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1. Introduction

Nowadays, orthogonal frequency-division multiple-access

Abstract Multiple-Input Multiple-Output (MIMO) Orthogonal Frequency-Division Multiplexing
(OFDM) systems and Single-Carrier Frequency-Division Multiple Access (SC-FDMA) are so sus-
ceptible to carrier frequency offset (CFO) between transceivers. In this paper, a novel sequence
called CAZBAR is proposed. The proposed CAZBAR sequence is based on constant amplitude
zero autocorrelation (CAZAC) sequence and barker code. CAZBAR sequence shows better auto-
correlation with higher peak at zero shift without ripples, which facilitates estimating carrier fre-
quency offset in communication systems compared to other compensation methods in terms of
mean square error (MSE). By applying CAZBAR sequence in MIMO SC-FDMA system 2 x 2
and 4x4, the bit error rate (BER) performance has improved significantly. At a BER=1072, a
SNR reduction of 11 dB is achieved for 2 x 2 system and 7 dB reduction for 4 x 4 system compared
to other sequences. Which improves the performance of the whole system MIMO SC-FDMA. The
CAZBAR sequence can be applied in 5G techniques, MIMO-OFDM, and MIMO SC-FDMA sys-

tems.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

nology used in different wireless communication systems.
There are two main drawbacks in implementing OFDMA sys-
tems [1]. First, need high power to send data cause high peak-

(OFDMA) act as multi-carrier multi-user transmission tech-  to-average-power ratio (PAPR) and second, mismatch

* Corresponding author.
E-mail address: ebadran@aast.edu (E.F

Peer review under responsibility of Faculty of Engineering, Alexandria

University.

https://doi.org/10.1016/j.aej.2021.12.036

between carrier frequencies leads to carrier frequency offsets
(CFOs). High PAPR leads to the amplifier of transmitter
works with high power that cause decrease in the energy effi-
ciency of the system. Thus, PAPR reduction techniques
[2-5], and the references therein, have to be utilized in
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OFDMA system. Energy efficiency is a critical issue in trans-
missions for mobile users (MUs)’s battery. Due to its lower
PAPR, single-carrier frequency-division multiple-access (SC-
FDMA) has been widely used. SC-FDMA is currently com-
mon in uplink of Long-Term Evolution (LTE). It prevents dis-
torting the signal, designing simple transceiver system and
consuming low power and this leads to expansion battery life
of mobile phones. In [6], a space frequency block codes MIMO
single-carrier code frequency- division multiple access (SFBC
MIMO SC-CFDMA) transceiver was proposed to improve
the BER performance over the traditional SFBC SC-FDMA
system. As to OFDM system, also SC-FDMA is critical to car-
rier frequency offset (CFO) [7]. It occurs due to mismatching
between transmitter and receiver causing doppler shift. CFO
causes disturbance of orthogonality between subcarriers, thus
reduce the performance of the system dramatically. In trans-
mission data, multiple users are sending multiple signals
through multiple antenna [8] where affected by various values
of CFO. After passing through channels, at the receiver the
signals are collected again. This collection leads to Multiple
Access Interference (MAI). For an effective system, efficient
CFO synchronization is essential. The normalized CFO is bro-
ken into two parts: integral CFO (IFO) ¢; as well as fractional
CFO (FFO) ¢ IFO causes a cyclic shift to the appropriate
subcarrier on the receiver side. The orthogonality of the sub-
carrier frequency components is not destroyed by IFO. FFO,
on the other hand, breaks the orthogonality between the
sub-carriers.

To get efficient CFO synchronization, there are a lot of
preamble-based timing strategies have been studied.

Mainly there are two types of strategies. The first one
depends on data aided strategy. In this strategy, transmitting
the preamble and to reach synchronization depends on auto-
correlation or cross correlation of received signal. Also, one
of the benefits of correlation products is to improve the estima-
tion of time metric. The second strategy is non-aided method
also known as blind synchronization [8]. Synchronization is
reached by applying statistical properties on the received sig-
nal. From its drawback it needs large estimator mean square
error (MSE) to deal with complex computational algorithms.
The novel proposed sequence is used as data aided schemes
so the system performance more efficiency with less overhead.

