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Abstract Multicarrier code division multiple 

access (MC-CDMA) is one of the most attractive 

method for future broadband wireless systems and 

long term evolution (LTE) standard. The perfor-

mance of MC-CDMA systems is greatly deteriorated 

by carrier frequency offset (CFO) which is due to os-

cillator instability and Doppler shifts. CFO leads to 

loss of orthogonality between the subcarriers and in-

troduces intercarrier interference (ICI). Among the 

numerous ICI cancellation techniques, the proposed 

receiver phase rotated conjugate cancellation 

(RPRCC) offers greater ICI reduction compared to 

other methods. The distributed nature of networks 

and concurrent transmission from multiple users in 

uplink, RPRCC needs multiple frequency offset es-

timation at the receiver. Multiple signal classification 

(MUSIC) algorithm is the best suited CFO estima-

tion technique in multiuser environment. However 

the performance of MUSIC algorithm is inferior for 

closely spaced CFOs. To achieve precise CFO esti-

mation and greater ICI reduction, RPRCC with con-

jugate weighted MUSIC based CFO estimation is 

proposed in this paper. The simulation results depict 

that the ICI power reduction capability and BER 

performance of the suggested method outperforms 

the conventional techniques in both properly and 

closely spaced CFOs. 

Keywords CFO, Conjugate weighted MUSIC, 

ICI, MUSIC, MC-CDMA, RPRCC. 

I. INTRODUCTION 

MC-CDMA combines the best features of orthogonal 

frequency division multiplexing (OFDM) and CDMA. 

It supports multimedia services such as audio, video, 

image and data due to its high data rate, robustness to 

multipath fading and easy implementation using fast 

Fourier transform (FFT) and inverse FFT (IFFT). The 

most popular 4G standard such as LTE and 5G, a real 

wireless world utilizes the features of OFDM and MC-

CDMA (Kumar and Saxena, 2015; Hu et al., 2012). 

MC-CDMA system allows multiple users to access the 

channel simultaneously by means of frequency domain 

spreading. With several ICI cancellation schemes, self-

cancellation (Zhao and Haggman, 2001) is the simple 

and low complexity method compared to other methods. 

Conjugate cancellation (CC) is the second method to 

mitigate the effect of ICI. It offers time diversity by 

transmitting signal in two independent paths, in which 

first path carries the standard MC-CDMA signal and the 

second path carries the conjugate of first path signal.  

The conjugate operation at the receiver for second path 

signal mutually cancels out the ICI effects. However the 

carrier to interference ratio (CIR) of CC technique is in-

ferior for high value of CFOs compared to normal MC-

CDMA system (Yeh et al., 2007; Khedr et al., 2011). 

Third method is the phase rotated CC (PRCC) in which 

the phase rotation is introduced at the transmitter to tune 

the transmitted signal such that the ICI effects could be 

cancelled mutually at the receiver. The amount of phase 

rotation is calculated by estimating CFO at the receiver 

and feeding back to transmitter (Wang and Huang, 

2010). It increases communication overhead and estima-

tion error for time varying channel. To overcome the 

above shortcomings and for effective utilization of 

bandwidth in a multiuser environment, RPRCC tech-

nique is proposed. It employs CFO estimation and 

phase rotation at the receiver side.  

The commonly used CFO estimation algorithms for 

multiuser environment are maximum likelihood (ML) 

and MUSIC. Due to the discontinuity of arc tangent and 

noise, CFO acquisition range of ML algorithm is lim-

ited in 0.5 0.5    (Mohseni and Matin, 2012; Mo-

relli and Moretti, 2012). It becomes inadequate and fur-

thermore the estimate is no longer unbiased. The esti-

mation range can be extended by using shorter training 

symbols; however the estimation accuracy is reduced 

(Schmidl and Cox, 1997). MUSIC algorithm is the Eig-

en value decomposition (EVD) based CFO estimation 

technique which extends the estimation range 

above 0.5 . 

