
 

 
Abstract—Multiple-Input Multiple-Output (MIMO) 

technologies are adopted in many standards to enhance the data rate 
and the link robustness. By combining MIMO techniques with the 
SC-FDMA (Single Carrier Frequency Division Multiple Access) 
modulation scheme, MIMO SC-FDMA systems can achieve high 
data rates over broadband wireless channels. In this paper, we 
employ the space-frequency block code (SFBC) on each transmitted 
block for the multiuser scenario. At receiver side, in order to reduce 
the searching complexity, we use the Layered ORthogonal lattice 
Detector (LORD) algorithm and combine the turbo decoding to 
develop the low-complexity turbo LORD multiuser detector (MUD) 
for MIMO SC-FDMA systems. Some simulation examples for 
uplink scenario are given to demonstrate the effectiveness of the 
proposed schemes. 
 

Index Terms— MIMO, space-frequency block code, single 
carrier frequency division multiple access 
 

I. INTRODUCTION 

IRELESS transmissions meet great popularity nowadays 
for a wide variety of applications, such as wireless 

multimedia, wireless internet access, and fourth generation 
(4G) mobile communication systems, these applications have 
motivated the development of numerous signal processing 
and communication techniques for utilizing these resources 
efficiently. Third-Generation Partnership Project Long Term 
Evolution (3GPP LTE) represents one of the major advance 
standards in the future fourth generation (4G) 
communications. The SC-FDMA [1] and orthogonal 
frequency division multiple access (OFDMA) has been 
adopted for uplink and downlink transmission in 3GPP LTE 
[2], respectively. SC-FDMA combines most of the 
well-known advantages of OFDMA with the envelope 
fluctuations of single-carrier (SC) systems. Thus, SC-FDMA 
is with lower Peak-to-Average Power Ratio (PAPR) that 
limits the nonlinear effects and avoids the use of expensive 
high power amplifiers at the mobile station. The PAPR 
problem is even more stringent for terminals situated at 
cell-edge, which are typically power-limited and are subject 
to bad propagation conditions. For these terminals, it is 
interesting to use their transmit antennas in order to 
implement some transmit diversity techniques (ex. 
space-time block coding) [3], allowing them to improve the 
performance and extend the coverage. Space-time coding 
(STC) techniques can exploit both spatial and temporal 
transmit diversity to mitigate multipath effects and suppress 
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interference. On the other hand, when applied in frequency 
domain, SFBC [4] can exploit another form of diversity with 
frequency, that is, spectral diversity. By space-time 
processing that combines the MIMO systems with space-time 
block coding (STBC) can provide high data rates over 
wireless channels and improve the system capacity. Such 
systems may be a possible solution for future wireless 
networks to approach these demands. 

The use of multiple antennas both at the base station and at 
the terminal can improve the performance by providing 
spatial diversity, increase the transmitted data rate through 
spatial multiplexing. However, multiuser MIMO 
(MU-MIMO) [5] can accommodate multiple users as 
spatially distributed transmission resources, at the cost of 
somewhat more expensive signal processing. Thus, 
MU-MIMO is also known as spatial division multiple access 
(SDMA). MU-MIMO algorithms are developed to enhance 
MIMO systems when the number of users, or connections, 
numbers greater than one. Iterative multiuser detection, also 
known as turbo multiuser detection in communication 
systems is based on the turbo principle [6,7]. The channel 
decoder and multiuser detector iterate soft information to 
cancel multiple access interference (MAI). MIMO 
SC-FDMA [8] system combines the advantage of spatial and 
frequency diversities with frequency domain equalizers 
(FDE), as well as increase the uplink system capacity. 
Possible detection techniques include zero-forcing (ZF) and 
minimum mean squared error (MMSE) detection, maximum 
likelihood detection (MLD). Among these schemes, MLD is 
optimal, but its complexity grows exponentially with the 
number of symbols detected. As a result, there are demands 
for near MLD schemes that provide similar performance with 
less complexity. Many researchers have sought different 
limited-complexity detection strategies, trying to approach 
the ideal receiver performance at best in recent years. In 
practice, detection and decoding are decoupled, and 
Soft-Input Soft-Output (SISO) detectors used in conjunction 
with SISO decoders in iterative schemes [9] to approximate 
the ideal receiver through disjoint stages according to the 
turbo principle. Turbo detectors exploit the information fed 
back by the channel decoder as a priori information about the 
transmitted vectors of symbols. Despite this simplification, 
the complexity of the optimal Maximum A Posteriori (MAP) 
and Maximum Likelihood (ML) detectors still increases 
exponentially. The suboptimal detection strategies try to 
approach the ideal detector with limited complexity, ex., 
Turbo MMSE detection or sphere detection [10]. 

