
REASEARCH Open Access

A low computational complexity V-BLAST/STBC
detection mechanism in MIMO system
Jin Hui Chong1, Chee Kyun Ng2,3*, Nor Kamariah Noordin3 and Borhanuddin Mohd Ali3

* Correspondence:

mpnck@upm.edu.my
2Institute of Gerontology, University

Putra Malaysia, UPM Serdang 43400

Selangor, Malaysia
3Department of Computer and

Communication Systems

Engineering, Faculty of Engineering,

University Putra Malaysia, UPM

Serdang 43400 Selangor, Malaysia

Full list of author information is

available at the end of the article

Abstract

The idea of multiple antenna arrays has evolved into multiple-input multiple-output

(MIMO) system, which provides transmit and receive diversities. It increases robustness

of the effect of multipath fading in wireless channels, besides yielding higher capacity,

spectral efficiency and better bit error rate (BER) performance. The spatial diversity gain

is obtained by transmitting or receiving multiple copies of a signal through different

antennas to combat fading and improves the system BER performance. However, the

computational complexity of MIMO system is inevitably increased. Space-time coding

(STC) technique such as Alamouti’s space-time block code (STBC) that combines

coding, modulation and signal processing has been used to achieve spatial diversity.

Vertical Bell Laboratories Layered Space-Time (V-BLAST) uses antenna arrays at both the

transmitter and receiver to achieve spatial multiplexing gain. Independent data streams

that share both frequency bands and time slots are transmitted from multiple antennas

and jointly detected at the receiver. The theoretical capacity of V-BLAST increases

linearly with the number of antennas in rich scattering environments. It's well-known

that maximization of spatial diversity gain leads to degradation of spatial multiplexing

gain or vice versa. In order to achieve spatial multiplexing and diversity gains

simultaneously, the V-BLAST/STBC scheme has been introduced. This hybrid scheme

increases MIMO system capacity and maintains reliable BER performance at the same

time. However, both V-BLAST and STBC layers, in this hybid scheme, assume each

other as an interferer. Thus, the symbols must be decoded with a suitable detection

mechanism. In this paper, a new low complexity detection mechanism for V-BLAST/

STBC scheme based on QR decomposition, denoted as low complexity QR (LC-QR)

decomposition, is presented. The performance of the proposed LC-QR decomposition

detection mechanism in V-BLAST/STBC transceiver scheme is compared with other

detection mechanisms such as ZF, MMSE and QR decomposition. It is shown that the

BER performance in V-BLAST/STBC scheme is better than V-BLAST scheme while its

system capacity is higher than orthogonal STBC scheme when the LC-QR decomposition

detection mechanism is exploited. Moreover, the computational complexity of proposed

LC-QR decomposition mechanism is significantly lower than other abovementioned

detection mechanisms.
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Introduction

Conventional single-input single-output (SISO) system, which is a wireless communica-

tion system with a single antenna at the transmitter and receiver, is vulnerable to multi-

path fading effect. Multipath is the arrival of the multiple copies of transmitting signal

at the receiver through different angles, time delay or differing frequency (Doppler)

shifts due to the scattering of electromagnetic waves. Each copy of the transmitted

signal will experience differences in attenuation, delay and phase shift while travelling

from the transmitter to the receiver. As a result, constructive or destructive interfer-

ence is experienced at the receiver. The random fluctuation in signal level, known as

fading [1,2], can severely affect the quality and reliability of wireless communication.

Strong destructive interference will cause a deep fade and temporary failure of commu-

nication due to severe signal power attenuation. Moreover, the constraints posed by

limited power, capacity and scarce spectrum make the design of SISO with high data

rate and reliability extremely challenging.

The use of multiple antennas at the receiver and transmitter in a wireless network is

rapidly superseding SISO to provide higher data rates at longer ranges especially for

Long Term Evolution (LTE) systems [3] without consuming extra bandwidth or power.

It is also a solution to the capacity limitation of the current wireless systems. The idea

of multiple antennas has evolved into multiple-input multiple-output (MIMO) system,

which provides transmit and receive diversities. It increases robustness of the effect of

multi-path fading in wireless channels, besides yielding higher capacity, spectral effi-

ciency and better bit error rate (BER) performance over conventional SISO systems in

multipath fading environments [1,4]. However, the revolution of SISO to MIMO causes

the computation complexity to be increased.

Vertical Bell Laboratories Layered Space-Time (V-BLAST) uses antenna arrays at

both the transmitter and receiver to achieve spatial multiplexing gain. Independent data

streams that share both frequency bands and time slots are transmitted from multiple

antennas and jointly detected at the receiver. The theoretical capacity of V-BLAST

increases linearly with the number of antennas in rich scattering environments [5]. The

spatial diversity gain is obtained by transmitting or receiving multiple copies of a signal

through different antennas. This scheme is designed to combat fading and improves

the system BER performance. Space-time coding (STC) technique such as space-time

trellis code (STTC) that combines coding, modulation and signal processing has been

used to achieve spatial diversity [6]. It achieves maximum diversity and coding gain but

the system computational complexity increases exponentially with transmission rate.

Alamouti’s space-time block code (STBC) [7] is another technique used to reduce the

computational complexity in STTC. It supports linear decoding complexity for

maximum-likelihood (ML) decoding. Orthogonal space-time block code (O-STBC),

which is a generalization of the Alamouti’s scheme to an arbitrary number of transmit

antennas, was introduced in [8].

However, it was shown in [9] that there is a trade-off between spatial diversity gain

and spatial multiplexing gain of MIMO systems. For instance, while the V-BLAST

scheme increases spatial multiplexing gain, but it does not provide any spatial diversity

gain. The V-BLAST scheme is more susceptible to multipath fading and noise com-

pared to Alamouti’s STBC scheme as there is no redundant information. Besides, the

error propagation in V-BLAST detection causes BER performance degradation and
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limits the potential capacity of the V-BLAST scheme [10]. Although Alamouti’s STBC

provides full transmit and receive antenna diversity, the maximum code rate of one can

be achieved for two transmit antennas only. For more than two antennas, the

maximum possible code rate is 3/4 [11], thus Alamouti’s STBC could not satisfy the

demand of the desired high system capacity in real time system with good quality of

service (QoS) [12,13]. Therefore, in order to achieve spatial multiplexing and diversity

gains simultaneously, the hybrid MIMO system has been introduced [14-16]. One of

the hybrid MIMO systems is V-BLAST/STBC scheme. However, this hybrid scheme

will further induce inevitably higher computational complexity in designing the system.

The V-BLAST/STBC scheme, which was introduced in [14] is a combination of the

Alamouti’s STBC and V-BLAST schemes. A number of research efforts on V-BLAST/

STBC scheme have been carried for MIMO system with the goal of maximizing the

system capacity and reducing its computational complexity. The V-BLAST/STBC

scheme improves the performance of MIMO by combining spatial multiplexing and

diversity techniques together [17]. However, the spatially-multiplexed V-BLAST and

STBC layers in the V-BLAST/STBC scheme assume each other as an interferer. There-

fore, the transmitted symbols must be decoded with well-known detection mechanisms

such as zero-forcing (ZF), minimum mean-squared error (MMSE) and QR decompos-

ition which are employed in V-BLAST scheme [18]. Thus, the lowest computation

complexity detection mechanism will be preferred. In this paper, a new detection

mechanism based on QR decomposition, denoted as low complexity QR (LC-QR)

decomposition, is presented. The QR decomposition of A × B channel matrix H is

a factorization H = QR, where Q is A × B unitary matrix and R is B × B upper

triangular matrix. The computational implementation of QR decomposition is less

than ZF and MMSE [19], thus the computational complexity of V-BLAST/STBC

scheme can be further reduced by using the proposed LC-QR decomposition

detection mechanism.

The performance of V-BLAST/STBC transceiver scheme with proposed LC-QR

decomposition mechanism is compared with V-BLAST and Alamouti’s STBC

schemes. It is shown that the BER performance of V-BLAST/STBC scheme is

better than V-BLAST scheme while the system capacity of V-BLAST/STBC

scheme is higher than STBC scheme when the LC-QR decomposition mechanism

is exploited. Moreover, the computational complexity of proposed LC-QR decompos-

ition mechanism is significantly lower than traditional ZF, MMSE and QR decomposition

detection mechanisms. Since MIMO scheme is considered as the latest multiple access

technique for the next generation human computer interaction (HCI) [20] or mobile

computing devices, especially in LTE-Advanced system, higher computational complexity

inherited with it is inevitable. Any computational complexity reduction mechanism

can further reduce the computational cost and power consumption. Therefore, by

using the proposed LC-QR decomposition detection mechanism in V-BLAST/STBC

MIMO scheme the system performance is not only significantly improved but the

computational complexity of the overall system is also significantly reduced.