In this paper, focuses on FFO to avoid destroying orthog-
onality between the sub-carriers, besides synchronization
method based on data aided scheme is considered. A sequence
called CAZBAR which is based on both of CAZAC sequence
and barker code, takes the benefits of both, is proposed. CAZ-
BAR sequence can be used in CFO estimation in different mul-
ticarrier systems such as OFDM, SCFDMA, and MIMO SC-
FDMA. Simulation results shows that the proposed CAZBAR
sequence gives good improving in BER performance, and it is
better in indicating the start of the frame with a sharper peak
of the autocorrelation function than other sequences.

The paper is organized as follows; section 2 explains the
formation process of the proposed CAZBAR sequence and
its great effect in CFO estimation methods. In section 3, the
proposed MIMO SC-FDMA model is described. BER analysis
of the proposed model is presented. Section 5 presents the
computational complexity of the system. In section 6 simula-
tion results are discussed. Finally, in Section 7, conclusions
are observed.

2. Formation of CAZBAR sequence

The proposed CAZBAR sequence is based on both of CAZAC
and barker code. CAZAC sequence is a phase shift pulse code
which is well known with zero periodic correlation except peak
for zero shift. Barker code, with is known by its ideal autocor-
relation property, is a finite sequence of digital values. By mul-
tiplying CAZAC sequence with a repeated version of a specific
length of Barker codes, the proposed CAZBAR sequence is
generated. CAZBAR sequence has a better correlation prop-
erty than CAZAC sequence. It can be used in different appli-
cation as radar systems or for a method of synchronization
and carrier frequency estimation in communication systems.
The CAZAC sequence is formed using equation (1) with L is
the length of CAZAC sequence and «a is a prime number.

)= 1=0,1, L1, (1)

Then the output from multiplying CAZAC with barker,
convert it in frequency domain by passing through FFT to
be suitable for OFDM system. The proposed sequence is com-
posed of two halves, the first one (A) is CAZBAR codes, while
second one (B) is the flipped complex conjugate of A. At recei-
ver side, correlation function is applied between the received
signal and the local sequence to detect the peak of time syn-
chronization. A list of Barker codes with different lengths is
shown in Table 1.

The next Fig. 1-a to 1-h show the autocorrelation of
CAZAC sequence and autocorrelation of proposed CAZBAR
sequence with different barker lengths. As shown from figures,
CAZBAR code with length 4 and 2 represent better perfor-
mance compared with CAZAC. as by length 2 the next maxi-
mum value is 0.04953 and by length 4 the next maximum value
is 0.04896. while in CAZAC the next maximum value in
0.1151.

In Fig. 2, a comparison of the BER performance of MIMO
SC-FDMA system using CAZBAR with different lengths of
Barker code is illustrated. As shown from Fig. 2, the BER per-
formance has a slight difference response when change in bar-
ker lengths L. At BER = 10 *the SNR reaches 7.80 dB by
CAZBAR sequence with Barker length L =2, and reaches
8.1 dB by using L = 7 and 13 as there is no different between
them.

Therefore, thought out this paper, a CAZBAR sequence
that is based on Barker code of length 2 will be considered.

Table 1 List of barker codes.

Length Codes Sidelobe
level

2 +1-lor + 1 + 1 —6dB

3 +1 + 1-1 —9.5dB

4 +1+ 1-1+1lor+ 1+ 1+ 1-1 —12dB

5 +1+ 1+ 1-1+1 —14 dB

7 +1+ 1+ 1-1-1 + 1-1 —16.9 dB

11 +1 + 1+ 1-1-1-1 + 1-1-1 + 1-1 —20.8 dB

13 +1+1+1+1+1-1-1+1+ 1- -22.3 dB

I+ 1-1+1
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Fig. 1

The autocorrelation of CAZAC sequence and proposed CAZBAR sequence with different barker lengths.
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Fig. 1 (continued)

Fig. 2

3. The proposed MIMO SC-FDMA system model

A. MIMO-SC-FDMA Transmitter
The k ™ user sends data symbols vector d* which is spatially
P
demultiplexed into P vectors {d;‘} 1 each of length N, where
=
a’l‘; is the k " user data symbols in the p ™ antenna branch [9].
N-point FFT is applied to each vector d;‘ to form D['j the fre-

quency domain symbols of the £ ™ user data symbols in the
p "M antenna branch, which can be expressed as