In recent years, one of the most promising proposals is the 
Layered Orthogonal lattice Detector (LORD) [11] [12], and 
its iterative version, namely Turbo LORD (T-LORD) 
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[13]-[15]. LORD detects the ML hyper-symbol, or close, 
depending on the number of antennas involved. That is 
particularly suited for parallel implementation and 
soft-output bit detection, and performs very well in 
combination with soft decoders. Unfortunately, LORD is not 
able to manage a priori information, possibly fed back by the 
SISO channel decoder. So, the T-LORD is able to process a 
priori soft information. It is designed to be included in an 
iterative receiver with SISO decoder and its performance is 
very close to the ideal MAP detector. In this paper, we 
employ the space-frequency block code (SFBC) for the 
MU-MIMO SC-FDMA systems. At receiver side, we use the 
LORD algorithm and combine the turbo decoding to develop 
the low-complexity turbo LORD MUD for MU-MIMO 
SC-FDMA systems. This paper is organized as follows. In 
Section 2, the system model of the MU-MIMO SC-FDMA is 
described. The low-complexity turbo LORD MUD for 
MU-MIMO SC-FDMA systems is proposed in Section 3. 
Simulation results and conclusions are provided in Section 4 
and Section 5, respectively. 

Notation: Vectors and matrices are denoted by boldface 

letters; superscripts of  * ,  T ,  H and   1  denote the 

complex conjugate, transpose, Hermitian transpose and 
inverse, respectively;   stands for the circular convolution; 
and diag  denotes a diagonal matrix. 

 

II. SYSTEM MODEL 

In this section, we consider u  mobile users accessing the 
same spectrum in uplink MIMO SC-FDMA systems, each 
user has tN  transmit antennas, all users utilize an 

convolutional encoding with code rate 2/1R , and after 
interleaver, the quadrature phase shift keying (QPSK) 
modulation scheme and space-frequency block code (SFBC) 
scheme are employed for the transmission, as shown in 
Figure 1. In this system, we deal with the multiple-access 
communication channel where each user transmit an 
independent information via two antennas using 
Alamouti-like SFBC scheme at the transmitter to a receiver 
equipped with rN  antennas. All the multiple-access users 

are on the same spectrum to transmit their data. Let the 
transmitted data block of the u -th user be written as follows, 

              Tuuuuu Mxxxx 1...210 x  (1)

where )()( mx u  denotes the m -th symbols for the user u . 

Next, the signal is transformed to frequency domain by 
M-point discrete Fourier transform (DFT) and can be written 
as 

  )()()()()()( )1(...)2()1()0( u
M

Tuuuuu MXXXX xFX  (2)

where MF  denotes the normalized M-point DFT matrix 

with entry on the a-th row and b-th column defined as 

   Mabj
M

baM 2exp
1

, F , for 

 1...10,  Mba  
(3)

In order to provide transmit diversity, two consecutive 

frequency domain data blocks )(
2
u
iX  and )(

12
u
iX  are 

transmitted across the two transmitted antennas by the 
Alamouti-like SFBC scheme for each user and then all 
signals are mapped into the designated frequency subband. 
After subcarrier mapping, signal can be described as follows 
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where )(
,
u
inS  is the transmitted block on the i -th frequency 

at n -th transmit antenna for user u  and )(
,

u
MNP  denotes the 

MN   subcarrier mapping matrix. 
The time domain transmitted signal can be obtained by 

performing IDFT operation on )(
,
u
inS  and can be expressed as 

follows, 
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where NF  is the N -point DFT matrix, and its inverse is 
H
NN FF 1 , and )(

,
u
tnS  is the transmitted block on the t -th 

time at the n -th transmit antenna for user u . Finally, Cyclic 
Prefix (CP) with length longer than delay spread is inserted to 
avoid inter-symbol interference and signals are transmitted 
via the antennas in SC-FDMA systems. 

