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Abstract— Single Carrier Frequency Division Multiple
Access (SC-FDMA) has been adopted for fourth
generation (4G) mobile uplink transmission schemes
because of its low Peak to Average Power Ratio (PAPR) as
compared to that of Orthogonal Frequency-Division
Multiple Access (OFDMA).Since SC-FDMA has low
PAPR, it is sensitive to Carrier Frequency Offsets (CFOs)
similar to that of OFDMA. To minimize and compensate
CFO effects on SC-FDMA, the uplink system with Zero-
Forcing (ZF) equalization can be used. In this, the method
involves is an inverse of an N x N CFO induced inter-
carrier interference (ICI) matrix, where N denotes the
number of subcarriers. When N is large, it will leads to
large number computational complexity of the system and
the performance of the system will degrade. To overcome
this complexity, we propose a low- complexity ZF method
and Newton’s method with fast Fourier transforms which is
used to solve the matrix inversion problem. This reduces
the complexity from O(N®) to O(2N log,N). The proposed
compensation scheme can able to improve the system
performance.

Keywords— SingleCarrier Frequency Division Multiple
Access (SC-FDMA), Carrier Frequency Offsets (CFO),
Fast Fourier Transform (FFT), Zero-Forcing (ZF),
Newton’s method.

l. INTRODUCTION

The WiMAX cellular system uses Orthogonal Frequency-
Division Multiple Access (OFDMA) for signal
transmission from the base station and also from the
mobile terminals. Third Generation Partnership Project
(3GPP) prescribes OFDMA for downlink transmission
and Single Carrier Frequency Division Multiple Access
(SC-FDMA) for uplink transmission.Since OFDMA has
the advantages of multiuser diversity, good BER ratio and
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simpler receiver design, one disadvantage is that it has
high peak-to-average power ratio (PAPR) compared to
that SC-FDMA systemwhich raises the cost andlowers
the power efficiency of a transmitter’s power amplifier.
SC-FDMA also involves in the transmission of high data
rates in the uplink communication [1]. With a low PAPR,
SC-FDMA provides simpler and more power-efficient
amplifiers at mobile station compared with OFDMA
transmission [2], [3].

Two subcarrier allocation schemes are available in SC-
FDMA uplink system. In the localized subcarrier
mapping mode, the modulation symbols are assigned to
adjacent subcarriers. In Interleaved FDMA (IFDMA), the
symbols are equally spaced across the entire channel
bandwidth.IFDMA is also sensitive to Interferences.

Il. RELATED WORK

SC-FDMA system is also sensitive tointerferences as like
OFDMA due to Doppler shifts and misalignment
between transmitter and receiver oscillator which will
affect theorthogonality among the subcarriers. This
results in Carrier Frequency Offsets (CFO) which will
degrade the system performance. Carrier Frequency
Offsets (CFO) also caused due to interferences such as
Inter-Carrier Interference (ICI) and Multi-Access
Interference (MAI).

To suppress ICI and MAI many methods have been
reported in the literature[5]-[7].Semi-blind CFO based
estimation scheme tolerate CFOs on uplink IFDMA[12],
[13].In [14], [10] the performance of IFDMA with CFOs
was exactly analyzed. In IFDMA, multiple CFOs may
occur because different users experience different CFOs
[9]. CFO effects on multiuserOFDM-FDMA has been
reported [8], [11].To Compensate Carrier Frequency
Offsets (CFOs), one way is to use Minimum Mean
SquareError (MMSE) equalizer combined with Parallel
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InterferenceCancellation (PIC) [16] and the another
approach is the combined Minimum Mean SquareError
Frequency Domain Equalization (MMSE-FDE) [15].In

Each user has M=N/K subcarriers. The data transmitted
for kth user is
ORU
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Fig.1 Uplink SC-FDMA System Model

[17], [18] the structure of equalizer based on frequency
domain decision feedback method have been proposed.
CFO Compensation for uplink system is very important
[19], hence it can be made through MMSE+LS [21]
which involves in CFO induced ICI matrix. But when the
subcarrier increases, the complexity alsoincreases. To
avoid such a problem,a low-complexity ZF method is
reported [20]. The proposed scheme [22] [23] provides
CFO compensation for OFDMA uplink systems.