The rest of the paper is organized as follows. In Section System models, an overview

of the hybrid V-BLAST/STBC system model is presented with its traditional ZF, MMSE

and QR decomposition decoder mechanisms in the sub-sections. Then, the proposed

new LC-QR decomposition detection mechanism is introduced in Section LC-QR
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Decomposition Mechanism. In Section The Computational Complexity of LC-QR

Decomposition Compared with ZF, MMSE and QR Decomposition Detection

Mechanisms, the computational complexity comparison of LC-QR decomposition with

other detection mechanisms is discussed. The system capacity and probability of error

in V-BLAST/STBC scheme with LC-QR decomposition are examined in Sections

System Capacity of V-BLAST/STBC Scheme with LC-QR Decomposition and Probabil-

ity of Error in V-BLAST/STBC Scheme with LC-QR Decomposition respectively.

Section Performance Evaluation of LC-QR Decomposition in V-BLAST/STBC Scheme

illustrates the system performance of proposed LC-QR decomposition in V-BLAST/

STBC scheme. Finally, this paper concludes in Section Conclusions.

System models

The V-BLAST/STBC scheme, which was introduced in [14,17], is a combination of the

Alamouti’s STBC and V-BLAST schemes. It provides spatial diversity gain for high prior-

ity data and spatial multiplexing gain for low priority data simultaneously by partitioning

a single data stream into two parallel sub-streams according to the data priority. The high

priority data (e.g. frame header, I-frame, P-frame) is assigned to the STBC layer for extra

protection while low priority data (e.g. B-frame, best-effort data) is sent to V-BLAST layer

with higher capacity. Since high priority data is more important than low priority data,

the corruption of high priority data will severely affect the real time service quality. For

instance, error of any missing data in the first enhancement of P-frame layer is propagated

to the subsequent P-frames, and it significantly degrades the perceived MPEG video

quality. In contrast, any data loss in the B-frame layer affects only the corresponding

frame, as it is not referred by other frames for decoding.

The block diagram of a V-BLAST/STBC transceiver model with M (M ≥ 3) transmit

and N (N ≥M − 1) receive antennas is shown in Figure 1. A single main data stream is

de-multiplexed into two sub-data streams according to the data priority. The high

priority data is assigned to the STBC layer for extra gain while low priority data is sent

to V-BLAST layer with higher capacity. As the Alamouti’s STBC layer spans two

Figure 1 The proposed V-BLAST/STBC scheme consisting of a transmitter and a LC-QR

decomposition receiver.
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symbol intervals, the V-BLAST/STBC scheme transmission matrix over two consecu-

tive symbol periods is given as

x ¼

v1;1 v�1;2
⋮ ⋮

vM−2;1 v�M−2;2

sM−1 −s�M
sM s�M−1

2

6
6
6
6
4

3

7
7
7
7
5

g V‐BLAST
Layer

g STBC
Layer

ð1Þ

where * denotes the complex conjugate operation. The transmitted symbols are as-

sumed to go through a Naftali channel coefficient matrix H where H is the N ×M

matrix as

H ¼
h1;1 ⋯ h1;M−1 h1;M
h2;1 ⋯ h2;M−1 h2;M
⋮ ⋮ ⋮ ⋮

hN ;1 ⋯ hN ;M−1 hN ;M

2

6
6
4

3

7
7
5

ð2Þ

The complex channel coefficient of the Naftali channel model using random uni-

formly distributed phase and Rayleigh distributed magnitude can be described as

hk ¼ N 0;
σ
2
k

2

� �

þ jN 0;
σ
2
k

2

� �

ð3Þ

where σ
2
k ¼ σ

2
0 exp −kT s=T rmsð Þ , σ2

0 ¼ 1− exp −T s=T rmsð Þ , and N 0;
σ
2
k

2

� �

is a zero mean

Gaussian random variable with variance
σ
2
k

2
produced by generating an N(0,1) Gaussian

random number and multiplying it by σkffiffi
2

p . The σ
2
0 ¼ 1− exp −T s=T rmsð Þ is chosen so that

the condition
Xkmax

k¼0

σ
2
k ¼ 1 is satisfied to ensure the same average received power.

The parameters Ts and Trms represent sampling period and delay spread of the channel

respectively. The number of samples to be taken in the impulse response should

ensure sufficient decay of the impulse response to avoid inter symbol interference.

At the receiver, the received matrix over two consecutive symbol periods can be

expressed as y = Hx + z or

y1;1 y1;2
y2;1 y2;2
⋮ ⋮

yN ;1 yN ;2

2

6
6
4

3

7
7
5
¼

h1;1 ⋯ h1;M−1 h1;M
h2;1 ⋯ h2;M−1 h2;M
⋮ ⋮ ⋮ ⋮

hN ;1 ⋯ hN ;M−1 hN ;M

2

6
6
4

3

7
7
5

v1;1 v�1;2
⋮ ⋮

vM−2;1 v�M−2;2

sM−1 −s�M
sM s�M−1

2

6
6
6
6
4

3

7
7
7
7
5

þ
z1;1 z1;2
z2;1 z2;2
⋮ ⋮

zN ;1 zN ;2

2

6
6
4

3

7
7
5

ð4Þ

where y is the N × 2 received signal matrix and x is the V-BLAST/STBC M × 2 trans-

mission matrix. z is the additive white Gaussian noise (AWGN) N × 2 complex matrix

with unit variance σ
2 and zero mean. For simplicity, it is assumed that the Naftali

channel is constant across two consecutive symbol transmission periods, and hence the

entries of H are average Naftali channel coefficients. The received matrix over two time
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intervals in (4) is re-arranged into a single vector to facilitate formulating the detection

mechanism resulting as V ¼H
→

S þ N or

y1;1
y2;1
⋮

yN ;1

y�1;2
y�2;2
⋮

y�N ;2

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

¼

h1;1 ⋯ h1;M−2 0 ⋯ 0 h1;M−1 h1;M
h2;1 ⋯ h2;M−2 0 ⋯ 0 h2;M−1 h2;M
⋮ ⋯ ⋮ ⋮ ⋯ ⋮ ⋮ ⋮

hN ;1 ⋯ hN ;M−2 0 ⋯ 0 hN ;M−1 hN ;M

0 ⋯ 0 h�1;1 ⋯ h�1;M−2 h�1;M −h�1;M−1

0 ⋯ 0 h�2;1 ⋯ h�2;M−2 h�2;M −h�2;M−1

⋮ ⋯ ⋮ ⋮ ⋯ ⋮ ⋮ ⋮

0 ⋯ 0 h�N ;1 ⋯ h�N ;M−2 h�N ;M −h�N ;M−1

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

v1;1
⋮

vM−2;1

v1;2
⋮

vM−2;2

sM−1

sM

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

þ

z1;1
z2;1
⋮

zN ;1

z�1;2
z�2;2
⋮

z�N ;2

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

ð5Þ

From (5), it can be easily seen that the obtained system is equivalent to a spatial multi-

plexing scheme. The spatially multiplexed V-BLAST and STBC layers in the V-BLAST/

STBC scheme assume each other as interferer. Therefore, the transmitted symbols can be

decoded with well-known detection techniques such as ZF, MMSE and QR decompos-

ition which are employed in V-BLAST scheme [18]. The ZF and MMSE techniques in-

volve the computation of Moore-Penrose pseudo-inverse of a matrix with cubic

computational complexity. Beside MMSE and ZF, QR decomposition is also a common

signal processing technique for MIMO detection [21]. The QR decomposition of A × B

channel matrix H is a factorization H =QR, where Q is A × B unitary matrix and R is B ×

B upper triangular matrix. The computational implementation of QR decomposition is

less than ZF and MMSE [19], thus the computational complexity of V-BLAST/STBC

scheme can be reduced using QR decomposition. The brief overview of ZF, MMSE and

QR decomposition decoder are presented in following sub-sections.

Zero-forcing (ZF) decoder

A ZF V-BLAST/STBC receiver architecture is given in [18,22] where all the undesired

sub-data streams are nulled by linear weighting receive vector V at each detecting step.

The ZF decoded symbol ŜZF
i of the i-th sub-stream is calculated by multiplying the i-th

row of the equalizer filter matrix W with the receive vector, and ŜZF
i is given by

ŜZF
i ¼ Wð ÞiV ð6Þ

where (W)i represents the i-th row of matrix W corresponds the criterion in use. The

equalizer filter matrix W is then given by

W ¼ H
→

H H
→

Þ−1 H
→

H
�

ð7Þ

In an orthogonal channel matrix, ZF is identical to ML. However, in general ZF leads

to noise amplification, which is especially observed in systems with the same number

of transmit and receive antennas.

Minimum mean squared error (MMSE) decoder

In a MMSE decoder, each received sub-data stream is the superposition of the desired

signal [22]. The undesired sub-data streams are considered as interference. At each

decoding step, all undesired sub-streams are nulled by linear weighting receive vector V.

The MMSE decoded symbol ŜMMSE
i of the i-th sub-stream is calculated by multiplying the
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i-th row of the equalizer filter matrix D with the receive vector. Hence, ŜMMSE
i for MMSE

criterion is given as

ŜMMSE
i ¼ Dð ÞiV ð8Þ

where (D)i represents the i-th row of matrix D corresponding to the criterion in use.

