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Abstract— In mobile environment, the performance of OFDM
mobile receivers is degraded severely because of Inter-Carrier-
Interference (ICI) caused by Doppler Spread. Therefore, ICI
canceller is an important task for the OFDM mobile receivers.
[1] and [2] proposed an efficient method to reduce ICI. The main
idea of this method is to linearly approximate time varying
channel within one OFDM symbol. Then a large ICI matrix
equation is given. However, in [1], [2], the estimated values of the
channel transfer function—the diagonal of the ICI matrix is
corrupted by ICI. Consequently, the equalized signal still is
distorted. In this paper, we proposed an iterative method to
improve performance of the original method. We implemented
Jacobi iteration method with low complexity to solve the large
ICI matrix equation. Next, at second iteration of Jacobi method,
we improve the diagonal by removing ICI power from pilot
symbols and re-estimating the channel transfer function.
Simulation results for ISDB-T mode 3 demonstrated that our
method could double performance of the original method under
TU-6 channel and Doppler Spread. The improvement is better
for two paths and one path Doppler channel.

Keywords—Orthogonal frequency-division multiplexing
(OFDM), Jacobi Iteration, Inter-Carrier Interference (ICI).

I. INTRODUCTION

OFDM utilized a large number of orthogonal subcarrier to
achieve high-spectral efficiency. The long duration symbol and
guard interval protect useful part of OFDM symbols from
inter-symbol-interference  (ISI). Guard interval (GI) is
implemented by cyclic prefix (CP). This scheme keeps OFDM
symbols smoothly in time domain, and reduces out of band
power of OFDM. Moreover, cyclic prefix keeps convolution of
channel and OFDM symbol is circular convolution. However,
in mobile environment, GI or CP could not avoid Doppler-
effect. Doppler-effect spreads energy of one subcarrier to many
other subcarriers. This is called ICI. On other word, in time-
varying channel, the orthogonality among subcarriers is lost.
Thus performance is degraded severely.

Many researches are conducted to deal with ICI caused by
Doppler. In [1] and [2], an efficient approach is to linearly
approximate time-varying channel within one OFDM symbol.
Then we should solve a large ICI matrix equation. In [3], a
method is proposed to solve the large ICI matrix equation. As
most ICI power concentrated near the diagonal of ICI matrix,
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[3] considered D lines that are closest to the diagonal. Instead
finding invert of N X N matrix, [3] find invert of N matrix of
order (2D + 1) x (2D +1). This still requires heavy
computation.

As pilot symbols are suffered ICI, the estimated values of
the diagonal also is corrupted by ICI. In addition, the diagonal
is the most important element. Therefore, performance of [1],
[2] is limited, even we solve the full ICI matrix equation
exactly. In this paper, we applied Jacobi iteration method to
solve the large ICI equation, so we don’t need calculate any
invert matrix. The simulation result shown that performance of
Jacobi iteration at first iteration is the same as [3]. It is noted
that Jacobi iteration method also is considered in [4]. However,
in our method, we improve the diagonal of ICI matrix at
second iteration of Jacobi method. By using output of the first
iteration, we remove ICI from pilot symbols. Then, we re-
estimate the diagonal of ICI matrix. As the diagonal is reliable,
our method achieved a good improvement at second iteration.

The rest of paper is organized as follows: Section II reviews
ICI reduction by linear approximation of time varying channel.
Section III shows Jacobi iteration method for the large ICI
matrix equation. Also, section III introduces two iterations
method with improved the diagonal of the ICI matrix.
Simulation result is shown in section I'V. Finally, conclusion is
presented in section V.

II. REVIEW OF ICI REDUCTION BY LINEAR
APPROXIMATION OF TIME VARYING CHANNEL

A. A Linear Approximation of Time Varying Channel

As in [1], the received signal in frequency domain can be
written as follows:

Y(k) = X(k)Hy + X(DHye, + W (k)

1=0,l#k
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Figure 1. Vk(n) In Time Domain

X (k) and Y (k) is transmitted and received signal respectively.
l, and k are subcarrier indexes. h(m,n) is channel impulse
response of path m at instant time n. N is number of
subcarrier. W denotes random noise.

