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Abstract— Zero-Padding Orthogonal Frequency Division 

Multiplexing (ZP-OFDM) has recently been introduced to 

avoid coded-OFDM's high decoding complexity. Various sub-

optimal ZP-OFDM receivers have been developed in the 

literature to tradeoff performance with implementation 

complexity. In this paper, we propose a new iterative detection 

scheme for ZP-OFDM transmissions tailored to broadband 

cooperative networks with multiple relays and amplify-and-

forward relaying. By avoiding channel dependent matrix 

inversion, which is inevitable in the case of minimum mean 

square error (MMSE)-ZP-OFDM transmissions, and 

incorporating linear processing techniques, we show that our 

proposed low-complexity MMSE-ZP-OFDM (LC-MMSE-ZP-

OFDM) receiver is able to bring significant complexity 

reduction in the receiver design, while outperforming 

cooperative MMSE-ZP-OFDM. Thorough computational 

complexity analysis for LC-MMSE-ZP-OFDM and D-MMSE-

ZP-OFDM receivers  is presented.  Furthemore, an extensive 

Monte Carlo simulation study is provided to corroborate the 

analytical results and to provide detailed performance 

comparison between LC-MMSE-ZP-OFDM and D-MMSE-

ZP-OFDM receivers with/without error prapogation.  

 
Index Terms—Cooperative communication, Zero-Padding 

orthogonal frequency division multiplexing, Equalization. 

 

I. INTRODUCTION 

ue to the increasing demand for high speed data 

communication, intensive research efforts have been 

done on this area. The dispersive nature of the frequency 

selective fading channels causes intersymbol interference 

(ISI), which in turn incurs high performance degradation. This 

phenomenon is the key challenge for high-speed broadband 

applications. Orthogonal Frequency Division Multiplexing 

(OFDM) was proposed as an efficient technique to mitigate 

ISI. In OFDM transmission, the ISI channel with additive 

white Gaussian noise (AWGN) is converted into parallel ISI-

free subchannels by implementing Inverse Fast Fourier 

Transform (IFFT) at the transmitter and Fast Fourier 

Transform (FFT) at the receiver side [1]. OFDM is an 

attractive equalization scheme for digital audio broadcasting  
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(DAB) and digital video broadcasting (DBV) [2]-[3], and has 

successfully been applied to high-speed modems over digital 

subscriber lines (xDSL) [4], and recently has also been 

proposed for broadband television systems and mobile 

wireless local area networks such as IEEE802.11a and 

HIPERLAN/2 (HL2) standards [5].  

OFDM is capable of very simple equalization of frequency 

selective finite impulse response (FIR) channels, by applying 

the IFFT precoding at the transmitter side and cyclic prefix 

(CP) insertion. The CP is then discarded to avoid inter block 

interfernce (IBI) between successive blocks and the truncated 

blocks are further FFT processed to convert the linear channel 

convolution into circular convolution. In this way the receiver 

complexity in both equalization and the symbol decoding 

stages is reduced [6]. Nevertheless, each data symbol is sent 

over a single flat fading subchannel and the underlying 

multipath diversity is lost. Moreover, there is no guarantee for 

symbol detectability when channel nulls happen in the 

subchannels which causes performance loss. At the expense of 

bandwidth overexpansion, the fading resilient coded OFDM 

(C-OFDM) [8] was proposed, ameliorating the incurred 

performance losses by subchannel nulls. To deal with such 

diversity losses, error control codes such as Trellis-coded 

modulation (TCM) [7], and convolutional codes [9] were 

suggested to be invoked before the IFFT processing. 

Interleaving together with TCM enjoys low complexity 

Viterbi decoding while enabling a better trade off between 

bandwidth and efficiency. However, designing systems that 

achieve diversity gain equal to code length is difficult 

considering TCM's standard design paradigms. As an 

alternative to various error-control coding techniques, linear 

constellation precoded OFDM (LCP-OFDM) was proposed 

[10] which linearly precodes symbols before they are 

multiplexed. The real orthogonal precoder in LCP is applied to 

maximize the minimum product distance [11]-[12] and 

channel cutoff rate [13], while maintaining the transmission 

rate and guaranteeing the symbol recovery. To enable the 

maximum possible diversity and coding gain, subcarrier 

grouping was proposed [10]. However, the LCP that is used 

within each subset of subcarriers is in general complex.  

