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Abstract—In this paper, we propose a novel detection algorithm
using Log-Likelihood Ratio (LLR) to detect signals for V-BLAST
systems. This algorithm utilizes the sorting QR decomposition
(SQRD) of the channel matrix, and applies LLR to determine
the order of detection. Simulation results show that the pro-
posed LLR-based MMSE-SQRD algorithm provides a better
performance than the conventional SNR-based MMSE-SQRD
algorithm with a few additional computations. Approximately,
the average BER performance of our algorithm is better than
that of the conventional SNR-based MMSE-SQRD algorithm by
4dB at 10−4 target BER.

I. INTRODUCTION

Using multiple antennas at the transmitter and the receiver,
we can obtain high spectral efficiency with the help of the
layered space-time (LST) codes [1]. The simplified version of
LST codes is known as V-BLAST (Vertical Bell Lab. Layered
Space-Time). In order to detect LST codes at the receiver,
several detection algorithms were proposed in [2]-[8].

Especially, a ZF-OSIC (zero-forcing ordered successive
interference cancelation) algorithm in [2] achieves the reason-
able performance using a linear ZF detector. However, a ZF
detector has a main drawback called as noise enhancement
in linearly weighting process. As a new approach, a MMSE
(minimum mean squared error) detector is used in [3] to
chase the tradeoff between noise enhancement and interference
suppression. Since the ordering processes of these OSIC
algorithms affects the performance significantly, the proper
ordering methods are required to improve the performance. In
this context, the LLR-based ordering methods were proposed
in [4] and [5] for ZF-OSIC and MMSE-OSIC, respectively.
These LLR-based ordering methods decide the order of de-
tection based on LLR with aid of the SNR as well as the
instantaneous noise.

Although OSIC-based approaches provide reasonable BER
performance at the receiver, they require high computational
efforts to resolve the transmitted signals. This is because
OSIC-based detectors need repetitive pseudo-inversion of the
channel matrix until they find all the transmitted symbols.
To reduce this complexity, algorithms using the sorting QR
decomposition (SQRD) were devised in [6]-[8]. Specially, the
SNR-based MMSE-SQRD algorithm in [7] and [8] determines
the detection sequence based on SNR followed by exchang-
ing the columns of the channel matrix in terms of MMSE
criterion. However, the SNR-based MMSE-SQRD algorithm

shows some performance degradation in comparison with the
SNR-based MMSE-OSIC algorithm due to the non-optimal
sorting processes. Hence, a new detection algorithm should
be devised to compensate this performance degradation.

In this paper, we propose a new detection algorithm which
applies MMSE-SQRD of the channel matrix based on LLR
in order to improve the performance. Like the LLR-based
MMSE-OSIC algorithm of [5], the proposed algorithm outper-
forms the conventional SNR-based MMSE-SQRD algorithm
with just small amount for additional computations.

The remainder of this paper is organized as follows. In
Section II, the system model is described. Section III reviews
the traditional MMSE-OSIC detection algorithms using SNR
and LLR to determine the order of detection. In Section
IV, the conventional SNR-based MMSE-SQRD algorithm is
introduced. In Section V, a new LLR-based MMSE-SQRD
algorithm is proposed. Section VI provides the simulation
results and some discussions. Finally, we present conclusions
in Section VII.

II. SYSTEM MODEL

We consider a multiple antenna system with nT transmit
antennas and nR(≥ nT ) receive antennas as described in Fig.
1. The data stream is split into nT sub-streams. Each sub-
stream is encoded into M -PSK symbols with the transmit
energy Es per symbol. The nT × 1 transmit signal vector
x = [x1, ..., xnT

]T is sent on each transmit antenna over
Rayleigh flat fading channel. At each time slot, the nR × 1
received vector can be represented as

r = Hx + n, (1)

where H is the nR × nT channel matrix which contains i.i.d
complex Gaussian gains with zero mean and unit variance.
Specifically, each element hj,i of H describes the tap gain
between transmitter i and receiver j, and it is assumed to be
perfectly known at the receiver. The nR × 1 noise vector n is
assumed to be i.i.d. complex white Gaussian with zero mean
and variance N0/2 per dimension.
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Fig. 1. System model of V-BLAST system

III. MMSE-OSIC ALGORITHMS

A. SNR-based MMSE-OSIC algorithm

First, a linearly weighting matrix W to minimize the mean
value of the squared error, E[(x − Wr)2], is considered as

W = (HHH +
N0

Es
InT

)−1HH = [w1w2...wnT
]T . (2)

