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Combined ML and QR Detection Algorithm
for MIMO-OFDM Systems with Perfect
Channel State Information

An effective signal detection algorithm with low
complexity is presented for multiple-input multiple-output
orthogonal frequency division multiplexing systems. The
proposed technique, QR-MLD, combines the conventional
maximum likelihood detection (MLD) algorithm and the
QR algorithm, resulting in much lower complexity
compared to MLD. The proposed technique is compared
with a similar algorithm, showing that the complexity of
the proposed technique with 7=1 is a 95% improvement
over that of MLD, at the expense of about a 2-dB signal-
to-noise-ratio (SNR) degradation for a bit error rate (BER)
of 107, Additionally, with 7=2, the proposed technique
reduces the complexity by 73% for multiplications and
80% for additions and enhances the SNR performance
about 1 dB for a BER of 10~
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1. Introduction

Wireless communication via multiple-input multiple-output
(MIMO) channels has received extensive attention over the
years. Orthogonal frequency division multiplexing (OFDM)
has become a preferred technique to transmit signals over
wireless channels. OFDM based on MIMO (MIMO-OFDM)
is an important technique for the next-generation wireless
communication. However, it is difficult to obtain a signal
detection algorithm with low complexity and high performance
for the MIMO-OFDM systems. Many signal detection
algorithms have been proposed [1]-{11], such as QR [3], a
dynamic QR-decomposition-based M-algorithm with the
feedback equalization detection technique based on QR
decomposition (QRDM-QR) [4], and maximum likelihood
detection (MLD) [5]. The QR detection algorithm has very low
computational complexity, but its performance is not suitable.
Although MLD allows for optimum performance, the
complexity of this algorithm is very high when the modulation
constellation set and the number of transmitter antennas
become large. Therefore, these algorithms are hardly used in a
practical detection process. QRDM-QR is a suitable signal
detection algorithm regarding both performance and
complexity, but there is room for improvement in these two
parameters.

In this paper, an effective signal detection algorithm
combining MLD and QR (QR-MLD) is presented for MIMO-
OFDM systems. For the proposed detection algorithm, a
parameter 7" is adopted. At the beginning of the proposed
algorithm, the channel matrix /A is sorted as the column norm
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from minimum to maximum. Then, the first 7 signals are
detected by the QR algorithm. Finally, the conventional MLD
algorithm is used to detect the last N—T signals, where N,
represents the number of transmitter antennas. If the value of T’
is small, the system performs well and has high computational
complexity, which is similar with the MLD algorithm. On the
other hand, when the value of 7 is large, the performance
quality diminishes and the complexity of the detection scheme
is reduced. Hence, the performance and the computational
complexity of the QR-MLD algorithm can be controlled by
adjusting the value of this new parameter 7. The proposed
technique is compared with MLD and QRDM-QR. Even
though QRDM-QR [4] is a suitable signal detection algorithm
in both performance and complexity, it is much worse than
QR-MLD at a given value of 7. Compared with MLD, QR-
MLD significantly reduces the computational complexity at
the expense of minimal degradation of the bit error rate (BER)
performance. Therefore, the proposed QR-MLD detection
algorithm demonstrates desirable performance and low
complexity.

From simulation and computational complexity comparison
results, the complexity of the proposed technique with 7=1 is
reduced by 95% compared with that of MLD at the expense of
about a 2-dB signal-to-noise-ratio (SNR) degradation for a
BER of 10°. Compared with the QRDM-QR detection
algorithm, not only is the complexity of the proposed technique
with 7=2 decreased by 73% for multiplications and 80% for
additions, but its performance is enhanced by about 1 dB for a
BER of 10°. Therefore, the proposed technique can be
efficiently used for practical MIMO-OFDM requiring very low
complexity and desirable performance.

