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Abstract—In this paper, a low-complexity maximum-
likelihood (ML) decoder based on QR decomposition,
called real-valued LCMLDec decoder or RVLCMLDec
for short, is proposed for the Vertical Bell Labs Layered
Space-Time (V-BLAST) architecture, a promising candidate
for providing high data rates in future fixed wireless
communication systems [1]. Computer simulations, in
comparison with other detection techniques, show that
the proposed decoder is capable of providing the V-
BLAST schemes with ML performance at low detection
complexity

Index Terms—Space-time coding, multiple-input multiple-
output, maximum likelihood detection, sphere decoding,
wireless communication.

I. INTRODUCTION

The use of multiple antennas at both transmitter and
receiver sides, resulting in the so-called multiple input
multiple output (MIMO) systems, is theoretically proved
to have capability of remarkably increasing spectral
efficiencies [2]. In order to experimentally verify the fact,
a MIMO architecture, called V-BLAST [1], has been
implemented in real time and demonstrated its performance
in an indoor slow-fading environment. The results of the
V-BLAST showed that very high spectral efficiencies,
from 20 to 40bits/s/Hz, can be obtained, whereby making
it very promising for high-data-rate applications in
wireless communication systems.

In order to detect transmitted symbols of the V-
BLAST, different detection algorithms can be utilized.
Of cause, brute-force maximum likelihood (ML) decoder
is the optimal one for the V-BLAST. However, its
complexity, which grows exponentially with the number
of transmit antennas, is a big disadvantage, preventing
it to be a preferable decoder. To avoid the complexity
problem associated with brute-force ML detection, linear
and nonlinear suboptimal detection schemes have been
proposed. Some possible suboptimal methods are zero
forcing (ZF), minimum mean square error (MMSE) [3],
and decoders using interference nulling and successive
interference cancellation such as ZF-BLAST [1], QR-
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decomposition (QRD) [3], sorted QR decomposition
(SQRD) [4], or MMSE-SQRD [5]-[6]. Nonetheless, for
the V-BLAST with equal numbers of transmit and
receive antennas, the use of interference suppression,
either by ZF, by MMSE, or by QRD, causes the
diversity order of the first detected symbol to reduce to
one, leading to high bit error rate (BER).

Recently, it has been reported in the literature that ML
performance can be obtained for the V-BLAST at low
detection complexity by means of sphere decoding [7]-
[8]. Sphere decoding is actually a joint ML detection
technique where the ML decision metric is computed
over all constellation points enclosed in a sphere of a
given radius/C , whereby causing an enormous reduction
in the number of signal points to be tested. However, one
of the disadvantages of sphere decoding is that the
performance and complexity of the algorithm greatly
depend on the initial choice of the sphere radius.
Specifically, a small value of the sphere radius may lead
to an empty sphere, whereas a large value of the sphere
radius may lead to a large number of signal points to be
tested, and hence high detection complexity.

In this paper, we propose a low complexity ML decoder
based on QR decomposition, called RVLCMLDec, for
the V-BLAST. Similar to the real-valued sphere decoders
(SDs), our proposed algorithm is also constructed using
QR decomposition. Nonetheless, it is distinguished from
the real-valued SDs in the following points:
1.1t does not require determining any sphere radius.

Thus ML solution can always be found.

2. The use of a sorting rule enables the proposed decoder to
find ML solution with low complexity.

With the aid of our proposed decoder, the V-BLAST is
now able to attain ML performance at low detection
complexity. Simulation results are provided to demonstrate
the performance and complexity of the RVL.CMLDec
decoder.

II. SYMBOL MODEL
We consider an uncoded V-BLAST configuration with
n; transmitand n, > n, receive antennas as shown in Fig. 1.

