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Abstract—In this letter, we present a modification of Vertical
Bell Laboratories Layered Space–Time (V-BLAST), and propose
an effective transmit power allocation (TPA) scheme for the modified system. The proposed TPA scheme minimizes the uncoded biterror rate (BER) averaged over all detection stages, and requires
small feedback overhead. Simulation results show that the modified V-BLAST system with the proposed TPA scheme provides
a significant reduction in the uncoded BER compared with the
conventional V-BLAST system. When the minimum mean-square
error nulling is adopted, the modified V-BLAST system is found to
achieve the uncoded BER performance comparable to that of the
maximum-likelihood detection for the conventional V-BLAST architecture.
Index Terms—Bit-error rate (BER), detection ordering, multiple-input multiple-output (MIMO) system, transmit power
allocation (TPA), Vertical Bell Laboratories Layered Space–Time
(V-BLAST).

I. INTRODUCTION

M

ULTIPLE-INPUT multiple-output (MIMO) systems
can provide enormous capacities through appropriate
space–time processing [1]–[3]. A spatio-temporal processing
architecture studied in [3] is a means to approach the theoretical
capacity limit of MIMO systems. This system requires a feedback mechanism and complex processing at both the transmitter
and receiver. On the other hand, Diagonal Bell Laboratories
Layered Space–Time (D-BLAST) in [4] eliminates the need
for feedback. However, this system requires a complex coding
structure that makes the detection procedure complicated.
In [5], Vertical BLAST (V-BLAST) has been proposed as a
simplified version of D-BLAST. This system does not need a
complex coding structure, unlike a D-BLAST. Simple coding
and detection structures make the V-BLAST attractive.
There have been some attempts to improve the original
V-BLAST system [6]–[10]. One such approach is to incorporate an effective transmit power allocation (TPA) into the
original V-BLAST, where equal power is assigned to transmit
antennas [5]. Transmit power is adapted according to the
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channel condition, which necessitates a feedback mechanism.
However, a feedback overhead needed for TPA is relatively
small, compared with the system in [3]. In [6]–[8], TPA
schemes with small feedback overhead have been investigated
to increase the capacity of V-BLAST systems through rate
adaptation [10]. However, there have been few attempts to
improve the error-rate performance of MIMO systems for a
given fixed rate.
In this letter, we present a modification of V-BLAST that
incorporates TPA, and propose an effective TPA scheme to
improve the bit-error rate (BER) performance. In the V-BLAST
detection algorithm, a diversity order for an earlier detection
stage is less than that for a later one [2], [5], [9]. Considering
this characteristic and the effects of error propagation [9],
it is apparent that early detection stages limit the overall
performance. Although a detection-ordering scheme in [5]
mitigates this problem, it may not sufficiently compensate for
low diversity orders of early detection stages [9]. Hence, TPA
for the modified V-BLAST may offer further improvement of
early stages, enhancing the overall performance. We develop
a TPA scheme that minimizes the BER. The transmit power
determined at the receiver is transferred to the transmitter.
The feedback overhead for the proposed TPA is relatively
small, compared with the system in [3], since the feedback
information contains only the transmit power rather than full
channel state information.
II. MODIFIED V-BLAST SYSTEM
A. System Description
The modified V-BLAST system is equipped with transmit
) receive antennas. In the transmitter, a data stream
and (
is demultiplexed into
independent substreams, and then
each substream is encoded into transmit symbols using the
same modulation scheme. Based on the feedback information,
is assigned to the data symbol , and
the transmit power
the symbol is transmitted through the th transmit antenna.
The receiver estimates the transmit symbols from the received
receive antennas, and determines the transmit
signals at
(
).
power
The baseband equivalent of the -dimensional received
at sampling instants
signal vector
may be expressed as
(1)
where
denotes the transmit symbol
vector with each element having the unit average power, and
denotes the
channel matrix, whose element
at the th row and th column is the channel gain from the
th transmit antenna to the th receive antenna, and they are
assumed to be independent and identically distributed (i.i.d.)
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complex Gaussian random variables with zero mean and unit
variance. The elements of the -dimensional noise vector
are assumed to be i.i.d. complex
Gaussian random variables with zero mean and variance of
. It is assumed that the channel estimation at the receiver is
perfect, and that the receiver determines the transmit power
(
) for
transmit antennas with the total
power constraint
, and sends the power to the
transmitter through an error-free feedback channel. A diagonal
in (1) represents the
matrix
transmit power. For the conventional V-BLAST system without
for all , and thus, is equal to the
feedback,
identity matrix
.