The objective of this paper is to compensate CFOs in SC-
FDMA uplink system. Since Zero-Forcing method is
simple and efficient approach but includes inversion of
matrix method for implementation. Hence by using
Newton’s method for matrix iterative inversion, ICI
matrix can be developed which can implement Newton’s
method with FFT. The performance of the proposed
method is compared with Direct ZF and Banded ZF
method. The performance of the proposed method is well
efficient than other methods and also by using this scheme
the computational complexity reduces from O(N3)
toO(2N log2 N).

In Section 111, the system model is introduced.Section IV
presents the Proposed CFO Compensation scheme and
sectionV presents simulation results are proposed. In
section VI conclusion is presented.

I1l. SYSTEM MODEL

Consider SC-FDMA uplink system Fig.1 with K users
and N subcarriers. In this system, each user is
communicating Base Station (BS) with its own subcarrier.
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Base Station
. m represents the M-point DFT, Fy" represents N-point
INET and F.. F.P=1.. where |, represents M x M identity
DFT, sub-carrier mapping can be
enner 1meneaved ol Localized to enable uplink
communication. Sy represents the number of subcarriers
allocated to kth user and AXrepresents the subcarrier
allocation matrix of order N x M where
v _ [Lifiesk

Sij = {0, ifi ¢Sk @
The output of N-point IDFT of the kth user can be
represented by,

s®) = Fy, AR FH x (0 €))
N-point IDFT output vector is then passed after adding
Cyclic Prefix (CP). Guard interval length is Ng and the
length is longer than the maximum channel delay spread.
Channel is time invariant for each user and the (CIR)
Channel Impulse Response (R) for kth user is represented
by vector,

R0 = [0, 1, .., h$]" 4)
After adding additive noise and removing CP, the
received signal vector is represented as,

K

r=) e®(s®Qhrk) +z7 (5)

k
e® is in the order of diagonal matrix N x N which can be

expressed as,
j2mep(n—1)
=€ N (6)

® represents the circular convolution. h® represents
column circular matrix (i.e.) circ{[ h% ;0nrpa]} and z
represents Additive White Gaussian Noise (AWGN).
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N-Point DFT output can be expressed as,

K
y = Z HX AR Fyx® + z,
k=1
where z, represents output noise vector.
Hrepresents diagonal matrix of N x N which can be
expressed as,

K-1
X X —j2n(k—1)n
HE, = Y hke w )
k=0

After FFT operatio_n, the corresponding frequency domain
signal can be represented as,
K

= Z ek yk +7
where ek = F, Flle®) | yk = Hkx(),
Finally we express the received frequency-domain signal
as,

@)

€

N

= My+
where j = A%, M = ¥K_ ek s®.

(10)

IV. PROPOSED CFO COMPENSATIONSCHEME

The straightforward method to compensate CFO is the ZF
method which is given by, y;z = M~#. Direct ZF
method can reduce the complexity of SC-FDMA, but
when N increases it leads to problem. Also in most
application N will be large and hence the complexity of
the system will also large. To reduce this complexity, a
low-complexity ZF and Newton’s method with FFT have
been proposed.

Let us consider Wy be the estimate of M1 at the iteration.
Newton’s iteration for matrix inversion can be expressed
as,

Wirr = (21 = W M)W, (11)
Let the residual estimation be R, =1y — WM
Newton’s iteration impliesthe || I, — W, M || I;; —
womyzk for all k and if the)/M—woMy<1then

quadratic convergence can be developed. This results in
computational complexity. For this, a method is
developed to solve this problem. Using Newton’s iteration
method, a sequence of matrices can be obtained. By using
this we can express W,as,

2k—1

W= ) ot (W, )" W, (12)

m=0
wheres,, = (WyM)™W,7 and ¥y, = W, 7.lterative step of
Sp Spmy1 = (WOM)s‘m. Using this method, matrix-to-

matrix multiplications is transformed into matrix-to-
vector multiplications.

By rewriting §,,,.1as ,

K

Z ek(F,I\fsk)§ml (13)

k=1

Smi1 = WoFy

In this §,,, .1 involves in vector multiplications rather than
matrix multiplications. The computational complexity
reduces by implementing DFT/IDFT with FFT/IFFT. The
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computational complexity can further be reduced by
using Interleaved SC-FDMA.

