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Abstract
The intersubcarrier interference (ICI) degrades the performance of the pilot-aided channel esti-

mation in fast time-varying orthogonal frequency division multiplexing (OFDM) systems. To solve

the error propagation in joint channel estimation and data detection due to this ICI, a scheme of error

propagation determined iterative estimation is proposed, where in the first iteration, Kalman filter

based on signal to interference and noise is designed with ICI transformed to be part of the noise,

and for the later iterations, a determined iterative estimation algorithm obtains an optimal output from

all iterations using the iterative updating strategy. Simulation results present the significant improve-

ment in the performance of the proposed scheme in high-mobility situation in comparison with the ex-

isting ones.
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0 Introduction

Orthogonal division  multiplexing

(OFDM) " is a promising technique which has been

frequency

widely applied in wireless communication systems,
e.g. mobile WiMAX ( IEEE 802. 16e), WAVE
(IEEE 802. 11p) , and DVB-T (ETSI EN 300 744)
due to the high bandwidth efficiency and robustness
against multipath delay. However, the orthogonality
between subcarriers can be easily to be broken down in
time-varying environment, resulting in the intersubcar-
rier interference (ICI) and system performance degra-
dation.

In fast time-varying situations, channels may
change significantly even within a single OFDM symbol
and the ICI effect will be exacerbated. As a conse-
quence, some conventional channel estimation methods
are not suitable any more. To mitigate this ICI effect on
channel estimation, self-interference cancellation tech-

!"'map the information onto a group of subcarri-

niques:2
ers, leading to a strong cancellation in the self-interfer-
ence, while with a reduction of the spectral efficiency.
An equalization techniques is designed®’ with an opera-

tor getting from minimum mean square error (MMSE) ,

but it is high complex and may induce some noise am-
plification. In Ref. [4], the authors suggest an iterative
technique for the equalization of ICI and also the itera-
tive channel estimations are proposed in Refs[5-7],
where the detected data are used to enhance the esti-
mation. However, the authors in Ref. [ 5] do not take
the Doppler spread information into account and the the
estimation'®”"  affected by ICI
evolves lots of iterations to get a good result and may

frequency-domain

have limited estimation result at low SNR.

In this paper, the fast time-varying OFDM chan-
nels having ICI at terminals are considered. To deal
with the problem that the accuracy of frequency-domain
estimation is affected by ICI, a determined iterative
channel estimation with ICI mitigation is proposed
based on the analysis of the relationship between ICI
and estimation accuracy. Simulation results demon-
strate a significant improvement in performance com-
pared with the existing scheme, especially when SNR
is low. The main contributions of the present work are
as follows:

® A new method is proposed to reduce the inter-
actions between ICI and the estimation accuracy by de-
noising “SIN—TI + N” (sum of ICI and channel noise)
with Kalman filter, so that the pilot-aided estimation
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can be performed regardless of data symbol when there
is no sufficiently accurate data.

e A determined iterative updating strategy is pro-
posed to restrain the error propagation caused by ICI,
where the optimal estimation is selected by the criterion
designed from all iterations and the accuracy of the
channel estimation is improved.

The rest of this paper is organized as follows. Sec-
tion 1 describes the system model. The proposed
scheme is introduced in Section 2. The simulation re-
sults are discussed in Section 3. Finally, Section 4
concludes the paper.

1 System model

1.1 OFDM system model

Considering an OFDM system with N subcarriers,
and a cyclic prefix (CP) with the length of N, the
duration of an OFDM symbol is T = (N, + N)T, =
N,T,, where T, is the sampling time. The time-domain

sTso

received signal can be expressed as
L-1

v(n) = Z hin,l)s(n -1) +w(n)
=0
0snsN-1 (1)
where s(n) and v(n) are the nth sample in the trans-
mitted and received OFDM symbol,
w(n) is white complex Gaussian noise with covariance

respectively ,

o, and L is the length of channels. Channel impulse
response h(n,l) is wide-sense stationary ( WSS) nar-
row-band complex Gaussian process. For the classical
Jakes’ model, they are independent for different paths

and the normalized correlation function is R'" =

h(n,1)
Elh(n,D)h"(n + a,0l)] = a',z,(,l,l)]o(ZTrdesa) ,
where E[ + ] denotes expectation, J,( +) denotes the
zeroth-order Bessel function of the first kind, f, = vf./¢c
is the maximum Doppler frequency with speed v, carri-
er frequency f,, speed of light ¢, and a'i(”',) is the aver-

age power of the [th path. The average power of the
-1

multipath channel is unit, Z O-i(n,l) = 1.
=0

Letx(’) = [x()’) b xfr) ’.."x:"(\"’—)lJT’ y<r) = I:y(()r) ’
y e (21" be the rth transmitted and received
OFDM symbol in frequency-domain, from Eq. (1)

there is
y(r> — H(/‘)x(r) + w(r) (2)
where w'” is frequency-domain white noise, H'” is a N

x N channel matrix with elements given by

m'-1

L-1 n
H” (m,m') = > G (m, m”)e ™ ¥ 2"
=0

(3)

