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Hybrid Concatenated Super-orthogonal Space-time Frequency Trellis Coded  
MIMO-OFDM Systems 
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Abstract: In this study, we propose two hybrids concatenated Super-Orthogonal Space-Time Trellis Codes 
(SOSTTC) applying iterative decoding in Orthogonal Frequency Division Multiplexing (OFDM) over frequency 
selective fading channels. The coding scheme is based on the concatenation of convolution coding, interleaving and 
space-time coding along multiple-transmitter/multiple-receiver diversity systems. The Pair wise Error Probability 
(PEP) for the two proposed concatenated schemes is derived and their performance is evaluated using computer 
simulation with Maximum a Posteriori (MAP) iterative decoding algorithm. Simulation results based on the iterative 
decoding process show a significant improvement in the achieved error rate performance of the concatenated 
scheme over existing concatenated designs. 
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division multiplexing, space-time decoding 
 

INTRODUCTION 
 

Employing multiple transmit and/or receive 
antennas in a communication system is an effective 
method of increasing the information capacity gain of a 
wireless communication system (Telatar, 1999; 
Foschini and Gans, 1998). Space-Time Coding (STC) 
proposed by Tarokh et al. (1998) combines channel 
coding, modulation, transmit diversity and/or receive 
diversity to guarantee a power and bandwidth efficient 
method of communication over fading channels. Super-
Orthogonal Space-Time Trellis Code (SOSTTC) is a 
recently introduced STC scheme that combine set 
partitioning and a super set of orthogonal block codes 
in a systematic way, in order to provide full diversity 
and improved coding gain when compared with the 
earlier Space-Time Trellis Code (STTC) constructions 
(Jafarkhani and Sashadri, 2003; Siwamogsatham and 
Fitz, 2002; Bale et al., 2007; Hartling et al., 2008).  

STCs are designed for a target diversity gain in a 
flat fading channel and they have been shown to suffer 
irreducible error floor in a frequency selective fading 
channel as a result of inter symbol interference (Aksoy 
and Aygolu, 2007). To improve the performance of 
STC in wideband frequency selective fading channels, 
two techniques have been proposed in literatures which 
are the use of orthogonal frequency division 
multiplexing and multichannel equalization (Sokoya 
and Maharaj, 2008, 2010). Multichannel equalization is 
said to have a setback of receiver complexity which 
gives OFDM an edge in resolving the problem of ISI. 
In an OFDM system, a high rate data stream becomes 

multiple low rate data streams in parallel over a number 
of orthogonal subcarriers (Shu-Ming and Yu-Shun, 
2011; Hassan et al., 2011). OFDM system uses a Cyclic 
Prefix (CP) of length that is longer than the delay 
spread of channel impulse response to efficiently avoid 
the effect ISI (Yu et al., 2012; Huang et al., 2011) and 
offers a high performance in physical layer and serves 
as a fascinating multicarrier scheme for many wireless 
networks (Shaowei et al., 2012).  

Turbo coding, which is a parallel concatenation of 
convolution codes, resulted in an unprecedented 
performance of a few tenths of a dB in the capacity of 
the Additive White Gaussian Noise (AWGN) channels 
(Berrou et al., 1993). Turbo codes employ a 
suboptimal, yet powerful iterative decoding algorithm 
whereby extrinsic information is exchanged between 
constituent codes. The astonishing performance of 
turbo codes demonstrated the great potential of 
concatenated coding schemes and resulted in the 
introduction of many other concatenated schemes 
employing the turbo principle. The serial concatenated 
scheme was proposed by Benedetto and Montorsi 
(1998) while Benedetto et al. (1997, 1998) proposed a 
double concatenated scheme with constituent 
convolutional codes.  