N-1

V) = ) by (e /A G)
m=0

By using two first terms of Taylor series for V,(n) at ?

position.

V() =V + (n - %) Vi )

The first central difference at (?) is approximated as

V_’ ~ V—k(next) _ V—k(pre) (5)
k 2N
It is noted that error of the first central difference is O(h?),

while the error of the first backward or forward difference is
O(h) [5]. Therefore, Vj is approximated by the first central

difference. From Eq. (1), (4), and (6) we have the ICI
equation:
N-1
V) = X(OHp+ ) XOV @y + W), =1k
1=0,L#k
(6)
1N, N-1y _2 1
—_ LT
P Sy A e R B
Nn=0, 2 e]WAl -1
O

B. The Large ICI Matrix Equation

From Eq. (8), the received signal can be represented by
matrix form as follows:
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Figure 2. Approximation of Vk(n)

[v] = [H][X] + W] ®)

[X] = [H]7'[Y] - [H]'[W] )
It is noted that, in this paper, we assumed W = 0. In order to
recover the transmitter signal, we should solve a very lager
matrix equation. In ISDB-T mode 3, as number of subcarrier
is N = 8192, finding inverse of [H]gi92xg192 1S a heavy task.
Therefore, it is necessary to reduce complexity of Eq. (10).

In order to solve the larger matrix equation, we investigate
structure of matrix [H]. Firstly we look into ICI power
distribution. Absolute value of @,, indicates ICI power from
subcarrier I*" to subcarrier k'™, A, =1—k is distance
between [ and k" subcarrier.

® 1 1
& T T am T A 11
JNA _ 7 i (4 (11)
e’N 1 2e/W sm(N)
( 0.5N FA >0
N
o] = =4 T i
Al |2$in(ﬂA)|_ 0.5N | A N1
nz _ OO o
N ln(N Tay T
(12)
A, - 0 means that the subcarriers that are near [ subcarrier

causes a big ICI power on [*" subcarrier. A; > —N + 1 means
the subcarriers that are far [*" subcarrier may generate a big
ICI power on I*". For example, Fig.1 shows ICI power from
(N — 1) subcarrier to 15¢ subcarrier. In matrix form, ICI
power concentrated on the elements that near the diagonal and
the elements that at low-left corner or upper-right corner of
[H] matrix.

Because ICI power concentrated on near diagonal of [H]
matrix, in paper [1], [3] researchers considered D elements
that closest the diagonal and solve (2D + 1) X (2D + 1)
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Figure 3. ICI Power From Other Subcarriers to First Subcarrier

matrix size equation instead for N X N matrix equation. For
example, D = 1, we have 3 X 3 matrix equation as

Yo Vo_ ¢1V_1' ¢2§ Xo
Y1] = |¢p_1Vg V1_ DV, | X | X1
Y d_oVy PV v, X2 (13)

By increasing D we can achieve more improvement, but
the computational complexity also is increased. Even D = 1
we should find N invert matrix size of [3 X 3]. In next
section, by using Jacobi iteration we do not need calculate
inverse of any matrix, while performance is remaining.

III. TWO ITERATIONS WITH IMPROVED THE DIAGONAL OF
THE ICI MATRIX
A. Jacobi Iteration Method for The Large ICI Matrix

In this section, we apply Jacobi iteration method for the
large ICI matrix equation. The equation [H][X] = [Y] can be
re-written as
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dn-1Vy-1] Xo 1 T Wo T
n-2Vy_1 X w;
$-1Vy_1 X2 W,
7 X w.
/N b I (10)
V1;1:1 LXN-1 L[Wy-1

([P]+ [TDIX] = [Y] (14)

[P1[X] = [Y] — [T][X] (15)