The rest of this paper is organized as follows. The model for
MIMO-OFDM systems is introduced in section II. In
section III, two conventional MIMO detection algorithms are
briefly described. In section IV, the proposed technique
combining MLD and the QR detection technique is presented.
A computational complexity comparison is described in
section V. The simulation results and discussion are presented
in section VI, and the conclusion is presented in section VIL

I1. System Model
1. System Model

Consider a wireless MIMO-OFDM system with N,
transmitting antennas and N, receiving antennas, supposing
N, > N, This system can be denoted by (N, V,). The transmitter
and receiver structures of the MIMO-OFDM system are
shown in Figs. 1 and 2. For the transmitter side, the input
information source is multiplexed to N, symbol streams by
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Fig. 1. Transmitter structure of MIMO-OFDM system.
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Fig. 2. Receiver structure of MIMO-OFDM system.

serial-to-parallel (S/P) converting. Then, the symbols are
passed through the constellation mapping, the inverse fast
Fourier transform (IFFT) modulators, and the cyclic prefix (CP)
insertion. Finally, the ; OFDM signals are transmitted by N,
antennas.

For the receiver side, after the cyclic prefix is removed, the
N, symbols are launched into the fast Fourier transform (FFT)
for the demodulation and detection. Finally, the &V, symbols are
output by parallel-to-serial (P/S) converting. After the
demodulation, the receiver signals can be given by

R(k) = HS(k)+ W (k) (1)

where R(k) is the N,x1 vector of received signals, S(k) is the
Nx1 vector of transmitted signals, W(k) is the Nx1 vector
additive white Gaussian noise (AWGN), and H is the N, xN,
MIMO channel matrix. We can denote R)=[R,(k),. .., Rn(k)]",
SE=[Si(K),. .., Sno)]’, and W[ Wi (k),. ... Wn(k)]", where
Sik) k=0, 1,..., K) is the k-th subcarrier of the complex
baseband signal transmitted by the i-th antenna and K is the
length of the OFDM data sequence. H can be represented as

h11 hlz hl,N,
H= :21 ?2 . ZZN[ = (hi,j )N,.><N, , @
hN,,,l hN,,,z hN N,

rotVe

where /;; is the channel impulse response from transmitter
antenna j to receiver antenna i. Here are some assumptions:
(A) M) is zero mean, circularly symmetric complex
Gaussian with E(W (k)W (k)"') = 0,1, ;
(B) S(k) is zero mean and with E(S(k)S(k)") =1, ;
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(C) W(k) and S(k) are independent of each other.

2. Channel Model

Let H be the perfect channel state information and well
known by the detector. Each element of H is an asymmetric
complex Gaussian distribution with zero mean and unit
variance, which are independent of each other. We consider the
MIMO channel to be a quasistatic flat Rayleigh fading channel.
From [12], we know that the envelope response at any time has
a Rayleigh probability distribution and that the phase is
uniformly distributed in the interval (0, 27). That is,

2

P,

r 2
Rayleigh (V) :?e e s r2 0 s (3)
where 7 is the envelope of the received signal and o’ is the
variance of the received signals. We know o> =Var(r)=E(r),
that is, £(r)=0 (zero mean).
From [4], we know that the Rayleigh fading can be defined
as

1 £ —j 276,
2. pe ™ S@-1), Q)

i 2 I=1
P

I=1

h(t) =

where S(?) is the input signal, € is the phase shift from the
scattering of the /-th path, p is the attenuation of the /-th path, 7
is the relative delay of the /~th path, and y is the total number of
multipaths.

III. Conventional MLD and QR Detection Algorithms

In this section, we give an overview of the conventional
optimal MLD algorithm and QR algorithm.

1. MLD Algorithm
The MLD can be written as
St =arg min [RE)-HSB, ()

where  denotes the modulation constellation. To obtain the
MLD, an exhaustive search is conducted | times, where |Q|
represents the total number of elements of the constellation set.
When both N, and Q are large, the complexity of the MLD
algorithm is extremely high. Therefore, it is difficult to use in
the practical detection process.

2. QR Algorithm

We apply QR decomposition to (1) with /=QR, where the
NN, matrix Q is an orthonormal matrix satisfying O”Q=Iy,
and matrix R is an Nx/; upper triangular matrix with R;; (i)
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denoting its non-zero elements and R;; (=1, 2,..., N;) being a
positive real number. We have

R(k)=ORS(k)+W (k). ©6)
Therefore,
Y(k)=RS(k)+n(k), @)

where Y(k=0"'R(k), n(k)=0Q""W(k), and n(k) are still AWGN.
Equation (7) can be written as

V(o)) (R R, - Ry | S (k) n, (k)
Ysz) _ 9 R?,2 RZ:N[ Szz(k) . nsz) ®
nw) Lo o oy 1S00) (no@
Signal Y, (k) canbe written as
Yy (k)= Ry y -Sy, (k) +ny (k). ©)

Finally, the decision statistic (9) can be used to estimate
Sy, (k) as

S, (k) = quant(¥, (k)/R,, ). (10)

The process of QR detecting can be described by using the
following recursive algorithm.