STCs are designed to achieve maximum diversity 
but do not achieve high coding gain. In order to 
improve the coding gain of STC various concatenated 
schemes have been proposed (Lin and Blum, 2000; 
Tujkovic, 2000a; Gulati and Narayanan, 2003; 
Firmanto et al., 2002; Altunbaş and Yongacoglu, 2003; 
Gong and Letaief, 2000). Guidelines for the selection of 
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constituent codes of concatenated scheme involving 
STTC and convolutional codes are given by Lin and 
Blum (2001), while Byers and Takawira (2002) 
proposed the double concatenated scheme. The scheme 
presented by Su and Geraniotis (2002) involves parallel 
concatenation of STTCs in flat fading channels. Other 
concatenations involving SOSTTC and convolutional 
codes were presented by Altunbaş (2007) and Pillai and 
Mneney (2006) over flat Rayleigh fading channels. In 
frequency selective fading channels, convolutional 
codes were concatenated serially with STTC in OFDM 
systems in Patcharamaneepakor et al. (2003). 

Motivated by the good performance of a double 
concatenated scheme presented in Benedetto et al. 
(1997) and the results of a hybrid concatenated 
topology in Bon-Jin et al. (2004), two concatenated 
schemes are proposed in order to further improve the 
coding gain of concatenated SOTTC-OFDM systems. 
The two schemes combine the field of turbo coding and 
super orthogonal space-time coding with OFDM 
technology. The first consists of a serial concatenation 
of a Parallel Concatenated convolutional code with a 
SOSTTC (PC-SOSTTC-OFDM) scheme and the 
second involves parallel concatenation of two serially 
concatenated convolutional and SOSTTC codes in 
OFDM systems (HC-SOSTTC-OFDM). The systems 
have the advantage of achieving diversity gain by 
exploiting all available diversity resources while high 
coding gain is guaranteed by the concatenations. The 
Frame Error Rate (FER) performance of the system is 
evaluated by computer simulations. We considered rate 
2/3 recursive and non recursive convolutional codes for 
both the HC-SOSTTC-OFDM and the PC-SOSTTC-
OFDM systems. A 16-state SOSTTC is considered as 
the inner code for the concatenations. 
 

MATERIALS AND METHODS 

 

System model: 

Channel model: Consider a MIMO-OFDM system 
consisting of two transmit and MR receive antennas. 
Each transmit antenna employs an OFDM modulator 
with K subcarriers. We assume no spatial correlation 
exists between the antennas and that the receiver has 
perfect knowledge of the channel while the transmitter 
does not know the channel. The Channel Impulse 
Response (CIR) between the transmit antenna p and 
receive antenna q with W independent delay paths on 
each OFDM symbol and an arbitrary power delay 
profile can be expressed as (Jafarkhani, 2005): 
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where, τw is the wth path delay and αp,q (w) is the fading 
coefficients at delay τw. Note that each αp,q (w) is a 

complex Gaussian random variable with zero mean and 
variance σ
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The Channel Frequency Response (CFR), that is 

the fading coefficient for the k
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cyclic   prefix   and  a  perfect  sampling  time,  is  
given by: 
  

∑
−

=

∆−=
1

0

2

,, )()(
W

w

nj

qpqp
wfewkH

τπα               (2) 

 
where, ∆f is the inter-subcarrier spacing, τw = wTs 

is the 

w
th path delay and �� =  
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  is the sampling interval of 

the OFDM system. Assuming that the channel remain 
constant during an OFDM frame, the channel response 
becomes independent from the time variable t for a 
single symbol period and then the signal received by 
the q

th antenna (1≤q≤MR) at the nth symbol interval 
(1≤n≤Nx) where, Nx is time interval, for the k

th 
subcarrier (0≤k≤K-1) can be expressed as: 
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where,  
MT :  The transmit antenna  
N

n
q (k) :  A circularly symmetric Gaussian noise term, 

with zero-mean and variance N0 at nth symbol 
period 

 
Encoder structure: 

Parallel Concatenated SOSTTC-OFDM (PC-

SOSTTC-OFDM): The block diagram of the PC-
SOSTTC-OFDM system is shown in Fig. 1 where the 
input bits are encoded by Convolutional Code 1 (CC1) 
as well as by Convolutional Code 2 (CC2) after 
interleaving by πp. All the output bits from CC1 and 
CC2 are converted to a single serial stream. The serial 
stream is then interleaved by πs and encoded by the 
SOSTTC to produce the complex symbols. The serial 
complex data are converted to parallel streams upon 
which IFFT is performed. Cyclic Prefix (CP) is then 
added to the transformed symbol before they are 
transmitted from each of the antenna. All the encoders 
are terminated using appropriate tail bits. 
 