In pure Jacobi iteration method, [P] is diagonal of [H] and
[T] is remained part of [H]. The approximate solution X,
is updated as:

[P1[ X1l = [Y] = [T][Xk] (16)

Because [P] is diagonal matrix, it is easy to solve above
equation. The initial value X(® is calculated from Iltaps
equalizer. For example, k™ subcarrier is updated at 1%

Y,
0) k
X, =— 1
k Hk,k ( 7)
- 0 7!
@ _ Y — X onsk XO®,_,7, (18)
o H
k.k
At each iteration, error is

ers1 = [Xlker — [X]1 = U = [PT][HDex = [M]e, (19)
k41 = [M]ke1 < MM|ke1, (20)

Ay is the biggest engine value of [M]. In this case, as the
diagonal is dominated, Jacobi iteration method is effective.
For more detail about Jacobi iteration, please refer to [4], [S].

Since most ICI power concentrated near the diagonal, we
can reduce size of T to get the low complexity. We form T by
30 elements that are nearest the diagonal. Subcarrier k%" is
updated at first and second iteration as follows:

15 (0) 7
Yk - ZAk=—15,#0 XAk+kq)AkVAk+k

Hk,k

X0 = @1)
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Figure 4. Two Iterations with Improved The Diagonal of The ICI Matrix

x® 7
ZAk——IS #0 Ak+kq)AkVAk+k
Hk,k

@ _
X (22)

@y, Ay = —15,-14,...,15 s fixed coefficient as Eq. (11).

We can implement iteration equation by a FIR filter 31 taps

Dy, -

B. Two Iterations with Improved The Diagonal of The ICI
Matrix

As section I and Eq. (10), the diagonal of [H] is Hy as

N-1
1 _
Hyp = Nz Vi(n) =V (23)
n=0

V, is used for approximating the first central difference of
V()
——(next) V—k(pre)

7
v k
2N,

Kk =

24

As Jacobi method in Section 1, after 1% iteration, X 151) is found
as

0)
EAk——15 #0 XAk+kq)AkVAk+k

@® _
X
i H

(25)

The term EAk —15#0 XA CI)AkVA'k+k is ICI power caused by

ktk
30 sucarriers.  Therefore, after 1% iteration, ICI in X ,51) is
reduced significantly.

At second iteration, equalizer output is calculated as
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(1
ZAk——ls #0 XAk+kCDAkVAk+k
Hk,k

2
X3 = (26)

Hy . is the same in 1% and 2" iteration. It is noted that H,  is
estimated from pilot that is already corrupted by ICI.
Consequently, X,gz) still is distorted due to the corrupt Hy .
In order to improve performance, we improve Hy at on
iteration. Firstly, we remove ICI from pilot symbols by using
output at 1* iteration as follows

15

X‘r(';new) (27)

— @™ —
=Ym — Xa +mq)AmVAm+m
Am=—15,4#0

m is pilot symbol index. Then, we utilized new pilots XT(,? w)
to re-estimate the channel transfer function H,, ;. Because ICI
in X,(:ew) H,g;fw) is
not influenced by ICI. Finally, the recover signal at second
iteration is updated as

is reduced significantly, the re-estimated

® v
ZAk——ls #0 XAk+kchkVAk+k
(new)
Hk,k

xP = (28)

The all above procedures are shown in Fig. 4.

IV.SIMULATION RESULT

In this section, we evaluate performance of the proposed
method that improved the diagonal of the ICI matrix at 2"
iteration. OFDM system is ISDB-T mode 3, the parameters are
shown in table 1. Also we investigate performance of the
original method with different value of D. Jacobi iteration
method is compared with method in [3].
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As section I, [3] proposed a method to solve the large ICI
matrix equation. Instead finding inverse of N X N matrix, [3]
find inverse of N matrix order of (2D + 1) X (2D +1). We
set D =2, 7, 15 and solve matrix order of 5% 5, 15 X 15,
31 x 31 respectively. As shown in Fig. 5, under TU-6 channel
condition, as D increases, the performance is improved.
Because most ICI energy concentrated near the diagonal,
improvement by increasing D = 2 to D = 7 or 15 is small.