The equalizer filter matrix D is then given by

D ¼ H
→

H H
→

þ σ
2I2 M−1ð ÞÞ−1 H

→
H

�

ð9Þ

where I2(M−1) is the 2(M − 1) × 2(M − 1) identity matrix. The MMSE detector takes the

noise term into account and leads to performance enhancement compared to ZF

consequently.

QR decomposition decoder

The QR decomposition decoder is applied to the equivalent channel matrix H
→

to start

the V-BLAST/STBC detection mechanism. QR decomposition is performed with H
→

¼Q
→

R
→

which is given as

H
→

¼

q1;1 ⋯ q1; 2M−2

q2;1 ⋯ q2; 2M−2

⋮ ⋯ ⋮

q2N−1;1 ⋯ q2N−1; 2M−2

q2N ;1 ⋯ q2N ; 2M−2

2

6
6
6
6
4

3

7
7
7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

r1;1 r1;2 ⋯ ⋯ r1; 2M−3 r1; 2M−2

0 r2;2 ⋯ ⋯ r2; 2M−3 r2; 2M−2

0 0 ⋮ ⋮ ⋮ ⋮

0 0 ⋮ ⋮ ⋮ ⋮

0 0 ⋯ ⋯ r2M−3; 2M−3 r2M−3; 2M−2

0 0 ⋯ ⋯ 0 r2M−2; 2M−2

2

6
6
6
6
6
6
4

3

7
7
7
7
7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Q
→

R
→

ð10Þ

where Q
→

is a unit norm orthogonal columns 2N × 2(M − 1) matrix and R
→

is a 2(M − 1) ×

2(M − 1) upper triangular square matrix. The QR factorization can be calculated with the

Householder reflection [23]. Left-multiplying (5) by Q
→

H results V
→

¼R
→

Sþ N
→

or

y→1;1
y→2;1
y→3;1
y→4;1
y→5;1
y→6;1

2

6
6
6
6
6
6
4

3

7
7
7
7
7
7
5

¼

r1;1 r1;2 ⋯ ⋯ r1; 2M−3 r1; 2M−2

0 r2;2 ⋯ ⋯ r2; 2M−3 r2; 2M−2

0 0 ⋮ ⋮ ⋮ ⋮

0 0 ⋮ ⋮ ⋮ ⋮

0 0 ⋯ ⋯ r2M−3; 2M−3 r2M−3; 2M−2

0 0 ⋯ ⋯ 0 r2M−2; 2M−2

2

6
6
6
6
6
6
4

3

7
7
7
7
7
7
5

v1;1
⋮

vM−2;1

v1;2
⋮

vM−2;2

sM−1

sM

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

þ

z→1;1
z→2;1
z→3;1
z→4;1
z→5;1
z→6;1

2

6
6
6
6
6
6
4

3

7
7
7
7
7
7
5

ð11Þ

where V
→

¼ Q
→

HV and N
→

¼ Q
→

HN . From (11), sM is decoded first, followed by sM − 1,…,

and finally v1,1.

LC-QR decomposition mechanism

The computational complexity of ZF, MMSE and QR decomposition with H
→

, which have

been discussed in the previous section, is high because of the equivalent channel matrix

H
→

with dimension 2N × 2(M − 1) in (5). Therefore, a low complexity V-BLAST/
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STBC detection mechanism with QR decomposition, denoted as LC-QR decompos-

ition, is proposed. Instead of decoding the transmitted symbols with the equivalent

channel matrix H
→

with dimension 2N × 2(M − 1), the original channel matrix H in

(2) with dimension N ×M is utilized. If N <M – 1, the LC-QR decomposition

mechanism is invalid and not applicable. The flow chart of LC-QR decomposition

mechanism is shown in Figure 2.

Case A: N receive antenna is greater than or equal to M transmit antenna (N ≥M)

The five steps of the LC-QR decomposition mechanism for case A (N ≥M) are

described as follows.

Step 1: Application of QR decomposition to the channel matrix H

The QR decomposition is applied to the channel matrix H with dimension N ×M to

start the V-BLAST/STBC detection mechanism. The QR decomposition is performed

with H =QR by

H ¼

Q1;1 Q1;2 ⋯ Q1;M

Q2;1 Q2;2 ⋯ Q2;M

⋮ ⋮ ⋮ ⋮

QN ;1 QN ;2 ⋯ QN ;M

2

6
6
4

3

7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

R1;1 R1;2 ⋯ R1;M

0 R2;2 ⋯ R2;M

0 0 ⋯ ⋮

0 0 0 RM;M

2

6
6
4

3

7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Q R

ð12Þ

where Q is a unit norm orthogonal columns N ×M matrix and R is a M ×M upper

triangular square matrix.

Start of 

Mechanism

Application of QR decomposition to the channel matrix H

First estimated symbols 

of STBC layer with 

STBC 2 × 2 decoder

V-BLAST layer based on 

the first estimated symbols 

of STBC layer

Interference Cancellation

STBC layer with 

STBC 2 × N decoder

End of 

Mechanism

N M

First estimated symbols 

of STBC layer with 

STBC 2 × 1 decoder

V-BLAST layer based on 

the first estimated symbols 

of STBC layer

Interference Cancellation

STBC layer with STBC 2 

× (M − 1) decoder

YesNo

N = M−1

YesNo

Invalid

Figure 2 The flow chart of LC-QR decomposition mechanism.
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Left-multiplying (4) by QH, we get ~y ¼ Rxþ ~z or

~y1;1 ~y1;2
~y2;1 ~y2;2
⋮ ⋮

~yM;1 ~yM;2

2

6
6
4

3

7
7
5
¼

R1;1 R1;2 ⋯ R1;M

0 R2;2 ⋯ R2;M

0 0 ⋯ ⋮

0 0 0 RM;M

2

6
6
4

3

7
7
5

v1;1 v�1;2
⋮ ⋮

vM−2;1 v�M−2;2

sM−1 −s�M
sM s�M−1

2

6
6
6
6
4

3

7
7
7
7
5

þ
~z1;1 ~z1;2
~z2;1 ~z2;2
⋮ ⋮

~zM;1 ~zM;2

2

6
6
4

3

7
7
5

ð13Þ

where ~y ¼ QHy and ~z ¼ QHz.

Step 2: Calculate the first estimated symbols of STBC layer with STBC 2 × 2 decoder

In QR decomposition, the triangular properties of R allow the sequence of transmit-

ted symbols to be recovered by simple backward substitution with cancellation. If deci-

sion error exists in the first detected sub-data streams, the decision feedbacks will

significantly increase the probability of error in decoding the subsequent sub-data

streams. Therefore, the first decoding decision is made based on STBC layer first so as to

decrease the probability of error in decoding the V-BLAST layer. In step 2, RM − 1,M − 1,

RM − 1,M and RM,M of upper triangular square matrix R are utilized to calculate the

first estimated symbols of the STBC layer with STBC 2 × 2 decoder. These parame-

ters are derived as

~sM−1 ¼ Q R�
M−1;M−1~yM−1;1 þ RM−1;M~y�M−1;2 þ RM;M~y�M;2

� �

ð14Þ

~sM ¼ Q R�
M−1;M~yM−1;1−RM−1;M−1~y

�
M−1;2 þ R�

M;M~yM;1

� �

ð15Þ

where Q(·) denotes the quantization (slicing) operation appropriate to the constellation

in use.

Step 3: Decode the data symbols of V-BLAST layer based on the first estimated sym-

bols of STBC layer

The V-BLAST layer data symbols are decoded with the properties of upper triangular

square matrix R in (13) and first estimated symbols of STBC layer. These layer symbols

in the first and second time slot are then derived in a successive way as

v̂i;1 ¼ Q

~y i;1−
XM−2

j¼iþ1

Ri;jv̂ j;1 þ Ri;M−1~sM−1 þ Ri;M~sM

 !

Ri;i

0

B
B
B
B
@

1

C
C
C
C
A

ð16Þ

v̂i;2 ¼ Q

~y i;2−
XM−2

j¼iþ1

Ri;jv̂j;2 þ Ri;M−1 −~s�M
� 	

þ Ri;M ~s�M−1

� 	

 !

Ri;i

0

B
B
B
B
@

1

C
C
C
C
A

�0

B
B
B
B
B
@

1

C
C
C
C
C
A

ð17Þ

Step 4: Interference cancellation

A new modified received N × 2 matrix, s is created by subtracting the data symbols of

V-BLAST layer from the original received matrix y in this step, which results in the

following matrix
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s1;1 s1;2
s2;1 s2;2
⋮ ⋮

sN ;1 sN ;2

2

6
6
4

3

7
7
5
¼

y1;1 y1;2
y2;1 y2;2
⋮ ⋮

yN ;1 yN ;2

2

6
6
4

3

7
7
5
−

h1;1 ⋯ h1;M−2

h2;1 ⋯ h2;M−2

⋮ ⋮ ⋮

hN ;1 ⋯ hN ;M−2

2

6
6
4

3

7
7
5

v̂1;1 v̂�1;2
⋮ ⋮

v̂M−2;1 v̂�M−2;2

2

4

3

5 ð18Þ

Step 5: Decode the data symbols of STBC layer from the new modified received matrix

with STBC 2 ×N decoder

The data symbols of STBC layer are decoded from the new modified received matrix

s with STBC 2 ×N decoder and are given by

ŝM−1 ¼ Q
XN

k¼1

h�k;M−1sk;1 þ hk;Ms
�
k;2

� �
 !