Hybrid Concatenated SOSTTC-OFDM systems 

(HC-SOSTTC-OFDM): The encoder block diagram of 
the proposed hybrid concatenated scheme is shown in 
Fig. 2 and it consists of a parallel concatenation of two 
serially concatenated schemes. Each of the serial 
concatenated schemes consists of an outer 
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Fig. 1: Encoder block diagram of PC-SOSTTC-OFDM system 
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Fig. 2: Encoder block diagram of HC-SOSTTC-OFDM system 
 
convolutional code concatenated via an interleaver with 
an inner SOSTTC. In the system, a block of N 
independent bits are encoded by the outer convolutional 
encoder of the upper serial part of the concatenated 
scheme. The output of the upper convolutional encoder 
is then passed through a random bit interleaver (π1). 
The permuted bits from the interleaver are then fed to 
the upper SOSTTC encoder to generate a stream of 
complex data. The complex symbol from the SOSTTC 
encoder is thereafter converted to a parallel output and 
Inverse Fast Fourier Transform (IFFT) is performed on 
each of the parallel symbols. In order to avoid ISI 
caused by multipath delay, Cyclic Prefix (CP) is added 
to each of the transformed symbols before transmission 
from each of the antennas. 

In the lower serial part of the encoding, the lower 
convolutional encoder receives the permuted version of 
the block of N independent bits and generates blocks of 
coded bits which are passed through another inter 
leaver π2 to the lower SOSTTC encoder. It should be 
noted that the same convolutional code and SOSTTC 
used in the upper encoding is used in the lower encoder. 
The complex data from the output of the lower 
SOSTTC encoder are then converted to parallel outputs 
and an IFFT is performed on each of the parallel 
symbols. Cyclic Prefix (CP) is added to the transformed 
symbols before transmission from each of the antenna 
from the lower arm of the encoder. Note that each 
encoder is terminated using appropriate tail bits. 
 
Decoder structure: 
PC-SOSTTC-OFDM: A simplified block diagram of 
the PC-SOSTTC decoder is shown in Fig. 3. The 

symbol-by-symbol Maximum a Posteriori (MAP) 
decoder is used for the inner SOSTTC decoder and a 
bit-by-bit MAP decoder is used for the outer decoder. 
All the decoders used operate on the bit streams using 
the Soft-Input Soft-Output (SISO) algorithm, whereby 
extrinsic information is exchanged between the 
component decoders using soft estimates of their Log 
Likelihood Ratio (LLR) denoted as λ. This is performed 
with the presence of feedback loops that are provided. 
The four ports of the SISO system are used in the 
iterative decoding of the two outer decoders in order to 
fully exploit the potentials of the A Posteriori 
Probability (APP) algorithm. The subscript k which is 
the subcarrier index of λ is dropped for simplicity of 
description and the subscript of c and u will specify the 
decoder where st is used for the SOSTTC encoder, 1 for 
convolutional encoder CC1 and 2 for convolutional 
encoder CC2. 

The inserted CP is first removed from the symbol 
and Fast Fourier Transform (FFT) is performed on each 
of them. The parallel data streams are then converted to 
serial symbols. On the first iteration, the SISO inputs λ 

(ust, I), λ (u1, I) and λ (u2, I) are all set to zero since no a 
priori information is available. By dropping the 
subcarrier index k for simplicity, the coded intrinsic 
LLR for the SOSTTC symbol-by-symbol SISO λ (cst, I) 
module is computed as (4): 
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Fig. 3: The block diagram of the PC-SOSTTC-OFDM decoder 
 
σ

2  =  The variance of the independent complex 
Gaussian noise variable 

c0  =  The reference symbol and c is one of the possible 
output symbol  

 
The extrinsic LLR for the SOSTTC-SISO is then 

calculated as: 
 

),(-),(),(
~

IuOuOu ststst λλλ =                               (5) 

 
where, u, O, I denotes un-coded information, extrinsic 
and a priori respectively. 

