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1
SYSTEM AND METHOD FOR PROCESSING A
FREQUENCY DIVISION MULTIPLEXING
SIGNAL

CROSS REFERENCE TO RELATED
APPLICATIONS

The application claims the benefit of Taiwan Patent Appli-
cation No. 099139252, filed on Nov. 15, 2010, at the Taiwan
Intellectual Property Office, the disclosures of which are
incorporated herein in their entirety by reference.

FIELD OF THE INVENTION

The present invention relates to a system and a method for
processing a signal, especially to a system and a method for
processing a frequency division multiplexing signal.

BACKGROUND OF THE INVENTION

Please refer to F1G. 1, which is the block diagram showing
a discrete-time baseband equivalent model of the orthogonal
frequency division multiplexing (OFDM) system 10 in the
prior art. The orthogonal frequency division multiplexing
system 10 includes a transmitter 12, a transmission channel
13 and areceiver 14. The transmitter 12 receives a transmitter
input signal I1, and generates a transmitted time-domain sig-
nal S21 in response to the transmitter input signal 11. The
transmitted time-domain signal S21 is referred to in this
invention also as a frequency division multiplexing signal or
a frequency division multiplexing time-domain signal. The
transmitter 12 includes a signal generator 121 and a process-
ing unit 122. The processing unit 122 includes an inverse
discrete Fourier transforming (IDFT) unit 122RT and a cyclic
prefix (CP) adding unit 122A. The receiver 14 includes a
signal detecting unit 141 and a processing unit 142. The
processing unit 142 includes a cyclic prefix (CP) removing
unit 142D and a discrete Fourier transforming (DFT) unit
142T. The processing unit 122 is coupled to the signal gen-
erator 121 and generates the transmitted time-domain signal
S21 in response to the transmitter input signal I1. The trans-
mission channel 13 outputs a received time-domain signal
S22 in response to transmitted time-domain signal S21. The
received time-domain signal S22 is also referred to in this
invention as a frequency division multiplexing signal or a
frequency division multiplexing time-domain signal. The
receiver 14 receives the received time-domain signal S22, and
generates a receiver output signal O1. The processing unit
142 is coupled to the transmission channel 13, receives the
received time-domain signal S22, and generates a receiver
frequency-domain signal S3 in response to the received time-
domain signal S22.

Thetransmitter input signal 11 is input to the transmitter 12,
and the transmitter frequency-domain signal S1 of the fre-
quency division multiplexing property is generated from
passing the transmitter input signal 11 through the signal
generator 121. The transmitted time-domain signal S21 is
generated by passing the transmitter frequency-domain sig-
nal S1 through the inverse discrete Fourier transforming
(IDFT) unit 122RT and the cyclic prefix (CP) adding unit
122A successively. The received time-domain signal S22 is
obtained by passing the transmitted time-domain signal S21
through the transmission channel 13. The received time-do-
main signal S22 is input to the receiver 14. The receiver
frequency-domain signal S3 is generated by passing the
received time-domain signal S22 of the frequency division
multiplexing property by the cyclic prefix (CP) removing unit
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2

142D and the discrete Fourier transforming (DFT) unit 142T
successively. The receiver frequency-domain signal S3 is sent
to the signal detecting unit 141 for signal processing. The
receiver frequency-domain signal S3 includes three compo-
nents: a main signal S4, a residual intercarrier interference
(ICT) S5 and a channel noise S6. The receiver frequency-
domain signal S3 is detected by the signal detecting unit 141
using a signal detection method. The signal detection method
can employ the methods of least squares, minimum mean
square error, iterative minimum mean square error, decision
feedback equalization, and maximum likelihood sequence
estimation (MLSE).

For instance, carrier frequency shift and channel time-
variation can result in [CI and degradation of the signal trans-
mission performance in an orthogonal frequency division
multiplexing (OFDM) communication system. The problem
becomes especially serious when the carrier frequency is very
high or when the user terminal moves at a fast speed. The
problem can be understood by observing the mathematical
relationship concerning the transmitter and the receiver in an
OFDM system.

