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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.

Keyword  Orthogonal frequency-division multiplexing (OFDM), Jacobi Iteration, Inter-Carrier Interference (ICT).

1. 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 aveid 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 cansed
by Doppler. In [1] and [2], an efficient approach is fo
linearly approximate time-varying channel within one
OFDM symbol. Then we should solve a large ICI matrix
equation, In [3], a method is pro;ﬁosed to solve the large
ICI matrix equation. As most ICI power concentrated near
the diagonal of ICI matrix, [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 2
reviews ICI reduction by linear approximation of time
varying channel. Section 3.1 shows Jacobi iteration
method for the large ICI matrix equation. Section 3.2
introduces two iterations method with improved the

diagonal of the ICI matrix. Simulation result is shown in
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Fig. 1. Vk(n) In Time Domain

section 4. Finaily, conclusion is presented in section 5.

2. Review of ICI
approximation of time varying channel

reduction by linear

2.1. A linear approximation of time varying

channel ‘
As in [1], the received signal in frequency domain can

be written as follows:

N-1
Y(k) = X(OHpe + ) X(DHyy + W)
I=n Ml (1)
1 o 2aim 27
Hyp = TV_Z Z h(m,n)e W e~ Wk )
n=0m=0

X(k) and Y(k) is transmitted and

respectively. [, and k are subcarrier indexes.

received signal
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
2
Vi (n) = Zn by (R)e ™ T ) 3

By using two first terms of Taylor series for Vi(n) at

N-1 s
2 position,

I @)

Vk(n)zl_/k+(n—N;1)

The first central difference at (%) is approximated as

et

V—k(next) _ V—k(pre)
Vi mmo——— %

2N, (5)

It is noted that error of the first central difference is
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Fig. 2. Approximation of Vk(n)

(0(h?)), while the error of the first backward or forward
difference is (O(h) [5]. Therefore, Vi is approximated by
the first central difference. From Eq. (1), (4), and (6) we
have the ICI equation:

) N-1
Y(R) = X(OHgy + Z X(DV'dp, + WK, B =1—k
1=0I#k (6)
1%, N-1y _gn 1
P =g ( "2 )e_an(k_D=—_.zn e D
n=0, e/ TH —1

2.2. The large ICI matrix equation
From Eq. (8), the received signal can be represented by
matrix form as follows:

[¥] = #1IX1 + W] ®)

[X] = [H]7 Y] - {H]* W] 9)

It is noted that, for simplification, we assumed
W =0. In order to recover the transmitter signal, we
should solve a very lager matrix equation. In ISDB-T
N =8192, finding
is a heavy task. Therefore, it is

mode 3, as number of subcarrier is
inverse of [Hlgio2xs102
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¥4, =1—

k is distance between I'® and k" subearrier.
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A;—> 0 means that the subcarriers that are near I*

subcarrier causes a big ICI power on [ subcarrier.

Ith

A= —N+4+1 means the subcarriers that are far

_subcarrier may generate a big ICI power on [**. For
example, Fig.1 shows ICI power from (N —1) subcarrier
to 1%t In matrix form, ICI

subcarrier. 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) mairix size equation instead for N XN matrix
equation. For example, D=1, ‘we have 3x3 matrix
equation as

ICI Power From N-1 Subcanrier To The First Subcamier
35 ¥ T - T T T T v

| a0}
| 251
1 20}

16}

1CI Pawer in dB

L . L L L . L L .
G 1000 2000 3000 4000 5000 6000 7000 8000 SCOD
Subcander Index

Fig. 3. ICI Power From Other Subcarriers to First Subcarrier
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YD 170_ ¢]__W ¢2-E_2‘ XD
yx} = |-V i ¥ x[X (13)
£ PaVy oV W 2

By increasing D we can achieve more improvement,
but the computational complexity also is inereased. Even
[3x3].
In next section, by using Jacobi iteration we do not need

D =1 we should find N invert matrix size of

calculate inverse of any matrix, while performance is

remaining.

3. Two iterations method with improved the
diagonal of the ICI matrix
3.1. 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

P+ [TDIX] = [¥] (14)

In pure Jacobi iteration method, {P] is diagonal of [H]
and [I] is remained part of [H]. The approximate

solution Xp,, is updated as:
[P)[Xpsa] = [¥Y] = [T1[X,] (16)

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

©) _ '
X = Ter (17)

- (1) =1
¥ _ Ve —z?’:nﬁ#kXt( do,_. 7,
W -
Hyge

(18)
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Fig. 4. Two Iterations with Improved The Diagonal of The ICI Matrix

At each iteration, error is

€ir1 = (X1 — [X] = — [PTY[H]D ey = [M]ey (19)

ers1 = [MI¥ey < 4] ¥ey, (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],
[5].