Zero-Padding (ZP) of multicarrier transmission has been 

proposed, replacing the generally non-zero CP, to ensure 

symbol recovery regardless of channel nulls. ZP-OFDM 

guarantees symbol recovery and FIR equalization of FIR 

channels, which is not the case for CP-OFDM. By appending 

the zero symbols after the IFFT processed information 

symbols in ZP-OFDM, the single FFT required by CP-OFDM 

is replaced by FIR filtering in ZP-OFDM which adds to the 
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receiver complexity. Two low complexity equalizers for ZP-

OFDM were proposed in [14] to tradeoff performance with 

implementation complexity. 

 

 

 

To reap the benefits of multiple-input multiple-output 

(MIMO) communications in a wireless scenario with single 

antenna terminals, cooperative diversity [15] was proposed as 

an alternative to multiple-antenna transmission schemes. 

Cooperative diversity provides an effective means of 

improving spectral and power efficiency of wireless networks 

[16]-[20]. In cooperative diversity, the signal transmitted by 

the source node is overheard by other nodes, also defined as 

partners. The source and its partners can jointly process and 

transmit their information, creating a ``virtual antenna array'', 

although each of them is equipped with only one antenna. 

Basic cooperation protocols can be used with either amplify-

and-forward (AF) or decode-and-forward (DF) relaying. 

OFDM has been recently applied to cooperative 

communication. Specifically, OFDM-based multihop relaying 

has been studied in [21]-[24]. The integration of receive 

diversity (RD), transmit diversity (TD), and simplified 

transmit diversity (STD) protocols with OFDM has also been 

studied in the literature [26] and [27]. These works, however, 

are mainly limited to single relay scenarios. 

In this paper, we propose a novel iterative detection scheme 

for multi-relay cooperative ZP-OFDM transmissions with AF 

relaying, that is not only outperforms cooperative MMSE-ZP-

OFDM, but also uses low-complexity computational methods 

by avoiding inversion of channel dependent matrices, which 

brings a significant power saving to the LC-MMSE-ZP-

OFDM receiver. This makes the LC-MMSE-ZP-OFDM 

receiver a strong candidate for wireless sensor networks 

(WSNs) that are characterized by small and low-power 

devices. We show that by applying low-complexity linear 

processing techniques, the LC-MMSE-ZP-OFDM receiver is 

able to collect both multipath and spatial diversity gains, 

leading to significant improvement in performance. 

The rest of this paper is organized as follows. We start in 

Section II by describing our model and assumptions.  In 

Section III, the efficient iterative receiver is proposed. 

Computational complexity analysis and numerical results are 

presented in Section IV and Section V, respectively. The paper 

is concluded in Section VI. 

 

Notation: T †(.), (.) , (.)


and H(.)  denote conjugate, transpose, 

pseudo inverse and Hermitian transpose operations, 

respectively. *  denotes linear convolution, .  denotes the 

absolute value, and .  denotes the Euclidean norm of a vector. 

,[.]k l
 denotes the  ,

th
k l entry of a matrix, [.]k

 denotes the thk  

entry of a vector, 
MI  denotes the identity matrix of size M , 

and 
M M0  denotes all-zero matrix of size M M . 1 H

M M

 Q Q  

represents the M M  IFFT matrix whose  ,
th

k l element is 

given by ( , ) 1/ exp( 2 / )k l M j kl MQ  where 

0 , 1k l M   . [.]iE  and [.]  represent the exponential-

integral function and the gamma function, respectively [30] 

Bold upper-case letters denote matrices and bold lower-case 

letters denote vectors. 

 

 

II. SYSTEM AND CHANNEL MODELS 

    We consider a multiple-relay assisted cooperative wireless 

communication system with a single source  S , 
RN  half-

duplex relay terminals  iR , 1,2,..., Ri N , and a single 

destination  D . The source, destination, and all relays are 

equipped with single transmit and receive antennas. Any linear 

modulation technique such as QAM or PSK can be used. We 

assume the AF relaying and adopt the user cooperation 

protocol proposed by Nabar et al. [25]. Specifically, in the 

broadcasting phase, the source node transmits to the relay 

nodes and the destination node. In the relaying phase, the relay 

nodes forward a scaled noisy version of the received signal to 

the destination node. 

