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Abstract 
  
2-way relaying networks are design for bandwidth efficient use of the available spectrum, since it allow for data 
exchange between two users with the involvement of an intermediate relay node. Due to superposition of signals in 
the relay node, the received signal at the user terminals is affected by multiple parameters like channel gains, timing 
offsets, and carrier frequency offsets which need to be estimate and compensate. Our proposed semi-blind estimator is 
based on the Gaussian maximum likelihood criterion which treats that data symbols as Gaussian-distributed nuisance 
parameters. To assist in the estimation of the individual channels, we adopt a superimposed training strategy at the 
relay. We have design the pilot vectors of the terminals and the relay to optimize the estimation performance. 
Moreover it we compare the semi-blind and pilot-based Cramer-Rao bounds (CRBs) to use as performance 
benchmarks. We use simulation result to show that the proposed method provides improvement in estimation 
accuracy over the conventional pilot-based estimation and it approaches the semi-blind CRB as SNR increases & the 
simulation results shows that the performance of the proposed estimators is related to the derived CRLBs at 
moderate to high SNR. It is also shows that the overall BER performance of the AF TWRN is close to a TWRN. 
 
Keywords: Mean square Error(MSE) ,Cramer-Rao lower bounds (CRLB), Bit-error Rate(BER) Gaussian maximum 
likelihood criterion,  Amplify and Forward (AF). 
 
 
1. Introduction 
 

1 Relaying is the key technology to relate the 
communication between two user terminals, especially 
when there are large distances between them (B. 
Rankov and A. Wittneben Feb. 2007). Unidirectional or 
one-way relaying supports in communication from a 
source to a destination user and has been studied in 
the literature (B. Rankov and A. Wittneben Feb. 2007). 
On the other hand, in two-way relaying networks 
(TWRNs), the flow of information is bidirectional and 
the two users exchange data simultaneously with the 
relation of an intermediate relay node (S. Abdallah and 
I. N. Psaromiligkos(Jul. 2012). The comparison with 
one-way half-duplex relaying, bidirectional relaying is 
a spectrally more efficient relaying protocol (S. 
Abdallah and I. N. Psaromiligkos(Jul. 2012). Both 
amplify-and-forward and decode-and-forward 
protocols have been designed for TWRNs. If 
comparison to the DF protocol & AF protocol is widely 
adopted, as it requires minimal processing at the relay 
node (F. Gao, R. Zhang, and Y. Liang,Oct. 2009) .The two 
phase communications in AF TWRNs, the two users 
firstly transmit data to the relay node than relay 
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broadcasts its receive signal to both users in the 
second in phase1 the two users signals at the relay 
node under different propagation paths and may not 
be aligned in time and frequency. The superimposed 
signal broadcasted from the relay node is affected by 
multiple impairments examples are channel gains, 
timing offsets & CFO. The estimation and compensation 
algorithms have been applied to counter these 
impaired in unidirectional relaying networks (F. Gao, R. 
Zhang, and Y. Liang,Nov. 2009), (G. Wang, F. Gao, Y. C. 
Wu, and C. Tellambura, Feb. 2011.) the proposed 
algorithms cannot be directly applied to TWRNs due to 
differences between the two system models.  

  In TWRNs Fig. 1, each user can exploit the 
knowledge of the self transmitted signal during Phase 
1 in order to detect the signal from the other user 
during Phase 2. The blind (G. Wang, F. Gao, Z. X., and C. 
Tellambura, 2010) & semi-blind (G. Wang, F. Gao, W. 
Chen, and C. Tellambura, Aug. 2011) methods have 
been proposed for channel estimation only in AF 
TWRNs. A particle filtering based method for 
estimating channel and timing offset is used in (X. Liao, 
L. Fan, and F. Gao, 2010). In training based methods, 
which are more for practical implementation (E. de 
Carvalho and D. T. Slock, Apr. 2004.), channel 
estimation (F. Gao, R. Zhang, and Y. Liang,Oct. 2009), 
(T.-H. Pham, Y.-C. Liang, H. Garg, and A. 
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Nallanathan,2010) or joint channel and CFO estimation 
(G. Wang, F. Gao, and C. Tellambura,2010) has been 
considered in the literature. The best of author’s 
knowledge, estimation and decoding scheme for 
TWRNs in the presence of channel gains, timing offsets, 
and CFO is still an open research problem. In this 
paper, a complete synchronization approach, i.e., joint 
estimation and compensation of channel gains, timing 
offsets, and CFO for AF TWRNs is proposed. The 
reception of mixed in signals broadcasted from relay 
node, the user nodes first jointly estimate the 
impairments using known training signals and the 
proposed ML algorithm or differential evolution based 
estimators ( S. Zhang, F. Gao, and C. Pei,Sep. 2012). 
Subsequently, the users employ the proposed 
minimum mean-square error receiver in combination 
with the estimated impairments to decode the received 
signal. The contributions of this paper can be 
summarized as follows: 
 
 We design a system model for having 

synchronization and set the channel parameters in 
AF TWRN. 