The nulling vector in (2f) can be rewritten as
(3)
corresponds to the
where the vector
. We denulling vector of the th detection stage, when
fine the postdetection SINR, which determines the performance
in (2f).
of each stage, as the SINR of the decision statistic
The interference component is zero for zero-forcing (ZF), but
nonzero for minimum mean-square error (MMSE). From (2f)
for the th symbol can be
and (3), the postdetection SINR
calculated as
(4)

B. Detection Algorithm for the Modified V-BLAST System
For a conventional V-BLAST system, a detection algorithm
has been presented in [5]. The algorithm uses the linear nulling
and successive interference cancellation processes to estimate
transmit symbols. This algorithm can easily be modified for
the modified V-BLAST system.
1) Detection Algorithm for ZF Nulling: With a TPA matrix
being introduced, the detection algorithm in [5] can be modified as follows.
Initialization:
(2a)
(2b)
(2c)
(2d)

is a random variable and is related to the weight vector
and transmit power
for the th symbol. The average performance of the th detection stage is determined from the prob. The effects of
on the distribution
ability distribution of
may be characterized in terms of a diversity order [9]. It
of
in (4) provides the distribution of
with a
is known that
[2], [9]. This indicates that later dediversity order of
tection stages achieve higher diversity orders, when error propon
agation is not considered. The effects of transmit power
and the average performance will be discussed in Section IV.
2) Detection Algorithm for MMSE Nulling: Unlike the ZF
nulling that removes the interference components completely
but results in noise enhancement, the MMSE nulling compromises interference suppression and noise enhancement, such
that the mean-square error (MSE) between the transmit symbol
and estimate of the receiver is minimized. In the case of MMSE,
in (2c) and (2i) should be changed as
the nulling matrix

Recursion:
(2e)
(2f)
(2g)
(2h)
(2i)

(5)
denotes the conjugate transpose. Furthermore, the
where
detection order should be determined from the SINR for the
MMSE nulling. Correspondingly, (2d) and (2j) are modified to

(2j)
(2k)
where
denotes the Moore–Penrose pseudoinverse,
is
is the th row of a matrix,
is
the norm of a vector,
is a matrix formed by zethe th column of a matrix, and
roing the
th columns of the argument matrix.
is the slicing operator associated with a modulation scheme,
is the estimated value of
. In (2a)–(2k),
is the
and
symbol index detected at the th stage, and thus the sequence
is the detection order of
transmit symbols. Note that this detection order is determined based on the
signal-to-interference-plus-noise ratio (SINR) of transmit sym, since not
but is used in (2d) and (2j).
bols with
The rationale for this is that the TPA, to be described in Section III, is determined under the assumption that the detection
.
procedure follows the detection order for

(6)
where

is the nulling matrix in the case of
, and
denotes the element of the matrix at the
th row and th column. Except for determinations of
and
described in (5) and (6), the detection algorithm for the MMSE
case is the same as that for the ZF case in (2a)–(2k). For the
for the th symbol is
MMSE case, the postdetection SINR
calculated as
(7)
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Note that the postdetection SINR
depends on the transmit
power for other symbols as well as that for the th symbol, in
contrast to the ZF case.

where is the Lagrange multiplier, and the total transmit power
constraint is given as
(12)

III. TRANSMIT POWER ALLOCATION
In Section III-A, we derive a TPA scheme that minimizes the
BER. In the derivations, we assume that ZF is used for nulling,
and the MMSE case is discussed in brief. In Section III-B, the
results of Section III-A are applied to an uncoded quadrature
amplitude modulation (QAM).

From

A. Derivation of TPA Scheme

Solving
simultaneous equations in (12) and (13), we can
obtain a set of transmit power
that minimizes the BER in
(10).
As discussed in Section II, the postdetection SINR in (7) for
the MMSE case depends on the transmit power for other symbols, as well as that for the corresponding symbol. In this case,
the derivation of the TPA scheme is not tractable in a manner
described above, and this necessitates an approximation of (7).
Note that the postdetection SINR in (4) for the ZF case is expressed as a product of the transmit power of the corresponding
symbol and the postdetection SINR obtained with equal TPA.
This implies that the transmit power for each symbol affects the
postdetection SINR as a scaling factor. We use this relationship
to approximate (7), on the basis that the fundamental operation
of MMSE is the same as that of ZF, except for the consideration
in (7) is approxiof noise. Hence, the postdetection SINR
mated as