This extrinsic LLR is then passed to the inverse 
inter leaver 	�


� from where the information pertaining 
to the coded bits of CC1 and CC2, λ (c1, I) and λ (c2, I), 
respectively are extracted. Then the output LLRs λ (c1, 
O) and λ (u1, O) are calculated by the CC1-SISO. The 
LLR λ (u1, I) is subtracted from λ (u1, O) to obtain the 

LLR ),(
~

1 Ouλ  which is then passed through the inter 

leaver πp
 
to obtain the intrinsic information λ (u2, I) for 

the CC2-SISO. 
The output LLRs λ (c2, O) and λ (u2, O) are also 

calculated by the CC2-SISO. The LLR λ (u2, I) is 
subtracted from λ (u2, O) to obtain the LLR ),(

~
2 Ouλ

which is then passed through the de-inter leaver 	�

�

 
to 

obtain the intrinsic information λ (u1, I) for the CC1-

SISO. A single LLR stream constructed from ),(
~

2 Ocλ
and ),(

~
1 Ocλ  is interleaved by πs to become λ (ust, I) on 

the next iteration. The process is iterated for several 
times. On the final iteration, the LLR λ (u2, O) is de-

interleaved 	�

�

 
to obtain ),(

~
2 Ouλ  which is added to λ 

(u1, O) upon which the decision device acts to 
determine the input bits.  

HC-SOSTTC-OFDM decoder: The decoding block 
diagram of the iterative decoding system of the HC-
SOSTTC-OFDM system is shown in Fig. 4. The 
subscript of the c and u specifies the decoder where st1 
is used for the upper SOSTTC encoder, st2 for the 
lower SOSTTC encoder, 1 for the upper convolutional 
code and 2 for the lower convolutional code. The 
decoder consists of two serial parts and one parallel 
sector. For the upper serial decoding, the inserted CP is 
first removed from each of the symbols and FFT is 
performed on each of the symbols. The parallel streams 
are then converted to serial symbols and the coded 
intrinsic LLR for the SOSTTC symbol-by-symbol SISO 
module is computed as in (4).  

The SOSTTC SISO takes the intrinsic LLR λ (cst1, 
I) and the a priori information from the CC1 SISO 
which is initially set to zero and computes the extrinsic 
LLR given as: 
 

),(),(),(
~

111 IuOuOu ststst λλλ −=                          (6) 
 
where, u, O, I denotes un-coded information, extrinsic 
and a priori, respectively. 

The extrinsic information is de-interleaved (	�

�) 

and fed to the CC1-SISO to become its a priori 
information. The a priori information is then fed to the 
CC1-SISO together with the un coded a priori 
information from the parallel part to compute the 
extrinsic information for the CC1-SISO. The A 
Posteriori Probability (APP) output of the upper bit-by-
bit MAP consists of the extrinsic ) and a priori 

LLR given as: 
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Fig. 4: The decoder block diagram of the HC-SOSTTC-OFDM system 
 
where, c is the coded information, O is extrinsic and I is 
Intrinsic information. The APP outputs of the MAP 
decoders of the lower serial part 2 can be obtained by 
changing index 1 in (6) and (7) to index 2. 

The parallel interconnection component of the 
iterative decoding process is described by (8) and (9): 
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The process is iterated for several times and the 

decision device chooses the bit with the maximum APP 
in the last iteration using the summed values of the 
output LLRs of both the upper and lower bit-by-bit 
MAP decoders.  
 