ð19Þ

ŝM ¼ Q
XN

k¼1

h�k;Msk;1−hk;M−1s
�
k;2

� �
 !

ð20Þ

Case B: N receive antenna is less than M transmit antenna by 1 (N =M − 1)

The five steps of the LC-QR mechanism for case B (N =M − 1) are described as

follows.

Step 1: Application of QR decomposition to the channel matrix H

The QR decomposition is applied to the channel matrix H with dimension (M − 1) ×

M to start the V-BLAST/STBC detection mechanism. The QR decomposition is per-

formed with H =QR by

H ¼

Q1;1 Q1;2 ⋯ Q1;M−1

Q2;1 Q2;2 ⋯ Q2;M−1

⋮ ⋮ ⋮ ⋮

QM−1;1 QM−1;2 ⋯ QM−1;M−1

2

6
6
4

3

7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

R1;1 R1;2 ⋯ R1;M−1 R1;M

0 R2;2 ⋯ R2;M−1 R2;M

0 0 ⋯ ⋮ ⋮

0 0 0 RM−1;M−1 RM−1;M

2

6
6
4

3

7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Q R

ð21Þ

where Q is a unit norm orthogonal columns (M − 1) × (M − 1) matrix and R is a (M − 1) ×

M upper triangular square matrix. Left-multiplying (4) by QH, we get ~y ¼ Rxþ ~z or

~y1;1 ~y1;2
~y2;1 ~y2;2
⋮ ⋮

~yM−1;1 ~yM−1;2

2

6
6
4

3

7
7
5
¼

R1;1 R1;2 ⋯ R1;M−1 R1;M

0 R2;2 ⋯ R2;M−1 R2;M

0 0 ⋯ ⋮ ⋮

0 0 0 RM−1;M−1 RM−1;M

2

6
6
4

3

7
7
5

v1;1 v�1;2
⋮ ⋮

vM−2;1 v�M−2;2

sM−1 −s�M
sM s�M−1

2

6
6
6
6
4

3

7
7
7
7
5

þ
~z1;1 ~z1;2
~z2;1 ~z2;2
⋮ ⋮

~zM−1;1 ~zM−1;2

2

6
6
4

3

7
7
5

ð22Þ

where ~y ¼ QHy and ~z ¼ QHz.

Step 2: Calculate the first estimated symbols of the STBC layer with STBC 2 × 1

decoder
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In QR decomposition, the triangular properties of R allow the sequence of transmit-

ted symbols to be recovered by simple backward substitution with cancellation. If

decision error exists in the first detected sub-data streams, the decision feedbacks will

significantly increase the probability of error in decoding the subsequent sub-data

streams. Therefore, the first decoding decision is made based on STBC layer first so as

to decrease the probability of error in decoding the V-BLAST layer. In step 2, RM − 1,M − 1

and RM − 1,M of upper triangular square matrix R are utilized to calculate the first

estimated symbols of the STBC layer with STBC 2 × 1 decoder. These parameters are

derived as

~sM−1 ¼ Q R�
M−1;M−1~yM−1;1 þ RM−1;M~y�M−1;2

� �

ð23Þ

~sM ¼ Q R�
M−1;M~yM−1;1−RM−1;M−1~y

�
M−1;2

� �

ð24Þ

where Q(·) denotes the quantization (slicing) operation appropriate to the constellation

in use.

Step 3: Decode the data symbols of V-BLAST layer based on the first estimated sym-

bols of STBC layer

The V-BLAST layer data symbols are decoded with the properties of upper triangular

square matrix R in (22) and first estimated symbols of STBC layer. These layer symbols

in the first and second time slot are then derived in a successive way as

v̂i;1 ¼ Q

~y i;1−
XM−2

j¼iþ1

Ri;jv̂ j;1 þ Ri;M−1~sM−1 þ Ri;M~sM

 !

Ri;i

0

B
B
B
B
@

1

C
C
C
C
A

ð25Þ

v̂i;2 ¼ Q

~y i;2−
XM−2

j¼iþ1

Ri;jv̂j;2 þ Ri;M−1 −~s�M
� 	

þ Ri;M ~s�M−1

� 	

 !

Ri;i

0

B
B
B
B
@

1

C
C
C
C
A

�0

B
B
B
B
B
@

1

C
C
C
C
C
A

ð26Þ

Step 4: Interference Cancellation

A new modified received (M − 1) × 2 matrix, s is created by subtracting the data sym-

bols of V-BLAST layer from the original received matrix y in this step, which results in

the following matrix

s1;1 s1;2
s2;1 s2;2
⋮ ⋮

sM−1;1 sM−1;2

2

6
6
4

3

7
7
5
¼

y1;1 y1;2
y2;1 y2;2
⋮ ⋮

yM−1;1 yM−1;2

2

6
6
4

3

7
7
5
−

h1;1 ⋯ h1;M−2

h2;1 ⋯ h2;M−2

⋮ ⋮ ⋮

hM−1;1 ⋯ hM−1;M−2

2

6
6
4

3

7
7
5

v̂1;1 v̂�1;2
⋮ ⋮

v̂M−2;1 v̂�M−2;2

2

4

3

5

ð27Þ

Step 5: Decode the data symbols of STBC layer from the new modified received matrix

with STBC 2 × (M − 1) decoder
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The data symbols of STBC layer are decoded from the new modified received matrix

s with STBC 2 × (M − 1) decoder and are given by

ŝM−1 ¼ Q
XM−1

k¼1

h�k;M−1sk;1 þ hk;Ms
�
k;2

� �
 !

ð28Þ

ŝM ¼ Q
XM−1

k¼1

h�k;Msk;1−hk;M−1s
�
k;2

� �
 !

ð29Þ

The computational complexity of LC-QR decomposition compared with ZF,

MMSE and QR decomposition detection mechanisms

The channel matrix H with dimension N ×M is used to analyze the computational

complexity of the LC-QR decomposition. The equivalent channel matrix H
→

with

dimension 2N × 2(M − 1) is used to analyze the computational complexity of ZF,

MMSE and QR decomposition. It is observed that there are zeros in channel matrix H
→

,

therefore the multiplication and addition with zero are not taken into account in ZF

and MMSE complexity calculation. The detail of computational complexity of each

mechanism is presented in the following sub-sections.

Zero-Forcing (ZF) with H
→

From (7), the process to calculate the ZF equalizer filter matrix W is divided into four

steps.

Step 1 involves multiplication of H
→H with H

→

, it requires 8N(M − 1)2 multiplications

and 4(2N − 1)(M − 1)2 additions, so the number of complex arithmetic operations in

step 1 is 4(4N − 1)(M − 1)2.

Step 2 involves Gaussian elimination matrix inversion of H
→H H

→

. According to [23],

the computational complexity of Gaussian elimination matrix inversion with dimension

a × b matrix is O(ab2). Since the dimension of matrix H
→H H

→

is 2(M − 1) × 2(M − 1), thus

the number of complex arithmetic operations in step 2 is 8(M − 1)3.

Step 3 performs multiplication of H
→H H

→
� �−1

with H
→H, it requires 8N(M − 1)2 multi-

plications and 8 N(M − 1)2 − 4N(M − 1) additions, then the number of complex arith-

metic operations in step 3 is 16N(M − 1)2 − 4N(M − 1).

In step 4, the decoded symbols with ZF mechanism are calculated by multiplying

equalizer filter matrix W with the receive vector V and it needs 4N(M − 1) multiplica-

tions and 2(2N − 1)(M − 1) additions. So, the number of complex arithmetic operations

in step 4 is 2 (4N − 1) (M − 1).

Finally, the total complex arithmetic operation of ZF V-BLAST/STBC is 8(M − 1)3 +

4(8N − 1)(M − 1)2 + 2(2N − 1)(M − 1).

Minimum mean-squared error (MMSE) with H
→

From (9), the process to calculate the MMSE equalizer filter matrix D is divided into

five steps.
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Step 1 involves multiplication of H
→H with H

→

, it requires 8N(M − 1)2 multiplications

and 4(2N − 1)(M − 1)2 additions, so the number of complex arithmetic operations in step

1 is 4(4N − 1)(M − 1)2.

Step 2 performs the addition of H
→H H

→

. with σ
2I2(M − 1), it requires I2(M − 1) additions,

and then the number of complex arithmetic operations in step 2 is I2(M − 1).