Let 5, =[5,,0,..,5,, K—1]" and uk =HX5, in
which u, ; can be expressed as,

Smiifi €
uk z{m,lf Yk

mi 0, otherwise
The non-zero elements in ukX can be obtained by
circularly shifting uk with k-1 elements. We can express
Fflsks, as ckak where c* results from circular shift of
Un“ .Hence we can implement Fj/s¥s, by an IDFT
approach with N/Q dimension rather than N.

By using this, we can reduce the complexity. Further it
can be reduced with §,, ., where §,,.;can be denoted as,

K
§m+1 = WOFM <Z ek Ckafn>

(15)
k=1

whereak, is column vector,e*, c*are diagonal matrices.
This approach involves in FFT operation of size N, K.
IFFT operation of size N/K and also includes vector
operations. By this operation, the complexity can further
be reduced.

Final approach is to find wy.Assume w, as a diagonal

matrix. Consider W, = diag ([WO,Wli ...wN_l]T). For
this, we have to find optimum initial value. When the
initial value is good, it can reduce number of iterations
significantly.

To find optimum initial values, we consider W,,, o =
argmin, Il R Ilz* ,where || R |l denotes the Frobenius
form of R which can be expressed as, || R llz=
I Iy — WM ||F2.To obtain optimum values, we have to
set 0 {1l Iy — Wol 115" }/sw;,=0.

We can express optimum initial value as,

N-1

~ ~ 2

Woptp = mp.p/2|mp,j|
=0

wherefit, ; = M(i, j)
By approximating w,,. ,, values, we can further reduce
the complexity. This approximation is based on the fact
that ICI coming among subcarriers is mainly comes from
neighboring subcarriers.
The result can be denoted as,

X=H07"'y (17)
whereXand y are the estimate of % and CFO estimate of y
respectively.

(14)

(16)

V/.SIMULATION RESULTS
Here we use an interleaved SC-FDMA uplink systems
with N=2048, k=16. The modulation scheme used is 16-
bit QAM. Channel Length for all users can be set as 127
and the averaged bit-error-rate (BER) is adopted as the
performanceindex, and CFOs for all users are set to {0.1,
-0.2,-0.05,0.2,-0.3, 0, -0.1, 0.4, -0.3, 0.05, 0, -0.1, 0.05, -
0.1, 0.3, 0.15}.Fig. 2 shows BER performance
comparison for Direct ZF, Banded ZF and Proposed
method. From the figure it is found that when the number
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of K users increases, the proposed system will not
affected by Carrier Frequency Offsets (CFO). Here the
performance of proposed method is based on the
condition S=2. It includes the performance of Direct ZF,
banded 2F and proposed method (k=2) are same. This
method performs better than banded ZF method.

it

& Without CFO

-#- Direct ZF

~4- Banded ZF

- Proposed S=1 k=1
- Proposed S=] k=1

01

SNR(dB)

Fig. 2BER performance comparison for Direct ZF, Banded ZF and
Proposed method

Fig. 3shows the complexity comparison for Direct ZF,
Banded ZF and Proposed method. From this figure, we
can conclude that the real multiplications/real
divisions/real additions for the proposed method have
lower complexity than Direct ZF and Banded ZF
methods. Computational complexity for ZF method can
be reduced from O(N®) to O(2N log,(K*N) in which K
denotes the number of subcarriers. When subcarrier
increases complexity also increases. While the proposed
method reduces this complexity from O(N% to O(2N
log,N). Also it is known that the complexity for Banded
ZF is also lower compared to Direct ZF. But the results
show that complexity of proposed method is lower than
Banded ZF. From this we concluded that the proposed
method has low complexity as the number of carrier
increases.

BDirt ZF
12 BBadd ZF
3 Proposed Mithod
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s

s

i
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Fig. 3 Complexity comparison for Direct ZF, Banded ZF and Proposed
method.
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VI.CONCLUSION

In this paper, we propose a low-complexity CFO
compensation scheme for an interleaved SC-FDMA
uplink system. The proposed method involves in the
implementation of ZF method and also has the advantage
of effective solutions to the CFO problem in the uplink
system. Using Newton’s method for matrix inversion, an
iterative method is developed which can be implemented
through FFTs. Hence by using ZF and Newton’s method
CFO effects can be reduced in the SC-FDMA system.
This results in the reduction of complexity from O(N3)
toO(2N log2 N).
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