$:(k) = quant(%,(6)— S R, S, (k) R,)), W

i=N,—1,-,1.

Although the QR detection scheme has low computational
complexity, it suffers from error propagation. If the i-th layer is
detected successively and incorrectly, those faulty decisions
will affect the subsequent decisions.

IV. Combined MLD and QR Detection Algorithm

1. Algorithm Development

To lower the complexity of the MLD algorithm and improve
the performance of the QR algorithm, a combined MLD and
QR detection technique is proposed for the MIMO-OFDM
systems. We denote this proposed detection algorithm as QR-
MLD. During the detection process, a new parameter 7 is
adopted to decrease the detection complexity. The value of
parameter 7" determines the number of signals detected by the
QR algorithm, and the number N7 determines the number of
signals detected by the MLD algorithm. Obviously, the value
of T'is a set. That is, 7={0, 1,..., N;}. The whole process of the
QR-MLD detection algorithm is as follows.

Step 1: We sort the columns of the channel matrix H by the
column norm from minimum to maximum. That is,
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H,, =sort(|| H, ||| H, Il Hy, ), (12)

where sort(.) represents a sorting from minimum to maximum.
||H ,.||2 is the norm of the i-th column of the channel matrix H.
The sorting order can be recorded in a set, denoted by B.

Step 2: The detection process with QR is executed for the
signals. Note that the channel matrix H is represented by H,ey
and that parameters R(k), S(k), and W(k) are ordered by set B.
The first 7 signals can be obtained by (13).

A 1 N, A
Si(k) = quant(—| Y, (k) — R . S.(k)),
() = quant(cy | ¥, (6) Z LSO )
i=N,-,N—-T+1.

where S;(k)=0 if the value of T is zero. Reserve the T
detected signals as

Sor (k) =[Sn,-r41(k),..., S, o1 . 14

Step 3: The last N~T signals are detected by the MLD

algorithm.
Swp (k) =

arg min
Nt-T
Sy (ke

R = 1S, () + S 0 T,

where Q denotes the modulation constellation set and an
exhaustive search will be conducted |Q™  times.

Step 4: Finally, the estimate of the transmitted signal is
S(k) =[Sy (k)" Sor (k)" T" . According to the first sorting
order recorded in set B in Step 1, sort S(k) by Sus = sort(S)
and then the output Sws is the result of the QR-MLD

detection algorithm.

2. Algorithm Analysis

At the beginning of the QR-MLD algorithm, the channel
matrix H is sorted as the column norm from minimum to
maximum. In the first detection stage, when the QR detection
technique is executed, its reliability has greatly enhanced since
the maximum column norm represents the maximum SNR.
The bigger the SNR is, the more reliable the detection signal is.
In the second stage, the conventional optimal MLD algorithm
is executed. Its performance is the best among other detection
algorithms. Due to the first stage of the QR detection scheme,
the exhaustive search will be conducted | times, rather
than |Q". When 720, its complexity will be reduced
significantly. Obviously, when 7=0, the proposed algorithm
works as if it is the MLD algorithm, and its performance is
much better than that of the QR algorithm, considering that

channel H is sorted at the beginning of the QR-MLD algorithm.

The comparison of the computational complexity among
different algorithms will be given in section V.
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V. Computational Complexity Comparison

In this section, we calculate the computational complexity
for the proposed QR-MLD detection scheme, conventional
MLD algorithm, and QRDM-QR algorithm proposed in [4].
Real multiplications and additions are considered for the
purpose of computational complexity comparison. From [4],
we know that we count the total number of multiplications as
four if there is one complex multiplication operation and we
count the total number of additions as two if there is one
complex addition operation. For simplicity, we suppose
NFEN=N and L-QAM modulation is used. From [13], [14], we
know that when M=L, the performance of the QRDM
algorithm is similar to that of the MLD algorithm, where M
represents the number of branches kept in every layer.
Therefore, to compare the complexity between QR-MLD and
QRDM-QR, we suppose M=L.