 For low SNR conditions and with closely spaced 

CFOs, (variation in CFO among users is less) MUSIC 

algorithm fails to distinguish the contiguous peaks. 

Hence the original peak location of one user is extended 

into neighboring users range and severely distorts the 

actual peak location (Sun and Lin, 2012). As a result, 

some user CFOs are estimated incorrectly and some of 

them may be lost. Hence, conjugate weighted MUSIC 

algorithm is proposed to improve the performance of 

RPRCC particularly for closely spaced CFOs. 

II. MULTIUSER RPRCC  

The basic principle of MC-CDMA system is to spread 

the m-th user (1mM where M is the number of users)  
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Fig. 1. Block diagram of RPRCC with conjugate weighted MUSIC based CFO estimation (a) Transmitter (b) Receiver 

 

binary data sequence bm using spreading sequence Ck
(m) 

(0kN-1, where N is the number of subcarriers). The 

composite CDMA signals of all the M users are subse-

quently mapped to N subcarriers using OFDM tech-

nique (Fazel and Kaiser, 2008; Hara and Prasad, 1997).  

The block diagram of RPRCC with conjugate weighted 

MUSIC based CFO estimation is illustrated in Fig.1.  

 The k-th chip CDMA signal corresponding to m-th 

user is expressed as  
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The complex MC-CDMA signal of m-th user after 

IFFT block is given by  
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where n=0, 1, 2,…, N-1.  The intersymbol interference 

(ISI) due to multipath channel is reduced by adding cy-

clic prefix (CP) is with MC-CDMA symbols.  

The CP extended MC-CDMA symbol is given by 
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where n= -Nc, -Nc+1, ..., 0,1,…,N and Nc is the length of 

CP. RPRCC technique employed two path transmission 

such as CC technique at the transmitter in which second 

path signal is the conjugate of first path signal.  The 

Time division duplexing (TDD) is employed to transmit 

signals over two transmission paths and are expressed 

as 
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The induced CFO across two successive paths is as-

sumed as same since the channel is slowly time variant. 

The channel with transfer function is  
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where L is the number of multipath components and hl 

is the channel impulse response of l-th component. The 

signal corresponding to one MC-CDMA symbol in up-

link receiver is the superposition of all the M user sig-

nals. It is assumed that all the M user signals are time 

synchronized and transmitted over multipath fading 

channel in which the fading coefficients are constant for 

one MC-CDMA block.   

After the removal of CP, two path noisy received 

symbols in the presence of multiuser CFO are given as  
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where n=1, 2,…, N and (m) is the m-th user normalized 

frequency offset. 
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where wn
(1) and wn

(2) are additive white Gaussian noise 

(AWGN) in two paths.  

 In RPRCC, the first path signal component is phase 

rotated by - and the conjugate of second path signal is 

phase rotated by  (Wang et al., 2011). The frequency 

domain representation of two path signals at the output 

of FFT block are represented by 
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The combined output of both the paths becomes 

 )2()1(
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  Due to oscillator instabilities and Doppler shifts, 

every user in uplink has its own timing and frequency 

offsets. The multiple signal classification (MUSIC) al-

gorithm is the spectral estimation method suitable for 

estimating each user’s CFO in the multiuser environ-

ment (Wang and Ryu, 2013). MUSIC algorithm is 

based on EVD of covariance matrix of a received signal 

where signal and noise subspaces are separated. The as-

sumption in MUSIC algorithm is that all the user CFOs 

are well spaced (Sun and Lin, 2012).  

III. CONJUGATE WEIGHTED MUSIC BASED 

CFO ESTIMATION 

The received wideband multiuser signal is the composi-

tion of number of narrowband signal components. The 

proposed method utilizes non-data aided technique for 

multiuser CFO estimation. For the multiuser scenario, 

transmission of training sequences greatly reduces data 

rate. For CFO estimation, training symbols are extracted 

from the transmitted sequence and their relative phase is 

calculated that make the estimation process complex. 