Component codes: 
Inner code: The SOSTTC code with the transmission 
matrix given as (10) is considered as the inner codes 
(Jafarkhani and Sashadri, 2003): 
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where, x1 and x2 are selected by input bits. The first row 
corresponds to the symbols transmitted in time slot 1, 

the second row, to the symbols transmitted in time slot 
2. The first column corresponds to the symbols 
transmitted by antenna 1 while the second column 
corresponds to the symbols transmitted by antenna 2. 
The value of θ is picked such that for any choice of x1 
and x2 from the original constellation point, the 
resulting transmitted signals are also from the same 
constellation (Jafarkhani and Sashadri, 2003). For M-
Phase Shift Keying (PSK) modulation with 
constellation     signal     represented    by   xi ∈ ej2πa/M,   
i = 1, 2, a = 0, 1, …, M-1, one can pick θ = 2πa'/M , 
where a’ = 0, 1,…, M-1 to avoid constellation 
expansion and the resulting transmitted signal are also 
members of the M-PSK constellation. Since the 
transmitted signals are from a PSK constellation, the 
peak-to-average power ratio of the transmitted signal is 
equal to one. Specifically, the choice of θ that can be 
used in (10) is given as 0, π and 0, π/2, π, 3π/2 for 
Binary Phase Shift Keying (BPSK) and Quaternary 
Phase Shift Keying (QPSK) respectively (Jafarkhani 
and Sashadri, 2003; Aksoy and Aygolu, 2007; Birol and 
Aygölü, 2008). SOSTTC were designed for quasistatic 
fading channels based on the rank and determinant 
criteria and their trellis structure have a large number of 
parallel transitions. Hence, their error performance 
breaks down when used in wideband channels. To 
achieve multipath diversity with SOSTTC, parallel 
transitions  must  be  avoided  and  to  avoid the parallel 
transition constraint, for a rate b bits/sec/ Hz, at least M2 
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Table 1: Generating matrices for the outer codes  

Code description G (D) 
Min. hamming 
distance 

4 states rate 2/3 NRC  
3 

4 states rate 2/3 RSC 
 

3 

Min.: Minimum 

 
states are needed in the trellis structure of SOSTTC 
(Sokoya and Maharaj, 2010). We considered the 16-
state SOSTTC presented by Oluwafemi and Mneney 
(2013) for this study. 
 
Outer codes: Convolutional codes are considered as 
the outer codes. We considered both recursive 
systematic and non recursive codes. The generator 
matrices of the outer codes considered for our 
investigation are given in Table 1. 
 
Pairwise error probability analysis: The Pair wise 
Error Probability (PEP) presented in Tujkovic (2000b) 
is herewith extended for the analysis of the two 
proposed schemes in this section. Assumed that the 
symbol matrix sequence )}(],...,1[{ Lcc=C  is 

transmitted where L is the trellis path length chosen to 
be smaller than K and the Maximum Likelihood (ML) 
decoder decided in favor of coded sequence

)}(ˆ],...,1[ˆ{ˆ Lcc=C , if ),()ˆ,( CC rmrm ≥ , where )ˆ,( Crm  

is the ML metric related to the decoded path given by: 
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And m (r, C) is the ML metric for the correct path 

given as: 
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Thus the PEP is given as: 
 

]|0)ˆ,(),([)|)ˆ(( HHCCP >−=→ crmcrmPr        (13) 

 
Substituting (11) and (12) in (13) and simplifying 

in term of Gaussian Q-function yields: 
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where,  
N0  :  The variance of the noise 

Es  :  The symbol energy and D is defined as: 
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Using an upper bound for the Q-function

,21)( 2/2xexQ −≤  PEP can be upper bounded as: 
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Since the expected value of Hpq (l) is zero for all 

Hpq (l)’s, then the expected value of Dq
n (l) is given as: 
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The PEP upper bound average over all possible 

channel realizations is given from (15) as: 
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For all υ∈ℜ: 
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where, ς is a random variable with Rayleigh distribution 
with variance ½. Taking ς = Hpq (l)

 
in (17) and 

assuming that they are independently-complex 
Gaussian-distributed random variable, then (16) yields: 
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where, η is the set of all l for which 
�
� ��� ≠ 
��

� ���. 