Let N be the size of the discrete Fourier transform (DFT) in
the system. Then the relation between the transmitted signal
and the received signal in an OFDM symbol interval can be
expressed as in the following equation (1):

y=Hx+w 1

wherein x is the N-vector of the transmitter signal samples
in the frequency domain (S1), y is the N-vector of the receiver
signal samples in the frequency domain (S3), H is the NxN
channel matrix in the frequency domain, and w is the N-vec-
tor of the noise samples in the frequency domain (S6).

The channel matrix H is a diagonal matrix when there is no
ICI. When there is ICI, non-zero values may appear not only
along the diagonal but also in other locations of the matrix.
This condition causes difficulty in detection of ODFM sig-
nals.

Theoretically, the best signal detector should consider all
ICI terms. However, due to complexity and robustness con-
cerns, usually only the main terms in the channel matrix H
will be compensated. Since the main terms usually appear
around the diagonal of the channel matrix H, a band structure
shows up in the channel matrix H.

Please refer to the paper by Won Gi Jeon, Kyung Hi Chang
and Yong Soo Cho, “An Equalization Technique for Orthogo-
nal Frequency division Multiplexing Systems in Time-Varian
Multipath Channels”, IEEE Transactions on Communica-
tions, Vol. 47, No. 1, pp. 27-32, January 1999. In this paper,
normalized maximum Doppler frequencies on the order of
0.1 or less are considered, under which condition the channel
variation over a short time period can be assumed to be linear,
and a frequency-domain equalizer corresponding to the band
structure of the channel matrix is proposed. In another paper
by Philip Schniter, “Low-Complexity Equalization of OFDM
in Doubly Selective Channels”, IEEE Transactions on Signal
Processing, Vol. 52, No. 4, pp. 1002-1011, April 2004, nor-
malized maximum Doppler frequencies up to the order of
magnitude of 1 are considered, under which condition the ICI
is more widely spread in the frequency domain, a time-do-
main window is recommended to partially cancel the effect of
the channel time-variation and reduce the bandwidth of the
channel matrix, and an iterative least squares error method is
used to detect the signal. In the paper by Luca Rugini, Paolo
Banelli and Geert Leus, “Simple Equalization of Time-Vary-
ing Channels for OFDM”, IEEE Communication Letters,
Vol. 9, No. 7, pp. 619-621, July 2005, a block-type linear
minimum mean square error equalizer is proposed to deal
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with the ICI, wherein the band channel matrix structure and
triangular factorization of the channel autocorrelation matrix
are used to reduce the equalizer complexity. In the paper by
Shuichi Ohno, “Maximum Likelihood Inter-carrier Interfer-
ence Suppression for Wireless OFDM with Null Subcarri-
ers”, Proceedings of IEEE International Conference on
Acoustics, Speech, and Signal Processing, March 2005, Vol.
M1, pp. 849-852, Viterbi MLSE in the frequency domain is
used to deal with the ICI, and the band channel matrix struc-
ture is utilized to limit the algorithm complexity.

However, in these prior-art signal detection methods only a
few main ICI terms are considered and the whole channel
matrix H is approximated using these main ICI terms, which
result in an irreducible floor in the bit error rate (BER) in a
time-varying channel. On the other hand, if more ICI terms in
the channel matrix are considered, then the transceiver com-
plexity will increase. Therefore, a technology that can
improve the signal transmission and reception performance
of communication systems at a low complexity in needed.

SUMMARY OF THE INVENTION

In order to solve the above mentioned problems, the
present invention provides a system and a method for pro-
cessing a frequency division multiplexing signal. This inven-
tion improves the signal transmission and reception perfor-
mance by reducing the ICI, and it can be applied with many
existing signal detection methods. It can be used in commu-
nication systems that make use of the time-frequency trans-
form concept, such as OFDM, single-carrier frequency divi-
sion multiple access (SC-FDMA), etc.

Take the OFDM system for example. The received signalin
the OFDM frequency domain (S3) can be expressed as in the
following equation (2):

N-1L-1
Yy = X H RPN LW G<m<N -1,
k=0

=

T
>

where when ICI exists, the received signal sample Y, at
each subcarrier includes a weighted linear combination of the
signal samples X, with k running from 0 to N-1, and signal
samples X, are the transmitter signals on the subcarriers (S1).
Existing methods for countering the ICI only consider a lim-
ited number of terms in the weighted linear combination,
resulting in an irreducible floor in the BER.

