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Abstract-In this paper, we present a framework for rate and
power allocation in MIMO-OFDM systems using the V-BLAST
and SVD techniques. The performance of these techniques
are compared with one another and with waterfilling using
channel measurements on our MIMO-OFDM software defined
radio testbed. Specifically, we show with measured data that
sub-carrier rate adaptation allows for more efficient spectral
use. Furthermore, we show that power allocation over streams
provides significant gains as well. We analyze the impact of stale
channel feedback information on this rate and power allocation
framework and demonstrate how matrix channel prediction using
a Kalman-filter based, vector autoregressive model can alleviate
this problem.

I. INTRODUCTION

Software Defined Radio (SDR) technology makes use of
highly flexible radios that are able to use multiple commu-
nication standards on the same hardware [1]. This technol-
ogy is extremely valuable to the research community, since
an SDR platform can be used for experiments on multiple
communication schemes inexpensively compared to traditional
approaches.

Over the past few years, the data rate of wireless com-
munications has increased due to new techniques in signal
processing and spatial diversity. Multiple-input multiple-output
(MIMO) systems have the benefit of linearly increasing data
rate with an increase in antenna array size. Orthogonal fre-
quency division multiplexing (OFDM) can provide higher data
rates over a frequency selective channel by transmitting data
on multiple narrowband carriers. With the advent of SDR,
wireless communications has taken a step forward in the
ability to implement flexible algorithms to dynamically adapt
to the state of the propagation channel.

Various SDR architectures of MIMO [2], [3] or MIMO-
OFDM [4], [6], [7] communication systems have been imple-
mented ( [5] and references therein). The authors of [2] built
a MIMO SDR experimental platform to explore Low-Density
Parity-Check (LDPC) codes. This two node 4 x 4 system (links
with 4 transmit and 4 receive antennas) allows for configuring
and testing of new coding schemes. Similarly, another SDR
platform has been designed to consider diferent spatial multi-
plexing schemes [3]. This 2 x 2 system is implemented in DSP
boards to allow for real-time demonstration of the performance
of different coding schemes. A non real-time DSP-based SDR
platform aimed at implementing physical layer algorithms [5]

Fig. 1. Software Defined Radio lestbed Block Diagram

has been used to analyze the performance of space-time trellis
coding. Outdoor performance of a MIMO-OFDM SDR system
can be found in [6].

Out testbed [4], [7] allows for definition of not only coding
schemes but also supports OFDM. This five node 2 x 2 antenna
MIMO-OFDM system, allows for the testing of larger net-
works of MIMO links. The system is designed for maximum
flexibility in cross layer algorithms at the expense of slower
than real-time operation. A block diagram of our system is
shown in Fig. 1. A picture of a network node can be seen in
Fig. 2.

The goal of this paper is to provide a framework for rate
and power adaptation in a MIMO-OFDM system through
experimental measurements on an SDR platform. Previous
work has explored adaptive techniques for modulation over
each OFDM sub-carrier [8]-[10]. Sub-carrier rate adaption
allows for more efficient spectral use by tuning the rates of
each sub-carrier based upon estimated channel conditions. This
prior work [8] either assumed that power is fixed over each
sub-carrier, or assumed a fixed rate [9], [10].
We propose a technique to optimize not only rate, but also

power, over sub-carriers to better utilize available spectral
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Fig. 3. V-BLAST for a 2 x 2 MIMO-OFDM system with N sub-carriers

ig. 2. MIMO OFDM SDR node

resources based on channel conditions. We also quantify the
impact of stale estimates of channel state information (CSI)
on our algorithm and demonstrate how a Kalman-filter based,
vector autoregressive model can alleviate bit error rate (BER)
performance degradation. All techniques described in the pa-
per were evaluated using measured channels from our MlMO-
OFDM SDR testbed, described more in detail at section IV.