Tx Data
Sequence| V.BLAST
Encoder

Rx Data
V-BLAST | Sequence
Decoder

Fig. 1 Model of a V-BLAST scheme with #, transmit
and », receive antennas.
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At the transmitter, the input data sequence is divided
into ny sub-streams (or layers), which are then modulated

by M-Quadrature Amplitude Modulation (M-QAM) schemes
and transmitted from different transmit antennas. For
convenience, we assume one-time-slot complex baseband
signal model, where at each symbol period a n; x1
transmit signal vectors composed of n, symbols, s,
i=12,...,n;, is sent through n, transmit antenna. Under

the assumption that the signals are narrowband and the
channel remains constant over some block of arbitrary
length and changes from one block to the next (i.e.,
block fading channel), the #, x1received signal vector,

X, is given by:
x=Hs+w ¢))

where w= [wl,wz,...,wnk ]7 represent the noise samples at

ng receive antennas, which are modeled as independent
samples of a zero-mean complex Gaussian random
variable with noise variance o*, T denotes the transpose
of a matrix, H is the ny xn; channel matrix, whose

entries are the path gains between transmit and receive
antennas modeled as the samples of a zero-mean
complex Gaussian random variable with equal variances
of 0.5 per complex dimension. In the paper, we also
assume that the signals transmitted from individual
antenna have equal powers of P/n; and the channel
gains are perfectly known at the receiver.

Similar to the sphere decoders [7]-[8], our proposed
decoder deals with the real and imaginary parts of (1)
separately. Therefore, the system model can be equivalently
rewritten as:

XxX=Hs+w 2)

with the real-valued channel matrix, signal and noise vectors
respectively given by:

ﬂz[ma? —jﬂq 3)

R el e

Note here that the corresponding dimensions of #, x,
s,andware Ny x N, N, , N, and N , where N, =2n,
and N =2n;.

As perfect channel state information is available, the
optimal ML decoder searches s=(s,,s,,...,sy, ) over the
finite set of integer values, 2 o which is used to generate

a QAM constellation, and decides the ML solution "§
that minimizes the following decision metric :

§ = arg min ”J[ -]ﬁ"z (5)

$€Z0am

Using brute-force ML detection to solve (5) is infeasible
for large values of N and/or high-level modulation
schemes, i.e., large M since the complexity is of order

MY . In the sequel, we develop an optimal detection
scheme for solving (5) with moderate complexity.

III. PROPOSED RVLCMLDEC DECODER

Using the Modified Gram-Schmidt (MGS) algorithm [9],
the channel matrix 9 can be factorized as:

9 =QR (6)

where Q is a N; x N unitary matrix, ie.,Q7Q= Iy
and R isaN; x Nupper triangular matrix.

Pre-multiplying both sides of (2) with Q* yields :
v=Rs+n @

where v = [vl,vz,...,vNT]: Q"x and n= [nl,nz,...,nNT ]= Q'w
are respectively the N, x1 received signal vector and
the N, x1 noise vector after QR decomposition.

Since Q is unitary, the statistical properties of the noise
term n remain unchanged. The proposed RVLCMLDec
decoder chooses the ML solution, 5 , from Zoa that satisfies :

Ny

A . 2 .

s =arg min |v—Rs||” =arg min d} 8

k
S€Zgau S€Zgam =

Ny z
where, d,f = (vk - ZR,(’,.s,.J = (vk ~ & — Riiss )z
©

Ny
with & = ZRk,iv“i

i=k+1

Thanks to the special form ofd,, exhaustive search
over the set Z,,, for decoding s= (sl,sz,...,sNT) can be

avoided, thereby considerably speeding up the decoding
process. Let r be the array of length L containing all
the integers in the set Z,,, , for example, r=(-3,-1,,3)

and L=4 for 16-QAM, and AbsEuclDist() be the
function that utilizes r and (9) to compute the absolute

values of d,, and rearrange (sort) those values of |dk|

and the corresponding values of r in an ascending order of
|d,|- The inputs of AbsEucIDist() are v,.&,, R,,, r,
while the outputs are d, containing the sorted values of
|a’ kl and y, containing the sorted values of r. The proposed
RVLCMLDec decoder can be summarized as follows.

RVLCMLDec (Input v, R, r, L,OQOutput §)
- Initialization

1. Set k=N, T,:=0, & =0.

2. <Loop>
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/, =1

if (k=N;), then

[d,,y, ]=AbsEucIDist(v,, &,, R,,, r)
else -

T, =djy, +Ty

Ny
8. & = sz,iyi,l
i=kk

9. [d,,y,]FAbsEucIDist(v,, &,, R,;, r)
10. endif

N kW

1. § =y,
12. kk=k
13. k=k-1

14. go to <Loop>
15. Set D, =(d2+T,)

- Searching
1. Set k=2, [, =1, +1
2. goto Step2
3. Step 1: [d,,y, [FAbsEucIDist(v,, &, R,,,

ryand /, =1
4. Step2: t:=T, +dj,
Step 3:if (2= D,)or (I, > L), then
if (k=N,), terminate, else set k:=4k+1,
/, =1, +1,and go to Step 2
6. Step 4: if (k>1), then kk=k-1, T, =t,

N
Ey = ZRkk’iyi’, , k=kk,and go to Step 1
i=k

7.  Step 5: New solution found, let D, :=¢, save

Sy =Yuy > k=L..,Ny, then set k:=k+1,

LR

l, =1, +1, and go to Step 2.