N-1
G[<r> (m’m,) — INZ h(,) (n’l)efﬂw(mfm')w/f\“ (4)
n=0

where m, m’ denotes the [ m,m’ Jth element of the ma-
trix, 7, x T, is the delay of the /th tap. H" (m,m'),
m # m' is the ICI coefficient from subcarrier m’ to sub-
carrier m. For time-invariant channels, H"” can be re-
garded as diagonal. However, as f, increases, the ICI
terms on the off-diagonals of H” can not be neglected
and H'"” should be treated as banded or even a full ma-
trix.

Assuming that each OFDM symbol contains N, pi-
lots and N, = N — N, data. In this paper, Comb-type
pilot is used, where the N, pilot subcarriers are fixed
during the transmission and inserted into N subcarriers
with equal intervals. The interval N/N, can be selected
without respecting the sampling theorem, but N, must
fulfill the requirement that N, = L. Let p,, d, denote
the pilot and data indices respectively in frequency di-
rection: p, = [pl sP2s"" 7PNI)] , d, = I:dl sy,
dwd] , wherep, = (i =1)N/N, +1,i=1,2,--- N,

(r) x(f)

P P2 0 ’

xl(,;? 1" are pilots, while others are data x\” =
N,

X7 (d,).

Therefore , signals xl(,’) = x (p,) = [«

1.2 BEM channel model

Basis expansion model ( BEM) is utilized to ap-
proximate the doubly selective fading channels. In
BEM, the multipath channel response is modeled as a
FIR filter and each filter tap is represented as a super-
position of some basis functions. The channel impulse
response is given by

R (n,0) = Q(n,:)e)” +&"(n),

-N,<nsN-1 (5)

where £ (n) represents the corresponding modeling
error, O is a N, X Q) orthonormal basis function matrix,
vectore!” = [cf',) o ,cg’), "is the BEM coefficients of
size () for the /th complex gain of the rth OFDM sym-
bol, generally, Q = 2[ f,N T ]. Based on different
basic functions, various traditional BEM designs have
been reported to model the channel time-variations.
Without loss of generality, polynomial BEM ( P-BEM)
Q(m,q) = (m~-N,, - 1) is used'® | but the pro-
posed algorithm can be applied with arbitrary basis.
Using BEM, the channel variety is tracked with L pa-
rameters c;'l) instead of the LN, samples of the complex
gains, and the whole channel response can be retrieved
by the estimated 6((['; using Eq. (5). Using this polyno-
mial approximation, the received signal in Eq. (2) can
be rewritten as

y(r) — B(r)g(r) +w(r) (6)
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[(ei”)" ey (e”)"' )", B =
r r ] : r
-,Z;)], Z1() = N[M]dlag(x”)fl,-'-,

where g7 =
] r

N[ZE ) ’
MQdiag(x(r) )f,1. f, is the lth column of the Fourier

mel 1
matrix F(m, k) e PTON T and M, (m,k) =

N-1
Sl —pa(m—k)n/N .
pdle ,q = 1,--,0Q. It shows that B is
n=0
related to all the transmitted symbols x| therefore if
estimation is done on the pilot subcarriers in frequency-
domain, its accuracy will be affected by the ICI from

unknown data.

2 Channel estimation and ICI mitigation

2.1 SIN channel estimation

Since C”

with zero- means and its correlation matrix can be ex-
(a) - (a) _

pressed as: RS = (Q"0)"'Q"RY’ | 0(0"Q)",

6],

is correlated complex Gaussian variable

the AR model for channel BEM parameters g, is
2" = A g +ut (7)

where A, = diag(e,, @,, =+, @), V[u, | = diag

(1) (0) \ - (0)
(ﬁlaﬁz’ “"BL) andal :RCI (RCl ) 19ﬁ1 :RCI
+ alR(C[_l) can be obtained from Yule-Walker equa-
tions. V[ -+ ] stands for the covariance matrix.