III. MULTIUSER RECEIVER FOR MIMO SC-FDMA SYSTEMS 

In this section, we consider the multiuser MIMO receiver 

of SC-FDMA system with rN  received antennas. Assume 

that perfect pulse shaping and channel state information (CSI) 
are achieved, and assume that all users access the base station 
in the same subband with power control such that all signals 
from mobile stations arrive at base station with the same 
average power. Then after removing CP, the received signal 
at the m -th received antenna denoted as mr  in the time 

domain can be described as the summation of the circular 

convolution of channel impulse response nm,h  with the 

transmit signal )(u
ns , the nm,h  is assumed to be stationary 

within a symbol duration and known in the base station 
receiver. Figure 2 is the block diagram of the receiver. The 
received signal at the m -th receive antenna can be described 
as follows,  
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where  Tnmnmnm
u

nm Lhhh )1(...)1()0( ,,,
)(
, h  is the 

time domain channel impulse response with of order L  
between the n -th transmit antenna and the m -th receive 
antenna for user u ,   denotes the N -point circular 
convolution and mq  is complex additive white Gaussian 

noise (AWGN) with zero mean and variance I0N . The 

signal )(u
mr  is described as follows, 
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where the channel matrix )(
,

u
nmH  is a NN   circulant 
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matrix with first column equal to the 1N  vector 
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 )(1
)(
, 0h . After the N-point DFT operation and 

subcarrier de-mapping, the signal is described as follows, 
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The circulant matrix )(
,

u
nmH  has the following properties 
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where )(
,

u
nmΛ  is a diagonal matrix with diagonal entries 

equal to the DFT of the channel impulse response. That is, 
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,

u
nmΛ  is defined as 

 
  )1(...)0(

0

)(
,

)(
,

)(1
)(
,

)(
,



















 

NHHdiag

Ndiag

u
nm

u
nm

T

LN
Tu

nmN
u

nm hFΛ
 (10) 

Assume that the coherent bandwidth is much larger than 
the sub-carrier bandwidth, therefore the subchannels in 
neighborhood have almost the same frequency responses. 
That is, we can make the approximation that 
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nm HHH    where   and   are subcarrier 

index in the same designated band. After subcarrier 
de-mapping, we consider the 22  Alamouti SFBC scheme 
with 2 users in the same subband, the received signal can be 
written as follows, 
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Arranging the above two equations in matrix format, we 
obtain 
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Combining the received signal at all received antennas, we 
have 
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For the general case of SFBC with U users, each user 
employs tN  transmit antennas, K frequency transmit 

diversity, and M receive antennas in the base station, the 
above equation can be extended as follows 
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(15) 

The equation (15) can be simplified as 
ηHXV   (16) 

where V  is a 1MK  matrix, H  is a UNMK t  matrix, 

X  is a 1UNt  matrix and η  is a 1MK  matrix. Next, we 

employ the LORD algorithm to perform the turbo MUD. The 
LORD [12] algorithm consists of two steps: 

1) Preprocessing: The transformation is similar to a QR 
decomposition but it can be completed without any 
normalizations. 

2) Lattice Search: It provides parallelizable 
implementation that can easily generate reliable soft bit 
metrics.  

The algorithm solves the Maximum Likelihood (ML) 
detection problem to estimate the users’ transmitted sequence 
X , that is 

2)( minargˆ HXVX
X




u  (17) 

In [11] [12], the received signal can be split into real and 
imaginary parts, 

 TMMr VVVV )()(...)()( 11 V  (18) 

Similar definitions hold for rX  and channel matrix rH  

such that rrrr ηXHV  . Then the channel matrix rH  is 

QR decomposed, corresponds to Gram-Schmidt 
orthogonalization (GSO) method without unnecessary 
normalizations, only requiring that the columns of Q be 
orthogonal, with arbitrary norm. So the received signal can 
be transformed into the following format, 