Then, the linearly weighted signal yi can be written by

yi = wir = wihixi +
∑nT

j=1,j �=i
wihjxj + win, (3)

and x̂i is estimated by x̂i = Q(yi), where Q(·) is the
quantization function, which appropriately maps yi into the
constellation of symbols. In BPSK case, Q(yi) = +

√
Es or

−√
Es, if yi ≥ 0 or yi < 0, respectively. If r(0) = r and

H(0) = H, the effect of xi from r(0) is canceled out by
following method,

r(1) = r(0) − x̂ihi, (4)

and the corresponding column of channel matrix is eliminated,

H(1) = [h1...hi−1hi+1...hnT
]. (5)

The repetitive processes from (3) to (5) are performed to
estimate the remaining signals according to the order of detec-
tion. Since the order of detection affects the error propagation
[2], ordering of the detection sequence is crucial in OSIC
algorithms. For simplicity, SNR-based ordering selects xi that
minimizes ||wi||2 from (3).

B. LLR-based MMSE-OSIC algorithm

In [4] and [5], new detection ordering techniques based on
LLR were introduced for the OSIC algorithm. Assuming that
the modulation is BPSK, and xi is equi-probable, i.e. xi ∈
{+√

Es,−
√

Es}, then LLR, Λi, is given by

Λi = ln
P (xi = +

√
Es|yi)

P (xi = −√
Es|yi)

= ln
P (yi|xi = +

√
Es)

P (yi|xi = −√
Es)

, (6)

where

P (yi|xi = +
√

Es)

= 1
2π||wi||2N0


 exp

(
− |yi−wihi

√
Es−wihj

√
Es|2

||wi||2N0

)
+ exp

(
− |yi−wihi

√
Es+wihj

√
Es|2

||wi||2N0

)

 ,

(7)

i, j = 1, 2, j �= i, and P (yi|xi = −√
Es) can be cal-

culated by the similar processes. Since a full formula of
LLR is very complex, approximation is employed in order
to calculate LLR, Λi, as simple as possible. If the number
of transmit antennas is large enough, interferences and noise
terms

∑nT

j=1,j �=i wihjxj + win in (3) can be approximately
assumed as a Gaussian random variable whose mean is zero
and variance is Es ·

∑nT

j=1,j �=i ||wihj ||2 + ||wi||2N0. By some
manipulations, an approximation version of LLR, in BPSK
case, can be given by

Λi =
4Re(yi)wihi

√
Es

||wi||2N0 + 2Re (Vi)
, (8)

where Vi = Es ·
∑nT

j=1,j �=i ||wihj ||2. The order of detection
is determined in order of the absolute value of LLRs, |Λi|,
which minimizes the error probability Pe,i = 1/(1 + e|Λi|).

In M -ary case, i.e. xi ∈ {s1, ..., sM}, LLR is defined by

Λi,m = ln
P (xi = x̄i|yi)
P (xi = sm|yi)

, (9)

where the maximum a posteriori (MAP) decision, x̄i, is
defined as

x̄i = arg max
sm

P (xi = sm|yi) . (10)

To reduce error propagation, the order of detection should
be determined in order of

∑M
m=1 e−Λi,m , which minimizes

the error probability Pe,i = 1 − 1/(
∑M

m=1 e−Λi,m). By
approximation and some manipulations, LLR is given by

Λi,m =
||yi − wihism||2 − ||yi − wihix̄i||2

Vi + ||wi||2N0
. (11)

To reduce computational effort, we utilize the relations as
follows

Pe,i = 1 − 1∑M
m=1 e−Λi,m

(12)

≥ 1 − 1
1 + e−Λi,m∗ =

1
1 + eΛi,m∗ . (13)

Then, simplified LLR is given by

Λi,m∗ = min
sm �=x̄i

2Re {yiwihi(x̄i − sm)}
Vi + ||wi||2N0

, (14)

and the order of detection can be determined in order of Λi,m∗ .
This LLR-based ordering for MMSE-SIC proposed in [5] uses
the instantaneous noise when selecting xi that has the same
phase as win. Therefore, this LLR-based OSIC algorithm
provides a better error performance than that of SNR based
ordering.

IV. SNR-BASED MMSE-SQRD ALGORITHM

Although OSIC algorithms achieve good performance, their
computational efforts are very costly. To avoid the repetitive
pseudo-inversion of channel matrix, QR decomposition of
channel matrix H is used in [6]-[8], i.e.