Therefore , using the state Eq. (7) and the meas-

urement Eq. (6) in the form of Kalman, coefficient

g'” can be tracked. However, as mentioned previous-
ly, transmitted symbol x'”
that in fact,
ceiver and the data is to be detected or maybe in accu-
rately detected. In Ref. [7 ], for the first iteration, the
authors have the data in B detected with the predicted
channel matrix from the previous time using g =

Alg(’71)~

whole Kalman filtering and causes a performance floor

is required for parameter B
only the pilot is exactly known at the re-

This initial inaccuracy data degrades the
which may not be retrieved, even though the iterative
joint channel estimation and data detection are adopt-
ed. It likely happened in the case of low SNR or high
speed where prediction error in AR model is non-negli-
gible, seen simulations.

To overcome this performance floor, a new method
is proposed, where the sum of the statistics ICI and the
additive channel noise (SIN—I + N) are considered as
the equivalent noise and therefore the Kalman filter es-
timates g using exact pilots without the data bothering
in the first iteration. That is, the received signals on
the pilots subcarriers in Eq. (6) are divided into three
parts, related with the pilots, data and noise respec-

tively,

() _ 4 _ (r) (r) (r)
y,  =y"(p,)=H_  x +H<pd>

(py,py)

Y +w(p,)

- -
pilots component data’s ICI

H (py,p))  H” (p.py) HY (p, »Ps\"l,) I (py)

_ H" (p2p1) H" (p2sp2) H" (P2 »Psvl,) x (p2)

N N N " (
H" (Ps\“p o) HY (P,w], .p2) H" (Pw,, xP‘\‘I))—_x (p—“‘p)

pilots component

HY (p,d)  HY (p,,dy) H" (p, vy T xP(d)
. HY (py,dy)  H (py.dy) HY (pydy,) | x7(dy)
HY (py,,d) H (py, ) HY (py,dy,) Fx7 (dy,)
non-pilot data ICI
w (p1)
wt (p1) (8 )
w (PN,,)
where V[w" ] = a'ZINP Iy isan N, x N, identity ma-

trix. Part 1 is the desired pilot term without ICI of un-
known data and part 2 is the ICI term, which repre-
sents the ICI coefficient from data subcarriers. If part 2
is nonexistent in the observation, Kalman estimation
can be performed only with observation of the transmit-
To this end,
formed into part of the equivalent channel noise w
= HF;)d x" + w"”(p,). Then,
equation with SIN is rewritten as

yl(]r) — BSIN(f)g(f) + wSIN(f) (9)
where B™") can be calculated without the unknown
data .

BSI/\“(r) _

the data’ s ICI term is trans-
SIN(P)

ted pilots.

the measurement

1

SIN(r) SIN(r) SIN(r)
N[Zl s Zz )1t ’ZL ]

Z;S'IN(r) _ %[M‘:Wdiag(x;’) )f;m e ,MZ)II\“diag(xl(Jr) )flsl.e\j

‘fﬁl N _
! =

I3 -1 —l

;)U 672“( )T/

Py T
N 1
[e*ﬂﬂ 672«( N 77>71]

) —2m(pi-py In
71217(,:[ —po)n N-1 2m(p1 1’:‘\‘p>"

N-1
> 2"
- _ N-1 1
Z P Z ni! Z ni e N
n=0

_,217(,,NP-,.|>,, N1 —/211'([: -,,2>,, Vo1

N-1
Z ni e N Z ni e \ Z nt™!
-0

Here, the covariance of w*™"” is no longer just the
white complex Gaussian noise, but the sum of ICI and
channel noise. In Ref. [9], it shows that the residual

ICI of OFDM has high normalized autocorrelation and
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this normalized autocorrelation is insensitive to the mul-
tipath channel profile as well as a variety of other sys-
tem and channel conditions.
OFDM symbol to be white,

between ICI and channel noise, the approximate math-

Assuming transmitted
due to the independence

ematical expression for covariance matrix of SIN can be

derived as
Viw™? ] = V[H) , x" ] + V[W"(P)]
= VIH) pox" ] + o'l (10)
where V,, = V[HE;> ] x{” ] can be calculate by:
Vig(m,m'") = R;L"; "