Denoting the number of elements in η by lη, then at high 
signal to noise ratio, Eq. (18) can be expressed as: 
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is the product sum distance along the error events 

)ĈP(C→  path and lη
 
is called the effective length of 

this error event. The built-in frequency diversity of the 
SOSTTC is calculated as Lη

 
= min (lη)

 
while the 

product sum distance is calculated as dp (Lη) = min [dp 

(lη)]. 
Assuming that the whole codeword of each arm of 

the HC-SOSTTC-OFDM X is constructed from Nη 
different C sequence denoted by Cη for η = 1,…., Nη so 
that X = C1, ...,  Cη ..., CNη. Then: 
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where,  lr (X, ��) is the effective length given as: 
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The space-frequency diversity of each arm of the 

HC-SOSTTC-OFDM scheme is therefore calculated 
from: 
 

)min( γγ lL =                                                        (21)  

 
The design criteria from (20) at high signal-to-

noise ratio involve maximization of the build-in-space-
frequency diversity of the concatenated code and the 
minimum product sum distance. Maximization of the 
build-in-space-frequency diversity of the concatenated 
code optimizes the diversity while the maximization of 
the minimum product sum distance optimizes the 
coding gain of the concatenated scheme. 

If we assume that the bit inter leaver maps different 
bits of the outer coded bit vector pairs into different 
groups, then the minimum number of different groups 

in a pair will be equal to the free distance dfree of the 
outer code. With this assumption, the build-in space-
frequency diversity of each arm of the HC-SOSTTC-
OFDM becomes Lr = Lη dfree (outer code).  

The diversity of each arm of the HC-SOSTTC-
OFDM concatenated code from (20) and (21) can then 
be written as: 
 

}),(min{ WMcodeouterdLMD TfreeRg η×=
       

(22) 

 
From (22) the overall diversity of the HC-

SOSTTC-OFDM can be written as: 
 

},),(min{2)( WMcodeouterdLMTotalD TfreeRg η××=  (23) 

 
where, 
 

)2()1()( CCdorCCdoutercoded freefreefree =  

 
For the PC-SOSTTC-OFDM system, the build-in 

space-frequency diversity is Lr = Lηdfree (outer code). 
The overall diversity of the PC-SOSTTC-OFDM 
concatenated code is given by (22) but the dfree is the 
resultant dfree of the parallel concatenated convolutional 
code given as: 

 
)2()1()( CCdCCdoutercoded freefreefree +=  

 
RESULTS AND DISCUSSION 

 
In this section, simulation results illustrating the 

performance of the proposed concatenated scheme over 
frequency selective fading channels are provided. For 
the simulation, we considered a MIMO-OFDM 
concatenated scheme equipped with two transmit 
antennas and one/or two receive antennas. Each of the 
OFDM modulator utilizes 64 subcarriers with a total 
system bandwidth of 1 MHz and FFT duration of 80 µs. 
The system’s subcarrier spacing is 15 kHz with symbol 
duration of 64 µs while the guard band interval is 16 µs. 
The performance curves are described by means of 
Frame Error Rate (FER) versus the receive SNR with 
QPSK constellation. We simulate the system over two 
channel scenarios: 
 
• A quasi-static channel with 2-paths uniform power 

delay profile. The delay between these paths is one 
OFDM sample duration. 

• Typical Urban (TU) six paths COST 207 power 
delay profile reported in Digital Land Mobile 
Radio Communications (1989).  