To derive a TPA scheme, we first express the BER of each
transmit symbol as a function of transmit power
, and find
that minimizes the overall BER. If
the cancellations of previously detected symbols are perfect, the
of the th transmit symbol for a given channel state
BER
may be represented as a function of the postdetection SINR in
(4)
(8)
where the function
is determined by a specific modulation
scheme. Taking the effects of error propagation into considera(
) of each detection
tion, the actual BER
stage for a given channel state may be approximated as

, a set of

equations is found as

(13)

(14)

where
(9)
where
denotes the probability of bit error at the th de) previous detectection stage, given that stages out of (
tion stages are erroneously detected. The approximations in (9)
result from neglecting second and higher order terms of
and
, which may be justified at high signal-to-noise ratio
(SNR). Since the transmit symbols are independent of one anmay be calculated as an arithmetic
other, the overall BER
mean of the BER for every symbol

is the transmit power,

is the postdetec, and
is the weight vector for
tion SINR for
. It should be noted that the approximation might not
be justified at low SNR. With the approximation in (14), the
transmit power can be calculated in a similar manner as the ZF
and
should be separately calculated
case. Note that
to determine the transmit power and to estimate the transmit
symbols, respectively, since there is no explicit relationship
and
, in contrast to the ZF case. This may
between
increase the computational requirements of the receiver compared with the case of the conventional V-BLAST system.
B. Application to Uncoded QAM

(10)
We use the Lagrange multiplier method to find transmit
that minimizes the overall BER in (10) under
power
the total transmit power constraint. The cost function may be
expressed as

When uncoded -ary QAM is employed for all symbols, the
BER for the th symbol
can be tightly approximated by an
as [11]
exponential function of
(15)
and from (4) and (14),

is defined as
ZF
(16)

(11)

MMSE .
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In this case, (13) can be rewritten as

(17)
By solving simultaneous equations in (12) and (17), we can find
the solution for the transmit power as

(18)

Fig. 1. Effects of BER expressions for TPA on the uncoded BER performance
of the modified V-BLAST for a (4, 4) MIMO system.

(
) are required in
As shown in (16) and (18),
calculating
, and they are calculated using the nulling vectors
(
). These nulling vectors can be calculated
. Note
using the detection algorithm in (2a)–(2k) with
(
) need
that the conditional probabilities
to be predetermined to calculate the transmit power. If we set
(
) to ignore error propagations in the
overall BER equation in (10), the TPA in (18) may be simplified
to

(19)
IV. NUMERICAL RESULTS
In this section, the performance of the modified V-BLAST
system with the proposed TPA is evaluated and compared with
that of the conventional V-BLAST system with equal TPA. The
performance of the maximum-likelihood (ML) detection with
equal TPA is also presented for comparison purposes. Although
the ML detection does not need feedback and provides the best
performance among detection schemes of the conventional
V-BLAST [12], it generally requires larger complexity than the
V-BLAST detection. Quaternary phase-shift keying (QPSK)
modulation (
) is assumed to be employed, and the
transmit power for the modified V-BLAST system is calculated
using (19), unless explicitly specified. We use ( , ) notation
to represent a MIMO configuration with
transmit and
receive antennas.
Fig. 1 shows the effects of BER expressions for TPA on the
overall uncoded BER performance of the modified V-BLAST
for a (4, 4) MIMO system. For both ZF and MMSE nulling
schemes, two BER curves are obtained through simulations
using TPA in (18) and (19), respectively. It is observed that the
two BER curves are almost indistinguishable for both the ZF

Fig. 2. Effects of detection ordering and proposed TPA on the uncoded BER
performance of each detection stage for a (4, 4) MIMO system with ZF nulling,
when error propagation is ignored.

and MMSE cases. This indicates that it hardly affects the performance of TPA, whether the error propagation is considered
or not in the BER equation. Based on this observation, we use
the simpler (19) rather than (18) in the subsequent results. In
Fig. 1, we also verify that the semianalytic results agree well
with the simulation results, especially for the MMSE case. A
slight difference may be due to the approximations in (9) and
Gaussian approximation of interference in (15).
Fig. 2 shows the effects of the detection ordering and proposed TPA on the uncoded BER performance of each detection
stage for a (4, 4) MIMO system with ZF nulling. Note that only
the detection ordering is used for the conventional V-BLAST
system, whereas both the detection ordering and proposed TPA
are used for the modified V-BLAST system. Error propagation
is ignored in calculating the BER for each stage, and the results
are obtained through semianalytic methods using (15) and (16).
Without the detection ordering and TPA, the BERs for earlier
detection stages are shown to decrease more slowly with SNR
per receive antenna (
) than the BERs for later stages. This
verifies that the earlier detection stage has the lower diversity
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Fig. 3. Effects of detection ordering and proposed TPA on the uncoded BER
performance of each detection stage for a (4, 4) MIMO system with MMSE
nulling, when error propagation is ignored.

