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Abstract - Carrier frequency offset, phase noise, timing
offset and Doppler spread due to frequency error causes
Inter Carrier Interference, which degrades the performance
of Orthogonal Frequency Division Multiplexing (OFDM). In
this paper, we present a comprehensive study of different
types of Inter Carrier Interference (ICI) reduction technique,
presented in different literature. We compare the
performance of different methods by providing their CIR
(Carrier to Interference Ratio) and BER (Bit Error Rate)
graphs. The result shows that pulse shaping method is better
than other methods.

Keywords — ICI, OFDM, Carrier Frequency Offset (CFO),
Sampling Frequency Offset (SFO).

|. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
is a multi-carrier multiplexing technique for high-bit-rate
transmission in wireless communications. In OFDM [1]-
[3], the entire channel is divided into many narrow-band
flat fading sub channels, which are transmitted
simultaneously to maintain high-data-rate transmission
and at the same time, to increase the symbol duration to
avoid Inter Symbol Interference (ISI). Due to its
robustness against multipath fading, OFDM has
implemented in the digital communication systems,
including European radio DAB and TV, DVB-T [4]-[5],
wireless Local Area Networks (WLAN) [6], Wimax etc. It
has also proposed as the core technique for the third (3G)
and fourth generation (4G) mobile communication.

As OFDM has many advantages, there are also some
disadvantages. One of these is Inter carrier Interference
(ICI) causes from Carrier Frequency Offset (CFO), phase
noise, timing offset and Doppler spread. The CFO is
caused due to misalignment between carrier frequencies of
transmitter and receiver oscillators. When the CFO exists,
orthogonality among sub-carriers might be imperfect and
sub-carrier will interfere with each other leads to ICI,
attenuation and rotation of subcarriers [7]-[8]. Several
methods have been presented in different papers to reduce
ICI, which we will discuss in later section.

The paper is organised as follows. In section Il, OFDM
system model is described. In section Il the concept of ICI
is analytically developed. In section 1V, different methods
of ICI reduction will discuss. In section V, results are
discussed and finally conclude the paper in section VI.

I1. OFDM SYSTEM DESCRIPTION

In an OFDM system, the input bit is multiplexed into N
symbol, each with symbol period of T, and each symbol
stream is used to modulate the parallel subcarriers. The
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subcarriers are separated by 1/NTs in frequency domain,
so they are orthogonal over (0,Ts).

A typical OFDM transceiver system is shown in fig.1.
First, serial to parallel converter converts the input bits
stream into groups of log2M bits, Where M is alphabet of
size of digital modulation scheme used in different sub-
carrier.

A total of N such symbols Xm are created. Then, the N
symbols are mapped to IFFT. These IFFT corresponds to
the orthogonal sub-carriers in the OFDM symbol.
Therefore, the OFDM symbol can be expressed as:

1 N—1 j2mnm
x(n) =< XnZo Xme ¥ (1)
Input bit X(m) x(n)
stﬂl s/P H IFFT l__)l P/S H D/A |7
AWGN
w(n) ED
Output bit

stream
<_| P/S H FFT H s/p I(_l A/D |e

Y(m) y(n)
Fig.1. Baseband OFDM transceiver system

The digital-to-analog (D/A) converter produces an
analog time-domain signal which is transmitted through
the channel. At the receiving side, the signal is converted
back to a discrete N point sequence y(n), for each sub-
carrier. This discrete signal is demodulated using an N-
point fast Fourier transform (FFT) operation at the
receiver. The demodulated symbol stream is given by:

j2nmnm

Y(m)=3igy(m)e v +W(@m) (2

Where, W(m) corresponds to the FFT of the sample of
w(n), which is AWGN channel. Inter Symbol Interference
(1SI) are caused due to multipath distortion which leads to
adjacent symbols overlap with each other. This is avoided
in OFDM by the insertion of a cyclic prefix in front of
OFDM symbols. The length of cyclic prefix must be larger
than the maximum delay of the channel. At the receiver,
the cyclic prefix is discarded.