11. SYSTEM MODEL
We consider a broadband MIMO system employing At

transmit and AM, receive antennas. The symbol vector x(n) is
transmitted through a complex-valued random MIMO fading
channel, Hl, of size M1, X MN1t. Hi represents the lth delayed
time tap of the discrete-time MIMO channel impulse response,
and L is the total number of time taps. The matrix-valued
transfer function [I 1] is,

L-1

H(d'') = E Hlc-JT l)
1=0

where 0 is a random variable with 0 < 0 < 1.
The main motivation for using OFDM, is to transform

the frequency-selective MIMO channel into a set of parallel
frequency-flat MIMO channels. More specifically, the symbols
to be transmitted are organized into frequency vectors of length
N, where N denotes the number of sub-carriers or tones, our
system is using. If we assume a correct choice of cyclic prefix
(CP) and perfect synchronization for sampling so that the
interference from adjacent sub-carriers is completely removed
[12]. the input-output relationship of the system on a tone by
tone basis is,

Yk = HkXk + hk (2)
for the kth sub-carrier. Yk is the Al, 1 received signal vector,
Hk is the Alt, x Alt channel matrix, Xk is the Mt x 1 trans-
mitted signal vector, and nk is the complex-valued, circularly
symmetric additive white Gaussian noise vector.

Certain MIMO channel conditions lead to the situation
where the channel gains are uncorrelated. This occurs for
high rank Hk matrices. When this condition occurs, there are
multiple "streams", that can be used for communications. In
this paper, we refer to the jth particular stream of Jk total
streams, where Jk is the number of non-zero singular values
of Hk,. In the rest of the document, unless otherwise specified,
the equations written involving y, H, x, J, and n will refer
to the sub-carrier quantity without specifying the subscript k.

Ill. MIMO TRANSMISSION TECHNIQUES AND RATE
ADAPTATION

We continue our discussion by implementing different rate
adaptation techniques in software in order to adapt the com-
munications system efficiently in the presence of changing
channel effects.

A. V-BLAST with Zero Forcing and Limited Channel Feedback
The V-BLAST (Vertical Bell Laboratories Layered Space

Time) architecture was developed by Foschini, et aL [13],
[14]. As shown in Fig. 3, the data bits to be transmitted are
demultiplexed into Mt parallel streams per sub-carrier (though
not all sub-carriers may be used) and are mapped from bit-
to-symbol. where all Mt symbols per sub-carrier are drawn
from the same constellation. The symbols are passed through
an OFDM modulator and then transmitted in parallel from the
Mt antennas [13], [14]. Unlike the SVD method, discussed
later in this paper, V-BLAST does not require any inter-stream
coding. The transmit power of each antenna and sub-carrier is
fixed.

The post-processing SNR of the jth stream is

Xj2
SNRJ N= 12

NOIWi1 2

where No is defined such that E{nnrr } NoIlm, E{.}
denotes expectation and I'm is an identity matrix for size
M, x Air. wj is the minimum norm row of the pseudoinverse
of the channel matrix H.

The non-linear procedure of ordering the estimation and
successive cancellation guarantees that the SNR over all
streams is maximized [13], [14]. Also, as a consequence ofthe
Cauchy-Schwartz inequality, the overall SNR is lower bounded
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by the SNR of the first detected stream [13], [14]. The lower
bound on SNR possible with V-BLAST will also provide a
upper bound for BER. However, this BER bound will only
hold when the same constellation is used fbr all the streams
in the transmitted vector.

When different modulation constellations are used, the BER
is no longer a function of only the SNR, but also of the
constellation in use. In general, as the constellation size grows,
the BER performance for a given SNR level decreases. Thus,
if different constellations are used on different streams of
the same sub-carrier, the Zero Forcing (ZF) algorithm with
Successive Cancellation (SC) procedure might yield worst
BER performance than if no particularly ordering was used
for cancellation, as shown in [15].

The goal in rate adaptation is to adjust the modulation index
of the signal constellation given feedback from the receiver,
to meet the SNR requirements for successful communication.
This feedback can either be performed by using one constel-
lation on all sub-carriers and streams, which is equivalent to
setting the constellation size by the worst SNR sub-carrier.
This flavor of VBLAST will be referred as VBLAST1 for
performance evaluation purposes. Alternatively, feedback can
be performed on a sub-carrier by sub-carrier basis. In the
latter case, the streams in each sub-carrier will use the same
constellation, however this constellation will vary from sub-
carrier to sub-carrier. This second variant of VBLAST will be
referred to as VBLAST2.

B. SVD Method and Full Channel Feedback

In the case where full CSI (channel state infbrmation)
is available at the transmitter, the SVD method [16] is an
alternative to the V-BLAST method. In the SVD method,
each antenna transmits a linear combination of all streams,
as opposed to V-BLAST, where each stream is transmitted by
one antenna. The MIMO-OFDM matrix channel at each sub-
carrier can be decomposed using singular value decomposition
as H = USV , where * denotes the complex conjugate trans-
pose.