The proposed MIMO-SC-FDMA system is shown in
Fig. 3.

where Fy is N x N isometric FFT matrix, Dllj vector is
then subcarrier mapped into M x 1 vector, M = QON, Q is
the bandwidth expansion factor and the maximum number
of users in the transmission. The M -IFFT process trans-
form the output of subcarrier mapping from frequency

6 8 10 12

SNR

BER of MIMO SC-FDMA using CAZBAR with different barker length L = 2, 7, 13.

domain to time domain. For subcarrier mapping there are
two main methods:

a. localized mapping (LFDMA), the outputs of Fast Four-
ier transform (FFT) are mapped. Then the number of
sub-carriers is allocated in one contiguous block for each
user.

b. Interleaved (distributed) mapping (IFDMA), the out-
puts of FFT are mapped. then sub-carriers are disturbed
over the whole bandwidth [10].

The IFDMA method shows a low peak to-average ratio
(PAPR), but very sensitivity to CFOs as in OFDMA system.
While the LFDMA method is more powerful against multiple
access interference (MAI), but it leads to high PAPR com-
pared to the IFDMA method.

After mapping the signal pass through IFFT block which
converts signal to time domain with mathematical expression
is sx. The isometric matrix of M -point FFT Fy has entries

Fyf = Jpe ™ with n,k € {0,1,2,.N — 1} is defined as
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Fig. 3 Block Diagram of MIMO-Single-carrier FDMA system.
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The FZ is matrix of an IFFT with size M x M. M, is
M x N the matrix of subcarrier mapping for the k" user.

5, = FuM..D} (4)

The subcarrier mapping matrix M for the interleaved map-
ping (IM) and localized mapping (LM) schemes can be
expressed as [11]

M, — [00—1)xvi k13 Ootysni ks s -+ 3 ki Ooi v | IM, (5a)
[00e—1ywsvs Ivs Onr—iwyxn | LM(5b)

(5)
The proposed CAZBAR sequence of length L, is passing
through two steps separately before adding to MIMO SC-
FDMA system: first is mapped either by localized or inter-
leaved mapping, second converted in time domain. Then pro-
posed sequence is ready to be added after IFFT block. which

improve estimation of carrier frequency offset takes place after
the IFFT process to form the vector x; of length as

T

xl; _ [sjjT qkT] ] (6)
Then, the L. cyclic prefix is added to x;. Therefore, the sig-

nal X, with C, is cyclic prefix of size (M + L, + L.) X 2M, ¢,

is the proposed used sequence with length L, can be expressed
as

~k
x, = Cpx]p‘, (7)
B. MIMO-SC-FDMA Receiver
P
Then signals {iﬁ} | are transmitted passing through
p=
channel, which is Rayleigh fading channel [12]. The
channel is a frequency-selective fading channel and each
user experiences a different channel impulse response.
Based on the assumption that all K users are synchronized
in time.
where

e %, is received signal vector of length (M + L,) x 1 in the j
receive antenna branch.

. Hf.,. is multipath channel circulant matrix between i

trans-
mitter antenna and ;™ received antenna.

. "f//f, is a CFOs matrix that shows as diagonal the of the k"
user, where #" ; = Zm/M

e & is the normalized CFO of the k" user.

e n; is complex Gaussian noise vector.

So the received signals are affected by carrier frequency off-
set derived as

K P
Y= WiHX 4, (8)
k=1 i=1

The joint MIMO equalization process with carrier fre-
quency offset is formed on received signal %, . In this paper,
minimum mean square error (MMSE) is used on proposed sys-
tem, the equalizer weight matrix Efl is formed as [13]
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where HF is effective frequency domain channel matrix, can be
expressed as

k k
I_I/ll Hll(2 . HlNr
k k c
i H; Hy, HIEN,
weo| T (10)
k k k
HN,.I HN,.z T HN,-M

Next step making CFO estimation as CFO can disturb the
orthogonality between sub-carriers which effects the perfor-
mance of SC-FDMA. Inter Carrier Interference ICI arises
due to frequency offset.