Step 3 involves Gaussian elimination matrix inversion of H
→H H

→

þσ
2I2 M−1ð Þ

� �

. Since

the dimension of matrix H
→H H

→

þσ
2I2 M−1ð Þ

� �

is 2(M − 1) × 2(M − 1), thus the number

of complex arithmetic operations in step 3 is 8(M − 1)3 [23].

Step 4 performs multiplication of H
→H H

→

þσ
2I2 M−1ð Þ

� �−1

with H
→H , it requires 8N

(M − 1)2 multiplications and 8N(M − 1)2 − 4N(M − 1) additions, then the number of

complex arithmetic operations in step 4 is 16N(M − 1)2 − 4N(M − 1).

In step 5, the decoded symbols with MMSE mechanism are calculated by multiplying

equalizer filter matrix D with the receive vector V and it needs 4N(M − 1) multiplica-

tions and 2(2N − 1)(M − 1) additions. So, the number of complex arithmetic operations

in step 5 is 2 (4N − 1) (M − 1).

Finally, the total complex arithmetic operation of MMSE V-BLAST/STBC is 8

(M − 1)3 + 4(8 N − 1)(M − 1)2 + 4N(M − 1).

Conventional QR decomposition with H
→

Step 1 involves application of QR decomposition to the channel matrix H
→

and multiplica-

tion of Q
→

H with V. According to [23], the computational complexity of QR

decomposition by Householder reflection with size a × b matrix is O(ab2 − b3/3). Since the

dimension of channel matrix H
→

is 2N × 2(M − 1), thus the number of complex arithmetic

operations for the QR decomposition of H
→

being 8N(M − 1)2 − (8/3)(M − 1)3. Besides, for

the multiplication of Q
→

H with V, it needs 2N × 2 (M − 1) multiplications and (2N − 1) ×

2(M − 1) additions. Therefore, the number of complex arithmetic operations in step 1 is 8

N (M − 1)2 − (8/3)(M − 1)3 + 2(4N − 1) × (M − 1).

Step 2 decodes the transmitted symbols with backward substitution with cancellation;

it requires (M − 2) × (2M − 3) additions, 2(M − 1) − 1 subtractions, (2M − 3) × (M − 1)

multiplications and 2(M − 1) divisions.

Finally, the total complex arithmetic operation of conventional QR decomposition is

8N(M − 1)2 − (8/3)(M − 1)3 + (2M − 3)2 + 2(M − 1)(4N+ 1) − 1.

LC-QR decomposition with H

Step 1 of LC-QR decomposition involves application of QR decomposition to the chan-

nel matrix H and multiplication of QH with y. Since the dimension of channel matrix

H is N ×M, thus the number of complex arithmetic operations for the QR decompos-

ition of H is NM 2
−M 3/ 3. Besides, for the multiplication of QH with you, it needs

N ×M multiplications and (N − 1) ×M additions. Therefore, the number of complex

arithmetic operations in step 1 is NM 2
−M 3/ 3 +M(2N − 1).
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Step 2 of LC-QR decomposition calculates the first estimate symbols of the STBC

layer with STBC 2 × 2 decoder. It needs six multiplications, three additions and one

subtraction. So, the number of complex arithmetic operations in step 2 is ten.

Step 3 of the LC-QR decomposition decodes the data symbols of V-BLAST layer

based on the first estimate symbols of STBC layer, so it requires (M − 2)(M − 1)

additions, 2(M − 2) subtractions, (M − 2)(M+ 1) multiplications and 2(M − 2) divisions.

Therefore, the number of complex arithmetic operations in step 3 is 2 (M − 2) (M+ 2).

Step 4 of LC-QR decomposition involves interference cancellation, thus it requires 2

N(M − 2) multiplications, 2N(M − 3) additions and 2N subtractions. Therefore, the

number of complex arithmetic operations in step 4 is 4N (M − 2).

In Step 5, it decodes the data symbols of the STBC layer from the new modified

received matrix s with STBC 2 ×N decoder, it requires 4N multiplications, N+ 2(N − 1)

additions and N subtractions. Therefore, the number of complex arithmetic operations in

step 5 is 2 (4N − 1).

Finally, the total complex arithmetic operation of LC-QR is NM 2
−M 3/ 3 + (M + 2)

(2N − 1) + 2(M − 2)(M+ 2) + 4N (M − 1) + 10.

The comparison of number of complex arithmetic operations and reduction of

computational complexity for ZF, MMSE, QR decomposition with H
→

and LC-QR

decomposition detection mechanism with H is shown in Tables 1 and 2 respectively.

From Table 2, it can be observed that the proposed LC-QR decomposition detection

mechanism significantly reduces the arithmetic complexity compared to ZF, MMSE

and QR decomposition mechanisms.

System capacity of V-BLAST/STBC scheme with LC-QR decomposition

The instantaneous capacity of an orthogonal STBC of rate rc and M transmit antennas,

denoted as CSTBC, is given by [24]

CSTBC ¼ rc log2 1þ ρ

M
Hk k2

� �

ð30Þ

where ρ is the signal-to-noise ratio (SNR) per receive antenna. According to (14) and

(15), only RM − 1,M − 1, RM − 1,M and RM,M of upper triangular square matrix R are

required to decode the STBC layer, thus the instantaneous system capacity of the STBC

layer of the LC-QR with rc = 1 and M = 4, denoted as CP _ STBC, is [25]:

CP–STBC ¼ log2 1þ ρ

4
RM−1;M−1









2 þ RM−1;M









2 þ RM;M









2

� �� �

ð31Þ

From the procedure of decoding V-BLAST layer symbols in (16) and (17), the SNR

of every V-BLAST channel can be determined. The received sub-data streams of

V-BLAST layer in the first time slot are given by

~y i;1 ¼ Ri;ivi;1 þ
XM−2

j¼iþ1

Ri;jv̂j;1 þ Ri;M−1~sM−1 þ Ri;M~sM
� 	

þ ~zi;1 ð32Þ

while the received sub-data streams of V-BLAST layer in the second time slot are

given by
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Table 1 Comparison of number of complex arithmetic operations for ZF, MMSE, QR decomposition and LC-QR decomposition detection mechanisms

Complex arithmetic operation ZF with
→

H MMSE with
→

H QR decomposition with
→

H LC-QR with H

Addition 4(4 N − 1) × (M − 1)2 − 2(M − 1) 4(4N − 1) × (M − 1)2 2(2N − 1) × (M − 1) + (M − 2) × (2M − 3) N(3M − 2) + (M − 3) × (M − 1)

Subtraction - - 2M − 3 2(M − 2) + 2 N + 1

Multiplication 4 N(M − 1) × (4M − 3) 4 N(M − 1) × (4M − 3) (M − 1) × (4 N + 2M − 3) M
2 + 3MN −M + 4

Division - - 2(M − 1) 2(M − 2)

Householder reflection - - 8 N(M − 1)2 − (8/3)(M − 1)3 NM
2
−M

3/ 3

Gaussian elimination 8(M − 1)3 8(M − 1)3 - -

Total 8(M − 1)3 + 4(8N − 1)(M − 1)2 +
2(2 N − 1)(M − 1)

8(M − 1)3 + 4(8N − 1)(M − 1)2 +
4 N(M − 1)

8 N(M − 1)2 − (8/3)(M − 1)3 + (2M − 3)2 +
2(M − 1)(4 N + 1) − 1

NM
2
−M

3/ 3 + (M + 2)(2 N − 1) + 2(M − 2)(M+ 2) +
4 N (M − 1) + 10

C
h
o
n
g
et

a
l.
H
u
m
a
n
-cen

tric
C
o
m
p
u
tin

g
a
n
d
In
fo
rm

a
tio

n
Scien

ces
2
0
1
4
,
4
:2

P
a
g
e
1
5
o
f
2
8

h
ttp

://w
w
w
.h
cis-jo

u
rn
al.co

m
/co

n
te
n
t/4

/1
/2



~y i;2 ¼ Ri;iv
�
i;2 þ

XM−2

j¼iþ1

Ri;jv̂
�
j;2 þ

�

Ri;M−1 −~s�M
� 	

þ Ri;M ~s�M−1

� 	
�

þ ~zi;2 ð33Þ

where i = 1, …, M – 2. Here, it is assumed that when the V-BLAST layer symbols are

decoded, the previously decoded first estimated symbols of STBC layer have been can-

celled properly. Hence, decoding of v̂i;1 and v̂i;2 become

v̂i;1 ¼ vi;1 þ
~zi;1

Ri;i
ð34Þ

v̂i;2 ¼ v�i;2 þ
~zi;2

Ri;i

� ��
ð35Þ

It can be observed from (25) and (26) that the SNR of i-th detected sub-data

stream of V-BLAST layer over two time slots is determined by the diagonal

element |Ri,i|
2 of R where i = 1, 2. So, the SNR of i-th detected sub-data stream,

denoted as ρi, becomes

ρi ¼
ρ Ri;i









2

M
ð36Þ

Since the V-BLAST layer of V-BLAST/STBC scheme transmits four data sym-

bols over two consecutive symbol transmission periods, the instantaneous system

capacity of the V-BLAST layer of LC-QR decomposition, denoted as CP _ V − BLAST,

is [26]

