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Abstract— An iterative algorithm is presented to jointly
optimize the capacities for a number of interfering array-to-
array or MIMO flat-fading links. All signals are co-channel.
At each iteration for a given link, water-filling is used to
calculate the optimum transmitter signal vector correlation
matrices and receiver transformations under a constraint of
total transmitted power for that link. Thus, by controlling
the relative transmit powers at each of the interfering links
the relative capacities can be controlled. A Monte-Carlo
simulation was performed for an example three-link geome-
try. Several statistics for the three capacities are given for
various power control conditions.

I. INTRODUCTION

This paper considers joint optimization of power and ar-
ray weights for a set of interfering co-channel links, where
each transmitter and each receiver is assumed to have an
array antenna. Flat-fading is assumed. Our present goal
is to understand the flexibility in such a network in order
to concisely quantify link control parameters that might
someday be used by resource allocation algorithms.

Array-to-array links, also known as multiple-input
multiple-output (MIMO) wireless links, are well known to
provide extremely high spectral efficiency in rich multi-
path environments [1]. Many studies consider a single
point-to-point link, without co-channel interference. The
capacity of MIMO systems when the transmitter operates
without channel knowledge is given in [2]. The case of
an informed transmitter, where channel information is fed
back from the receiver to the transmitter, is explored in
[3]. The problem of determining the capacity of a MIMO
link with interference is considered in [4],[5]. Some stud-
ies have considered joint optimization of sets of co-channel
links that interfere with each other. These studies assume
that only the base-station has an array antenna; [6] con-
siders the uplink and-[7] considers the downlink. In a few
of these studies, iterative methods are used to determine
optimal power control and weight adaptation [6],[7]. Con-
trol over the spatial domain is limited to only one end of

Copyright (© 2001 IEEE. Reprinted from Proc. of the 54th Vehic-
ular Technology Conference, 2001.

This material is posted here with permission of the IEEE. Internal
or personal use of this material is permitted. However, permission
to reprint/republish this material for advertising or promotional pur-
poses or for creating new collective works for resale or redistribution
must be obtained from the IEEE by sending a blank email message
to pubs-permissions@ieee.org.

By choosing to view this document, you agree to all provisions of
the copyright laws protecting it.

the link in these link sets.

In this paper, we allow spatial control at both ends of
the link. In this way, a link that has, for example, the high-
est quality of service (QoS) requirement can devote all the
spatial degrees of freedom in both its transmitter and its
receiver to achieve the maximum capacity. An interfering
link with the lowest QoS must dedicate spatial degrees of
freedom at the transmitter simply to avoid making interfer-
ence on the high QoS link and must also dedicate spatial
degrees of freedom at its receiver to suppress the inter-
ference being generated by the high-QoS link. Whatever
is left after these avoidance and suppression requirements
are satisfied can be used for transmission of information.

The capacity of each link and its optimum transmitter
signal vector correlation matrix are functions of the chan-
nel and the external interference at the receiver. Since the
external interference is affected by the transmitter correla-
tion matrices of the interfering transmitters, the optimum
transmission strategies and the capacities of all links are
mutually dependent.

This paper gives an iterative method for determining
the optimum transmitter correlation matrices and receiver
transformations for each link in a set of interfering co-
channel links. The control parameter for each link is the
total transmitted power, normalized by the receiver noise.
The solution is optimum in the sense that the link capaci-
ties are maximized for given values of the control parame-
ters.

The paper is organized as follows: In Section II, we for-
mulate the MIMO channel capacity given by the water-
filling solution assuming additive Gaussian noise and fixed
interference. In Section III, the capacities of multiple co-
channel links are considered. An iterative method to de-
termine the capacities is introduced. In Section IV, some
network considerations are discussed. An example network
with three links is considered in Section V, and some results
are presented. Section VI concludes the paper.

II. CAPACITIES OF MIMO LINKS

In a flat-fading MIMO system, the output vector of the
receiver antenna array can be written as

y=Hx+n (1)

where y denotes the received signal, x denotes the trans-

mitted signal, n is a vector of noise samples, and H is the
complex channel matrix from the transmitter node to the



receiver. Each element H(a, b) of the channel matrix gives
the complex channel gain from antenna element a of the
transmitter to antenna element b of the receiver.

The channel capacity is obtained by maximizing the mu-
tual information between x and y, as

C= max log, |HPH' + 1 (2)
where P =E{xx’}, is the power allocation matrix, normal-

ized by the received noise power on a single receive antenna
element, earlier in the paper referred to as the transmitter
signal vector correlation matrix. If the transmitter does
not have an estimate of the channel matrix H, an equal
power allocation to the channel modes, namely, setting
P =(Pr,:/K)I, gives the best result [2],[8]. Here, Pro
is the total transmitted power, normalized by the additive
noise power; and K is the number of orthogonal spatial
channels formed, or the number of channel modes. How-
ever, if the transmitter knows the channel matrix, the clas-
sical water-filling method maximizes the expression in (2)
[5]. Let the singular-value decomposition of H be denoted
as H=USV’and the eigenvalue decomposition of P as
P = DXD’. Furthermore, let v/A; and ax, k = 1,...K be
the diagonal elements of S and 3, respectively. In accor-
dance with the convention, the singular values of H, /A,
are ordered such that Ay > Ay > - -+ > Ax.With the choice
of D =V, the expression for the capacity becomes [5]

K

C= max Y logy(l+Avow) (3)
k=1,...K k=1

With a total transmitted power of Pr., the classical
water-filling solution gives

P

where []+ indicates that only non-negative values are ac-

K
ceptable, and p is chosen so that >~ ap = Pro [5].
k=1

The maximum capacity is utilized when the transforma-
tion at the receiver equals U, and the power allocation
matrix at the transmitter array is given by P [5].