L-1 N-1 N-1

E,
Ry =G S S e

[=0 n=0 n"=0k#0,k#-a

L-1
=~ 4w’ TE( Y ay,0p)p(a,N) (11)
=0

where E is the average transmitted symbol energy, o,

i
- [ PUOPA P = /2w 7T is Doppler
Ja
power spectral density with average power P, and:
N*/12 m =0
(m.N) = { ’
P N/Q2w'm*), m#0
Thus, using the SIN measurement Eq. (9) together
with the state Eq. (7) , the stages in the first SIN itera-
tion for each OFDM symbols in Kalman filtering are

(12)

1) Time update equation;

B = Ag
PV = A PUVAY + VW] (13)
2) Measurement update equations;

Kir) _ P;m-l) (BSI;"V(r) )H(Bsm'(r) )P]m r-1) (BSIN(r) )H

V[ wSIN(r) ] ) -1
~(r) ~(rlr-1) (r) (r) SIN(r) ~(rlr-1)
g =g K"y, -BT g )
P(r) — P(r\r—l) _ Kfr)BbIV(r)Pfr\r—l)
8/ =&" P =P (14)

, K" and P\” are the estimated result, Kal-

man gain and covariance matrix for the rth OFDM sym-

where g'”

bol in ith iteration, respectively, g™ | P” are the fi-
nal optimal output for the rth OFDM symbol which will
be updated in the following. P{” = dlag(R(o) R(C(z)) ,

',R(C?) and g\ = 0., are initialized and r above

starts from 1.

2.2 Error propagation determined iterative esti-
mation
With the BEM parameters g'” from the SIN Kal-

man estimation, channel matrix is computed by

flf') =*ZMdlag(Fg r)) (15)
q=

[cq,l ) 222 , A“Z] can be obtain from

2" in Eq. (14). Then using the QR detection'”’ with

where g(’)

the estimated H!” | the data symbol )2((,': can be detec-
ted. Hereafter, the iterative standard Kalman estima-
tion can be executed to update the estimated channels
A" usmg the detected xd') ((B") and detect the da-
) with the estimated channels H'".

worth noting that not every estimated subcarrier chan-

ta X However, it is

di
nel coefficient is improved along the estimation itera-
tions, sometimes errors in the previous result will affect
the follow-up iterations by ICI, even update some cor-
rect ones into wrong. The essence behind this phenom-
enon is that the promotion between channel estimation
and data detection is limited by ICI between them. The
accuracy of channel estimation limits data detection
and inaccurate data cannot improve the channel estima-
tion. Unknown data or data errors will not only lead to
estimation error on the corresponding subcarriers but
also influence other subcarriers through ICI, this is the
error propagation. In order to restrain the error prop-
agation, an iterative updating strategy with a criteria for
judging the accuracy of the Kalman is proposed to de-
termine whether the estimation result is updated or not.
Since the measurement residual y'” — ﬁf') denotes the
error between the real observation and the estimated re-
ceived symbol''” which can determine the Kalman esti-
mation’ s accuracy roughly, the determined criteria to
analyze the degree of error propagation are defined :

4*Z<| [y 1, - [B"&"1,1%) (16)

where [ g], denotes the mth element of g, i represents
the iteration number. It decides whether to update the
estimated channel BEM parameters g'” and corre-
sponding covariance matrix P, and find the optimal
estimated result. Therefore, the determined iterative
estimation is

1) Time update equation :

20D 2 4 0D
P = APVAT + VW] (17)

2) Measurement update equations;

KFr) — P?rlr—l) (Bgr) ) H(Bﬁr)Pfr\ r-1) (B(r) )H
+Viw? )™
él(r) — é;r\r—l) + Kl(r) (y(r) _ Bi(r)ésr\r—l))
P(r) — P.(rlrfl) _ K-(V)BF’)Pfr‘ril) (]8)
3) Determined estimation :
if e <e’
& (19)

The scheme flow is shown in Fig. 1.

3 Simulation results and analysis

In this section, the performance of the algorithm
proposed by Matlab simulations is presented, compared
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with the method in Ref. [7]. The normalized channel
model is Rayleigh as recommended by GSM recommen-
dations 05.05""".
(over several OFDM symbols) and perfectly esti-
mated' ', Assume an OFDM system using QPSK mod-
ulation with the sampling time T, =0.5us, carrier fre-

The delays are assumed invariant

quency f, =5GHz. Let the number of subcarriers N =
128, the number of pilots N, = 32, the length of cyclic
prefix N, = N/8 and the number of BEM coefficients
Q = 3. The performance is evaluated by the mean
square error ( MSE).

initialization

gOPOV L =1,r=1i=1

SIN Kalman filtering

1) calculate SIN Eqs (9)-(12)