 

The relay assisted ZP-OFDM transmission is illustrated in Fig. 

1. The channel impulse responses (CIRs) for
iS R , S D , 

and 
iR D  links for the thi  relay terminal and thj  

transmission block are given by 
T

[0],..., [ ]
i i i

j j j

SR SR SR SRh h L   h , 

T

[0],..., [ ]j j j

SD SD SD SDh h L   h and 
T

[0],..., [ ]
i i i i

j j j

R D R D R D R Dh h L   h , 

respectively, where
iSRL , 

SDL , and 
iR DL  denote the 

corresponding channel memory lengths.  All
iS R , S D , 

and 
iR D  links are assumed to experience frequency 

selective Rayleigh fading. The random vectors 
iSRh , 

SDh , and 

iR Dh  are assumed to be independent zero-mean complex 

Gaussian with power delay profile vectors denoted by 
2 2[ (0),..., ( )]

i i i iSR SR SR SRL v , 2 2[ (0),..., ( )]SD SD SD SDL v , and 

2 2[ (0),..., ( )]
i i i iR D R D R D R DL v  that are normalized such that 

 2

0
1

SRi

i iSRi

L

SR SRl
l


 ,  2

0
1

SD

SD

L

SD SDl
l


 , and  2

0
1

R Di

i iR Di

L

R D R Dl
l


 . 

The thj  1M   information block j

Mx  is padded by   trailing 

zeros where max( , 1)
i iSD SR R DL L L     and IFFT precoded 

by the IFFT matrix to yield the time-domain block vector 
j

zpx%  

,j j

zp zp Mx Q x%  (1) 

 where 

[ ] .H

zp M MQ Q 0  (2) 

and 
MQ represents the M M  FFT matrix. The signal 

received at the thi  relay terminal during the broadcasting 

phase is 
1 ,

i i i i i i

j j j j

R SR SR zp M SR SR IBI zp M RE E 

  r H Q x H Q x n% %
 

 (3) 
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where N M   , 
iSRE  is the average signal energy over one 

symbol period received at thi relay terminal, 
iSRH is the N N  

lower triangular Toeplitz filtering matrix with its first column 

being 
T

[0],..., [ ] 0,...,0
i i i

j j

SR SR SRh h L 
  , 

iSR IBIH  is the N N  

upper triangular Toeplitz filtering matrix that captures the 

inter-block interference (IBI) with its first row being 

0,...,0 [0],..., [ ]
i i i

j j

SR SR SRh h L 
  , and 

i

j

Rn% is the additive white 

Gaussian noise vector with each entry having zero-mean and 

variance of 
0 2N  per dimension. Having 0

iSR IBI zp H Q , the 

all-zero 
M0  matrix plays the key role in ZP-OFDM by 

eliminating the IBI. Having the 
iSRH  matrix partitioned 

between its first M and last   columns as 

0[ , ],
i i iSR SR SR zp H H H  the received block symbol at the relay 

terminal during the broadcasting phase will be given by 

0 .
i i i i i i i

j j j H j j

R SR SR zp M R SR SR M M RE E    r H Q x n H Q x n% % %  (4) 

The N M  submatrix 0iSR H , which corresponds to the first 

M  columns of 
iSRH , is Toeplitz and is guaranteed to be 

invertible, which assures symbol recovery regardless of 

channel zero locations. 

The signal received at the destination during the broadcasting 

phase is 
1

,1 ,1,
j j j j

D SD SD zp M SD SD IBI zp M DE E 

  r H Q x H Q x n% %  (5) 

where 
SDE  is the average signal energy over one symbol 

period received at the destination terminal, 
SDH is the N N  

lower triangular Toeplitz filtering matrix with its first column 

being 
T

[0],..., [ ] 0,...,0j j

SD SD SDh h L   , 
SD IBIH is the N N  

upper triangular Toeplitz filtering matrix that captures IBI 

with its first row being 0,...,0 [0],..., [ ]j j

SD SD SDh h L   , and 

,1

j

Dn%  is the additive white Gaussian noise vector with each 

entry having zero-mean and variance of 
0 2N  per dimension. 

