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Abstract— In this paper, performance of OFDM digital
communication systems have been analyzed with
improved ICI cancellation technique. The bit error rate
has been regarded as a fundamental information
theoretic measure of a communication system. A novel
parallel ICI cancellation technique has been proposed
for mitigating frequency offset of OFDM digital
communication systems. The simulated results of the
proposed technique is compared with ICl self
cancellation scheme. The simulated results show better
performance over ICI self cancellation scheme.
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I. Introduction

Orthogonal frequency division multiplexing (OFDM)
is a multicarrier modulation technique, which is widely
used in various communication systems and standards
due to its high data rate, high spectral efficiency and
robustness to the frequency selective channels [1-3].
However, it is susceptible to the phase-noise and
multicarrier frequency offset between the transmitter
and receiver local oscillator, which causes several
impairments including disrupting the orthogonality
among subcarriers and introduces inter-carrier
interference (ICI) that would significantly degrade the
system performance [2-3]. The ICI is introduced by
carrier frequency offset, phase noise and timing offset.
The carrier frequency offset is caused by the mismatch
of frequencies between the oscillators at the transmitter
and receiver, or from the Doppler spread due to the
relative movement between the transmitter and receiver
[3]. The phase noise arises predominantly due to
imperfections of the local oscillator in the transceiver.
Essentially, it represents a time-varying drift of the
local oscillator phase from its reference [4]. The timing
offset arises due to the multipath delay spread and
because of timing offset not only inter-symbol
interference (caused by the next symbol), but ICI also
occur . However, ICI induced by phase noise and
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timing offset can completely be compensated or
corrected. Since the Doppler spread or frequency shift
is random, hence we can only mitigate its impact. Li et
al [5] have proposed a time-domain windowing
approach for ICI mitigation. However, the time domain
windowing should be implemented after cyclic
extension of the frame, so that the windowed frame is
not cyclically extended. It can only reduce sensitivity
of only time offset, which is not the major source of ICI
and also reduces bandwidth efficiency. A simple and
most effective method, called the self-cancellation
scheme has been proposed by Zhao and Haggman [6],
which significantly reduces the ICI with little additional
computational complexity. This scheme significantly
reduces the ICI at cost of reducing the transmission rate.
Besides its low computational complexity, another very
important advantage of the self-cancellation scheme is
that it can also be useful to mitigate the ICI created by a
spread of frequency shifts in the signal such as a
Doppler spread resulting from a time variable channel.
The main idea is to modulate the input data symbol
onto a group of subcarriers with predefined coefficients
such that the generated ICI signals within that group
cancel each other, hence the name self-cancellation. In
this ICI mitigation technique, the bandwidth efficiency
becomes half, which is the major drawback of this
technique. The frequency offset estimation and
compensation techniques [6], correlative coding [7] and
the conjugate cancellation scheme [11] are some other
techniques to cancel ICI. Zhao et al [7] have proposed
the correlative coding between the signals modulated
on subsequent subcarriers in binary phase-shift keying
OFDM but this scheme does not improves carrier-to-
interference ratio (CIR) significantly. In the conjugate
cancellation scheme, which is proposed in [11], two
sequences are transmitted in each data symbol. First
sequence is original received sequence and another
sequence is conjugate of the original sequence. Thus
the two sequences are conjugate of each other rather
than adjacent subcarriers with opposite polarities in
order to cancel the ICI. In [20], the bit-error-rate (BER)
upper bound of the OFDM system is analyzed without
ICI self-cancellation where as in [21], it is analyzed by
using self-cancellation technigue but this method is less
accurate. Yeh et al [22] have discussed the ICI
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mitigation technique using conjugate-cancellation but
they have not provided any mathematical analysis for
the calculation of ICI.