Next, we compared Jacobi iteration method and method in
[3] with D = 15. In Fig 6, pure Jacobi means [T] = [H] —
[P], and [P] is the diagonal of [H]. Modified Jacobi 31 taps
used 30 lines that closest the diagonal of ICI matrix for [T]. In
Fig. 6, under TU-6 channel, the modified Jacobi with 31 taps
achieved a performance as D = 15 or pure Jacobi iteration.
Therefore, we choose the modified 31 taps to implement the
proposed method.

We evaluated performance of the proposed method under
three channel conditions. The parameters for three channel
conditions are shown in Table II, III, and IV.

Firstly, Fig. 7, 8, 9 shown that improvement of normal
Jacobi method is very small at 2" iteration. This is because
the diagonal of the ICI matrix is not improved at 2™ iteration
of Jacobi method. In contrast, by reducing ICI effect in pilot
symbols, the diagonal is improved. Then, the proposed
method improved performance significantly. In Fig. 7, under
TU-6 channel, the proposed method doubles performance of
1* iteration for wide range of frequency offset.

Secondly, the proposed method achieved more improvement
for two paths and one path Doppler channel. At 2™ iteration,
by reducing ICI effect in pilot symbols, the diagonal is
improved. However, the residual ICI in pilot symbols still
degrade reliability of the diagonal. As number of paths
channel decreases, the residual ICI becomes smaller and the
diagonal suffer less effect of the ICI residual. Therefore, the
proposed method got more improvement for one and two
paths channel.

V. CONCLUSION

In this paper, we achieved a good improvement by
updating the diagonal of ICI matrix at second iteration. Also,
we implemented Jacobi iteration with low complexity. The
performance of our method is evaluated and compare with
original method. As simulation result, our method doubled
performance of original method for TU-6 channel. The
improvement is better for two paths and one path Doppler
channel.

TABLE 1. ISDB-T MODE 3 PAREMETERS

Parameters Values
FFT size 8192
Number of sub-carrier 5617
Carrier interval 992.06 (Hz)
Effective Sym. Duration 1008us
Guard interval 126 ps
Modulation 64QAM
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TABLE II. TU-6 CHANNEL

Tap Delay | Power Doppler
number (pus) (dB) Spread (Hz)
1 0.0 -3.0 [0 200]
2 0.2 0.0 [0 200]
3 0.5 -2.0 [0 200]
4 1.6 -6.0 [0 200]
5 2.3 -8.0 [0 200]
6 5.0 -10.0 [0 200]

TABLE III. TWO PATHS DOPPLER CHANNEL

Tap Delay | Power Doppler
number (us) (dB) Spread (Hz)

1 0.0 0.0 [0 200]

2 12.3 -3.0 [0 200]

TABLE IV ONE PATH DOPPLER CHANNEL

Tap Delay Power Doppler
number (us) (dB) Spread
(Hz)
1 100 -3.0 [0 200]

o Investigate effect of matrix size on ICl reduction - TU6 Channel

1X1 Matrix |4
==EF- 5X5 Matrix

==4-= 15X15 Matrix
-=-©-- 31X31 Matrix

0 10 20 30 40 50 60 70 80 90 100
Frequency Offset

Figure 5. The Original Method with different value of D under

Bit Error Rate

TU-6 Channel

Jacobi Iteration Method -TU6

-+[>--: Pure Jacobi 1st Iter
==-©-- Modified Jacobi 31Taps 1lter

Direct Solving 31X31

. . T T T
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Frequency Offset

Figure 6. Jacobi Iteration Method with TU-6 Channel
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Figure 8. The Proposed Method with Two Paths Doppler Channel
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Figure 7. The Propsed Method with TU-6 Channel
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Figure 9. The Proposed Method with One Path Doppler Channel
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