The present invention makes better use of band approxi-
mation wherein it divides the signal containing the ICI into
three components, namely, a main signal, a residual ICT and a
channel noise. By way of mathematical approximation, theo-
retical derivation and channel simulation, it is observed that
the residual ICI in nearby subcarriers has high normalized
statistical correlation. Especially, based on this statistical
property the residual ICI terms conventionally disregarded
due to receiver complexity concerns can be fully considered
in the present invention. Moreover, it is found in the present
invention that the normalized correlations of the residual ICI
in nearby subcarriers remain almost constant under all prac-
tical system parameters. These system parameters include
maximum Doppler frequency shift, multipath channel pro-
file, Doppler power spectral density, sampling petiod of
OFDM system, DFT size, symbol period of OFDM system
and average transmitted symbol energy. It can thus be con-
cluded from the above discovery that the high normalized
correlation of residual ICT innearby subcarriers and its ease of
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4

estimation are very suitable for application in signal reception
in a practical communication system.

By utilizing these statistical characteristics, a very low
noise floor can be obtained in a receiver by a whitening
operation on the residual ICI and the channel noise, yielding
an excellent transmission performance for the communica-
tion system. For example, computer simulation shows that the
error floor in BER can be reduced by several orders in mag-
nitude for a receiver employing maximum likelihood
sequence estimation (MLSE) with the whitening operation on
residual ICI in nearby subcarriers. Thus, it can be clearly seen
that the utilization of the statistical characteristics in combi-
nation with the conventional receiver detection methods can
significantly enhance the receiving performance ofa commu-
nication system. In addition, the transmission performance of
a communication system can also be enhanced by having the
receiver estimate a channel information parameter pertaining
to the condition after the whitening operation, feed the chan-
nel information parameter back to a transmitter through a
closed loop transmission control mechanism, and let the
transmitter adapt its transmission scheme taking into account
the channel information parameter pertaining to the condition
after the whitening operation. Furthermore, in a communica-
tion system that employs channel sounding, the abovemen-
tioned channel information parameter can be estimated by the
transmitter after receiving the sounding signal, without hav-
ing the receiver feed it back.

In accordance with one aspect of the present invention, a
method for processing a frequency division multiplexing sig-
nal transmitted in a channel is provided. The method includes
the steps of a) receiving the frequency division multiplexing
signal having a residual intercarrier interference (ICI) and a
channel noise on a subcarrier wherein the residual ICI may be
due to channel time-variation or carrier frequency shift; b)
performing a cyclic prefix removal and a discrete Fourier
transform (DFT) on the frequency division multiplexing sig-
nal to obtain a frequency-domain signal; ¢) analyzing the
frequency-domain signal to obtain a plurality of correlation
values for the residual ICI and the channel noise; and d)
performing a communication signal processing for the fre-
quency division multiplexing signal based on the plurality of
correlation values.

In accordance with another aspect of the present invention,
a frequency division multiplexing communication system is
provided, wherein there is a channel and a receiver, with the
channel used to transmit a frequency division multiplexing
signal. The signal on a subcarrier of the frequency division
multiplexing system contains a residual intercarrier interfer-
ence (ICI) and a channel noise. The receiver acquires a fre-
quency-domain signal from the frequency division multiplex-
ing signal and performs communication signal processing on
the frequency division multiplexing signal to enhance the
communication performance employing a plurality of corre-
lation values of the residual ICI and the channel noise in the
frequency-domain signal.

The above objects and advantages of the present invention
will become more readily apparent to those ordinarily skilled
in the art after reviewing the following detailed descriptions
and accompanying drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing a discrete-time base-
band equivalent model of the orthogonal frequency division
multiplexing (OFDM) system in the prior art;

FIGS. 2A-2C are diagrams showing the normalized auto-
correlation function
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of residual ICI outside different bandwidths K of the channel
matrix, with K=0, 1 and 2 for FIGS. 2A, 2B and 2C, respec-
tively;

FIG. 3 is a block diagram showing the discrete-time base-
band equivalent model for the signal processing on the
residual ICI and the channel noise under the OFDM system in
one embodiment of the present invention;

FIGS. 4A and 4B are diagrams showing the computer-
simulated result for the performance of the method of the
present invention incorporated with maximum likelihood
sequence estimation (MLSE) signal detection in different
channels; and

FIGS. 5A and 5B are diagrams showing the performance of
the method of the present invention compared with that of the
conventional method without whitening the residual ICI in
different channels in the absence of channel noise.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention will now be described more specifi-
cally with reference to the following embodiments. It is to be
noted that the following descriptions of preferred embodi-
ments of this invention are presented herein for the purposes
of illustration and description only; it is not intended to be
exhaustive or to be limited to the precise form disclosed.