 We assign Cramer-Rao lower bounds for joint 
estimation of multiple impairments at the user 
nodes for TWRN. These bounds can be applied to 
have the performance of synchronization and 
channel estimation in AF TWRN networks. 

 We derive an ML based estimator for joint 
estimation of multiple impairments. A DE based 
algorithm is designed for an alternate of ML 
estimator to reduce the complexity with 
synchronize in AF TWRNs. Simulation results show 
that the mean square error performances of both 
ML and DE estimators are close to the CRLB at 
moderate to-high S/N ratios. 

 We have an MMSE receiver for compensating the 
impairments and detecting the signal from the 
opposing user. The simulations are carried out to 
measure the estimated MSE and BER 
performances of the proposed transceiver 
structure. These results show that BER 
performance of an AF TWRN can be improved in 
the presence of practical synchronization errors. In 
fact, the application of the derive transceiver 
results in an overall network efficiency which is 
very close to the ideal network based on the 
assumption of knowledge of synchronization and 
channel parameters. 

 

 
 

Fig.1 System Model for AF two-way relay network 
 
Notation: Superscripts (.)T, (.)*, and (.)H denotes the 
transpose, the conjugate, and the conjugate transpose 

operators, respectively.  X {.} denotes the expectation 

operator with respect to the variable x. The operator x̂  

represents the estimated value of x. {.} & {.}  denote 

the real and imaginary parts of a complex quantity. 
2,( CN ) denotes the complex Gaussian distributions 

with mean µ and variance 2  . Boldface small letters, x 

and boldface capital letters, X are used for vectors 
matrices, respectively. [X]x;y  represents the entry in 
row x and column y of X. IX denotes X×X identity 
matrix, ǁxǁ represents the ɭ 2 norm of a vector x, and 
diag(x) is used  to denote a diagonal matrix, where its 
diagonal elements are given by the vector x. 
 
2. System Model 
 
We consider a half-duplex AF TWRN with two user 
terminals, T1 and T2, and a relay node, R, as shown in 
Fig. 1.All nodes are equipped with a single 
omnidirectional antenna. The channel gain, timing 
offset, and carrier frequency offset between the kth user 
terminal and the relay node are denoted by hk, k  and

k , respectively, for k = 1, 2, where the superscripts, 

(.)[sr] and (.)[rs], are used for the parameters from user 
terminal to relay node and from relay node to user 
terminal, respectively. The timing and carrier 
frequency offsets are modeled as unknown 
deterministic parameters over the frame length, which 
is similar to the approach adopted in (E. de Carvalho 
and D. T. Slock,Apr. 2004) and (B. Rankov and A. 
Wittneben Feb. 2007). Quasi-static and frequency flat 
fading channels are considered, i.e., the channel gains 
do not change over the length of a frame but change 
from frame to frame according to a complex Gaussian 

distribution, CN (0, 2
h ). The use of such channels is 

motivated by the prior research in this field (S. 
Abdallah and I. N. Psaromiligkos, Jul. 2012), (T.-H. 
Pham, Y.-C. Liang, H. Garg, and A. 
Nallanathan,2010)].The transmission frame from each 
user is comprised of training and data symbols. The 
exchange of data among the two user terminals is 
completed in two phases: 
 
1) During the first phase, the transmission frame, [tk; 
dk], is transmitted from the kth user, = 1,2 to an 
intermediate relay node, where tk and dkdenote the kth 
user’s training and data signal, respectively. This is 
illustrated in Fig. 1. The signal from the two users is 
superimposed at the relay node. 
2)  During the second phase, the relay node amplifies 
the superimposed signal and broadcasts it back to the 
users. The users use the training part of the received 

signal, ][TP
ky , to jointly estimate the multiple 

impairments, i.e, channel gains, timing offsets, and 
carrier frequency offsets. The effect of these 
impairments is compensated and the received signal,

][DTP
ky  , is decoded at the kthuser’s terminal.  