The number of multiplications, N-°  for the MLD

mul

detection algorithm can be written as
NYP =4[ N(N +1). (16)

mul

The number of additions, N, for the MLD detection
algorithm can be written as

NV — 4TIV N(N +1)+2(N =N +2N +(N=1).  (17)

The number of multiplications, N

mul >

for the QR detection
algorithm can be written as
N
N :4N3+4N2+8L+4LN2+Z4Ln. (18)
n=2

The number of additions, N2, for the QR detection
algorithm can be written as

N
NS =4N*+4N? +10L+ Y (4Ln+2Ln) +4LN* +2N. (19)

n=2

Therefore, the number of the multiplications, N5, for

the QR-MLD detection algorithm can be written as

T
NEMP =4N* +4N* +8L+4LN> + ) 4Lt

mul
t=2

C1
+4LTN(N =T +1) (20)
C2
+4N2.
—_—
C3
The number of additions, NZ™?P, for the QR-MLD
detection algorithm can be written as
T
NP =4N° +4N* +10L + ) (4Lt +2Lt) +4LN* +2N

t=2
c4
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+4L" TN(N-T+1)+2N(N-T-D)+2(N-T)+(N-T -1)

Cs

+4N? +2N(N -1).
c6
@1
From [4], we know that the computational complexity of the
QRDM-QR algorithm is as follows:

mul

N-T N-T
NEPMO 4N +4AN? +8L+ > 4D, Li+Y 4DL
t=2 t=2

Cc7 (22)
N
+4D,N*+ > D4,

t=N-t+1
c8

N-T
NGPW® = 4N +4N? +10L+ Y (4D, Lt +4D,L)
t=2
c9
N-T N
+Y (ADL+4L)+ Y. D,(4+2)+4D,N* +2N,

t=2 t=N-T+1

(23)

where D, =ML=IL"and D, =1L .
In (20) through (23), C1 and C4 are the number of
multiplications and additions of the QR process in the

Table 1. Number of multiplications for each algorithm with 16-
QAM modulation, N,=N~4.

Algorithm 7=1 =2 7=3 =4
MLD 5,242,880
QRDM-QR | 116416 | 51,072 2,048 2,112
QR-MLD 263,680 | 13,952 2,368 2,176
QR-MLD 0.050 0.0027 | 000045 | 0.00042
MLD
QR-MLD
QRDM-OR 2.265 0273 1.156 1.030

Table 2. Number of additions for each algorithm with 16-QAM
modulation, N=N=4.

Algorithm 7=1 =2 7=3 T=4
MLD 5,242,915

QRDM-QR 149480 | 67,784 2,376 2472

QR-MLD 263,770 | 14,095 2,596 2473

QRMLD 0.05 0.003 0.00049 | 0.00047
MLD

QR-MLD

QRDM.OK 1.765 0.2079 1.0926 1.0004
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QR-MLD algorithm. Similarly, C2 and C5 represent the
number of multiplications and additions of the MLD process in
the proposed algorithm.

Finally, C3 and C6 are the number of multiplications and
additions in the sorting process in the QR-MLD detection
scheme. Furthermore, C7 and C9 are the number of operations
to calculate multiplications and additions of the QRDM
process in the QRDM-QR algorithm, and C8 and C10 are the
number of operations to calculate multiplications and additions
of the QR process in the QRDM-QR technique.

The computational complexity of the QR-MLD detection
algorithm compared with MLD and the QRDM-QR is
illustrated in Table 1 and Table 2 with 16-QAM modulation
and N=N~4.

From Tables 1 and 2, it is interesting to note that the
complexity of the proposed detection algorithm is significantly
reduced for both multiplications and additions compared with
the conventional MLD algorithm whenever T'is equal to 1, 2, 3,
or 4. Furthermore, compared with the QRDM-QR algorithm
proposed in [4], the complexity of the QR-MLD algorithm is
reduced by 73% for multiplications and 80% for additions
when the value of 7T is 2. When T is equal to 3 or 4, the
complexity of the QR-MLD algorithm is similar with that of
QRDM-QR. The principle to choose the proper value of 7 for
different N; and N, and the performance simulation of the
proposed technique are presented in section V1.