Different methods are discussed to illuminate effects of
CFO

e Schmidl and Cox [14] method depends on combining two
identical parts of PN sequence each of length N/2.

e Minn’s Method [15-17] the sequence is based on four parts
each part with length N/4. Where the first two parts are
identical PN sequence and the other two are the negative
sign of first two.

e Constant Amplitude Zero Autocorrleation (CAZAC
sequence) related to R. Frank, S. Zadoff [18-20].

e CAZBAR sequence based on barker multiplied with
CAZAC sequence as shown previous.

This combination has a good cross-correlation and auto-
correlation functions in time domain form. Correlation equa-
tion is given by

N
2

Pi(m) =

n=|

% (m—n)¥;(m+n+1),m=0,1,--- N—1 (11)

o

The timing synchronization estimator is R;(m) N7 ; is equal-
ized received signal, N number of subcarriers, and where n is
the index of the sample, equivalent to the subcarrier index.

N
@,(m—i—n—z)

The timing metric 7; is computed using P(m) divided by
R(m) as given in (9).

=

N P

; (12)

B

2
=
3

=
I
N —

n=0

2
P,
7, = arg max M . (13)
i 2
(R;(m))

The CFO ¢; at the j th receive antenna can be expressed as
P:(1;

&g = angle#. (14)
‘ n

The received signal %#; after CFO compensation is

k k k
oM T
k k k
Y T» V2w,
J a
k k nk
v Yn2 o o T,

After that remove the proposed sequence and cyclic prefix,
the received signal pass through Fg is the matrix of IFFT with
size N x N forming V; ,then M{ is M x N the matrix of sub-

carrier demapping for the k™ user, finally Fy, is M x M FFT
matrix to get the desired data.

Vi =FiM[F,%,. (16)

4. Bit error rate (BER) analysis

The BER analysis of the MIMO SC-FDMA over Rayleigh
fading channels in case of perfect CFO and ZF channel equal-
ization is presented in this section. Several signal processing
operations are applied to the received signals as in (5). These
operations are removing the cyclic prefix, M-point FFT, sub-
carrier de-mapping, frequency domain equalization (FDE)
and CFO compensation, removing the training sequence,
and N-point IFFT. By applying these operations successively,
to get the k™ user received signal y* as in (16)

»" ll} El;l o EA{.V, MZ-FM"I
Pl P e
y‘k\’, ‘ﬁ', E.Aw,l e E%\, N, M, /T Fyny,

(17)
The complex Gaussian noise vectors are assumed to be
n,~~CN<0~aZI>7i: 1,2,---, N,

'Yy

Floo 0
Vo=d+n=

0 .- F"\f

k k
Fii ... 01[E, - Ey[MF,n
A= E
0 - Fy{]LE\, - Eyy|[MFyn,
(18)
To calculate the variance of n*, the following step are car-
ried out. The FFT, IFFT and subcarrier de-mapping opera-
tions do not affect the noise variance with using the
isometric FFT matrix.
For the case of multiplying a diagonal matrix A of size

N x N by a noise vector 5 ~ CN (0; aﬁl). The resultant vari-

ance is given by
E((An)(Aq)”) = E(Anpy"A") = A(aﬁl)A” — AN (19)

Thus, the average value of the variance in this case will be
L2y , ,
T = N 2 A0 = i, (20)

Provided the above effects on the noise variance, it is clear
that the complex Gaussian noise vectors

n; ~ CN (0' 621), i=1,2,---,N,. Variances are affected by

'Yy
multiplication by diagonal matrices and additions during the
equalization process as in (18). Thus, by using the relation
(20), the variances of can be written as

Nr
Oy = aiZﬁii' (21)
=1

For a QPSK (as an example) modulated data symbol vector
d“ in (17) and a noise variance as in (21). The symbol error rate
for proposed system can be written as
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m:q( E) (22)

where E; is the average symbol energy for QPSK case . E, = %
is the average bit energy and 0,21,\. is the processed noise energy