 
The channel is assumed constant over two symbol 
periods (frame) and changes independently over each 
frame. We also assume perfect channel state 
information at the receiver with perfect timing and 
frequency synchronization between the transmitter and 
the receiver.  
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Fig. 5: FER performance of PC-SOSTTC-OFDM for various 
numbers of decoding iterations over the Typical Urban 
(TU) six-path COST 207 channel model 

 

 
 

Fig. 6: FER performance of PC-NRC-SOSTTC-OFDM, PC-
RSC-STTC-OFDM and PC-SOSTTC-OFDM over the 
Typical Urban (TU) six-path COST 207 channel 
model  

 

 
 
Fig. 7: FER performance of PC-NRC-SOSTTC-OFDM, PC-

RSC-STTC-OFDM and PC-SOSTTC-OFDM over the 
two-ray channel model 

 
For the PC-SOSTTC-OFDM, we used the 4-state 

rate-2/3 both recursive and non recursive convolutional 
code in Table 1 as the outer codes. The inbuilt space 

frequency diversity (Lη) of the SOSTTC used as the 
inner code for trellis path length L = 2 is 2. The code 
FER performance is evaluated for various numbers of 
iterations in Fig. 5. The rate 2/3 Recursive Systematic 
Convolutional (RSC) code is considered as the outer 
codes for this case. The coding gain achieved by the 
system is seen to increase as the number of decoding 
iterations increases and start saturating at the 4th 
iteration. The system however did not achieve the 
maximum diversity order as a result of inter leaver gain 
saturation (error floor). Error floor at higher SNR 
region is a peculiar characteristic of parallel 
concatenation scheme (Yu et al., 2012). 

In Fig. 6 the FER performance of the PC-SOSTTC-
OFDM is shown for both RSC and Non Recursive 
Convolutional (NRC) code outer codes and for inner 
STTC code with RSC outer code. The scheme with 
RSC outer code is seen to provide coding gain of about 
0.6 and 1.6 dB when compared with its counterpart 
with STTC inner code and NRC outer code 
respectively. We also evaluate the FER performance of 
the PC-SOSTTC-OFDM in Fig. 7 using both the RSC 
and the NRC outer codes and compared it with PC-
STTC-OFDM under the two ray channel model. Under 
this channel scenario, the scheme with RSC outer codes 
is observed from the FER performance curve to achieve 
full diversity order of 4 and also achieve additional 
coding gain of about 0.6 and 1.4 dB when compared 
with its counterpart with STTC inner code and NRC 
outer code respectively. The schemes with outer RSC 
codes achieve higher coding gain when compared with 
the scheme with NRC outer code because RSC benefit 
from interleaving gain in iterative decoding.  

The same 4-state rate-2/3 recursive and non 
recursive convolutional codes in Table 1 are used as the 
outer code for the HC-SOSTTC-OFDM system. Each 
serial parts of the HC-SOSTTC-OFDM scheme 
employs 64 subcarriers. 

The FER performance of the HC-SOSTTC-OFDM 
system is shown in Fig. 8 for various numbers of 
iterations using channel condition 1. From the FER 
performance curve, it can be observed that the HC- 
SOSTTC-OFDM achieve diversity order of 12 at the 6th 
iteration.  

The FER performance of the system is presented 
for both RSC and NRC outer code in Fig. 9. In the same 
Fig. 9 we compare the FER performance with a case of 
STTC inner code. The scheme with RSC outer code 
provide additional coding gain of about 0.8 and 1.7 dB 
when compared with the scheme with the STTC inner 
code and NRC  outer  code  system  respectively. 
Figure 10 shows the FER for the HC-SOSTTC-OFDM 
system using the 2 rays channel model. It can be seen 
from the slope of the performance curve that HC-
SOSTTC-OFDM with RSC outer code achieves full
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Fig. 8: FER performance of HC-SOSTTC-OFDM for various 
numbers of decoding iterations over the Typical Urban 
(TU) six-path COST 207 channel model 

 

 
 
Fig. 9: FER performance of HC-NRC-SOSTTC-OFDM, HC-

RSC-STTC-OFDM and HC-SOSTTC-OFDM over 
the Typical Urban (TU) six-path COST 207 channel 
model 

 

 
 

Fig. 10: FER performance of HC-NRC-SOSTTC-OFDM, 
HC-RSC-STTC-OFDM and HC-SOSTTC-OFDM 
over the two-ray channel model 

 
 
Fig. 11: FER performance comparison of CC-SOSTTC-

OFDM and HC-SOSTTC-OFDM systems over the 
Typical Urban (TU) six-path COST 207 channel 
model 

 
diversity order of 8 under this channel condition. We 
can also observe from the FER curve of Fig. 10 that the 
code with RSC outer codes achieves additional coding 
gain of about 1.3 and 0.6 dB when compared with the 
HC-SOSTTC-OFDM with NRC outer code and HC-
STTC-OFDM system respectively. 