As shown in Fig. 4, the data bits to be transmitted are
demultiplexed into JIt parallel streams per sub-carrier (though
not all streams in every sub-carrier may be used) and are
mapped independently from bit-to-symbol (to symbol vector
x) from potentially diffrent signal constellations. The trans-
mitted symbol vector per sub-carrier, k, is the symbol vector
per sub-carrier x pre-multiplied by matrix V [16]. The input
to the OFDM modulator for a particular sub-carrier is a linear
combination of all streams in that sub-carrier.

The received signal vector, per sub-carrier, is y = USx+n.
This received vector is post-multiplied by U*. We see that the
above procedure decouples the aL x Al, MIMO channel into
J parallel single input single output (SISO) streams, where J
equals the number of non-zero singular values of H, 1 < j <
mnm (VTr, At). The post processing SNR of stream j, in terms
of the jth singular value Aj of H is

Fig. 4. SVD fbr a 2 x 2 MIMO-OFDM system with N sub-carriers

SNRj IN ' (4)

The power allocation that maximizes the theoretical capacity
of the above scheme is given by the well known waterfilling
solution [16], where the power is allocated per stream and
sub-carrier as,

(5)

where pj- is the power allocated to the j stream of the kLh
sub-carrier and p, is the "water level" specified by the total
available transmit power P using EZ2 j= Pi4 T=
J is the number of non-zero singular values of the channel
matrix of the kth sub-carrier.

This maximization scheme does not take into account the
fact that in practice we have to use constellations that consist
of an integer number of bits, b6 usually b {1 ..., 6} (i.e.
BPSK to 64-QAM). In this practical situation, waterfilling,
while maximizing the theoretical capacity, does not maximize
the total number of bits that a single MIMO-OFDM symbol
can carry. This non-optimal loading occurs, first, because
the technique may assign power to streams that are too
weak to carry at least 1 bit (thus this power is never really
"assigned"). Secondly, the technique may assign more power
than necessary to transmit an integer number of bits.

The wasted power from these "bit quantization" errors, if
gathered from all streams and sub-carriers, can be efficiently
re-assigned to a smaller number of streams than the original
power allocation so that more bits can be carried per symbol.
This reduction in the number of streams can be done in
the same way as described in [17], [18], where the authors
investigate the problem of assigning power in a SISO-OFDM
system. The difference in our situation [17], [18] is that we
possibly have more than one symbol stream per sub-carrier.

To address this bit loading issue, a table is constructed with
the values of power that need to be assigned to each stream
in order to carry an additional bit, given some BER constraint
[17]. Since wre start with no bits being allocated, the initial
values are the power that need to be assigned so that the stream
will be able to carry one bit. Until all of the available power is
allocated, in each step, we choose the minimum value from the
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table. Next, we assign the respective stream one bit and deduct
the power required for this allocation from the total available
power. We then update the table value for that particular stream
to reflect the power required to add an additional bit and repeat
the procedure until all power is allocated. While the above
procedure is not waterfilling in the classical sense, quoting
the words from [17] "since it puts every increment of power
where it will be more effective, it appears to be optimum
for multicarrier transmission using QAM constellations and
symbol by symbol detection".
We investigate two different versions of the SVD method.

In the first version, SVD1, we keep the power per sub-carrier
constant and perform the above bit loading algorithm per sub-
carrier (between the two streams of the sub-carrier). In the
second version, SVD2, the bit loading algorithn is performed
along all of the sub-carriers. In SVD2, after the completion of
the algorithm, the power assigned per sub-carrier is diffrent.

Waterfillingl Power per sub-carrier fixed
Waterfilling2 Power varies across sub-carriers
V1BLAST T Symbols use the same constellation (integer bit load)
VBLAST2 Symbol constellation vsaries over sub-carrier (int. bit load)
SVDI Power per sub-carrier fixed (integer bit load)
SVIY Power varies across sub-carriers (integer bit load,

TABLE I

ABBREVIATION REFERENCE FOR ALLOCATION TECHNIQUES

IV. MEASUREMENT CONFIGURATION

For our measurements the Drexel University Wireless Sys-
tem Laboratory in collaboration with the Wireless Networking
& Communications Group at the University of Texas at Austin
developed a custom software defined multiple antenna mobile
ad hoc network. Each node in our experimental platform
consists of frequency agile transceivers in the ISM and UNII
radio operating bands and a baseband process computer. The
baseband chassis provided by National Instruments has two
major functional roles. First, the unit runs the analog to digital
(A/D) and (D/A) converters required to for two transceivers.
The converters operate at 100 MS/s with 14-bit quantization.
Second, the baseband unit is a software defined radio (SDR).
This allows for the unique ability to tailor the communication
scheme for a given experiment. An overview of the testbed
can be seen in Figure 1.