In this paper, an effort has been made for presenting
the BER analysis and improved ICI cancellation
technique for the OFDM digital communication
systems. In the proposed technique, at the transmitter,
IFFT is performed for first part of the data and FFT for
the second part of data. At the receiver, FFT is
performed for the first part of the data and IFFT for the
second part of the data. These combined operation
forms an ICI cancellation scheme for mitigating the
frequency offset of the OFDM communication systems.
The BER performance of proposed scheme is compared
with self cancellation scheme for BPSK OFDM system
and 16-QAM OFDM system. The CIR performance of
proposed technique is compared with ICl self
cancellation and standard OFDM schemes.

This paper discusses about error rate analysis of
OFDM digital communication systems for the
mitigation of inter-carrier interference in mobile
environment. The rest of the paper is organized as
follows. Section 11 discusses about the system model of
OFDM digital communication system with proposed
scheme. Section Il deals with proposed ICI
cancellation technique in OFDM digital communication
system. In section IV, the analyzed and simulated
proposed techniques are discussed. Finally, section V
concludes the work.

Il. Proposed System Model

Let us consider a typical discrete-time base band
equivalent model of the OFDM digital communication
system. The input binary serial data stream is encoded
by using suitable modulation technique (M- QAM,
BPSK, and QPSK). Then the symbols are transferred
to the serial-to-parallel (S/P) converter and in this stage,
duration of bits is increased. At the transmitter, the
parallel bit stream is subjected to IFFT block and
second part is subjected to FFT block. The modulated
symbols are serialized using a parallel-to-serial (P/S)
converter. Now, the guard band addition is performed
because at the receiver, one OFDM symbol is
overlapped with the other symbol due to the multipath
distortion. To eliminate the problem of inter symbol
interference a guard time inserted between two symbols
and duration of the guard interval should be greater
than the maximum delay spread. After this the digital
signal is converted to analog via the digital-to-analog
(D/A) converter before send down to the channel. At
the receiver side, the guard interval is removed and the
received symbol is converted from analog-to-digital by
using the analog-to-digital (A/D) converter. In the next
part, the data is transferred to the serial-to-parallel (S/P)
converter and then data is sent in IFFT and FFT block.
After FFT and IFFT block data is sent for parallel-to-
serial conversion and then for demodulation. The ICI
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cancellation is performed after demodulation by using
the diversity combiner.

I11. Proposed ICI Cancellation Technique

The input data bits are encoded by using suitable
modulation technique like (QPSK or QAM) and the

output of this block is Xk . The IFFT output at
transmitter is given by [8]:

N-1 .
k=0 (1)
n=2012..N-1

Where N>2k+1 , and k is the number of
subcarriers and N is the period of IFFT. The frequency
offset arises due to the frequency mismatch of oscillator
of the transmitter and receiver as discussed in [8]. At
the received sequence after passing through the channel
can be expressed as:

(P

Where h, is channel impulse response, W, is

additive white Gaussian noise (AWGN) and ¢ is
normalized frequency offset. The normalized frequency
offset is constant over the one IFFT period as discussed
in [8]. Due to the ICI, the performance of OFDM
communication system is decreases greatly. After some
mathematical manipulation (2), can be expressed as:

y, =e X, *h, ]+ W, @)

1N 27 jn(k+¢)/N
=y kEO kHk -

+Wp

Where Hy is the channel transfer function at the

frequency of k™ subcarrier? The output of DFT
demodulator can be expressed as:

N-1 1 N-1 2z jn(k+¢) =27 jkn
Y, = WZHkae N 4w te N

k=0

sin in(N—
Yy :(Xka){l\l(m—Tﬁ\l)}e‘ (NN e @

The first component on the right-hand side of (4) is
the modulation value X, which is modified by

channel transfer function. This component experiences
an amplitude reduction and phase shift due to the
frequency offset. The second term is the ICI term,
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which arises due to frequency mismatch of the
oscillator transmitter and receiver. So the ICI can be
expressed as:

N-1 N-1 27zjn(l+&-k)

1
Ik:ZWX|H|Ze N ®)

I= =0 12k

=)

The summation term in (5) is the geometric
progression of total N terms with common factor is exp

(27 (I + £—=K)). The expansion of summation factor
is as below:

1 o2 ((1+5K)

e—TCj(|+8—k)

‘1+e2nj ((I+e=k)/N)
N-1 -
= > %XIHI +e4nj((|+8—k)/N)+_._
=0 Lo 2m(N-L)((+&-k)/N)

After addition of the above geometric progression,
we get:

N—ll
k=X NX|H|
1=0

1_e27[j(|+8—k)
| 1_e2TCj((|+8—k)/ N)

P

Bracketed term is taken as P for simplicity and
simplified as:

e—TCj((|+8—k)/ N)

1o 2ni((I+2=K)/N)

or

| sinz(l+e-k) (e N))
_(Sinﬂ'((l-i-é‘—k)/N)Jx o7 i(I+e-k)

So now (5) can be written as:

N-1q jn(N—l)(”g’kj
I = Z_XIHI sinn(l1+e—k) |@ N J (6)
io N . (I+s—k]
- SINTT| —
12k N

The sequence S(I —K) is defined as the ICI

coefficient between 1™ and k™ sub-carriers, which can
be expressed as [6]:

S(I 4):% exp{jn[l—%}(l —k +s)}
sin T

()

The first term in the right-hand side of (4) represent
the desired signal. The second term is ICl component.
As we know, if & becomes larger, the desired part

|S(O)| decreases and the undesired part |S(| —k)|

increases. S"'(I—K) is ICI coefficient of the self-
cancellation technique and given by (10) of [6].

S (I =k) is the proposed ICI coefficient. The data
duplication is necessary for the ICI cancellation as
discussed in [6, 9, 11]. The bandwidth efficiency is
reduced due to duplication of data but it is comparable
with the other ICI cancellation techniques as in [6, 11,
20-21].
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The output of the IDFT demodulator can be
expressed as:

2njn(—k+¢) 2mjkn
Vv _iN_l N-1 N ' N
k = > HkXke +W', re
Nk=0|| n=0

jre(N-1)
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Nssin(ze /N
|

] + (10)
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I

The first component in (10) is the modulation value
Xk is modified by channel transfer function. This
component experiences an amplitude reduction and
phase-shift due to the frequency offset. The second
term is the ICI term, which arises due to frequency
mismatch of oscillator transmitter and receiver. So ICI
can be expressed as:
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(k+s—l)}

N-11 N-1 [ZRJH N

k=2 WXIHI 2 e
=0 n=0

(11)

12k

Above summation term is in geometric progression
of total N terms of common factor are exp

(27(l ——Kk) ) and expand summation factor as
below:

. Nilﬁxl Hy [“ezﬁj ((—I+g+k)/N)+e47zj((—l+g+k)/N)+_._+627rj(N—1)((—|+g+k)/N)}
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e
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W', is also the additive white Gaussian noise. It is " I+ 1 13

assumed to be zero without loss in generality in above k™ 2 (13)

discussion as shown in [11]. The ICI term at the output
of the receiver is:

By substituting the value from (6) and (12) in (13),
we get:

N-1 . i _ i _
" _1 > ejfr(N—l)((|+g—k)/N)X|HI{(S"‘”U +é& k)j{smﬂ(kw |J} "

215

Now, we have considered following two cases:

a(l +&—k)

wlk +&—1)

Case 1: If 1 -k =even numbers, then
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= —EZe‘ X,H
1=0
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For calculating the variance of ICI after cancellation,

can be neglected in

assume E(I"k)=0 and average channel gain
E[|H||2}=|H|2 is constant and E[|X||2}=|X|2 :
Now, | shall find variance of ICI:
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e =k

sin zze 2&
7z |(1-k) &
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1=1

Here, | =1 ...... N-1, and N>2K +1, so we can

write—K (1 { K . Also 14 is even function, (15) can
be written as:

el F-eE S e (Se | {ﬁ}

<P (e | zz{ﬁ}
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The variance of ICl is: Case 2: If 1-k=o0dd numbers, then (14) can be
written as:

o1’ =|X[|H[ (sin 7z x &)’ x0.2195 (16)

