-STPS scheme outperforms the QoS-beamforming scheme
in [2]. This paper has further demonstrated the importance of
the STPS scheme which optimally integrates link scheduling,
multiple-beam beamforming and power control.

It is anticipated that the STPS scheme can be applied to im-
prove many existing schemes and algorithms for multi-antenna
and multi-user systems. One such application can be single-
beam beamforming based STPS, which would retain part of
the simplicity of single-beam beamforming and at the same
time utilize the advantage of joint design of link scheduling and
power control. This would be a generalization of [2]. Another
application is to consider practical coding and modulation con-
straints for the STPS scheme.

The computational complexity of the STPS scheme needs fur-
ther research as it affects the size of the network to which the
STPS scheme can be applied in practice. The larger is the net-
work scheduled by the STPS scheme within a single time/fre-
quency band, the higher is the overall network power-and-spec-
tral efficiency.

Future research should also include a detailed evaluation of
the requirements for the STPS framework. The validity of the

knowledge of all channel matrices at the scheduler for slow
fading channels needs further examination. The validity of the
statistical channel model used for fast fading channels also
requires further attention. Research in this direction requires
multi-disciplinary efforts.
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