It is known that for network models with non-stationary
channels, such a smart utilization of the channel may re-
sult in worse performance than what would be obtained by
an equal power allocation to the channel modes [4]. There-
fore, we assume a stationary or a quasi-stationary channel,
where the channel estimation error does not have a signif-
icant effect on the results.

In the presence of a fixed interference with a covariance
matrix of R, the expression for the channel capacity be-
comes

I+R+HPH|

C= max log, T+R| . (5)

Applying a spatial whitening transform [4] to the channel
yields

H=[1+R]"'/*H, (6)

which reduces (5) to the simple form in (2), with a substitu-

tion of H —H. The water-filling method explained in the
previous section, again, gives the solution to the problem.

III. CAPACITIES OF INTERFERING LINKS

In a network with multiple interfering links, the inter-
ference correlation matrix seen by each link receiver array
varies with the transmitter correlation matrices of the in-
terfering nodes. The whitened channel matrix, H, for a
given link is a function of the interference, R. The trans-
mission strategy, in turn, is dependent on the whitened
channel matrix. As a result, a change in the power al-
location matrix of one link induces a change in the opti-
mum power allocation matrix of the other co-channel links.
Therefore, the optimum transmission strategies and the ca-
pacities of interfering co-channel links are mutually depen-
dent, and cannot be calculated directly.

An iterative method is used to determine the opti-
mum transmitter correlation matrices and receiver trans-
formations in such a network. At each iteration, every
transmitter-receiver pair optimizes its link capacity for the
measured interference at the receiver, and its respective
given total transmitted power. In the next iteration, the
interference seen at each receiver is different, and the cal-
culated transmission correlation matrices are closer to op-
timum. OQur simulations show that for a given channel
realization the capacities converge to a certain optimum
set of values. Note that with this iterative algorithm, the
optimum transmission strategies for a given link are found
based only on the channel gains for that link and the in-
terference correlation matrix observed at the receiver array
for that link. The knowledge of the channel gains between
other transmitter-receiver pairs is not necessary.

For about 90% of the channel trials of the method for a
network with two or three interfering links, and indepen-
dent Rayleigh fading channel coefficients, convergence was
achieved within about 12 iterations. The largest number
of iterations we encountered in 100 trials was about 30.

IV. NETWORK CONSIDERATIONS

Two main advantages of using MIMO systems are in-
creased capacity and spatial control at both ends of a link.
A MIMO link is known to yield a higher capacity than a
link with a single antenna at each end. The channel capac-
ity of a MIMO link increases linearly with SNR, (in dB) at
high SNR, with a slope that is proportional to the number
of significant singular values of the channel matrix [3]. The
capacity and its slope of a MIMO link generally decrease
as more degrees of freedom in the transmitter and receiver
arrays are used for interference suppression.

In spite of the capacity reduction in a particular link be-
cause of interference from other co-channel links, the over-
all utilization of the channel is enhanced, as we will show
in a simulation example. The total capacity of the links



is more than what would be achieved by time-multiplexing
the use of the channel. In addition to the capacity gain, al-
lowing multiple links to share a single channel also reduces
the delay jitter of received packets, and eases scheduling of
the use of channel. Since the nodes are allowed to transmit
at all times, the delays experienced by packets are expected
to be uniform. Instead of scheduling the use of time slots,
a way of allocating the capacities in accordance to certain
network flow configurations is needed.

Under light data traffic, however, it may not be advanta-
geous to have multiple interfering links active. When time-
division multiplexed, the nodes use power for transmission
only during their scheduled time slots. However, when co-
channel links operate simultaneously, all nodes transmit
continuously, and each link has a lower capacity than it
would have in the absence of interference. Although there
is a gain in the total capacity utilized, more power is trans-
mitted in the network.

In order to facilitate optimal network performance un-
der different QoS requirements at each individual link,
it might be necessary to allocate different capacity levels
to the links that must accommodate certain desired net-
work flows. From a power-aware point-of-view, this can
be achieved simply by adjusting the total powers at each
of the transmitting nodes. A link requiring less channel
capacity can reduce its transmitter power, and cause less
interference. On the other hand, a link requiring more ca-
pacity can either increase its transmitter power, or request
the other transmitters to reduce their powers.

The resulting allocation of the capacities is optimum,
since each link in the network gets the maximum capacity
for the power used. It is also remarkable that the allocation
process can be done without a central controller in the
network.