ηXRVQV ~~~
 rr

T
 (19) 

where R
~

 is the upper triangular matrix and Q  is the 

orthogonal matrix. Once equation (19) has been obtained, 
simplified demodulation algorithms can be applied, the 
likelihood metric is 
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The expressions for 2
j , jis , , jr  and more details are 

provided in [10]. Based on the above expression, we can 
employ the backward recursion algorithm that slices along all 

symbols for the lowest layers. Let )(ˆ X  be the collection of 

the decided symbols, the above likelihood can be expressed 
as a function of the two lowest layers, 
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The method, through an extensive search over each pair, 
detects the symbol close to that of ML detection. A 
Maximum-A-Posteriori (MAP) detector accepts the received 
vector and the a priori information, coming from the decoder, 
and evaluates the likelihood of each user’s possible 
transmitted symbols. It can be easily identified in the 
following metric, 
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where  iu)(  is a priori information and    1)( u
n Xb  

is the n-th bit of symbol )(uX . The computation of the a 
posteriori LLRs can be described as follows, 
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The Turbo-LORD [13] is based on a simplified but near 
optimal method to compute Max-Log-MAP approximation 
metric (22). The computation of (21) requires to take into 
account each possible constellation symbol. For this reason, 
useful re-organization of the data is required. Let Γ  be the 
permutation matrix, the received signal can be rewritten as 
follows, 

ηXHΓΓnXHΓΓV   T1  (24) 

It is convenient to perform the QR decomposition of the 
channel matrix H , that is 

QRHΓ T  (25) 

The first term in (22) can be written as  
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where ΓXXVQV  ',' H . We need to seek the best 

candidate according to the distance criterion and the “a 
priori” probability criterion that can be described as follows, 
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The signal is then processed by the inverse DFT (IDFT) 
operation, we then have the time domain estimate 

      Tuuuu Mxxx 1ˆ...1ˆ0ˆˆ )()()()( X which is defined 

for Uu 1  as )()( ˆˆ uH
M

u XFx  . Finally, de-interleaving and 

decoding are performed to recover the original data estimate. 
Figure 3 is the system block diagram of the proposed 

receiver. We propose to utilize turbo principle that combines 
MAP detection to perform multiuser detection. In this 
approach, the multiuser detector utilizes the extrinsic 
information from MAP decoder to cancel the interference 
from other users to improve the receiver performance. The 
decoder outputs not only provide hard bit decisions, but also 
the extrinsic information of all coded bit, including 
information and parity bits, which is used as “a priori” 
knowledge at the detector (after interleaving). Using 

independent “a priori” information for each bit of )(uX , we 

obtain 
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where    1)( u
n Xb  is the n- th bit of the symbol )(uX , 

with bNn 2,...,2,1 , where   2/log2 MNb   is the number 

of bits per dimension. The soft estimate of the transmitted 
data is as follows, 
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Performing DFT operation over )(~ ux , we have the 
expected values of each user’s frequency-domain data as 
follows, 
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At the beginning of the iterative process, no “a priori” 

information is available, so   0)( nu
t . In the successive 

iterations, )(uZ  denotes the received signal which has all 
other users’ interferences being removed. That is  

)()( ~ uu XHVZ   (32) 

When the iterative process converges, the bit reliability 
provided by the decoder increases and the soft estimates 
become closer to the true transmitted values [21]. 

 

IV. SIMULATION RESULTS 

In this section, we demonstrate the performance of the 
proposed iterative multiuser MIMO detector for SC-FDMA 
system. The employed MIMO technology for the simulations 
is the 2×2 Alamouti SFBC. The adopted channel model is the 
spatial channel model (SCM) proposed in [20]. The channel 
is simulated over suburban area with vertical polarization 
antenna in microcell. In this system, each user is with two 
antennas for transmitter side, and receiver side has two 
antennas. The antenna spacing at base station is 6 
wavelengths, while mobile station antenna spacing is 0.4 and 
2 wavelengths. The simulated Turbo coded MIMO 
SC-FDMA systems has 8M , 256N  and the Cyclic 
Prefix (CP) length is 20. The employed encoder is the 
recursive convolutional codes (RSC) with code rate 2/1R , 
under three different channel encoder (2, 1, 2), (2, 1, 3) and (2, 
1, 4) where the last entry denotes the memory order m, and 
the constrained length is m+1. The employed interleaver is 
random interleaver. The algorithm for the turbo decoder is 
the BCJR algorithm. 