Following similar simplification applied in (4), (5) can be 

written as 

,1 ,1 0 ,1.
j j j H j j

D SD SD zp M D SD SD M M DE E    r H Q x n H Q x n% % %  (6) 

To ensure that the power budget is not violated, the relay 

terminals normalize each entry of the respective received 

signal [ ]
i

j

R nr% , 1,2,...,n N , by a factor of  

 2

0E | [ ] |
i i

j

R n SRE N r%   to ensure unit average energy and 

retransmits the signal during the relaying phase. After some 

mathematical manipulations, the received signal at the 

destination terminal during the relaying phase is given by 

,2 ,2

1 0

0 ,2

1 0

,

R

i i

i

i

R

i i

i

i

N
R D SRj j j

D SR D zp M D

i SR

N
R D SR H j j

SR D M M D

i SR

E E

E N

E E

E N







 


 






r H Q x n

H Q x n

% %

%

 (7) 

where 
iSR DH  is the N N  lower triangular Toeplitz filtering 

matrix with its first column being 
T

[0],..., [ ] 0,...,0
i i i

j j

SR D SR D SR Dh h L 
   

, *
i i iSR D R D SRh h h , 1

i i iSR D SR R DL L L   , 0iSR DH is the first 

M columns of 
iSR DH , and ,2

j

Dn%  is conditionally (conditioned 

on 
iR Dh ) complex Gaussian with zero mean and variance 

2
2

0

1 00

1 ( )
R DiR

i

i

i

LN
R D j

n R D

i lSR

E
N l

E N


 

 
  

  
  h . 

Assuming unity variance 2 1x   for the symbols, the decoded 

signals using the MMSE equalizer are given by 

0 ,1 0 ,21
0

,
R i i

i

i

mmse

N R D SRH j H j

SD M SD D M SR D Di
SR

E E
E

E N
 








z

Q H Br Q H Br% %
 (8) 

where 
2

0

1

1 0

[( )

] .
R

i i

i i

i

n SD

N
R D SR

i SR

N E

E E

E N

  



 



  






H

N SD 0 SD 0

H

SR D 0 SR D 0

B I H H

H H
 (9) 

Note that to perform MMSE equalization, inverse of a channel 

dependent N N  matrix should be precomputed which brings 

an extra implementation cost for the D-MMSE-ZP-OFDM 

receiver. To overcome this limitation, our proposed scheme 

targets practical D-MMSE-ZP-OFDM receiver that exploits 

full multipath diversity while maintaining much lower 

complexity. 

 

III. THE EFFICIENT ITERATIVE SYSTEM 

     The LC-MMSE-ZP-OFDM receiver shown in Fig. 2 

includes a suboptimal channel independent MMSE equalizer 

in the feed forward stage, followed by linear processing 

operations in the feed-back stage. Specifically, the feed 

forward stage exploits the circulant structure of the channel 

matrices, 

 

,

,

i i

H

SR D SR D

H

SD SD

  

  

H Q Q

H Q Q
 (10) 

where 
iSR D

H  and 
SD
H  are N N  circulant matrices with 

entries ,[ ] (( )mod )
i iSR D k l SR D k l N  H h  and 

,[ ] (( )mod )SD k l SD k l N  H h . 
iSR DΛ  and 

SDΛ  are diagonal 

matrices whose  ,
th

n n  elements are equal to the thn DFT 

coefficients of 
iSR Dh  and 

SDh , respectively. Due to the trailing 

zeros, the last   columns of 
SDH  and 

iSR DH  in (6) and (7) do 

not affect the received block. Thus, the Toeplitz matrices 
SDH  

and 
iSR DH  can be replaced by the N N  circulant matrices 

SD
H  and 

iSR D
H  and (6) and (7) can be written as 
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,1 ,1

,2 ,2

1 0

,

.
R

i i

i

i

j j j

D SD SD zp M D

N
R D SRj j j

D SR D zp M D

i SR

E

E E

E N

 

 




r H Q x n

r H Q x n

% %

% %
 (11) 

SD
H  and 

iSR D
H  matrices take advantage of FFT to yield a set 

of flat fading channels that can be equalized easily. Therefore, 

(11) can be rewritten as following 

,1 ,1

,1

,1

,1,

j j j

D SD N SD zp M D

H j j

SD N SD N N zp M D

j j

SD SD N zp M D

j j

SD SD M D

E

E

E

E

 

 

  

  

r Q H Q x n

Q H Q Q Q x n

Q Q x n

Vx n

%

 (12) 