Since most ICI power concentrated near the diagonal,
we can reduce size of T to get the low comple;xity. We
form T by 30 elements that are nearest the diagonal.
Subcarrier k'* is updated at first and second iteration as
follows:

15 {0) T
Yo — Zag=—1520X a1 P Vagr
Hew

1
XM = 21)

15 e 7
Ye — Xap=-1580 X,k PaVask
Hy g

(22)

X3P =

Py, Ay =—15,—14,..,15 is fixed coefficient as Eq. (11).
We can implement iteration equation by a FIR filter 31
taps @, '

3.2. Two iterations method with improved the
diagonal of ICI matrix
As section 1 and Eq. (10), the diagonal of [H] is Hyg

as

=
Hyp = ﬁz Ve(n) = ¥
= (23)

caused by 30 sucarriers.

V. is used for approximating the first central difference
of V(n)

V—k(next) _ V—k(pre)

—
e 24

Vi 3N, (24)

As Jacobi method in section 3.1, after 1! iteration, X,El)‘

is found as

_ 515 ()] T
Y — Zip=-1540% 5,11 Pa Vi k
Hype

(25)

x =

The term Ellsi=—15.#0X£?3|-kd)ﬁkV£k+k is ICI power

Therefore, after 1° iteration,

ICTin X is reduced significantly.

At second iteration, equalizer output is
calculated as
15 ) —_
X(Z) _ Yk - ZA,‘=—15‘#0 Xﬂk+k¢£\le£k+k
k Hee (26)

Hyp is the same in 1** and 2" iteration. It is noted that
Hiy is estimated from pilot that is already corrupted by
ICI. Consequently, X,Sz) still is distorted due to the
Hyr.

improve Hyy at 2™ iteration. Firstly, we remove ICI from

corrupt In order to improve performance, we

pilot symbols by using output at 1* iteration as follows

i5 W _ (2 7)
!
XAm+m¢ﬂmVﬁm+m
m=—15.H#0

Xf(r?EW) =Vn—

m is pilot symbol index. Then, we utilized new pilots

X0 14 re-estimate the channel transfer function Hyy.

Because ICI in XU is reduced significantly, the
. (new) . . .
re-estimated Hy, ~ is not influenced by ICI. Finally, the
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recover signal at second iteration is updated as

5 (1) g
X(z) _ Y — EE,,:—IS,#O XAk+k¢'AkVA’k+k
kT H(new)

kK

(28)

The all above procedures are shown in Fig, 4,

4, Simulation result
In this section, we evaluate performance of the
proposed method for ISDB-T mode 3. The parameters are
shown in table 1. Also we investigate performance of the
original method with different value of D.
iteration method is compared with method in [3].
As section 1, [3] proposed a method to solve the large
ICI matrix equation. Instead finding inverse of NxN
matrix, [3] find inverse of N matrix order of (2D +1) x
(2D +1). Weset D=2, 7, 15 and solve mairix 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 methed and method

in [3] with D =15. In Fig 6, pure Jacobi 1*' iteration is
Jacobi iteration at 1% iteration, and T = H — D. 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 two iteration with
improved the diagonal method under three channel
conditions. The parameters for three channel conditions
are shown in Table II, III, and IV.

In Fig. 7, under TU-6 channel, our method doubles
performance of the original method. Fig. 7, 8, 9 also
shown that improvement of normal Jacobi method is v;:fy
small at 2" iteration, This is explained in Section 3.2.

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

Jacobi.

TABLE 1. ISDB-T MODE 3 PAREMETERS

Parameters Values
FFT size ’ 3192
Number of sub-carrier 5617
Carrier interval 992.06(Hz)
Effective Sym. Duration | 1008us
Guard interval 126 pus
Modulation 64QAM

TABL II. TU-6 CHANNEL

Tap Delay | Power Doppler
number | (ps) | (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 00 | 0.0 [0 200]
2 12.3 -3.0 [0 200]

TABLE IV. ONE PATH DCPPLER CHANNEL

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

5. 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
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