Fig. 4 and Fig. 5 compare the bit error rate (BER) 
performance of the single-user non-iterative T-LORD and 
turbo MMSE receivers with the antenna spacing for mobile 
station equal to 0.4   and 2  , respectively. The base station 
has 2rN  receive antennas and the performances are with 

encoders (2, 1, 2) and (2, 1, 4). As we can see, the T-LORD 
performance is better than that of MMSE receiver. We also 
find that the T-LORD performance with mobile antenna 
space equal to 2   is better than that with antenna space 

equal to 0.4   at BER= 310  when (2, 1, 4) convolutional 
code is used. This result confirms that larger antenna space 
can achieve better performance because of lower correlation 
among different paths. Fig. 6 and Fig. 7 compare the bit error 
rate (BER) performance of the two-users non-iterative 
T-LORD and turbo MMSE receivers with the antenna 
spacing for mobile station equal to 0.4   and 2  , 
respectively. Obviously, it is shown that the T-LORD scheme 
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can cancel the interference for multiuser MIMO system. The 
performance of the T-LORD receiver outperforms the turbo 

MMSE receiver at BER= 210 . We also find that the 
T-LORD performance with mobile antenna space equal to 
2   is better than that with antenna space equal to 0.4   at 

BER= 210  when (2, 1, 4) convolutional code is used. Figs. 
8-9 depict the bit error rate (BER) performances of the 
T-LORD detector for iterative multiuser MIMO SC-FDMA 
systems and the antenna spacing for mobile station equal to 
0.4   and 2  , respectively. The number of user is 1u . As 
we can see, increasing the number of iterations, the proposed 
receiver further improves the BER. We also find that the 
T-LORD performance with mobile antenna space equal to 
2   is 0.7 dB better than that with antenna space equal to 

0.4   at BER= 310 . 
 

V. CONCLUSION 

By combining MIMO techniques with the SC-FDMA 
modulation scheme, MIMO SC-FDMA systems can achieve 
high data rates over broadband wireless channels. In this 
paper, we employ the  SFBC on each transmitted block for 
the multiuser scenario. At receiver side, in order to reduce the 
searching complexity, we use the LORD algorithm and 
combine the turbo decoding to develop the low-complexity 
turbo LORD MUD for MIMO SC-FDMA systems. The 
proposed multiuser detection method performs iterative 
equalization and can effectively cancel MAI when there is 
limited number of users in the same subband or adequate 
receive antennas at the base stations. Moreover, the 
simulation results show that the performance of the proposed 
Turbo LORD receiver outperforms the turbo MMSE 
receiver. 
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Figure 1:  The transmitter of the multiuser MIMO SC-FDMA systems. 
 

 
Figure 2:  The receiver of the multiuser MIMO SC-FDMA systems. 
 

 
Figure 3:  The iterative receiver of the multiuser MIMO SC-FDMA systems. 
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Figure 4:  BER performance of the T-LORD and turbo MMSE with 
non-iterative multiuser detection for single user (MS antenna space 0.4  ). 
 

 
Figure 5:  BER performance of the T-LORD and turbo MMSE with 
non-iterative multiuser detection for single user (MS antenna space 2  ). 
 

 
Figure 6:  BER performance of the T-LORD and turbo MMSE with 
non-iterative multiuser detection for two users (MS antenna space 0.4 ). 
 

 
Figure 7:  BER performance of the T-LORD and turbo MMSE with 
non-iterative multiuser detection for two users (MS antenna space 2  ). 
 

 
Figure 8:  BER performance of iterative MIMO receivers for SC-FDMA 
systems with single user (MS antenna space 0.4  ), and encoder is (2,1,3). 
 

 
Figure 9:  BER performance of iterative MIMO receivers for SC-FDMA 

systems with single user (MS antenna space 2  ), and encoder is (2,1,3). 
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