order. The use of detection ordering is found to decrease the
BER of the first and second detection stages, and increases that
of the fourth stage. It is interesting to note that the detection
ordering does not change the diversity order, but increases the
average SINR for early detection stages, since the detection ordering just shifts the BER curves without changing the slope.
When the proposed TPA is incorporated, further improvement
for the first and second stages is observed. The major impact of
the proposed TPA scheme is also shown to increase the average
SINR for early detection stages. Since the overall BER performance is limited by early detection stages, the proposed TPA
scheme is expected to decrease the overall BER. Furthermore,
more reliable decisions in early detection stages may reduce the
effects of error propagation.
Fig. 3 shows the effects of the detection ordering and proposed TPA for the MMSE case under the same conditions as in
Fig. 2. In the absence of TPA, the effect of detection ordering
is shown to be similar to the ZF case. However, the improvement in low detection stages with the MMSE nulling is shown
to be much more significant than with the ZF nulling. When
both the detection ordering and proposed TPA schemes are employed, we can observe further significant improvement for all
the detection stages. It is remarkable that the performance of
all the detection stages is very similar to one another, and it is
better than that of the last detection stage without TPA at high
SNR region, unlike the ZF case. The reason for this is that disparities in the interference-plus-noise power among detection
’s in (16), are much smaller with the MMSE than
stages,
with the ZF nulling, due to reduced noise enhancement. The
’s make the TPA the more effective in
smaller disparities in
compensating for the worst detection stage, so that it no longer
limits the overall performance. In Fig. 3, it should also be noted
that the last detection stage without TPA achieves the same diversity order of as the ML detection scheme. This implies that
the TPA with the MMSE nulling can realize a greater diversity
order than the ML detection.1 This is because the TPA reduces
deep fades in the received signal, increasing the diversity order.
1This diversity advantage over the ML detection may diminish and even disappear if the input is space–time coded.
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Fig. 4. Uncoded BER performance for a (4, 4) MIMO system.

The effect of TPA on diversity order is more remarkable for the
’s in
MMSE than for the ZF, due to smaller disparities in
(16). Hence, the modified V-BLAST system with the MMSE
nulling achieves a form of diversity due to TPA as well as inherent receive diversity, realizing a greater diversity order than
the ML detection that achieves only receive diversity.
In Fig. 4, the overall uncoded BER performance of the (4, 4)
modified V-BLAST system with the proposed TPA scheme is
compared with that of the conventional V-BLAST system. The
effects of error propagation are not neglected, and simulations
are used to obtain the actual performance. Comparing Fig. 4
with Figs. 2 and 3, it can be seen that the overall BER is mainly
determined from the BER for the first detection stage. The modified V-BLAST system is shown to significantly outperform the
conventional one. When the ZF nulling is used, the SNR gain is
. In the case of the MMSE, the
about 4.0 dB at BER of
modified V-BLAST system provides 2.5 dB SNR gain at BER
. Furthermore, the modified V-BLAST system with the
of
MMSE nulling is shown to provide almost the same performance as the ML detection at low SNR values, and outperform
the ML detection for the SNR greater than 14 dB. This is because the modified V-BLAST system with the MMSE nulling
realizes a greater diversity order than the ML detection, as explained previously.
V. CONCLUSIONS
In this letter, we have presented a modification of V-BLAST,
and proposed an effective TPA scheme that minimizes the BER
averaged over all detection stages. The feedback overhead for
the proposed TPA scheme is relatively small. It has been found
that the TPA scheme in combination with detection ordering
improves the performance of lower detection stages, resulting
in significant reduction in the overall uncoded BER. Simulation
results have shown that the modified V-BLAST system with the
proposed TPA scheme achieves 2.5–4.0 dB of SNR gain over the
conventional V-BLAST system at uncoded BER of
. With
the MMSE nulling, the modified V-BLAST system has been
found to achieve a diversity gain as well as the average SNR
gain, resulting in performance comparable to or better than that
of complex ML detection, which does not require any feedback.
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Finally, it should be pointed out that the above results have been
derived under ideal conditions. An important topic for future
work is to investigate the impacts of practical conditions, such
as imperfect channel estimation, feedback delay, quantization
errors, and spatial correlation of MIMO channel.
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