The received signal corresponding to m-th user is ex-

pressed as 
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At the receiver, sum of all the user signals is repre-

sented by  
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Hence the noisy received signal corresponding to M 

users is expressed as 
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and wn is the additive white Gaussian noise (AWGN). 

 Consider the time window of size L, Eq. 11 can be 

written in vector form as  
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 The first step in MUSIC based CFO estimation is to 

determine the covariance matrix of the received signal, 

which is given by  
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nr  is the Hermition of rn., 
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IL is the LL identity matrix and 
2

w  is the variance of 

noise.  

The Eigen decomposition of Rr is expressed as 
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where the i are the eigenvalues arranged in descending 

order and the Vi are is the corresponding eigenvectors. 

 Eigenvalues in Eq. 14 can be written as sum of sig-

nal power and noise power 
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The remaining eigenvalues are due to noise alone   
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Hence covariance matrix can be partitioned in terms of 

signal and noise eigenvectors 
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 For each eigenvector Vi, the noise and signal sub-

spaces are orthogonal to each other i.e. 

LMMiMmi
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The MUSIC estimates corresponding to M frequen-

cy offsets (Wen et al., 2014) are determined by applying 

a one-dimensional search of M local maxima. 
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For an ideal case, the noise of channel transfer func-

tion is white and has the same eigenvalues. For CFO es-

timation, covariance matrix is calculated for time win-

dow of length L (Wang, 2013).  Due to the limited data 

length, noise eigenvalues is slightly different which 

causes error in peak search process. To adjust the dif-

ference of that noise eigenvalues and to improve the es-

timation accuracy for closely spaced CFOs, a conjugate 

weighted MUSIC algorithm is proposed in this paper. 

The real valued MUSIC estimate of CFO is obtained by 

minimizing the orthogonality error between a and Vi 
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Consequently, the non-distinctiveness of columns of 

Vi and for any linear combination of these vectors still 

extents the noise subspace. To analyze their statistical 

properties, the cost function in Eq. 19 is reformulated 

with a different but equivalent form as
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where each row of aH is the signal vector corresponding 

to one of M users. The orthogonal error vector corre-

sponding to each user is given by  

  2H
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The CFO estimation is carried out at minimum vari-

ance in error vector. 
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The error vector  is zero, if the signal and noise 

subspaces are orthogonal; otherwise there is a signifi-

cant amount of variance that should be normalized by 

noise eigenvalues.  

 Since the noise Eigen values determined for limited 

data length is slightly different, those noise Eigen values 

are used to normalize the changes between themselves 

and are used to maintain the orthogonality between sig-

nal and noise subspaces. In order to minimize the or-

thogonal error between signal and noise subspaces, the 

conjugate weight matrix is calculated as  

  
2

*
1 H

ii

H

i VVaμ   (23) 

where i the noise eigenvalues for is i=M+1, …, L con-

stitutes an orthogonality error. The norm in the above 

equation returns the Euclidean length of error vector 

which is given by 
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The weight matrix  is used to reduce orthogonality er-

ror in the interval M+1, …, L. The m-th user CFO esti-

mation using conjugate weighted MUSIC algorithm is 

given by 
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The optimum phase rotation for the proposed RPRCC 

scheme at the receiver is given by  

  ˆ2  . (26) 

The conjugate weighted MUSIC algorithm outper-

forms conventional MUSIC especially when the number 

of significant data points at the receiver is relatively 

small. Further the computational complexity of MUSIC 

and conjugate weighted MUSIC algorithms are ana-

lyzed. The number of operations such as multiplications 

and additions required for MUSIC estimate are M[(2L-

1)(M[L-M]+M2)+(ML(2[L-M]-1))]. 

However conjugate weighted MUSIC algorithm 

adds M([L-M](2L-1)+[L-M]-1+L-(M+1)) extra op-

erations for weight matrix calculation to nullify or-

thogonality error between noise and signal subspaces. 