2) Time update Eq.(13)

3) Measurement update Eq.(14)

standard Kalman filtering

1) time update Eq.(17)

2) Measurement update Eq.(18)
|

3
calculate Channel matrix (15) f[xf’) and execute QR detection X di
update B, and calculate ¢ Eq.(16)

(r)

updata kalman output Eq.(19)
8-& PO
[

no
if i > iterations

next OFDM symbol r=r+1,i =1

Fig.1 The flow figure of the scheme

Fig. 2 shows the MSE performance versus SNR of
the proposed algorithm for £, = 0. 3, compared to the
algorithms in Ref. [ 7]. The RCRB is the upper limit
in theory of Kalman estimation algorithm under the as-
sumption that all data are known at the receiver, given
in Ref. [13]. Tt is observed that, the SIN method im-
proves the performance in the first iteration at low
SNR. This is because the ICI is more severe when SNR
is low and SIN works well in confronting ICI and error
propagation. After several iterations, the determined
algorithm provides further improvements by restraining
the error propagation, which can be seen from the com-
parison between the proposed and the SIN without be-
ing determined at iteration 10. Due to the SIN filtering

and the determined iteration, it can be seen that the
proposed algorithm only needs 3 iterations to achieve
the equivalent performance of 10 iterations in Ref. [7 ]

and the MSE is close to the RCRB after 10 iterations.

2
10

=
-&- proposed 1
-+ proposed 3

IS

L3 - proposed 10
— RCRB
—* SIN' without dvetermined' 10 ) )
0 5 10 15 20 25 30

SNR
Fig.2 Comparation of MSE versus SNR with 1, 3

and 10 iterations

Fig.3 shows the determined iteration of the pro-
posed algorithm which is the last time the optimal re-
sults updated in the 10 iterations for different SNR situ-
ations. It can be seen that for the low SNR, the itera-
tions needed factually are more than the ones for high
SNR, which indicates that due to the high SNR, the
error correction by the iterative algorithm is fast but
easy to have an exactly opposite effect and therefore the
determined step plays an important role to keep the op-

timal results.
10

The determined iteration

40 50 60 70 80
OFDM symbol

Fig.3 The determined iteration of the proposed scheme from
the 40 th OFDM symbol to the 80th at different SNR

Fig.4 compares the MSE versus speed ( f,T
Doppler spread) between the proposed and the algo-
rithm in Ref. [ 7] when SNR =20dB. It shows that in
the first iteration the proposed algorithm performs better
than Ref. [ 7] only at high speed due to the ICI is not
serious at low speed environment and the probability of
occurring error propagation is small when SNR =

20dB. Actually, SIN is more suitable for large ICI sit-
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uations which always happen at low SNR or high
speed. High speed enlarges ICI terms on H'” while low
SNR leads to error of data estimation. Compared with
Ref. [ 7], the significant improvement occurs after 2
and 5 iterations.

-©- 911
F-A- [9]2
- 115
—&— proposed 1
—A— proposed 2
— proposed 5

o

10°

% 103
s L

| > B R S

&

10"

0.1 0.‘15 OI.2 0.I25 0.3
LT
Fig.4 Comparation of MSE versus Doppler spread after
different iterations

Fig.5 gives the BER performance for f,7 = 0. 2.
Since the error propagation is decreasing in terms of
SNR, the algorithms in Ref. [ 7] catch up and exceed
the proposed estimation gradually when SNR increases
in the first iteration, which is similar to the conclusion
in Fig.4. However, it can be observed that the pro-
posed algorithm has better performance than the algo-
rithms proposed in Ref. [ 7] after several iterations.

107t
& 107 )
@ El
D
107 | —O— proposed 1 ]
A Van proposed 3 _:‘
—— proposed 7 %
10'4 L L L L r
0 5 10 15 20 25 30
SNR(dB)

Fig.5 Comparation of BER versus SNR after

different iterations
4 Conclusions

In this paper, a new determined iterative channel
estimation scheme for high- mobility OFDM systems is
proposed. The frequency-domain Kalman channel esti-
mation is performed with ICI transformed to be part of
the noise in the first iteration, which mitigated ICI from
the unknown data. In addition, the iterative updating
strategy is designed to restrain the error propagation of
ICI in the later iterations and therefore the accuracy of

the estimation results is improved. The simulation re-
sults indicate that the proposed scheme achieves a good
result with less iteration in fast time-varying situation
especially when SNR is low.
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