CP–V−BLAST ¼
4 log2 1þ min

i∈ 1;…;M−2f g
ρ i

� �

2
¼ 2 log2 1þ min

k∈ 1;…;M−2f g

ρ Ri;i









2

4

0

@

1

A

ð37Þ

Table 2 Reduction of computational complexity for ZF, MMSE and QR decomposition

compared to LC-QR decomposition detection mechanisms

Complex arithmetic
operation

Reduction of computational
complexity compared to ZF and
MMSE with H

→

(%)

Reduction of computational
complexity compared to QR
decomposition with H

→

(%)

M = 4 M = 5 M = 4 M = 5

N = 4 N = 5 N = 5 N = 6 N = 4 N = 5 N = 5 N = 6

Addition 93.2 92.2 94.0 94.1 17.3 17.2 21.5 21.1

Subtraction - - - - - - - -

Multiplication 89.7 90.3 92.7 93.0 - - 8.3 8.1

Division - - - - 33.3 33.3 25.0 25.0

Householder reflection - - - - 80.6 79.9 82.1 81.8

Gaussian elimination - - - - - - - -

Total 87.9 87.7 90.9 90.7 51.5 53.0 59.3 60.5
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Therefore, the total capacity of V-BLAST/STBC Scheme with LC-QR decomposition,

denoted as CP _ LC ‐QR, is the summation of CP _ STBC and CP _V ‐ BLAST as

CP–LC‐QR ¼ CP–STBC þ CP–V ‐BLAST ¼ log2

�

1þ ρ

4
RM−1;M−1









2 þ RM−1;M









2 þ RM;M









2

� ��

þ 2 log2 1þ min
k∈ 1;…;M−2f g

ρ Ri;i









2

4

 !

ð38Þ

Probability of error in V-BLAST/STBC scheme with LC-QR decomposition

A MIMO communication system with M transmit and N receive antennas is consid-

ered in a Rayleigh frequency flat-fading channel. The received signal is given by

y ¼ Hxþ z ð39Þ

where y is the N × 2 received signal matrix and H is the N ×M Rayleigh flat fading

channel matrix. z is the AWGN N × 2 complex matrix with unit variance σ
2
z and zero

mean. It is assumed that the entries of H are circularly symmetric, independent and

identically distributed (i.i.d.) with zero-mean and unit variance σ
2
h . It is also assumed

that the transmission matrix and with uniform power is independent. The covariance

matrix of x is E xx�½ � ¼ σ
2
x I , where E [•] denotes the expected value and (•)* is the

conjugate transpose. The SNR, denoted as γ, is defined as below

γ ¼ σ
2
x

σ2z

ð40Þ

Analytical model of V-BLAST layer

Denote the QR decomposition of H as H =QR. The matrix R is upper triangular matrix

with diagonal real number elements. The entries of R are independent of each other.

The off diagonal elements Ri j, for 1 ≤ i < j ≤M, are zero-mean complex Gaussian with

unit variance. The square of the i-th diagonal element of R, denoted as R2
i i , is a

chi-square distribution with the 2 k degrees of freedom, where k is determined by

the diversity gain of V-BLAST scheme. Therefore, the probability density function

(PDF) of post-detection SNR of V-BLAST scheme with chi-square distribution and

2 k degrees of freedom, denoted as fV(x, 2k), is given by [27]

f V x; 2kð Þ ¼ 1

σ2k2k Γ kð Þ
xk−1e −x=2σ2ð Þ ð41Þ

where Γ(k) is the gamma function given by

Γ kð Þ ¼
Z

∞

0

tk−1e−tdt; k > 0

If k is a positive integer, then Γ(k) = (k − 1) !. The received V-BLAST/STBC matrix is

given by ~y ¼ Rxþ ~z as in (13). Hence, the received sub-data streams of V-BLAST layer

in the first and second time slot are given by

~y i;1 ¼ Ri;ivi;1 þ
XM−2

j¼iþ1

Ri;jv̂j;1 þ Ri;M−1~sM−1 þ Ri;M~sM
� 	

þ ~zi;1 ð42Þ
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~y i;1 ¼ Ri;ivi;1 þ
XM−2

j¼iþ1

Ri;jv̂j;1 þ Ri;M−1~sM−1 þ Ri;M~sM
� 	

þ ~zi;1 ð43Þ

where i = 1, …, M – 2. It is assumed that the propagation error effect is cancelled prop-

erly, then (42) and (43) are simplified to

~y i;1 ¼ Ri;ivi;1 þ ~zi;1 ð44Þ

~y i;2 ¼ Ri;iv
�
i;2 þ ~zi;2 ð45Þ

The instantaneous post-detection SNR is determined by the R2
i i . It is shown in [28]

that the diversity gain of i-th detected sub-data stream layer of V-BLAST scheme

is (N − i + 1). Thus, R2
i i is a chi-square distribution with the degree of freedom 2

(N − i + 1), which is denoted as χ
2
2 N−iþ1ð Þ . It can be observed that the when the i is

larger, the diversity gain of the i-th layer becomes smaller. Consequently, the largest or

M-th layer limits the overall performance of V-BLAST scheme at high SNR. Therefore,

the overall diversity gain of V-BLAST scheme is N −M + 1 [29].

After that, MV is defined as the number of transmit antenna of V-BLAST layer

in V-BLAST/STBC scheme. Then, the effective diversity gain of V-BLAST layer in

V-BLAST/STBC scheme becomes N – MV + 1. Thus, substituting k =N – MV + 1

into (41), the PDF of instantaneous post-detection SNR of V-BLAST layer in V-BLAST/

STBC scheme with chi-square distribution and 2(N – MV + 1) degrees of freedom,

denoted as f VVS x; 2 N−MV þ 1ð Þð Þ, is given by

f VVS x; 2 N−MV þ 1ð Þð Þ ¼ 1

σ2 N−MVþ1ð Þ2 N−MVþ1ð Þ Γ N−MV þ 1ð Þ
xN−MV e −x=2σ2ð Þ ð46Þ

It is shown in [30] that BER of M-ary quadrature amplitude modulation (M-QAM)

over AWGN noise is given by

Pe;M‐QAM γð Þ ¼ 4

log2M
1−

1
ffiffiffiffiffi
M

p
� �

�
X

ffiffiffiffi
M

p
=2

i¼1

Q 2i−1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3γ log2M

M−1ð Þ

s !

ð47Þ

where Q(•) is Gaussian Q-Function given by

Q xð Þ ¼ 1

2
1−erf

x
ffiffiffi
2

p
� �� �

ð48Þ

and the error function erf(•) is defined as

erf xð Þ ¼ 2
ffiffiffi
π

p
Z x

0

e−t
2

dt ð49Þ

It is shown in [31] that the average error probability can be obtained by averaging the

conditional error probability of modulation scheme over the PDF of instantaneous

post-detection SNR of MIMO scheme. Therefore, the BER performance of V-BLAST
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layer in V-BLAST/STBC scheme with M-QAM modulation, MV and N, denoted as

PV
e;M‐QAM;VS MV ;N ; γð Þ, can be computed by integrating (46) and (47) to become

PV
e;M‐QAM;VS MV ;N ; γð Þ ¼

Z
∞

0

Pe;M‐QAM γð Þ f VVS x; 2 N−MV þ 1ð Þð Þ dx

¼
Z

∞

0

4

log2M
1−

1
ffiffiffiffiffi
M

p
� �

�
X

ffiffiffiffi
M

p
=2

i¼1

Q 2i−1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 log2M γ x

M−1ð Þ

s !

� 1

σ2 N−MVþ1ð Þ2 N−MVþ1ð Þ Γ N−MV þ 1ð Þ
xN−MV e −x=2σ2ð Þ dx

ð50Þ

Analytical model of STBC layer

From (18), interference cancellation is performed by subtracting the data symbols

of V-BLAST layer. Before interference cancellation, the received i-th sub-data

stream in l-th time slot is given by

yi;l ¼ hi;M−1sM−1 þ hi;MsM
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

STBClayer
symbols

þ
XM−2

j¼i

hi;jvj;l þ zi;l

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

Interference
AWGN noise

ð51Þ

It can be seen from (51) that the received i-th sub-data stream is composed of STBC

layer symbols, AWGN noise and the potential propagation error from V-BLAST layer.

The equivalent noise is the combination of the last two parts.

In the ideal case where there is no propagation error from V-BLAST layer, the BER analysis

of STBC layer is the same as BER analysis of the Alamouti’s STBC scheme with two transmit

and N receive antennas. The instantaneous post-detection SNR of Alamouti’s STBC scheme

with two transmit and N receive antennas, denoted as γS, is given by

γS ¼ γ

XN

i¼1

hi;1








2 þ hi;2









2

� �

ð52Þ

Since hi,1 and hi,2 are circularly symmetric, i.i.d. Gaussian random variables with zero-mean

and unit variance, the γS has a chi-square distribution with 2 × 2 ×N degrees of freedom.