The proposed algorithm depicts an improvement in 

CFO estimation and ICI reduction at the cost of 

11.4% increase in computational complexity. The 

values of M and L considered for complexity analysis 

are 4 and 16 respectively. Let the channel is slowly 

time variant, received signal of m-th user is expressed 

as sum of desired signal and interference. Under per-

fect channel equalization, the two combined paths 

output of m-th user is given by 
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The first term in Eq. 27 represents the desired signal 

term, second term is the ICI and third term is AWGN. 

The CIR of RPRCC for m-th user is expressed as  

 











1

1

2
)()(

2
)()(

)(

)()exp()()exp(

)()exp()()exp(
CIR

N

k

mm

mm

m

RPRCC

kIjkIj

IjIj



 .(28) 

IV. RESULTS AND DISCUSSION 

Figure 2 illustrates the Pseudo spectrum estimation   us-

ing classic MUSIC algorithm. The received signal con-

sists of four CFOs f1=-0.1, f2=0.4, f3=0.42 and f4=0.6; 

where two are well-spaced (f1=-0.1 and f4=0.6) and two 

are closely spaced (f2=0.4 and f3=0.42). The MUSIC 

estimate results in two distinct peaks at the CFOs -0.1 

and 0.6. However the peaks corresponding to f2=0.4 and 

f3=0.42 have converged, making it impossible to distin-

guish the two closely spaced CFOs. 

Figure 3 illustrates the performance of conjugate 

weighted MUSIC based CFO estimation algorithm for 

four CFOs f1=-0.1, f2=0.4, f3=0.42 and f4=0.6. 

The weight matrix in the proposed MUSIC algo-

rithm minimizes orthogonality error between signal and 

noise subspaces. It normalizes the changes between 

noise Eigen values which is slightly different from i
2 

and minimizes the orthogonality error between signal 

and noise subspaces 

Figure 4 illustrates BER performance comparison of 

the proposed RPRCC with MLE based RPRCC, MU-

SIC based RPRCC and normal MC-CDMA system. The 

simulation is carried out for four users with randomly 

considered normalized CFOs of 0.23, 0.21, 0.15 and0.1. 

The performance is analyzed using QAM modula- 
 

Table 1. Simulation parameters 

Parameter Value 

Number of data symbols 62000 

Number of subcarriers 64 

Number of users 4 

Spreading code Walsh Hadamard 

Modulation QAM 

Channel AWGN, Rayleigh, Rician 

Normalized CFO -1 to 1 
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Fig. 2. Illustration of CFO estimation using MUSIC algorithm 

for f1=-0.1, f2=0.4, f3=0.42 and f4=0.6 



S. CHITRA, N. KUMARATHARAN 

157 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

20

40

60

80

100

120

140

Normalized frequency offset ()

P
o

w
e
r 

(d
B

)

 

 

f
1
=-0.1, f

2
=0.4, f

4
=0.6

 f
3
=0.42

 
Fig. 3. CFO estimation of the proposed method. 
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Fig. 4. BER comparison of the proposed method with MUSIC 

based RPRCC and MLE based RPRCC 
 

tion technique under AWGN, multipath Rayleigh and 

Rician fading channels (Patil and Bhosle, 2011). The 

graph depicts that the BER of 10-4 is achieved at 7.5 dB, 

9 dB and 14 dB in RPRCC with conjugate weighted 

MUSIC, MUSIC based RPRCC and MLE based 

RPRCC respectively. The same performance can be 

achieved at 15 dB and 23 dB for Rician and Rayleigh 

channels. Due to the precise CFO estimation and greater 

ICI reduction, the proposed RPRCC outperformed for 

any kind of CFOs. 

Figure 5 and 6 depicts the performance of MUSIC 

and conjugate weighted MUSIC algorithm for closely 

spaced CFOs of 0.1, 0.11, 0.12, 0.13, 0.14 and 0.15. 