I11. ANALYSIS OF INTER CARRIER
INTERFERENCE

The main disadvantage of OFDM is its sensitivity to
small difference in frequency at the transmitter and
receiver known as frequency offset. This frequency offset
can be caused by Doppler shift or by difference between
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the frequencies of local oscillator at the transmitter and
receiver. From Fig.2, the received signal is given by

j2nnm
y(n) =x(m)e ¥ +W(n) €)

Where ¢ is the normalised frequency offset given by
AfNTs.  Af is the frequency difference between the
transmitted and received carrier frequencies and Ts is the
subcarrier symbol period. w(n) is the AWGN introduce in
the channel. The effect of frequency offset in the received
symbol Y (k) at k" subcarrier is given by

Y(k) = X(k)S(0) + Xlgh X(DSU— k) +

nk , £#=0,1.,/-1 (4)
exp(5) w(n)
IFFT
X(m)y >x(n) U U y(n)

Fig.2. Frequency Offset Model

Where N is total number of subcarriers, X(k) is the
transmitted symbol for the k" subcarrier, n, is the FFT of
w(n), and S(I-K) is the complex coefficients for the ICI of
the received signal. The ICI is the interfering signals
transmitted on subcarriers other than the k* subcarrier.
The complex coefficients are given by

S(I—k) =
sinffr(I+€-k)) _ (m (1-y ) (1+€—k))
PR () N ®)

sin (T)

The carrier-to-interference ratio (CIR) given in Eq. 6 is
the ratio of the signal power to the power of interference
signal.

The derivation assumes that the transmitted data has
zero mean and the symbols transmitted on the different
subcarriers are stastically independent.

2
CIR = IS0

Y EEOIE ©)

IVV. ICl REDUCTION METHODS

There are following methods presented in literature:
1) Frequency Domain Equalization
2) Correlative Coding
3) Time Domain Windowing
4) ICI Self Cancellation
5) Pulse Shaping
6) Coded OFDM
7) ML Estimation
8) Kalman Filter
A. Frequency Domain Equalization

In [9], the equalization of the received OFDM signal is
achieved by the assumption that the channel impulse
response is varying in a linear fashion during a block
period and compensates for the ICI terms that affect the
bit-error-rate (BER) performance.
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Fig.3. CIR vs ¢ of correlative coding

B. Correlative Coding

In this method different coding correlation polynomial is
used. In [10], (1-D) was proposed. In [16], (1 —-D —
D2, (2—D-D2) were proposed and shows that the last one
outperforms the old coding. The coded symbol for
(2 — D — D?) is given as [16]

bk = Zak —Ap_1 — ak_Z,K € (1,N)

Where D denotes the unit delay of the subcarrier index k,
a, is input signal sequence. For (2 —D — D?), CIR is
given as [16] and given by Eqgn. (7)
sin?(me)/(mwe)?

CIR = St ISP =P—=Py @)
Where
N
1
P =2 Y SWS* U= 1) =S - 1S D]
=3
N
1
Pi=3) [SOS'U=2)=SU- 25" V)]

Il
w

C. Time Domain Windowing
In this method Nyquist window function is used to
mitigate 1CI, which are obtained by sampling the raised-
cosine pulse, the ”Better Than” Nyquist window and the
SOCW pulse. In [17], it shows that the SOCW pulse
outperforms the other pulses. The definition of SOCW
pulse is given in [18, Eqgn. 10], CIR is given in [18, Eqgn.

24] and the average bit energy -to-noise ratio is given by:
0.50

Vb = N—1 2 (8)
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Fig.4 CIR vs € of SOCW
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Fig.5. CIR vs € of WCT

The bit error rate can be expressed as [18]:

1 Yb
Py=50- |57; ©)
D. ICI self cancellation

In this scheme, one data symbol is modulating onto the
next subcarrier with predefined weighting coefficients. By
doing so, the ICI signals generated within a group can be”
self-cancelled” each other [11].

In [11] the data-conversion method and in [12] data-
conjugate was proposed. In [19] the symmetric data
conversion (SDC) was proposed and in [20] weighted
conjugate transform (WCT) was proposed, in which data
is remapped as

X'(k) = X(k), X'(k + 1) = e7X* (k) . X(k)

is data symbol for the k" parallel branch, X (k) is the kt"
sub-carrier data symbol after ICI cancellation mapping and
X*(.) is the conjugate of X(.). According to [20] the WCT
outperforms the other methods. The CIR of the WCT is
given by in [20, Egn. 19].
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Fig.6. CIR vs € of S1 pulse shaping

E. Pulse shaping

The purpose of pulse shaping is to reduce the side lobes
which lead to the significant decrease in the ICI power. In
[13] a number of pulse shaping functions such as
Rectangular pulse (REC), Raised cosine pulse (RC), Better
than raised cosine pulse (BTRC), Sinc pulse (SP) and
Improved sinc power pulse (ISP) for reduction of ICI
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power are proposed. In [21] a new S1 pulse shaping is
proposed which outperforms the other pulse shaping
methods. The function of S1 is given as [21]:
Py (f) = sinc(afT)sinc™(fT) (10)
Where a is a design parameter to adjust the amplitude
and n is the degree of the sinc function. The CIR is
expressed as [13]:

CIR = Ip(Afk)fm
SNk I (S 2
The average BER of an OFDM-BPSK system is given

by [21]:
BERorpm =1 — (1 — BERsympoL )N

(11)

(12)

1
BERsyypoL = 2 (@1 + Q) (13)
Where

Q1 = Q(cosO[p(—Af) + PICI]\/Z_VI;)
Q2 = Q(cosb[p(=Af) = \[picr]V275)

y, is the signal-to-noise ratio, 6 denotes the carrier
frequency noise and Q the is error function.
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Fig.7. CIR vs € of CODED OFDM
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F. Coded OFDM

By this scheme, the frequency separation between
adjacent sub-carriers is increases. In order to realise this
goal firstly, two adjacent sub-carriers are paired as a
group; then, jointly code data information in them. After
coding, only one of the two sub-carriers in that pair is
transmit over each OFDM symbol interval. As in the
coded OFDM system, only half sub-carriers are used for
information transmission. Thus CIR can be expressed as
[22]:

2
CIR = 215(0)]

(14)
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Fig. 11 BER versus Eb/No of CODED OFDM
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Table | :CIR for different value of €.

[ METHODS T e=015] GAIN [¢=035] GAIN |
[ Now [ TLI0® | [ 27 | |
[ Comcoding [ 213db [ 104db | 7.05b | 428db |
[ SOCW [ 2781d | 1671db | 17980 | 1521 |
[ WCT_ [ 1732 | 6200 [ 79%b | 5160 |
[ S1Pulse shaping | 40.6db | 29.56 | 30.84db | 28.07db |
[ CODED ] 1410db [ 3db [ 577db | 3db |

G. ML estimation

In this approach, firstly estimated the frequency offset
statistically using maximum likelihood algorithm and
cancel out at the receiver. This technique involves the
replication of an OFDM symbol before transmission and
comparison of the phases of each of the subcarriers
between the successive symbols. In [14] frequency-
domain fine timing Maximum Likelihood Estimation
synchronizer (MLE) is used which superior to first-peak is
finding (FPF) synchronizer and maximum energy
windowing (MEW) synchronizer.

Table 11: Required Eb/No for BER of 1072 for BPSK

[ METHODS [ ¢=03 |
[ None | infinite |
[ _SOCW [ 13.25db |
| WCT | 15.75db |
[ SI pulse shaping | 11db |
[ _CODED [ 11.25db |
[ ML estimation | 16db |
| EKF [ 13db |

H. Kalman filter

In this method [15], one preamble is known at both
transmitter and receiver sides is sent before transmitting
the data information.

The received signals are divided into real and imaginary
parts. With the relationship between real and imaginary
parts, estimate the frequency offset without estimating the
original phase of carrier using Extended Kalman Filter
(EKF). The Doppler frequency drift information can be
updated at each step to get a more accurate result. Then
the ICI effect can be mitigated effectively without the
original phase error information.

V. RESULTS

In this section we show CIR and BER graphs of
different methods and compare them.

Fig.3 to Fig.7 shows CIR of correlative coding, SOCW,
WCT, S1 pulse shaping and CODED OFDM respectively.
Fig.8 to Fig.11 shows BER versus Eb/No graphs for
SOCW, WCT, S1 pulse shaping and CODED OFDM for
N=52, £=0.3 respectively in AWGN channel. Fig.7 [14]
shows BER of ML estimation and Fig4.2a [15] shows
BER of Extended Kalman Filter.
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Table 1. provides comparison of different methods in
terms of CIR and it shows that pulse shaping is better than
other as it gives highest CIR than other . Pulse shaping
method is again better than other in terms of BER as given
in Table Il as it requires least Eb/No for same BER.

V1. CONCLUSION

In this paper, various ICI mitigation techniques are
presented. Table | shows the CIR performance of different
methods and Table Il shows the BER performance. Both
the table shows that pulse shaping technique is best than
other methods. But we can employ different methods
depends on application. The first 6 methods does not
require complex hardware circuit. In correlative coding,
precoding is must before modulation so that the error does
not propagate to decoding process. Due to the redundancy
of 2 for each sub-carrier, the self-cancellation method is
not bandwidth efficient. The EKF is bandwidth efficient
and the last two methods required complex hardware and
software as they are based on estimation and cancellation,
so they required preamble before sending data.
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