N sin zze 1 1
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. 4 .
compression of (I —k)2, so the above Equation can write —K (1 (K. Also I is even function, (17)

be expressed as:
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The variance of the ICI is:

NZ: jr(N-D)((1+&- k)/N)X|H|M{i}
1=1
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Now, we find the variance of the ICI as: ] 2
2(SinEx e

4 o1c1% =|X|?|H ( j2x1.083
Ehl"k‘z]:‘X‘z E{ |‘ (Sm;:ng {1} (17) ICI | || | 7
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o1c? =|X|PH| inm x )P x0.2195  (18)

i E{ Slnfzz:xg 1
_‘ ‘ Z I‘ T (7 The BER of QPSK OFDM system after ICI
1=K cancellation as given by:

BER <1/2*Qy |X [2|H[ {(sinne) / we}? / (N, +[X [ [H[? (sin e x )’ x.2195)

2 2 2 2
=1/ Z*Q\/ %{(sin ns)/ns}z /(L+ | | |H| (sinme x 8)2 x.2195)
Eb . 2 Eb . 2
BER =1/2*Q N—{(smna)/ns} I (+ N—(Slnngx g)” x .2195) (19)

performed for the BPSK OFDM systems by using the
IV. Results and Discussion proposed technique with N=64 and guard band seven.
Fig. 1 shows comparison of BER between self
cancellation scheme and proposed improved technique

for the normalized frequency offset & =0.1 and 0.2.

For minimizing the IClI in OFDM digital
communication systems, an improved ICI cancellation
technique is proposed. The simulations have been
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For the frequency offset 0.1, BER at 0dB SNR is
greater than 10 and BER is less than 10”° at 10dB SNR
for self cancellation scheme whereas BER is 10 at 0dB
SNR and greater than 10° at 10dB SNR for the
proposed improved cancellation scheme. But for the
frequency offset 0.2, by using the self-cancellation
method BER greater than 10" at SNR = 0dB and BER
less than10™ at SNR = 10dB and for proposed method
BER is 10™ for 0dB SNR and BER is just less than 10"
*at 10dB SNR. So proposed improved cancellation
scheme is better than ICI self-cancellation in [21]. Fig.
2 shows the comparison of the BER for higher alphabet
size (16-QAM OFDM system) at N = 64. Fig. 3 shows
the comparison of proposed technique with self
cancellation scheme in terms of the carrier to
interference ratio (CIR). Fig. 4 shows the comparison
of proposed scheme with self cancellation scheme with
reference to ICI coefficient before and after
cancellation of ICI. The proposed result is comparable
with [22].

frequency offset 0.2

BER

—5— without compensation
—%— without compensation
" with ICI self cancellation
10§ —&— with ICI self Cancellation
—S— with proposed scheme
—*— with proposed scheme

Eb/No in dB

Fig. 1: BER Comparison between proposed improved ICI
cancellation schemes with self cancellation scheme for BPSK OFDM
system

10 T T T T T

Frequency offset = 0.2

107}

—#+— with ICI self cancellation
—+— with proposed scheme
without compenstion

BER

10°}

10% r r r r r
0 2 4 6 8 10 12

Eb/NoindB

Fig. 2: BER Comparison between proposed ICI cancellation schemes
with self cancellation scheme for 16-QAM OFDM system
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Fig. 3: Comparison of proposed scheme with self cancellation scheme
in terms of CIR
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Fig. 4: Comparison of ICI coefficient of proposed scheme with self
cancellation scheme

V. Conclusion

In this paper, a simple improved ICI cancellation
technique has been explored to reduce the frequency
offset sensitivity of OFDM digital communication
systems. The proposed technique use parallel ICI
cancellation technique for mitigation of ICI in OFDM
communication systems. From the simulation results it
is clear that the proposed technique is better than self
cancelation scheme. The theoretical analysis and
simulation results prove that ICI caused by frequency
offset can be cancelled by using the proposed technique
for the OFDM digital communication systems.
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