IV. SIMULATION RESULTS

In order to evaluate performance and complexity of
the proposed RVLCMLDec decoder, we consider its
application in different V-BLAST configurations. For
simplicity, each V-BLAST scheme with #; transmit,

np receive antennas as the (nT,nR) system. In the

simulation, the burst length is set equal to 100 symbol
durations. In addition, the channel matrix is assumed to
stay constant within one burst and changes randomly
from one burst to the next.

In Fig. 2, BER performances versus average signal-to-
noise power ratio (SNR) per receive antenna of the
proposed RVLCMLDec, the sphere decoder (Algorithm
D) [8], and the MMSE-BLAST decoder [10] for (4,4) and
(6,6) systems using 16-QAM modulation are provided.
The sphere radius of Algorithm I is a function of noise
variance and determined in such a way that the probability
of finding a valid point insider the sphere is 0.99. If no
valid point is found, the sphere radius will be multiplied
by a factor of 1.2.

1e+0

1e-1

1e-2

BER

1e-3

—8— (4,4) system, Algorithm | (SD)
—&— (6,6) system, Algorithm | (SD)
1e-4 - —O— (4,4) system, RVLCMLDec
—O— (6,6) system, RVLCMLDec
~—A— (4,4) system, MMSE-BLAST
—v— (6,6) system, MMSE-BLAST
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1e-5
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9 12 15 18 21 24 27 30
Average SNR per receive antenna (dB)

Fig. 2 BER performances of RVLCMLDec decoder, sphere
decoder, and MMSE-BLAST decoder for (4,4) and
(6,6) systems; 16-QAM modulation.

From Fig. 2, we can see that both RVLCMLDec
decoder and sphere decoder significantly outperform
MMSE-BLAST decoder. In addition, RVLCMLDec
decoder and the sphere decoder have almost the same
BER performances. Clearlyy, RVLCMLDec decoder is
capable of providing V-BLAST schemes with ML
performances.

—&- (4,4) system, Algorithm | (SD)
—&— (6,6) system, Algorithm [ (SD)
—O— (4.4) system, RVLCMLDec
: : —— (6,6) system, RVLCMLDec
105 e ........... —a— (4,4) system, MMSE-BLAST
: : —v— (6,6) system, MMSE-BLAST

104 @ecciir e ieeens DU TP e

Flops per symbol period

Average SNR per receive antennas (dB)

Fig. 3 Average complexities of RVLCMLDec decoder,
sphere decoder, and MMSE-BLAST decoder in (4,4)
and (6,6) systems with a 16-QAM constellation.

The complexities as functions of SNR for the three
decoders are shown in Fig. 3 in terms of numbers of floating
point operations (flops). To obtain the complexities of
RVLCMLDec decoder and sphere decoder, 20000 channel
realizations are generated. The complexities of RVLCMLDec
decoder and sphere decoder include those of the pre-
processing stage and of the searching stage. It can be
observed from Fig. 3 that MMSE-BLAST decoder has
lowest complexity, and yet poorest BER performance.
For the same system configuration, the proposed decoder
has remarkably lower complexity than does the sphere
decoder, especially in the low and medium SNR regions.
For example, in (4,4) system, at SNR of 9dB, the
complexity of the sphere decoder is roughly 4 times
higher than that of the proposed decoder
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V. CONCLUSIONS

In this paper, we propose a low-complexity ML
decoder based on QR decomposition, namely, RVLCMLDec,
for the V-BLAST. Computer simulation shows that the
proposed decoder has ML performance, while it offers a
noticeably reduction in detection complexity as compared
to the sphere decoder. Furthermore, the propose decoder
does not require the determination of any sphere radius,
thereby making it simple to be applied. The complexity
of the proposed decoder can be further reduced by
employing appropriate preprocessing techniques such as
sorted QR decomposition (SQRD) or MMSE-SQRD.
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