The peaks corresponding to =0.1 to 0.15 in conven-

tional MUSIC algorithm, has congregated at =0.1 and 

produced high estimation error. However the proposed 

conjugate weighted MUSIC algorithm produced six 

peaks corresponding to =0.1 to 0.15.   

Figure 7 illustrates ICI power comparison of the 

proposed conjugate weighted MUSIC and conventional 

MUSIC based CFO estimation for closely spaced CFOs 

in between 0.1 and 0.15. The proposed method shows 

improvement in ICI reduction compared to conventional 

MUSIC algorithm particularly for closely spaced CFOs. 

In the conventional MUSIC algorithm, peaks corre-

sponding to =0. 1 to 0.15 has converged, making it 

impossible to distinguish the CFOs. 
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Fig. 5. CFO estimation using MUSIC for closely spaced CFOs 

of =0.1 to 0.15. 
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Fig. 6. CFO estimation using conjugate weighted MUSIC for 

closely spaced CFOs of =0. 1 to 0.15. 
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Fig. 7. ICI power comparison of proposed MUSIC with clas-

sic MUSIC for closely spaced CFOs. 
 

Hence the CFO estimation corresponds to =0.1 to 

0.15 is only 0.1 and the phase rotation at the receiver is 

corresponding to 0.1. Thus the estimation error obtained 

for =0.15 is greater than 0.11, resulting in high ICI 

power at high CFOs. 

Figure 8 illustrates ICI power comparison of the 

proposed MUSIC based RPRCC technique with MU-

SIC based RPRCC, MLE based RPRCC and normal 

MC-CDMA technique for a single user (m-th) among M 

users under the normalized frequency offset values from 
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Fig. 8. ICI power comparison of the proposed method with 

MUSIC and MLE based RPRCC. 
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Fig. 9. BER performance of the proposed RPRCC with fre-

quency offset estimation error. 

0.05 to 0.5. The desired signal is demodulated from the 

composite signal of M users with M different CFOs. 

The self-ICI power of m-th user is plotted in Fig.8. The 

graph shows that MUSIC algorithm provides the same 

ICI power for CFOs 0.09 and 0.1, 0.14 and 0.15 as well 

as 0.2 and 0.22. However the proposed method offered 

distinct ICI power irrespective of the CFO spacing. 

However the performance of the proposed algorithm is 

similar to MUSIC algorithm for well-spaced CFOs.  

Figure 9 illustrates the BER performance of the 

proposed RPRCC with frequency offset estimation 

error. At the receiver, frequency offset is precisely es-

timated using conjugate weighted MUSIC algorithm. 

The maximum estimation error considered for simu-

lation is 0.09 with Eb/No of 5 dB and 6 dB (Wen et 

al., 2014). The number of iterations is 25. The curves 

clearly depict that the proposed technique carried out 

CFO estimation under minimum orthogonality error 

condition and offered high estimation accuracy. 

V. CONCLUSIONS 
RPRCC with conjugate weighted MUSIC based CFO 

estimation suitable for multiuser mobile environment 

is proposed. Compared with MUSIC and MLE algo-

rithms, the proposed method greatly distinguishes 

closely spaced CFOs and improved the estimation 

accuracy. The phase rotation at the receiver reduces 

communication overheads as well as the delay prob-

lem encountered in transmitter PRCC technique. Due 

to the accurate CFO estimation and greater ICI com-

pression, the proposed conjugate weighted MUSIC 

based RPRCC technique is the best choice to meet 

the requirements of future multiuser mobile environ-

ment. 

REFERENCES 

Fazel, K. and S. Kaiser, Multi-carrier and spread spec-

trum systems from OFDM and MC-CDMA to LTE 

and Wimax, John Wiley and sons, United Kingdon 

(2008). 