VI. Simulation Results and Discussion
1. Simulation Results

In this subsection, computer simulations are presented to

BER

=== QR-MLD (7=1)
107°H A r-MLD (7=2) |
--€-- QR-MLD (7=3) |-
—F1+—QR-MLD (7=4) |-
—#+—MLD : :
104 T H H

0 5 10 15 20
SNR (dB)

Fig. 3. BER performance of MLD algorithm and proposed
technique with N=N,=4, according to the value of 7.
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SNR (dB)

Fig. 4. BER performance of QRDM-QR and that of QR-MLD
algorithm with N=N,=4, according to value of 7.

1072}

104

evaluate the performance of the proposed QR-MLD algorithm
for MIMO-OFDM systems. Assuming perfect channel
estimation, the receiver detection is based on a five-path
Rayleigh fading environment without channel coding. During
the simulation, the length of the OFDM data sequence K is
equal to 512, N=N=4, and 16-QAM modulation is used.
Figure 3 shows the BER performance of the MLD algorithm
and the proposed QR-MLD algorithm with 7" being equal to 1,
2, 3, and 4, respectively. Figure 4 plots the BER performance
of the proposed QR-MLD algorithm and the QRDM-QR
algorithm.

2. Discussion

First, the BER performance of the QR-MLD algorithm is
compared with that of the MLD algorithm in Fig. 3. The lower
the value of T is, the better the BER performance of the QR-
MLD algorithm is. From Table 1, Table 2, and Fig. 3, it can be
concluded that in the case of N=N,=4, with 7=I1, the
performance of the proposed QR-MLD algorithm reflects only
a 2-dB degradation for a BER of 10~ and a 95% decrease in
complexity compared with the MLD algorithm. It is
reasonable to decrease the complexity of the algorithm by 95%
at the expense of a 2-dB performance degradation because the
conventional MLD algorithm is difficult to use in practical
systems.

As shown in Fig. 4, although the BER performance of the
QRDM-QR detection algorithm is similar to that of the
proposed QR-MLD detection algorithm, there are notable
differences. For example, when the value of 7T is 2, compared
with that of the QRDM-QR algorithm, the performance of the
QR-MLD algorithm is enhanced about 1 dB for a BER of 10~

376 Weizhi You et al.

Furthermore, considering the complexity of the algorithm, it is
amazing to find that the complexity of the proposed technique
is decreased by 73% for multiplications and 80% for additions
compared with the QRDM-QR detection algorithm. When the
value of T'is 3 or 4, although the computational complexity of
QR-MLD is about 5% higher than that of QRDM-QR, the
performance of QR-MLD is about 1 dB improved for a BER
of 107 compared with the QRDM-QR algorithm.

Finally, we can conclude that even though QRDM-QR is a
suitable detection algorithm regarding performance and
complexity, the level of performance and complexity of QR-
MLD when an appropriate value of 7 is selected is better.
Compared with the conventional MLD algorithm, it is
reasonable to use the QR-MLD detection technique with much
lower complexity. Therefore, the proposed selective technique
can be efficiently used for practical MIMO-OFDM systems
requiring very low complexity by assigning the proper value of
T.

VII. Conclusion

In this paper, a highly efficient and minimally complex
algorithm for MIMO-OFDM systems was proposed. The
proposed QR-MLD algorithm enhances the detection
performance by applying the MLD technique and decreases
the computational complexity by using the QR algorithm.
Simulation results show that the complexity of the proposed
technique with 7=1 is reduced by 95% compared with that of
MLD, at the expense of about a 2-dB SNR degradation for a
BER of 107. Its performance and complexity are much better
than those of the effective QRDM-QR algorithm by
appropriately selecting 7' Considering that the conventional
MLD scheme is difficult to use in practical MIMO-OFDM
systems because of its high complexity, the proposed QR-
MLD detection scheme can be effectively used. In conclusion,
by assigning the proper value of 7, the proposed combined
MLD and QR detection technique can be used for MIMO-
OFDM systems requiring high-level performance and very
low complexity.
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