Note: that the superscripts (.)[TP] and (.)[DTP] denote the 
signals in training and data transmission periods, 
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respectively and Fig. 1 shows the transmitted frames at 
the first user terminal, T1. A similar structure is 
followed for the second user terminal, T2. The received 
signal at the relay node during the training period, r [TP] 
(t), is given by 
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where the timing and carrier frequency offsets, ][SR
k

and ][SR
k   ,are normalized by the symbol duration T, L 

is the length of training signal tk, g(t) stands for the 
root-raised cosine pulse function, and n(t) denotes 
zero-mean complex additive white Gaussian noise 

(AWGN) at the relay receiver, i.e., ),0()( 2CNtn   . To 

avoid amplifier saturation at the relay, the relay node 

amplifies the received signal, )(][ tr TP , with the power 

constraint factor,
222
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 , and broadcasts the 

amplified signal to the users (F. Roemer and M. Haardt, 
Nov. 2010). The received signal at the user terminal, 
T1, during the training period, y [TP] (t) is given by 

),()()( 1
][

1
][

2
][

1
][

1

][
1

twTTrehty rsTP
t

T

v
j

rsTP

rs

 


               
(2) 

 
where w1(t) denotes the zero-mean complex AWGN at 

the receiver of T1, i.e. ),0()( 2
1 wCNtw   Substituting (1) 

into (2), y[TP](t) is given by 
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Note that unlike, the developed system model in (3) 
takes into account both the timing errors, from users to 

the relay node, ][SR
k  , k = 1; 2, and from relay node 

back to user terminal T1, ][
1

SR . The received signal in 

(3), )(][ ty TP
k , is sampled with the sampling time Ts = 

T/Q and the sampled received signal, )(][
1 iy TP , is given 

by 
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Where 
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1
][2][

1
][ rssr

kvjrssr
k ehh 


 is the combined channel 

gain from T1-R-T1 and T2-R-T1 for k = 1 and k = 
2,respectively, 

 kv 
][

1
][ rssr

k vv   is the sum of carrier frequency 

offsets from T1-R-T1 and T2-R-T1 for k = 1 and k = 

2, respectively, ][][
1

rs
k

rs vv   because same 

oscillators are used during transmission from user 
T1 to the relay node and from relay node back to 

user T1, thus, kv = ][
1

][ rssr
k vv  =0, 

 k 
][

1
][ rssr

k   is the resultant timing offset from 

T1-R-T1 and T2-R-T1 for k = 1 and k = 2, 
respectively, 

 
Q is the sampling factor, n = 0, 1,……L- 1 and i = 0, 
1,……..LQ - 1 are used to denote T-spaced and Ts spaced 
samples, respectively, and n(i) has been used in place 

of n(iTs - Tsr
k

][ ]), since n(t) denotes the AWGN and its 

statistics are not affected by time delays. Upon 
reception of signal broadcasted from the relay, it is 
assumed that the users first employ coarse frame 
synchronization to ensure that the superimposed 
signals are within one symbol duration from each 
other Eq. (4) can be written in vector form as 
 

1
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Where 
 Gk is the LQ × L  matrix of the sample of the pulse 

shaping filter such that nikG ,][ 
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LQ×LQ matrix, 
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The received signal during the data transmission 

period ][
1
DTPy ,can be similarly expressed as (5), where 

training tkis replaced by the data dk =[dk(0),…….. dk(L - 
1)]T . Note that as anticipated, the data length L is 
different and larger than the training length L Without 
loss in generality,we derive the CRLB and estimators 
for joint estimation of channel gains, timing offsets, and 
CFO at the user terminal T1.The system model in this 
part and the derived CRLB, estimation, and detection 
schemes in these sections can be easily manipulated to 
detect d1 at the user terminal T2. These details are not 
included to avoid repetition. 
 

3. Semi-Blind Channel Estimation 
 

We present the proposed semi-blind channel 
estimation algorithm. For comparison purposes, we 
also consider fully pilot-based estimation and derive 
the corresponding Pilot-based least-squares (LS) 
channel estimator. 
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A. the CRB for Pilot-based Estimation 

 
This technique combines the effort of both pilot-

assisted estimation technique and blind estimation 

techniques, where the intrinsic information in the 

unknown data symbols and the known pilot 

information are used for channel estimation. Using the 

same number of pilot symbols, semi-blind estimation 

techniques perform better than pilot based techniques. 

Semi-blind techniques solve the uncertainty problem 

associated with blind estimation using few pilot 

symbols. Some literatures have investigated semi-blind 

estimation using the subspace method. According to (G. 

Wang, F. Gao, Z. X., and C. Tellambura, 2010), there is 

high computational complexity associated with the 

subspace method. Also, in the study in (X. Liao, L. Fan, 

and F. Gao, 2010), linear prediction was used to 

estimate the blind constraint while the matrix A was 

estimated using the least square (LS) algorithm. The 

use of semi-blind channel estimation in single input 

multiple output (SIMO) systems achieved good 

performance using the subspace method and it has a 

simple structure (G. Wang, F. Gao, W. Chen, and C. 

Tellambura, Aug. 2011) but its application in multiple 

inputs multiple output (MIMO) system is not too 

successful because it can only estimate channel subject 

to a polynomial matrix ambiguity (G. Wang, F. Gao, W. 

Chen, and C. Tellambura, Aug. 2011).  