To test our optimization, we collected channel measure-
ments for a 2 x 2 MIMO SDR communication system. The
spacing of the antennas was one wavelength operating at 2.484
GHz. The measurements were made in an indoor environment
on the 3rd floor of the Bossone building on the campus of
Drexel University. The 20 MHz system bandwidth is separated
into 64, 31.25 kHz OFDM sub-carriers. The system deployed
is similar to the 802.1 Ia scheme which only uses 52 sub-
carriers. In each measurement, 100 snapshots of the MIMO
channel are recorded. Our measured channels are then used to
analyze the different rate adaptation schemes.

V. RESULTS

Table I is provided to aid the reader in comparing and
contrasting the techniques used in this paper. Our analysis will
consider BPSK and QAM modulation (with modulation index
fromAlMC {4, ... 64}) and a BER of 10- . The calculation
of the BER as a function of SNR is [19],

Pb 02e02 ( No)g (6)

11 i- 15 20 2LI 30
SNR (dB) per subcarrier

Fig. 5. Capacity for the methods

where g 2 3
- for square QAM (A =4, 16 and 64) and

g = 5M-4 for rectangular QAM (AM=8 and 32). The BPSK
case is a special case of rectangular QAM and is treated with
the corresponding formula for M=2 [19].

A. Known Channel Information
Fig. 5 shows the capacity, measured in bits per symbol

time, based upon the measured channel using both the V-
BLAST and SVD methods for various SNR values. Along
with these methods, the theoretical capacity obtained using
the waterfilling procedure is also used as a benchmark. The
waterfilling method is used assuming infinite granularity in
our constellation size, opposed to an integer constellation size
for V-BLAST and SVD methods. Waterfillingl is analogous
to SVD1 and Waterfilling2 is analogous to SVD2.

The capacity for Waterfillingl coincides with Waterfilling2.
From this overlap, we conclude that allocating the total
available power in a per sub-carrier basis does not matter.
However, if we compare the performance of SVD 1 and SVD2,
the integer bit constraint we are imposing on our system
limits the achievable capacity. Furthermore, SVD2 capacity
is greater than SVD1 capacity due to the additional degree of
freedom in allocating power over both sub-carrier and stream.
When power is allocated per sub-carrier, excess power may
remain when an additional bit cannot be loaded. The results
from SVD2 compared with SVDI show that If we have the
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Fig. 6. Power allocated by SVD2 per stream at ani of SNR 15 dB

flexibility to gather excess power from all the sub-carriers, this
power may be enough to load additional bits.

As expected, the two V-BLAST methods perform worse
than the SVD methods. This result occurs because the V-
BLAST techniques use an "all or nothing" strategy (i.e. two
streams are used per sub-carrier or none). The capacity at
a given SNR is higher for V-BLAST2 in comparison with
V-BLAST 1. This is because V-BLAST1 transmits nothing
unless all of the sub-carriers can be loaded with two streams
compared to V-BLAST2 which does not transmit only when
the two streams for one sub-carrier cannot be loaded.

Both SVD methods reduce to a beamforming scheme at
low SNRs, where only one of the available streams is loaded
with a symbol. When the difference in the singular values per
sub-carrier is relatively large (and both streams are used in a
sub-carrier at high SNRs > 15 dB), symbols are assigned from
diffrent constellations in the two streams of a sub-carrier. For
example, when the SNR is very high, both the streams will
be loaded with a symbol from the 64-QAM constellation.

In Fig. 6, we show the waterfilling graph for a given
snapshot of our channel measurements at an SNR level of 15
dB per sub-carrier. The power that is assigned fbr the SVD2
case is stacked on top of the 1/A' computed for waterfilling
calculations. The line shown is the "water level" as calculated
using the classical waterfilling method in Eq. 5. Since the
"water level" is above all of the 1A/ values, the classical
waterfilling solution has assigned power to all streams (with
the power per stream given by the difference between the
"water level" and 1A>) . We see that some streams in the
SVD2 power allocation have been assigned a lot more power
than the water filling solution would allow, whereas some other
streams do have any power allocated to them. This difference
in power allocation occurs due to the integer bit constraint that
we have imposed in the system.