The diversity gain of O-STBC scheme is given by M ×N [32]. So, the PDF of instant-

aneous post-detection SNR of O-STBC scheme with chi-square distribution and 2 ×

M ×N degrees of freedom, denoted as fS (x, 2MN), is given by

f S x; 2MNð Þ ¼ 1

σ2MN2MN Γ MNð Þ x
MN−1e −x=2σ2ð Þ ð53Þ

The BER of O-STBC scheme with M transmit and N receive antennas and M-QAM

modulation, denoted as PS
e;M‐QAM M;N ; γð Þ , can be calculated by integrating (47) and

(53) as follows
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PS
e;M‐QAM M;N ; γð Þ ¼

Z
∞

0

Pe;M‐QAM γð Þ f S x; 2MNð Þ dx

¼
Z

∞

0

4

log2M
1−

1
ffiffiffiffiffi
M

p
� �

�
X

ffiffiffiffi
M

p
=2

i¼1

Q 2i−1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 log2M γ x

M−1ð Þ

s !

� 1

σ2MN2MN Γ MNð Þ x
MN−1e −x=2σ2ð Þ dx

ð54Þ
From (19) and (20), the STBC layer of V-BLAST/STBC scheme is decoded with

STBC 2 ×N decoder after the V-BLAST layer is decoded. Therefore, the BER perform-

ance of V-BLAST layer dominates the BER performance of STBC layer. The statistical

properties of BER performance of STBC layer are said to be conditional.

MS is defined as the number of transmit antenna of Alamouti’s STBC layer in

V-BLAST/STBC scheme, where MS = 2. On the other hand, an event with k

symbol errors detection in V-BLAST layer, denoted as Ak, is defined where k ≤ 2MV.

Then, PS
e;M‐QAM MS;N ; γð Þ j Ak

� �

is defined as the PS
e;M‐QAM MS;N ; γð Þ after the event

Ak happens. On the other hand, the symbol error rate (SER) of V-BLAST layer with

MV transmit, N receive antennas and M-QAM modulation over AWGN noise, de-

noted as PV
SER;M‐QAM MV ;N ; γð Þ, can be expressed as [33]

PV
SER;M‐QAM MV ;N ; γð Þ ¼ 2 1−

1
ffiffiffiffiffi
M

p
� �

erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 γ

2 M−1ð Þ

s !

ð55Þ

where erfc(x) = 1 – erf(x).

Since there is no symbol errors detection in V-BLAST layer, the Ak becomes A0.

Hence, the BER performance of STBC layer in V-BLAST/STBC scheme in ideal

case is the same as the BER performance of Alamouti’s STBC scheme. Therefore,

the BER performance of STBC layer in V-BLAST/STBC scheme in the ideal case

with M-QAM modulation, MS and N, denoted as Pideal
e;M‐QAM;VS MS;N ; γð Þ , can be

computed as

Pideal
e;M‐QAM;VS MS;N ; γð Þ ¼

�

PS
e;M‐QAM MS;N ; γð Þ jA0

�

� 1− PV
SER;M‐QAM MV ;N ; γð Þ

� ���

ð56Þ
where PS

e;M‐QAM MS;N ; γð Þ j A0

� �

¼ PS
e;M‐QAM MS;N ; γð Þ.

In the non-ideal case, there is a propagation error from V-BLAST layer as more

than or equal to one symbols of V-BLAST layer are decoded wrongly. The σ
2
V and

σ
2
S are defined as unit variance of V-BLAST and STBC layer respectively, where

σ
2
V ¼ σ

2
S ¼ σ

2
x . From (51), the combination of interference and AWGN noise with

k V-BLAST symbol errors detection can be written as σ
2
z þ k σ

2
V . Then, the effect-

ive SNR for STBC layer with k V-BLAST symbol errors detection, denoted as ~γ kð Þ ,

can be written as

~γ kð Þ ¼
σ
2
S

σ2z þ k σ2V

ð57Þ

where σ
2
z ≠ 0. Dividing (57) by σ

2
z , will get

~γ kð Þ ¼
γS

1þ k γV

ð58Þ
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where γV = γS = γ. Figure 3 shows the block diagram of analytical model of STBC layer

in V-BLAST/STBC scheme.

The BER performance of STBC layer in V-BLAST/STBC scheme in non-ideal case

with k-th detection V-BLAST symbol errors, M-QAM modulation, MS and N, denoted

as Pnon−ideal
e;M‐QAM;VS MS;N ; ~γ kð Þ

� �

, can be computed as

Pnon−ideal
e;M‐QAM;VS MS;N ; ~γ kð Þ

� �

¼
�

PS
e;M‐QAM MS;N ; ~γ kð Þ

� �

j Ak

�

� PV
SER;M‐QAM MV ;N ; γð Þ

� �k

¼
X2MV

k¼1

PS
e;M‐QAM MS;N ; ~γ kð Þ

� �

� 2MV

k

� �

� PV
SER;M‐QAM MV ;N ; γð Þ

� �k

� 1−PV
SER;M‐QAM MV ;N ; γð Þ

� �2MV−k

ð59Þ
where

2MV

k

� �

¼ 2MVð Þ!
k! 2MV−kð Þ! ð60Þ

which is the number of k permutations of an 2MV-element set. Meanwhile,

PV
SER;M‐QAM MV ;N ; γð Þ

� �k

� 1−PV
SER;M‐QAM MV ;N ; γð Þ

� �2MV−k

denotes the probability of

error of V-BLAST layer with event Ak.

It is known that PV
SER;M‐QAM MV ;N ; γð Þ≠ 0 for all SNR when σ

2
z ≠ 0 . As long as

PV
SER;M‐QAM MV ;N ; γð Þ≠ 0, k exists for 1, …, 2MV. So, it can deduced that σ2z is uncorre-

lated with k when σ
2
z ≠ 0 . Finally, the BER performance of STBC layer in V-BLAST/

STBC scheme with M-QAM modulation, MV and N, denoted as PS
e;M‐QAM;VS MV ;N ; γð Þ,

can be computed as

PS
e;M‐QAM;VS MV ;N ; γð Þ ¼ Pideal

e;M‐QAM;VS MS;N ; γð Þ þ Pnon−ideal
e;M‐QAM;VS MS;N ; ~γ kð Þ

� �

ð61Þ

Analytical model of V-BLAST/STBC scheme

By combining (50) and (61), the final overall BER performance PO
e;M‐QAM;VS M;Nð Þ for

V-BLAST/STBC scheme with M-QAM modulation, M transmit and N receive anten-

nas can be computed as

Figure 3 Block diagram of analytical model of STBC layer in V-BLAST/STBC scheme.
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PO
e;M‐QAM;VS M;Nð Þ ¼

m� PV
e;M‐QAM;VS MV ;N ; γð Þ þ n� PS

e;M‐QAM;VS MV ;N ; γð Þ
mþ n

ð62Þ

where MS = 2 and MS +MV =M. The m and n are the symbol transmission rates of

V-BLAST and STBC layer respectively.

Performance evaluation of LC-QR decomposition in V-BLAST/STBC scheme

The simulations have been performed on the MIMO system using MATLAB to

evaluate the performance of the V-BLAST/STBC scheme with ZF, MMSE and QR

decomposition with H
→

and LC-QR decomposition with H. The 4-ary quadrature

amplitude modulation (4-QAM) constellation is used in these simulations with

Rayleigh flat-fading channel as well as Naftali channel. The entries of Rayleigh

flat-fading channel matrix are circularly symmetric, i.i.d. Gaussian random variables with

zero-mean and unit variance. The symbol rate of ZF V-BLAST 4 × 4, O-STBC 4 × 4 and

V-BLAST/STBC 4 × 4 is shown in Table 3.

Figure 4 depicts the 10% and 1% outage capacity for MIMO (theoretical limit),

ZF V-BLAST, O-STBC and V-BLAST/STBC with LC-QR decomposition in 4 × 4

system. The spectral efficiency of ZF V-BLAST changes a lot with different outage

probability. For instance, ZF V-BLAST requires 8 dB to maintain the capacity of

15 bps/Hz when it proceeds from 10% to 1% outage probability. This is caused by

lack of diversity of ZF V-BLAST. In contrast, the V-BLAST/STBC with LC-QR

decomposition just requires 3 dB to maintain at the capacity of 15 bps/Hz. Last

but not least, the O-STBC is the most stable one, as the curve of 10% outage cap-

acity is very close to the curve of 1% outage capacity. Besides, it can be observed

that the capacity of ZF V-BLAST with 10% outage probability is the highest among

the considered schemes for SNR higher than 37 dB. Meanwhile, the capacity of V-

BLAST/STBC with 10% outage probability is close to MIMO capacity at low SNR.