V. THREE-LINK EXAMPLE AND RESULTS

Shown in Figure 1 is a simple network with six nodes,
where the nodes are equally spaced on the corners of a
hexagon. The nodes are paired to form three simultane-
ously active links, shown by the black arrows. Each node
has an array of 4 antenna elements, spaced sufficiently far
apart to have independent fading. The gray arrows show
the sources of interference. Since each node in the sam-
ple network has 4 antenna elements, each channel is rep-
resented by a 4 X 4 matrix. In our simulations, channel is
assumed to be stationary and Rayleigh faded. The param-
eter for the Rayleigh distribution is set as a function of the
distance between the nodes.

To observe the statistics of the channels and the result-
ing capacities, 4000 channel realizations are generated for
each link, and corresponding capacities are calculated for
different sets of total transmitted power levels.

An illustration of the dependence of the link capacities
on total transmitted powers is given in Figure 2. The figure
shows the means of the capacities of the three links found
by the iterative method explained above for different total
powers transmitted. For each set of channel realizations,
the capacities are found iteratively, and the converged val-
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Fig. 1. A simple network with six nodes. Nodes 1, 3, and 5 are
transmitting data to 2, 4, and 6, respectively.
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Fig. 2. The expected capacities of three interfering links as a function
of the noise-normalized total transmitted powers.

ues of the capacity are averaged over 4000 trials. The two
horizontal axes represent the total powers transmitted from
nodes 3 and b, respectively, which vary from 0 to 20 dB.
The power of node 1 is held constant at 20dB. The vertical
axis is the capacity in bits/s/Hz. For each set of powers the
capacities found are different. The surfaces are not sym-
metric with respect to the line of equal powers for nodes 3
and 5. This is because the transmitter in link 1-2 makes
stronger interference on the receiver of link 5-6 than it does
on the receiver of link 3-4 because the distances are not the
same. However, there are some points of symmetry: For
example, the mean capacity of link 3-4 at the coordinates
(power(3),power(5))=(20,0) equals the mean capacity of
link 1-2 at the coordinates (power(3), power(5))=(0,20),
because of the symmetry of the hexagon.

Figure 3 shows the 90% confidence intervals for the three
link capacities for same set of power configurations as in
Figure 2. The surfaces are shown from two opposite view-
points. The surfaces showing the upper and lower interval



boundaries for the same link have the same color. The
interval widths are small, ranging from 2 to 5 bits/s/Hz.
The interval width is larger when there is more interfer-
ence. Therefore, the interval width at the front corner of
Figure 3(b) is more than at other power coordinates. The
surfaces corresponding to different links intersect at this
corner, where all three transmitters have the same power.

Figure 4 shows the cumulative distribution functions
(CDFs) of the capacities obtained from the simulations
when the links use equal power. The curve in the mid-
dle corresponds to the capacity of one link when there is
no interference from the transmitters of the other links.
This CDF is the same for all three links, because all links
have the same Tx-Rx distance. The curve on the left is the
CDF of one link’s capacity when all three transmitters are
on, with a noise-normalized-power of 20dB. Because of the
symmetry of the hexagon, this CDF is also the same for all
links.

The curve on the right is the CDF of the total capacity
when the three links are active at the same time. The
difference between the right and the middle curves is about
3 bits/s/Hz at the median; this shows that approximately a
12.4% capacity gain is obtained when the links are allowed
to operate simultaneously, as opposed to a system where
nodes take turns to transmit.

The curves in Figure 4 are very close to CDFs of normal
distributions. For a single-input single-output (SISO) link,
the capacity is given by

Csiso = logy(1+ Ap) (7

where ) is a chi-squared random variable when the channel
coeflicient is Rayleigh [2], and p is the noise-normalized
transmission power. For nodes with 4 antennas, assuming
the channel matrix has full rank, the capacity given by
equation (3) is the sum of 4 terms similar to the expression
in equation (7). Thus, the capacity is closer to a normal
random variable.

Figure 5 shows the CDFs of capacity for 1 x 1, 3 x 3,
4 x 4 and 8 x 8 MIMO configurations. In these graphs,
the vertical axis is distorted in such a way that the CDF
for a normal random variable appears as a straight line.
The plots in Figure 5 show that as the number of antennas
increases, the capacity distribution becomes more normal.
For each plot, 500 sets of channel samples are used. For
4 antennas the plot is linear, indicating that the capacity
can be modeled by a normal distribution.

VI. CONCLUSIONS

An iterative algorithm is presented to jointly optimize
the capacities for a number of interfering MIMO flat-fading
links. Transmit power is used as the control parameter to
allocate capacities as desired to each of the interfering links.
Results of a Monte-Carlo simulation are given for an ex-
ample three-link geometry. The statistical variation in the
capacity is small, suggesting that the relation between the
control parameters and the mean capacities may be suffi-
cient for network performance analysis. The improvement

in channel utilization acquired when co-channel links are al-
lowed instead of time-division multiplexing is found to be
about 12.4% for our three-link example. It is found that
the distribution of a MIMO link capacity can be modeled
as normal when the array size is 4 or more.
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