(variance). Q(-) is the Q-function which is defined as

Q(x) =5 [ e 7dv.
5. Computational complexity

In this section, studying the computational complexity of the
proposed MIMO single-carrier FDMA. Where it studies the
number of complex multiplications. The complexity of pro-
posed MIMO SC-FDMA system depends on N-FFT and M-
IFFT in transmitter and N-IFFT, M-FFT, MMSE equalizer,
and CFO estimator in receiver. As known the computational
complexity of N-FFT operation is O Nlog, N. While the compu-
tational complexity of M-FFT operation is O Mlog, M. So the
complexity for proposed MIMO SC-FDMA transmitter is
O((logyN + 2Qlog,ON)N) as M = QNL. To calculate the com-
putational complexity of MMSE equalizer in receiver, lets first
know equalizer depends on multiplication of matrix and inver-
sion of matrix which of size 2N x 2N. Where its complexity is
0((2N)3). From Eﬁ equalizer equation (5), it composed of
four diagonal matrices multiplied by its conjugate transpose.
The computational complexity for equalizer equation will be
O(4N). By studying equation (6) it composed of four diagonal
matrices of inversion of 2N of size 2 x 2 with complexity
O(8N). Thus leads to the computational complexity of equal-
ization process will be ¢(20N). Where the process of equaliza-
tion composed of one inversion matrix and three matrix

complexity is 2N

6. Simulation and results

considered to illuminate effects of CFO. The considered meth-
ods are Schmidl and Cox method [14], Minn’s Method [15] and
Park’s Method [16,17], CAZAC sequence [18-20], and the pro-
posed CAZBAR sequence.

A. Timing Metric

Fig. 4 shows the timing metric by using different methods
Schmidl and Cox, Park, Minn, and CAZAC sequence, and
the proposed CAZBAR sequence.

As the Fig. 4 shows, shemidl has plateau which lead inaccu-
rate starting point of frame around 50. Minn sequence shows
several peaks around the starting point. Park methods gets
sharp peak comparing with Minn at same starting point at
50. However, CAZAC method get the sharper starting point
which is adjusted at 80. Now by comparing the proposed
(CAZBAR) method with the CAZAC, the proposed method
is adjusted at 55 to avoid overlapping with other methods. It
shows sharper peak without ripples, lead to perfect CFO
estimation.

B. Mean Square Error MSE

Fig. 5 illustrates the CFO estimation performance in terms
of mean square error (MSE) versus SNR. The MSE is average
squared difference between the estimated CFO values and the
actual CFO value. It is clear from Fig. 5 that the proposed
method has a smaller MSE and hence a more accurate CFO
estimation than the other algorithms. As Schmidl & Cox. ends
at 0.003646, while Minin, park, CAZAC, and proposed CAZ-
BAR sequence end at 0.0002615, 0.0001752, 0.0006148, and
0.0001115 respectively.

Table 2 The simulation system parameters.

Timing Metric

multiplications. Last part of receiver having complexity is Parameter Value or Type
CFO estimator. From equation (7) P(m), the computational Modulation BPSK, QPSK, and 16 QAM
Cyclic Prefix 16 Samples
Output Block Size (M-IFFT) 256
Input Block Size (N-FFT) 128
Equalization Type MMSE
Subcarrier Mapping Type Localized & Interleaved
The simulation parameters executed in this section are listed in MIMO Size 2x2and 4 x4
Table 2. Different methods of CFO estimation sequences are
1.2 T T T T T T
= = = = Schmidl
Minin
I e S - park
Tt e CAZAC
CAZBAR (proposed)
\\ |
AY
‘\
] _
1
1
1
1
! _
1
!
1 7 —
1_\ '/_,l\\l‘\ ,
' ]
v
I I o I~
60 80 100 120 140
SNR

Fig. 4 Timing metric of OFDM system using Schmidl & cox, Minn, Park, and CAZAC Methods, CAZBAR the Proposed Sequence.
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Fig 5 Mean Square Error (MSE) of estimated CFO for Schmidl & Cox., Minin, Park, CAZAC, and Proposed CAZBAR sequence.

B. Analytical BER Vs Simulated BER

Fig. 6 studies difference between analytical BER that
results from previous equations (37) and Simulated BER.
The system is applied on different modulation techniques as
BPSK, QPSK, and 16 QAM. As shown the two curves are
coincided together in case of zero forcing (ZF) equalization
with perfect channel states information (CSI).