,2 ,2

1 0

,
R

i i

i

i

N
R D SRj j j

D SR D M D

i SR

E E

E N

  


r Vx n%  (13) 

where 

.N zpV Q Q  (14) 

Having this, the suboptimal D-MMSE-ZP-OFDM receiver in 

the feed forward stage is formed in two steps. First, following 

[14], we obtain an MMSE estimator of  j j

N My Vx using 

1

1 0

2

0

1 0

1 0

ˆ [ ( ) ]. [ ( ) ]

( )

R

i i

i

i

R

i i

i

i

R

i i

i

i

j j j H j j H j

N N

H
N

R D SRH

SD SD SR D

i SR

n N

N
R D SR H

SD SD SR D

i SR

H
N

R D SR

SD SD SR D

i SR

E E

E E
E

E N

N

E E
E

E N

E E
E

E N











 

 
    
 
 

  
 
  
   
  


 








   
  
  







y y r r r r

VV

I

VV

1

,j










r

 (15) 

where ,1 ,2

j j j

D D r r r% % . The  ,
th

m n  element of H
VV  is 

equivalent to 
2 ( )( 1)/

2 ( )/

1 1
1

1

j n m M N

j n m N

e

N e





 



 
 

 
. Therefore, (15) can 

be further simplified assuming that H M NVV I  

, leading to 
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 (16) 

The resulting data streams detected from (16) are fed into a 

minimum Euclidean distance decoder, yielding ˆ j

Mx , (i.e., a 

decoded version of the transmitted symbols). 

The decoded signals are then fed into the feed-back stage, 

which is responsible for exploiting the underlying multipath 

diversity.  Specifically, consider the generation of the matrix 

,l  0,1,2,..., ,l L as follows: 

 

 

,
,

,

, ,

,

, ,,

, 1,..., 1

0 mod
,

mod

, 1,..., 1

0 mod
,

mod

, 2,..., 1 ,

i i i

i i

SR D l SR R D
p q

R D SR
p q

SD l SDp q

SD p q

SD l SD SR RD SD p qp q

l L L

p q N l

p q N l

l L

p q N l

p q N l

l L L L

     

 
      

    

 
    

       

H H

H

H

 (17) 

where , q N , 
,[ ] (( )mod )

i iSR k l SR k l N  H h , and 

,[ ] (( )mod )
i iR D k l R D k l N  H h . Thus, (6) and (7) can be re-

written as 

1, ,1 ,

2, ,2 ,

1 0

ˆ ,

ˆ .i i

i

i

j j

D l D SD SD l zp M

R
R D SRj j

D l D SR D l zp M

i SR

E

E E

E N

   

   




r r Q x

r r Q x

% %

% %
 (18) 

Decision feedback equalizers normally operate at the 

relatively high SNR, so that the probability of decision error is 

[33]. Under the high SNR assumption, we can safely assume 

that ˆ j j

M Mx x . Therefore, we can write (18) as follows: 

1, ,

2, ,

1 0

ˆ ,

ˆ ,i i

i

i

j

D l SD SD l zp M

R
R D SR j

D l SR D l zp M

i SR

E

E E

E N

 

 




r P Q x

r P Q x

%

%
 (19) 

where ,1

j

Dr% and ,2

j

Dr% are the received signals as given in (6) and 

(7) and 
,SD lP and ,iSR D lP  are given as 

 

 

,
,

,

, ,

,

, ,

, 1,..., 1

mod
,

0 mod

, 1,..., 1

mod
,

0 mod

, 2,..., 1 0.

i

i i

SR D l SR RD
p q

R D SR
p q

SD l SDp q

SD p q

SD l SD SR RDp q

l L L

p q N l

p q N l
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p q N l

p q N l

l L L L
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H H
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For each diversity branch we have 
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1, , 1,

2

,

2, , 2,

1 0

2

,

1 0

( )

ˆ ,

( )

ˆ .

R

i i

i

i

R

i i

i

i

H

D l SD SD l D l

j

SD SD l zp M

N
R D SR H
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i SR

N
R D SR j
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i SR

E

E

E E
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E E
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r P r
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%
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The output streams in (21) are then combined resulting 

 1, 2,
2 02
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0 1 0
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lR D SR

SD SD l SR D l

l i SR

E E
E

E N



 



 
 

 
  


 

z

Q
r r

P P

%

  

                                                                                            (22) 

where 1SR RDL L L    assuming that 
SDL L . The scenario 

where 
SDL L  can be treated similarly. The signal in (22) is 

then fed into a maximum likelihood decoder to recover the 

transmitted symbols. 