Hara, S. and R. Prasad, “Overview of multicarrier 

CDMA,” IEEE Commun. Mag., 35, 126-133 

(1997). 

Hu, F., N. Rajatheva, M. Latva-aho and M. Juntty, 

“Sensor integration to LTE/LTE-A network 

through MC-CDMA and relaying,” Proc. IEEE 

Vehicular Tech. Conf. (VTC Spring), Yokohama 

(2012). 

Khedr, M., E. Gemeay, S. El-noubi and M. Nasr, “Auto 

intercarrier frequency offset rectification using 

conjugate cancellation in multi-carrier CDMA 

broadband communications,” Int. J. Comput. 

Electr. Eng., 3, 1793-8163 (2011). 

Kumar A. and J. Saxena, “Detection schemes for MC-

CDMA (4G) mobile system: A review,” Comput. 

Sci. and Telecommun., 1, 49-62 (2015). 

Mohseni, S. and M.A. Matin, “Study of the estimation 

techniques for the carrier frequency offset (CFO) 

in OFDM systems,” Int. J. Comput. Sci. Netw. 

Sec., 12, 472-479 (2012). 

Morelli, M. and M. Moretti, “Joint maximum likelihood 

estimation of CFO, noise power and SNR in 

OFDM systems,” IEEE Trans. Wirel. Commun. 

lett., 99, 1-4 (2012). 

Patil, S. and U.V. Bhosle, “Simulation of multicarrier 

CDMA system in Rayleigh channel,” Int. Conf. 

Comput. Intell. Inf. Technol., Berlin, 313-320 

(2011).  

Schmidl, T.M. and D.C Cox, “Robust frequency and 

timing synchronization for OFDM,” IEEE Trans. 

Commun., 45, 1613-1621 (1997). 

Sun, Y.-T. and J.-C. Lin, “Multi-carrier frequency offset 

estimation based on MUSIC for carrier aggrega-

tion orthogonal frequency division multiplexing 

Communications,” Proc. IEEE Int. Conf. Inf. 

Tech., Hammamet, 408-412 (2012). 

Wang, C.-L. and Y.-C. Huang, “Intercarrier interference 

cancellation using general phase rotated conjugate 

transmission for OFDM systems,” IEEE Trans. 

Commun., 58, 812-819 (2010).  

Wang, C.-L., P.-C. Shen and J.-H. Huang, “An im-

proved adaptive receiver for OFDM systems using 

conjugate transmission,” Proc. IEEE Vehicular 

Tech. Conf. (VTC Spring), Yokohama (2011).  

Wang, X., H.-G. Ryu, “Separation of coherent signals 

using a novel MUSIC algorithm in multipath envi-

ronments,” Proc. IEEE Int. Conf. ICT Conver-

gence, Jeju, 622-625 (2013). 



S. CHITRA, N. KUMARATHARAN 

159 

Wang, Y.-Y., “A subspace-based CFO estimation algo-

rithm for general ICI self-cancellation precoded 

OFDM Systems,” IEEE Trans. Wirel. Commun., 

12, 4110 – 4117 (2013). 

Wen, F., Q. Wan, R. Fan and H. Wei, “Improved MU-

SIC algorithm for multiple noncoherent subar-

rays,” IEEE Signal Process. Lett., 21, 527-530 

(2014). 

Yeh, H.G., Y.K.Chang and B.Hassibi, “A scheme for 

cancelling intercarrier interference using conjugate 

transmission in multicarrier communication sys-

tems,” IEEE Trans. Wirel. Commun., 6, 3-7 

(2007).  

Zhao, Y. and S.G. Haggman, “Intercarrier interference 

self-cancellation scheme for OFDM mobile com-

munication systems,” IEEE Trans. Commun., 49, 

1185-1191 (2001). 

 

Received: January 12, 2016.  

Sent to Subject Editor: April 27, 2016.  

Accepted: August 23, 2016. 

Recommended by Subject Editor: María Belén 

D'Amico 

 

 