Figure 5 shows the BER performance comparison of ZF V-BLAST 4 × 4, O-STBC 4 × 4

with rate ¾ and V-BLAST/STBC 4 × 4 with LC-QR decomposition in Rayleigh flat-fading

channel environment, which is constant across four consecutive symbol transmission

periods. It could be seen that the BER performance of O-STBC 4 × 4 with symbol rate ¾

is the best among the considered schemes as it is a pure spatial diversity scheme with full

diversity gain. Moreover, O-STBC does not suffer from inter-symbol interference (ISI) as

the transmitted symbols are orthogonal to one another. In contrast, ZF V-BLAST 4 × 4

with symbol rate four is the worst among the schemes because it is a pure spatial multi-

plexing scheme which suffers from poor diversity gain. Besides, interference between

transmitted symbols in ZF V-BLAST scheme greatly reduces the BER performance. It

could be seen that the V-BLAST/STBC 4 × 4 with symbol rate three shows a compromise

of BER performance with respect to pure spatial multiplexing or diversity scheme.

Table 3 Symbol rate of various 4 × 4 MIMO schemes

MIMO scheme Symbol rate (symbol/symbol transmission period)

ZF V-BLAST 4 × 4 4

O-STBC 4 × 4 3/4

V-BLAST/STBC 4 × 4 3
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It can be concluded that Figures 4 and 5 present the tradeoffs among ZF V-BLAST,

O-STBC and V-BLAST/STBC with LC-QR decomposition in 4 × 4 MIMO system. The

O-STBC achieves the best BER performance, but the system capacity is the lowest

among the considered schemes. Meanwhile, the system capacity of ZF V-BLAST with

10% outage capacity is the highest for SNR above 37 dB, but the BER performance is

the worst among the considered schemes. On the other hand, the system capacity

of V-BLAST/STBC with LC-QR decomposition is close to MIMO and better than

ZF V-BLAST for SNR below 37 dB. Moreover, the BER performance of V-BLAST/

STBC with LC-QR decomposition is significantly better than ZF V-BLAST as V-BLAST/

STBC achieves spatial multiplexing and diversity gain simultaneously.

Figure 6 shows the BER performance of various mechanisms in V-BLAST/STBC

scheme with Rayleigh flat-fading channel model, which is constant across two consecu-

tive symbol transmission periods. The LC-QR decomposition 3 × 2 with H outperforms

ZF 3 × 2 and MMSE 3 × 2 with H
→

by more than 2 dB gain at BER of 10-3. At the same

time, the LC-QR decomposition 3 × 2 with H outperforms QR 3 × 2 with H
→

by approxi-

mately 1.5 dB gain at BER of 10-3. This is because the estimated candidate of STBC

layer, which is more robust than V-BLAST layer, is decoded first. After decoding the

Figure 5 BER performance of various schemes 4 × 4.

37 dB

Figure 4 The 10% and 1% outage capacity comparison for various schemes 4 × 4.
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estimated candidate of STBC layer, interference cancellation activity is performed to

produce a new modified received signal matrix s with less interference. For ZF and

MMSE mechanisms, there is no interference cancellation activity.

It is clear that V-BLAST layer performance dominates over final decisions of STBC

layer in (25) and (26). With increasing SNR, the probability of error in decoding

the V-BLAST layer is reduced, the probability of correct decoding is increased at

the STBC layer. As the V-BLAST layer transmits four data symbols while STBC

layer transmits two data symbols over two consecutive symbol transmission periods, thus

a better BER performance of V-BLAST layer with LC-QR decomposition leads to overall

V-BLAST/STBC system performance improvement.

Figure 7 illustrates the BER performance comparison of various mechanisms in

V-BLAST/STBC scheme with a Naftali channel model under different maximum

delay spread environment. The LC-QR decomposition 4 × 4 outperforms ZF 4 × 4

and MMSE 4 × 4 by approximately 2 dB gain at BER of 10-3 for both indoor (200 ns) and

outdoor (1.6 μs) environment. At the same time, the LC-QR decomposition 4 × 4 outper-

forms QR decomposition 4 × 4 by approximately 1 dB gain at BER of 10-3 for both indoor

200 ns

1.6 µs

Figure 7 BER performance of various mechanisms in V-BLAST/STBC scheme under different

maximum delay spread environment.

Figure 6 BER performance of various mechanisms in V-BLAST/STBC scheme with Rayleigh

flat-fading channel model.
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and outdoor environment. In order to maintain the BER of 10-3, the LC-QR decompos-

ition with a maximum delay spread = 1.6 μs requires 6 dB gain compared to indoor envir-

onment with a maximum delay spread = 200 ns.

Figure 8 depicts BER performance of various mechanisms in V-BLAST/STBC scheme

under different maximum delay spread environment at 16 dB. From Figures 7 and 8, it

can be observed that performance BER of all considered mechanism degrades when the

maximum delay spread is increasing because the delayed signal from multi-path over-

laps the direct signal for the next symbol, thus ISI occurs. Moreover, it is well known

that the delay spread causes frequency selective fading in the channel, which acts like a

finite impulse response (FIR) filter. If the delay spread is comparable or larger than the

symbol duration, the frequency-selective channel will distort the signal and not all fre-

quency components fade simultaneously. As a result, the orthogonality of V-BLAST/

STBC data symbols could not be maintained, thus the BER performance declines.

Figure 9 plots the BER performance of LC-QR decomposition with different standard

deviations of channel estimation error σE and delay spread = 200 ns. On the other hand,

Figure 10 shows the BER performance of various mechanisms in V-BLAST/STBC

scheme with channel estimation error and delay spread = 200 ns at 16 dB. It can be

observed that the increase of standard deviation of channel estimation error decreases

the BER of all considered mechanisms as channel estimation error is considered as an

additional noise in the receiver. Consequently, irreducible error floor occurs when SNR

increases in Figure 9. According to Figure 10, it can be deduced that all the considered

mechanisms suffer from the same amount of noise variance from channel estimation

error, because the equivalent channel matrix for ZF, MMSE and QR decomposition

does not reduce the effect of channel estimation error.

Figure 11 illustrates the percentage of computational complexity reduction of the

LC-QR decomposition with H compared to ZF, MMSE and QR decomposition with H
→

for N ≥M. It can be observed that the LC-QR decomposition reduces the arithmetic

operation complexity by at least 80% compared to ZF and MMSE with H
→

as well as

35% compared to QR decomposition with H
→

. Thus, the LC-QR decomposition shows

significant computational complexity improvement. The main reason is that the LC-

QR decomposition utilizes channel matrix H with smaller dimension instead of an

Figure 8 BER performance of various mechanisms in V-BLAST/STBC scheme under different

maximum delay spread environment at 16 dB.
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equivalent channel matrix H
→

. It also can be seen that the percentage of computational

complexity reduction of the LC-QR decomposition greatly increases when M is in-

creasing and N is constant. This is due to the calculation of Gaussian elimination

matrix inversion of H
→H H

→

and H
→H H

→

þσ
2I2 M−1ð Þ

� �

, which requires 8(M − 1)3 complex

arithmetic operation, for ZF and MMSE with H
→

respectively. Note that the calculation

of Gaussian elimination matrix inversion of H
→H H

→

and H
→H H

→

þσ
2I2 M−1ð Þ

� �

does not

need the information of N and it increases significantly when M becomes bigger. On

the other hand, the calculation of QR decomposition with Householder reflection for

H
→

is 8N(M − 1)2 − (8/3)(M − 1)3. Since N is equal to or greater than M, the arithmetic

operation of 8N(M − 1)2 − (8/3)(M − 1)3 becomes significant when M is increasing. The

performance evaluations from these figures show that by using the proposed LC-QR

decomposition detection mechanism in V-BLAST/STBC MIMO scheme the system

performance is not only significantly improved but the computational complexity of

the overall system is also significantly reduced. Hence, the computational cost and

Figure 10 BER performance of various mechanisms in V-BLAST/STBC scheme 4 × 4 with different

standard deviations of channel estimation error σE and delay spread = 200 ms at 16 dB.

Delay Spread = 

200 ns

Figure 9 BER performance of LC-QR 4 × 4 with different standard deviations of channel estimation

error σE and delay spread = 200 ns.
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power consumption will be reduced for the next generation MIMO mobile computing

devices can be reduced significantly from the reduction of computational complexity.

Conclusions

In this paper, it is illustrated that V-BLAST/STBC scheme, which achieves spatial mul-

tiplexing and diversity gains simultaneously, increases system capacity and maintains

reliable BER performance to accommodate the ever growing demand for real time sys-

tem with tolerably lower QoS. It is also shown that the system capacity of LC-QR de-

composition V-BLAST/STBC scheme is close to the ideal MIMO system and better

than ZF V-BLAST for SNR below 37 dB. Moreover, the BER performance of LC-QR

decomposition V-BLAST/STBC is significantly better than ZF-VBLAST. The LC-QR

decomposition mechanism has also significantly reduced the arithmetic operation com-

plexity and remains a satisfactory BER performance compared to ZF, MMSE and QR

decomposition mechanisms. The reduction of computational complexity in V-BLAST/

STBC MIMO scheme will see a significant reduction in computational cost and power

consumption for next generation MIMO mobile computing devices.
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