IV. COMPUTATIONAL COMPLEXITY ANALYSIS 

    In this section, we focus on the computational complexity 

of the LC-MMSE-ZP-OFDM receiver compared to the 

conventional D-MMSE-ZP-OFDM receiver. The 

computational complexity is measured based on the number of 

the complex multiplications and divisions. Since Complex 

divisions can be implemented in various different ways, we 

did not decompose them into complex multiplication. The 

overall computational complexity for the LC-MMSE-ZP-

OFDM receiver and the conventional D-MMSE-ZP-OFDM 

receiver are summarized in Table I for the existing HL2 

OFDM system and scenarios with different combinations of 

channel memory lengths with 10 relays present: 

Scenario 1) 2, 4, 1,...,10
i iSR R D SDL L L i     

Scenario 2) 4, 3, 7, 1,...,10
i iSR R D SDL L L i     

Scenario 3) 5, 10, 1,...,10.
i iSR R D SDL L L i     

Note that its not trivial to elaborate explicit complexity 

expressions for different OFDM systems in terms of the 

system's parameters. Specifically, in this work, we have used 

Matlab simulations to find the exact complexity figures. To do 

so, we have used the minimal multiplicative bounds [31] to 

find the arithmetic complexity of FFT of different block 

lengths. Besides, to implement the FFT of length W

decomposable to the product of two prime numbers a  and b , 

we have implemented a FFTs of size b or b FFTs of size a  

instead, without inquiring any additional operations such as 

multiplications by twiddle factors [32].  The computational 

complexity of the LC-MMSE-ZP-OFDM receiver versus the 

D-MMSE-ZP-OFDM receiver in terms of the number of the 

complex multiplications, is illustrated in Fig. 3, which is 

plotted against time, assuming that the channel estimate is 

updated at every t  seconds. We would like to emphasize that 

the MMSE equalizer in D-MMSE-ZP-OFDM requires the 

inversion of an N N Toeplitz channel dependent matrix, 

which has to be computed at every t  seconds with a 

complexity of the order 2( )O N . Note that as the channel 

memory lengths of the underlying channel links increase, the 

complexity of both D-MMSE-ZP-OFDM and the LC-MMSE-

ZP-OFDM receiver increases. However, as the number of 

participating relays increases, the complexity of the LC-

MMSE-ZP-OFDM receiver stays unchanged, while the 

complexity of the D-MMSE-ZP-OFDM receiver increases. 

Therefore, our LC-MMSE-ZP-OFDM receiver is an ideal 

choice for systems with a larger number of relays. 

It is observed from Fig. 3 that for scenarios one and two with 

reasonable memory length for the underlying channels, the 

aggregate complexity of the LC-MMSE-ZP-OFDM receiver is 

insignificant compared to the conventional MMSE-ZP-

OFDM, as channel parameters change with time. 

V. NUMERICAL RESULTS  

In this section, we present Monte-Carlo simulation results for 

the LC-MMSE-ZP-OFDM receiver assuming a quasi-static 

Rayleigh fading channel for the S R , R D , and 

S D  links. We assume 16-PSK modulation. 

First, we assume that there are two relay nodes, where each 

node is equipped with one antenna. We set 
1 2

10R D R DE E   

dB and the SER curve is plotted against 
0SDE N . The 

scenarios with different combinations of channel memory 

lengths are considered: 

Scenario 1) 
1 1 2 2

0, 0, 0, 0, 0,SR R D SR R D SDL L L L L      

Scenario 2) 
1 1 2 2

0, 1, 0, 0, 0,SR R D SR R D SDL L L L L      

Scenario 3) 
1 1 2 2

0, 2, 0, 1, 0,SR R D SR R D SDL L L L L      

Scenario 4) 
1 1 2 2

1, 1, 0, 0, 0,SR R D SR R D SDL L L L L      

Scenario 5) 
1 1 2 2

2, 1, 1, 0, 0,SR R D SR R D SDL L L L L      

Scenario 6) 
1 1 2 2

3, 1, 2, 0, 0.SR R D SR R D SDL L L L L      

As can be noticed from Fig. 4, the SER curves for the first 

three scenarios have identical slopes for high 
0SDE N  values, 

achieving the full diversity order of 

 
2

1

1 min( , ) 1 3
i iSD SR R D

i

L L L


    , as predicted. The second 

three curves have identical slopes similarly, achieving the full 

diversity order of  
2

1

1 min( , ) 1 4
i iSD SR R D

i

L L L


    . 