Note that, to have the same number of symbols per 
frame and the same delay length for both systems, the 
number of OFDM subcarrier for the scheme with STTC 
inner code was selected as 128. In Fig. 11 we compare 
the FER performance of HC-SOSTTC-OFDM with that 
of CC-SOSTTC-OFDM from where it is observed that 
the HC-SOSTTC-OFDM achieved higher diversity 
order than the CC-SOSTTC-OFDM and also present 
additional coding gain of 5.0 dB but with double 
decoding complexity. 
 
Decoding complexity: In this section, the relative 
estimated complexity of the proposed schemes in 
MIMO-OFDM systems is presented. The approach 
presented in Hanzo et al. (2002) is adopted in analyzing 
the complexity of the two proposed schemes. In 
computing the estimated complexity, the estimated  
complexity of the whole systems is assumed to depend 
only on the channel decoder, i.e., the complexity 
associated with the modulator, demodulator, STC 
encoder are assumed to be insignificant compared with 
the complexity of the channel decoders. The complexity 
of the channel decoders which depends directly on the 
number of trellis transitions per information data bit is 
used as the basis of comparison: 
 

BPS

statesofNo
SOSTTCComp

BPS ×
=

2
)(              (24) 

 
For the concatenated schemes, the Log-MAP 

decoding algorithm for iterative decoding is applied. 
Since the Log-MAP algorithm has to perform forward 
as   well   as   backward   recursion    and    soft    output 
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Table 2: Estimated decoder complexity of the proposed schemes 
Scheme Decoding algorithm Complexity 
CC-SOSTTC-OFDM Log-map 1368 
PC-SOSTTC-OFDM Log-map 1584 
HC-SOSTTC-OFDM Log-map 2592 

 
calculation, which results in traversing through the 
trellis three times, the number of trellises in Log-MAP 
decoding algorithm is assumed to be three times higher 
than the conventional Viterbi Algorithm.  

For the rate-2/3, 4-state CC decoder, the 
complexity is estimated as: 
 

iterationsofnoKCCComp K ×××= − 323}),2,3{( 1

 (25) 

 
where, K is the constraint length of convolutional code. 

For SOSTTC in the iterative decoding, the 
complexity is estimated as: 
 

BPS

statesofNo
SOSTTCComp

BPS

iter

×××
=

263
}{     (26) 

 
Applying Eq. (25) and (26) and considering six 

iterations for all the concatenated schemes, the 
estimated decoding complexity for all the proposed 
schemes in OFDM systems is summarized in Table 2. 
Here, it is explicitly assumed that 256 bits are needed 
for the 64 subcarriers without the tail bits. It is obvious 
from Table 2 that the diversity advantage and the high 
coding gain provided by the concatenated schemes 
comes with higher decoding complexity. 
 

CONCLUSION 
 

In this study, two concatenated schemes with 
constituent codes of convolutional and SOSTTC codes 
are proposed for MIMO OFDM systems. The first 
consists of a serial concatenation of a parallel 
concatenated convolutional code with a SOSTTC and 
the second involves parallel concatenation of two 
serially concatenated convolutional and SOSTTC codes 
in OFDM systems. The concatenated schemes in 
MIMO-OFDM systems have the advantage of 
achieving high diversity gain by exploiting available 
diversity resources and high coding gain is provided by 
the concatenations. The PEP is derived for the two 
schemes and the systems FER performance with 
Maximum a Posteriori (MAP) iterative decoding 
algorithm is presented by computer simulations. We 
showed that the diversity order of the concatenated 
schemes depends on the inbuilt diversity order of the 
SOSTTC inner code and the minimum hamming 
distance dfree of the outer convolutional code.  
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