In the conventional techniques, the residual ICI is usually
ignored, and accordingly adds to any other noise that may be
present to interfere with signal detection and leads to an
irreducible etror floor. It is found in the present invention that
the residual ICT has certain correlation characteristics, and the
performance of signal transmission can be improved by a
whitening of the residual ICI and the channel noise based on
the correlation characteristics.

The mathematical derivation for the method in one
embodiment of the present invention is described below with
reference to the illustration in FIG. 1. For example, the math-
ematical relationship between the transmitted time-domain
signal S21 and the received time-domain signal S22 can be
expressed as in the following equation (3):

L-1
Yn = Z hn,lxn—l +wy
=0

wherein L is the number of multipaths, b, ; denotes the
complex gain of the 1 path at time n, and w,, denotes the
additive complex channel noise at time n (where w,, is often
assumed to be white Gaussian, i.e., AWGN).

We assume that the length of the cyclic prefix (CP) is
sufficient to cover the length of the channel impulse response
(CIR), (L-1)T,,, where T, denotes the sampling period. This
assumption is made to simplify some mathematics but in no
way limits the application of the present invention to this
condition. For example, if the CIR should be longer than the
CP, then we may break it into two parts, where the first part
has a length (L-1)T_, that is not longer than the length of the
CP, and the second part contains the remainder of the CIR
with its effects incorporated into w,,.

The mathematical relationship of the receiver frequency-
domain signal S3 and the transmitter frequency-domain sig-
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6

nal S1 in the discrete Fourier transform (DFT) domain of the
OFDM communication system can be expressed as in the
following equation (4):

N-1L-1
Y, = Z Z X Hm R N Ly 0 <m< N -1,
k=0 {=0

@

wherein W, denotes the DFT of w,, and H,® is the fre-
quency spreading function of the Ith path, which can be
expressed as in the following equation (5):

1 N-1
) _ * —j2mnk N
Hl = N; hn,le .

)

For a time-invariant channel, H,* vanishes Ykx=0, imply-
ing absence of ICI. The equation (4) can be transformed into
a matrix-vector form as shown in the following equation (6):

y=Hx+w, (6)
where y=[Yo, .. ., Yo I, x=1Xg, - X s W W, o
, Wo_,]', and H denotes a channel matrix given by

a0 ao,1 Ao N-1
ao a1 apN-1
H= . . ,
aN-1,0 AN-1,1 ... GN-LN-1

with ' denoting transpose and

L-1
g = Z im0 i,
=0

Notethata,, , denotes the coefficient of the contribution of X,
in the received signal at subcarrier m.

A conventional receiver is designed based on a band
approximation to H, in which a symmetric approximation
with one-sided bandwidth K is considered, that is, it makes
the approximation thata,, ,=0 for |(m-k) % NI>K, where K is
a nonnegative integer and % denotes modulo operation.
Therefore, in signal detection under this band approximation
to H, the ICI considered at each subcarrier consists of contri-
butions from at most 2K nearest (circularly) subcarriers. In
other words, the set of in-band terms (i.e., the terms contained
in the main signal S4 mentioned above) for the mth row of the
above H matrix consist of the union of {a, . a

mls s
am,m+K} and {am,m—K+Ns am,m—K+1+Ns ] am,]V—l} VVhen
Osms<K-1,theset{a . a . . ...,a . }byitself

when K<smsN-K-1, and the union of {a,, 5. a,,, . .., a,, ..
xnpand{a, . a8, o, ....a, ., }when N-K<ms<N-
1. The terms located outside the area of the 2K in-band terms
are the out-of-band terms; they make up the residual 1CI S5
mentioned above and cause the irreducible error floor. In
other words, the band approximation method of retaining the
main terms around the diagonal and ignoring the out-of-band
terms may increase the noise level in the system and interfere
with signal detection. As a result, although the band approxi-
mation may possibly solve the complexity issue in receiver
design, it leads to an irreducible error floor.
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In order to solve the above mentioned problem, the corre-
lation of the residual ICI dueto out-of-band terms is exploited
in the present invention to enhance signal detection. For con-
venience, in the below let n stand for n % N.