 
B. The CRB for Semi-blind Estimation 
 
Some other literature state that estimations are based 

on second-ordered statistics of a long vector, therefore 

there is need for a large number of OFDM symbols to 

estimate the correlation matrix and this is not suitable 

for fast time-varying channels. According to the 

subspace method is not practical for general MIMO 

channel estimation. The subspace algorithm in is 

limited to MIMO OFDM systems. It analyses the various 

semi blind channel estimation having the estimation on 

MIMO systems. Parallel data and training signal 

algorithm is developed, block recoded space time 

OFDM transmission is presented. The least square 

estimator based on known pilot sequence is analyzed 

in and the statistical structure of the observation is 

used in the estimation. The first and second order 

statistic is used in to estimate the channel. 

 
4. Cramer-Rao Lower Bound 

 
In this section, the CRLB for joint estimation of multiple 

impairments at T1 are derived. The signal model in (5) 

can be rewritten as 

11 uyTP                  (6) 

Where 2211 tGtG  is an LQ×2 matrix, 21 ,  

and u  ,1
][][

1 wnh rsrs  based on assumption and 

proposed system model, the received signal vector, 
TPy1 , is a circularly symmetric complex Gaussian 

random variable,  ),( 1
][

1 CNy TP , with mean   and 

covariance matrix  .given by 

 
=                 (7a) 

 
and 
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Respectively. To determine the CRLB, we have to first 
formulate the parameter vector of interest. The user T1 
has to estimate the channel gains α, timing offsets 

,],[ 21
T    and the carrier frequency offset 2v . There 

is no need to estimate 1v  as this is found to be 0 as 

explained below (4).As a result, the parameter vector 
of interest,  , is given by 
 

    TTTT v  ,,, 2
           

(8) 

 
Finally, the CRLB for the estimation of   is given by the 

diagonal elements of the inverse of F. Note that the 

CRLB for channel estimation is the sum of the CRLBs 

for real and imaginary parts of the channel estimation. 

 

5. Simulation Result 

 

In this section, we investigate through simulations the 

performance of the proposed semi-blind algorithm and 

compare it to that of the pilot-based LS estimator. 
 

 
 

Fig.2MSE performance of the semi-blind and pilot-
based (LS) estimators along with the corresponding 
semi-blind and pilot-based CRBs plotted versus K for 

the cases of Gaussian-distributed and QPSK-distributed 
data symbols 
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Fig.3MSE performance of the LS estimator and the 
semi-blind estimator versus SNR (L = 10, N = 32) for 

three scenarios: 1) optimal pilots (κ = 9,δ= 20), 2) 
suboptimal pilots (κ = 9, δ = 15) and 3) randomly 

generated pilots 
 

 
 

Fig.4MSE performance of the semi-blind and pilot-
based (LS) estimators along with the corresponding 
semi-blind and pilot-based CRBs plotted versus SNR 

for the cases of Gaussian-distibuted and QPSK-
distributed data symbols 

 

 
 

Fig.5 Bit error rate (BER) v/s SNR 
 
Conclusion 
 
In this paper, we proposed a semi-blind channel 
estimator for OFDM-based AF TWRNs based on the 
Gaussian ML approach. To assist in the estimation of 

the individual channels, we employed superimposed 
training at the relay. In above Fig 2, we have a 
comparison between CRB based techniques such 
techniques are pilot based estimation, pilot based CRB, 
semi blind estimation and semi blind CRB. We found 
that    SNR increase along with x-axis and MSE level 
decreases along with y-axis and semi blind CRB 
technique provides better result as compared to the 
other CRB based techniques. In above Fig 3, we have 
comparison in semi blind estimation random & optimal 
pilot, LSE estimation random & optimal pilot. In which 
semi blind estimate random pilot provide better result 
as compare to other technique. As we increase SNR 
along X-axis MSE get reduce along Y-axis. In above Fig 
4, we have compare pilot based estimate & CRB, Semi 
blind estimate & CRB along by using Gaussian and 
QPSK modulation technique. In which semi blind 
estimate provide better result as compare to other 
technique. As we increase SNR along X-axis MSE get 
reduce along Y-axis. In above Fig 5, Comparison 
between BER & SNR, In which bit error rate get reduce 
along Y-axis as we increase SNR along X-axis. The 
resulting GML estimates were obtained numerically 
using the BFGS algorithm. We also derived conditions 
for the optimality of the training pilots and provided 
examples of pilot vectors that satisfy them. As 
performance benchmarks, we derived the semi-blind 
and pilot-based CRBs. We used simulation studies to 
compare the proposed semi-blind estimator to the 
conventional pilot-based estimator and showed that 
the proposed estimator provides a substantial 
improvement in accuracy. The performance of the 
semi-blind algorithm closely approaches the derived 
semi-blind CRB as SNR increases. Finally, these 
performance gains can be achieved at a reasonable 
computational cost, which clearly establishes the merit 
and practicality of semi-blind channel estimation for 
AF TWRNs. 
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