B. Stale Channel Information
In the previous discussion of results, we have assumed that

channel information is timely fed back to the transmitter in
order to perform the discussed adaptation. In this section, we
discuss the impact of stale channel knowledge on the discussed
methods. The channel is described as "stale" because the
channel used for adaptation represents an old estimate that
may not adequately describe current conditions.

In the case of the SVD method, stale channel information
leads to the wrong estimation of the singular vectors U and V
that are used to diagonalize the channel matrix. In this case, the
two streams on a given sub-carrier are no longer decoupled.
Thus inter-stream "interference" is present [20], for the case
where both of the streams will be loaded with bits (i.e. high
SNR). Secondly, the channel gains are no longer representative
of the channel, which leads us to load the bits across the sub-
carriers in a suboptimal fashion.

In the case of the VBLAST methods, we still assume that
the receiver has perfect channel knowledge so the correct
pseudo-inverse channel matrix can be calculated. However the
channel fed back to the transmitted may be stale. Thus, the
transmitter with this stale channel knowledge, may load bits
sub-optimally across the sub-carriers.

In order to limit the impact of stale channel infbrmation
on the system, we use a matrix channel prediction algorithm,
adopted from the vector channel prediction algorithm pre-
sented in [21]. The method uses a Kalman-filter based, vector
autoregressive (VAR) model, in order to estimate the matrix
channel based upon past knowledge. Channel estimates are
used to train the system during a given training period. The
Kalman filter approach reduces the computational complexity
of the VAR model update during the training period. At the
end of the training period, predictions are made using the VAR
model for a certain prediction horizon [21].

In Fig. 7, the BER performance of the SVD techniques
is presented with and without prediction. We can see that
the prediction method performs very well in terms of BER
for SNR lower than 12 dB, while for higher SNR, the BER
becomes significant with and without prediction. In the high
SNR region, both streams on each sub-carrier become active,
which causes spatial interference and performance degrada-
tion. This spatial interference is because the channel matrix is
not diagonalized by U and V. In the SNR region above 25
dB, all the streams are fully loaded with data bits, which is
why the BER curve stops increasing with increasing SNR.

To support this loading result, we refer to Fig. 8. In
this graph, the number of streams per sub-carrier is shown
for SVDI, SVD2 and VBLAST2 techniques. For the SVD
methods, we see that the stronger stream in each sub-carrier
gradually becomes active until SNR reaches 15 dB3. For SNR
above 15 dB, the second stream in each sub-carrier becomes
active, and thus introduces inter stream interference. In the
same graph, we see that the VBLAST2 method, gradually
activates sub-carriers in the SNR region from 10 to 15 dB.
For SNR greater than 15 dB, all sub-carriers and streams are
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Fig. 7. Bit error rate comparison of the SVD teclniques with and without
prediction.
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Fig. 8. Number of streams per sub-carrier as a function of SNR fbr SVDl,
SVD2 and VBLAST2.

active for VBLAST2. We did not include in the same graph
VBLAST1I since this technique simultaneously activates all
sub-carriers, with two streams each, at an SNR of approxi-
mately 15 dB. Comparison of Fig. 8 and Fig. 7 shows that
the BER follows the same pattern with increasing SNR as
the number of streams per sub-carrier. However, when matrix
channel prediction is used, the BER is insignificant in the
low SNR region where the SVD methods are reduced to
beamforming.

VI. CONCLUSIONS

In this paper, we have presented a framework for rate
and power allocation in MIMO-OFDM systems using the V-
BLAST and SVD techniques. The performance of these tech-
niques were compared with one another and with waterfiling

based upon channel measurements that were taken on our
MIMO-OFDM softxare defined radio testbed. Specifically, we
have shown with measured data that sub-carrier rate adaptation
allows for more efficient spectral use. Furthermore, we show
that control of power allocation over stream provides signif-
icant gains. Finally, we analyzed the impact of stale channel
information on this power and rate adaptation framework and
demonstrated how matrix channel prediction can suppress
this problem. This research motivates the investigation of
stronger channel estimation and prediction techniques. Also,
work could be done to modify the V-BLAST technique to
allow for single antenna transmission at low values of SNR.
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