H = Q · R, (15)
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where Q is the nR×nT unitary matrix composed of orthogonal
columns with unit norm, and the nT × nT matrix R is upper
triangular. Multiplying the received vector r with QH , we can
obtain a nT × 1 modified receive vector y as

y = QH · r = R · x + η (16)




y1

...
ynT


 =




r1,1 · · · r1,nT

. . .
...

0 rnT,nT


 ·




x1

...
xnT


 + η, (17)

where η = QHn is statistically identical to n. Due to the
upper triangular structure of R, the i-th element of y is given
by

yi = ri,i · xi + ηi + di, (18)

where di =
∑nT

j=i+1 ri,j · xj is the interference term. Assum-
ing that all previous decisions x̂i+1, ..., x̂nT

are correct (i.e.
d̂i = di), the signal zi that interferences are canceled from the
modified receive signal yi is given by

zi = yi − d̂i = ri,i · xi + ηi, (19)

Finally, we can detect x̂i by x̂i = Q(zi/ri,i). Because
the improper sorting of detection sequence causes the error
propagation, the order of detection should be properly deter-
mined such as the OSIC algorithm. The sorting of detection
sequence is achieved by permuting the elements of x and
the corresponding columns of H in each detection step. The
sorting presented in [6] searches R that maximizes

SNRi =
E[|xi|2] · |ri,i|2

E[|ηi|2] ∼ |ri,i|2 (20)

in each step of the detection process. The sorting QR de-
composition, which was shown in [6], uses the modified
Gram-Schmidt algorithm in each orthogonalization step and
determines the detection sequence S to achieve small SNRi in
the upper layer. As a result, the effect of the error propagation
can be reduced.

To apply the sorting QR decomposition in terms of MMSE
solution to detection processes, a (nT + nR) × nT extended
channel matrix H and a (nT +nR)×1 extended receive vector
r should be defined as

H =

[
H√

N0
Es

InT

]
= QR =

[
Q1

Q2

]
R (21)

and r =
[

r
0nT ,1

]
, (22)

where a nR×nT matrix Q1 and a nT ×nT matrix Q2 are the
upper part and the lower part of the (nT + nR) × nT unitary
matrix Q, respectively, and R is the nT ×nT upper triangular
matrix. Then, the modified receive vector y is obtained by
multiplying QH with the extended receive vector r as follows,

y = QHr = QH
1 r = Rx − N0

Es
R−Hx + QH

1 n. (23)

The second term on the right hand side of (23) indicates the
remaining interference in order to chase the trade-off between
noise enhancement and interference suppression. In general, a
linear MMSE weighting matrix is given by

GMMSE =
(
HHH + N0

ES
InT

)−1

HH

=
(
HHH

)−1

HH .
(24)

Comparing a linear ZF matrix GZF = (HHH)−1HH , the
channel matrix H is exchanged to the extended channel
matrix H for MMSE criterion. Using this observation, the full
signal detection algorithm with SNR-based MMSE-SQRD is
summarized as TABLE I. Since the sorting methods shown in
[7] and [8] are not optimal, they cause the small degradation
compared to the SNR-based MMSE-OSIC algorithm in error
performance. However, a computational complexity can be
reduced compared to the SNR-based MMSE-OSIC detection
algorithm.

TABLE I
SNR-BASED MMSE-SQRD ALGORITHM AND SIGNAL DETECTION

SNR-based MMSE-SQRD Algorithm

(1) R = 0, Q = H, S = (1, ..., nT )

(2) for i = 1, ..., nT

(3) criterioni = ||q
i
||2

(4) end

(5) for i = 1, ..., nT

(6) ki = arg min
l=i,...,nT

criterionl

(7) exchange col. i and ki in R,S, criterion

(8) and in the first nR + i − 1 rows of Q

(9) ri,i =
√

criterioni

(10) q
i
:= q

i
/ri,i

(11) for k = i + 1, ..., nT

(12) ri,k = qH
i

· q
k

(13) q
k

:= q
k
− ri,k · q

i

(14) criterionk := criterionk − ||ri,k||2
(15) end

(16) end

Signal detection

(17) x̂ = x(S), y = QH · r
(18) for i = nT , ..., 1

(19) d̂i =
∑nT

j=i+1
ri,j · x̂j

(20) zi = yi − d̂i

(21) xi = Q(zi/ri,i)

(22) end

V. PROPOSED LLR-BASED MMSE-SQRD ALGORITHM

Now, we propose a novel detection algorithm which uses
MMSE-SQRD based on LLR. The SNR-based MMSE-SQRD
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algorithm should be modified to apply LLR to sorting process
of SQRD. To calculate criterion for sorting processes in terms
of LLR, the SNR-based MMSE-SQRD algorithm is modified
as (2)-(7) of TABLE II in order to apply (14) to sorting
processes. This proposed algorithm is performed so that the
simplified LLR, Λi,m∗ , of the upper layer is smaller than that
of the lower layer in the structure of R matrix. It results in
reducing the effect of the error propagation compared to the
conventional SNR-based MMSE-SQRD algorithm.