C. BER Performance

The proposed method MIMO- SC-FDMA depends on
combining single-carrier FDMA (SC-FDMA) with multiple
input multiple output (MIMO) and applying CFOs, then try-
ing to estimate offset with the previous estimation methods
as shown above. In the proposed MC-SC-FDMA, the modu-
lation applied is BPSK. MMSE equalization technique are
applied. The performance of bit error rate (BER) of proposed
MIMO SC-FDMA system.

Fig. 7 proposed MIMO-SC-FDMA by applying 2 x 2
MIMO system over Rayleigh fading channel. Obviously Sch-
midl & Cox reach SNR 30 dB at BER = 102. While, Minn
and Park 25 dB, 22 dB respectively at BER = 102, By
CAZAC method BER performance improves to reach 19 dB
at 10, The proposed sequence CAZBAR with barker length
L =2, it gives better performance to reach 11 dB at 1072
The difference between the proposed sequence and CAZAC
method is 8 dB.

Fig. 8 shows the comparison between the estimated and
known CFO of the proposed MIMO-SC-FDMA. It applied
on various modulation techniques as BPSK, QPSK, and 16-
QAM. As shown in Fig. 8 the two curves look like each other.
Which indicates the estimated curve of proposed MIMO-SC-
FDMA shows good performance and cannot enhanced more
than that.

—-¢-—Analytical CFO BPSK
Simulated CFO BPSK
—-¢-—Analytical CFO QPSK
Simulated CFO QPSK
—-¢-—Analytical CFO 16-QAM
Simulated CFO 16-QAM

102 F

IR |

10—4 1 1
(0] 5 10

1
15 20 25 30

SNR (dB)

Fig. 6 Analytical BER Vs Simulated BER.
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Fig.7 BER Curve of proposed 2x2 SC-FDMA system using different estimation methods: Schmidl, Minn, Park, CAZAC and Proposed

Sequence.
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Fig. 8 Estimated CFO Vs Known CFO.

Fig. 9 the proposed MIMO-SC-FDMA by applying 4 x 4
MIMO system over Rayleigh fading channel. As shown Sch-
midl & Cox worst performance as cannot reach BER at 10”3
as previous. While Minn improves slightly to reach 23.5 dB,
20 dB respectively at BER = 10, While in CAZAC method
BER performance improves to 16.5 dB at 10, Where the pro-
posed sequence CAZBAR gives better performance comparing
by previous methods to reach 7 dB at 102 The difference
between the proposed sequence and CAZAC method is 9.5 dB.

Fig. 10 shows the comparison between the estimated and
known CFO of the proposed 4 x 4 MIMO-SC-FDMA. It
applied on various modulation schemes as BPSK, QPSK,
and 16- QAM. As seen in Fig. 10 the two curves are similar.

The estimated curve of proposed MIMO-SC-FDMA shows
good performance and cannot improved further.

7. Conclusion

In this paper, novel preamble is used in MIMO SC-FDMA
transceiver system. First study the performance of CAZBAR
code. This code shows better autocorrelation especially with
barker length L = 2. Paper is divided into two parts, first part
study the formation of CAZBAR sequence, CFO estimation
methods and to illustrate the accuracy of the CFO estimation
of the previous methods by using the mean square error
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Fig. 9 BER Curves for 4x4 SC-FDMA system (BPSK) using Schmidl, Minn, Park, CAZAC and Proposed CAZBAR Sequence.
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Fig. 10  Estimated CFO Vs Known CFO through proposed MIMO-SC-FDMA 4 x 4 system.

(MSE). Second part shows BER performance of proposed
MIMO SC-FDMA by using proposed estimation and compar-
ison with the other estimation methods. Simulation results
show by using proposed estimated method got sharper timing
metric without ripples. By applying CAZBAR sequence in
MIMO SC-FDMA system 2 x 2 and 4x4, the bit error rate
(BER) performance has improved significantly to reach
11 dBin 2 x 2 system and 7 dB in 4 x 4 system compared
to other sequences. Also has a smaller MSE to reach
0.000115 at SNR = 30.
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