Secondly, we assume that there are three relay nodes, where 

each node is equipped with one antenna. We set 

1 2 3
10R D R D R DE E E   dB , and the SER curve is plotted 

against
0SDE N . The scenarios with different combinations of 

channel memory lengths are considered: 

Scenario1)
1 1 2 2 3 3

0,SR R D SR R D SR R D SDL L L L L L L        

Scenario2)
1 2 3 1 2 3

0, 1,SD SR SR SR R D R D R DL L L L L L L        

Scenario3)
1 1 2 2 3 3

1, 0,SR R D SR SD R D SR R DL L L L L L L        

Scenario4)
1 1 2 3 2 3

1, 0,SR R D SR SR SD R D R DL L L L L L L        

Scenario5)
1 1 2 2 3 3

1, 0,SR R D SR R D SR R D SDL L L L L L L        
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As is illustrated in Fig. 5, first two scenarios have identical 

slopes for high 
0SDE N  values, achieving the full diversity 

order of  
3

1

1 min( , ) 1 4
i iSD SR R D

i

L L L


    . The next two 

scenarios have identical slopes similarly, achieving the full 

diversity order of  
3

1

1 min( , ) 1 5
i iSD SR R D

i

L L L


    . The last 

scenario achieves the highest numerical diversity order of 6, as 

can be seen from the figure. 

Finally, Fig. 6 illustrates SER performance for the D-ZP-

OFDM-MMSE, LC-MMSE-ZP-OFDM receiver with error 

propagation (EP), and the LC-MMSE-ZP-OFDM receiver 

without EP when  
1 2 3

0,SR SR SRL L L   and 

1 2 3
1SD R D R D R DL L L L    . As is illustrated in Fig. 6, the 

LC-MMSE-ZP-OFDM receiver outperforms the D-ZP-

OFDM-MMSE, i.e. 3dB at 5SER 10  when having no EP 

from the feed-forward stage to the feedback stage. Note that 

with EP, the LC-MMSE-ZP-OFDM receiver outperforms the 

D-ZP-OFDM-MMSE by 1 dB at 5SER 10  as is illustrated 

in Fig. 6. 

As can be concluded from the simulation results that, in dual 

hop networks, the hop with the smaller diversity order 

becomes the performance bottleneck. 
  
 

 

TABLE  I: COMPARISON OF OVERALL COMPUTATIONAL 
COMPLEXITY 

 

 
 
 

VI. CONCLUSION 

     In this paper, we propose an efficient iterative receiver for 

cooperative ZP-OFDM systems. We show that, by 

incorporating linear processing techniques, our LC-MMSE-

ZP-OFDM receiver is able to collect full antenna and 

multipath diversity gains. We have provided complete 

complexity analysis, as well as, numerical results to 

corroborate the analytical studies. Simulation results 

demonstrate that our LC-MMSE-ZP-OFDM receiver 

outperforms the cooperative MMSE-ZP-OFDM receiver, 

while maintaining much lower complexity by avoiding 

channel dependent matrix inversion. By using linear 

processing techniques that require minimum computational 

complexity, the communication power is minimized at no 

additional hardware cost which makes the LC-MMSE-ZP-

OFDM receiver a strong candidate for the energy constrained 

WSNs.  

 

 

 

 

       

 
      Fig. 1.  Transmission block format for multi-relay ZP-OFDM system. 

 
  

 
 

        Fig. 2.  LC-MMSE-ZP-OFDM receiver's block diagram. 

 

                            
Fig. 3. Computational complexity of the LC-MMSE-ZP-OFDM receiver             

compared to D-MMSE-ZP-OFDM with 10RN  . 
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   Fig. 4.  SER performance of the LC-MMSE-ZP-OFDM receiver for 

different combinations of channel memory lengths with 2RN  . 

 

 
  Fig. 5.  SER performance of the LC-MMSE-ZP-OFDM receiver for different 

combinations of channel memory lengths with N 3R   
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