TABLE II provides the proposed LLR-based MMSE-SQRD
algorithm using LLR instead of SNR to sort detection order.
Since the proposed algorithm utilizes the instantaneous noise
together with SNR in sorting processes, we can acquire
the improvement compared to the conventional SNR-based
MMSE-SQRD algorithm in the error performance with small
additional computations.

TABLE II
PROPOSED LLR-BASED MMSE-SQRD ALGORITHM AND SIGNAL

DETECTION

LLR-based MMSE-SQRD Algorithm

(1) R = 0, Q = H, S = (1, ..., nT )

(2) W = (HHH + N0
Es

InT )−1HH = [w1 w2 · · · wnT ]T

(3) for i = 1, ..., nT

(4) Vi = Es ·
∑nT

j=1,j �=i
||wihj ||2

(5) yi = wi · r(1 : nR)

(6) criterioni = min
sm �=x̄i

2Re{yiwi(x̄i−sm)}
Vi+||wi||2N0

(7) end

(8) for i = 1, ..., nT

(9) ki = arg min
l=i,...,nT

criterionl

(10) exchange col. i and ki in R,S, criterion

(11) and in the first nR + i − 1 rows of Q

(12) ri,i =
√

criterioni

(13) q
i
:= q

i
/ri,i

(14) for k = i + 1, ..., nT

(15) ri,k = qH
i

· q
k

(16) q
k

:= q
k
− ri,k · q

i

(17) criterionk := criterionk − ||ri,k||2
(18) end

(19) end

Signal detection

(17) x̂ = x(S), y = QH · r
(18) for i = nT , ..., 1

(19) d̂i =
∑nT

j=i+1
ri,j · x̂j

(20) zi = yi − d̂i

(21) xi = Q(zi/ri,i)

(22) end

The signal detection part of the proposed algorithm is

identical to that of TABLE I, which considers the exchanged
sequences of the columns of the channel matrix H and
transmitted signal vector x.

VI. SIMULATION RESULTS

In this section, we compare BER performance and pro-
cessing time of the proposed algorithm with those of the
SNR-based MMSE-OSIC, the LLR-based MMSE-OSIC, and
the SNR-based MMSE-SQRD. Our experimental setup corre-
sponds to the spatial multiplexing MIMO systems with nT = 8
transmit antennas and nR = 8 receive antennas. The transmit
signal on each transmit is modulated to a QPSK symbol whose
power is 1/nT . In addition, the channels are assumed as
complex Gaussian gains with zero mean and unit variance,
called as Rayleigh flat fading. The relative processing time is
measured by MATLAB 7.0 command ‘etime’. The simulation
results are shown as TABLE III and Fig. 2.

As we can see in TABLE III, the proposed LLR-based
MMSE-SQRD algorithm requires about 30% additional pro-
cessing time compared to the SNR-based MMSE-SQRD algo-
rithm. However, the proposed algorithm outperforms the SNR-
based MMSE-SQRD algorithm by 4dB Eb/N0 gains at 10−4

target BER. Although our proposed algorithm does not have
the minimum processing time, it significantly outperforms
the conventional SNR-based MMSE-SQRD algorithm with
small additional computations. In conclusion, our proposed
algorithm is a better choice than any other detection algorithms
explained in this paper.

TABLE III
RELATIVE PROCESSING TIME OF DETECTION ALGORITHMS

Algorithms Relative Processing Time

SNR-based MMSE-OSIC 1.10

SNR-based MMSE-SQRD 1

LLR-based MMSE-OSIC 2.33

Proposed LLR-based MMSE-SQRD 1.32

VII. CONCLUSION

In this paper, we propose a novel detection algorithm that
utilizes MMSE-SQRD applying LLR ordering in the sorting
processes. The achievements of this paper were the reduction
of the computational effort by using QR decomposition of the
channel matrix instead of using the pseudo-inversion processes
and the better error performance by using LLR in the sorting
processes. Therefore, in many cases of interest, the proposed
algorithm may be one of the candidates of good detection
algorithms for V-BLAST systems.
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