Assume a receiving algorithm designed to handle 2K terms
of nearest-neighbor ICIL. The summation over k in the equa-
tion (4) can be partitioned into an in-band part and an out-of-
band (i.e. residual ICI) part, as shown in the following equa-
tion (7):

m+K L-1

Y= 3 Y H e N

k=m-K =0

L-1
Z Hl(m*k)e—jZIrlk/N Xy + W,
kg[m-Km+K] (=0

2y

Alternatively, equation (7) may be rewritten as shown in
the following equations (8) and (9):

m+K (8)
Y= D K + ot Wi
=m-K
where
Cm = Z Ami Xk (9)
kg[m—KmK]

with ¢, being the residual ICI, S5. It can be understood
from the equation (7) that the receiver frequency-domain
signal 53 can be divided into three parts, namely, the main
signal S4, the residual ICI S5 and the channel noise S6. When
N is sufficiently large, we may invoke the central limit theo-
rem and model the residual ICI as Gaussian. The autocorre-
lation of ¢,, can be derived from the equation (9). For
example, a wide-sense stationary uncorrelated scattering
(WSSUS) channel has the characteristic expressed in the
following equation (10):

E {hn,ih *rhq.]fm}:o’lzr Aq)d(m),

where o> denotes the variance of the lth tap gain, r,(q)
denotes the normalized autocorrelation of the tap gain (where
r(0)=1), and d(m) is the Kronecker delta function. For con-
venience, assume that

0)

Zo‘f =1.

]

Moreover, assume the paths are subject to Rayleigh fading so
that r,(q) can be expressed as in the following equation (11):

U= o QT o),
where J () denotes the zeroth-order Bessel function of the
first kind and f,; denotes the maximum Doppler frequency.
Then the autocorrelation of ¢, can be expressed as in the
following equation (12):

a1

L-1
E[Cm(‘rrﬁ»r] =E, x Z E[Hl(m_K)HI(MH_k)*]

kgm-K,m+K] =0

Ulm+r—K,m+r+K]
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-continued
E N-1N-1 ,
5 h i
= E00) =53 % ) D @il =i e ™ x
n=0 /=0
@jh(nfn’)(k —m)/N

keln—Km+K]
Ulm+r—K,m+r+K]

where r is an integer, E, is the transmitted symbol energy,
and X, is assumed to be white for mathematical development.
FIGS. 2A-2C illustrate the normalized autocorrelation

ElemCypar]
Ellcal’]

of the residual ICI for K=0-2, respectively, as calculated from
the above equation (12) wherein it is assumed that r,(q)=],
(2nf,; T q), where N=128, subcarrier spacing f=10.94 kHz
and T, =1/(Nf)), which are some of the Mobile WIMAX
system parameters. FIG. 2A shows two pairs of curves L21a
and [.22q; FIG. 2B shows six pairs of curves L2154, [.225,
1.23b,1.245,1.25b and L.265; and FIG. 2C shows five pairs of
curves [.21¢, L.22¢, 1.23¢, 1.24¢ and 1.25¢. The curve pairs
L21aand1.22a in FIG. 2A correspond to r=1 and r=2, respec-
tively. It is seen that the normalized autocorrelation of the
residual ICI in these cases is positive, with L21a showing
values even as high as 0.6. Thus, it can be inferred that the
residual ICT has high autocorrelation at the bandwidth K=0.
Similarly, the curve pairs L2156, 1,225, 1.235,1.245, 1.25b and
1264 in FIG. 2B correspond to r=1, r=2, r=3, r=4, r=5 and
r=6, respectively. It is apparent that the normalized autocor-
relation of the residual ICT in these cases is positive, with
L2156 showing values even as high as 0.78. Thus, it can be
inferred that the residual ICI has high autocorrelation at the
bandwidth K=1. The curve pairs 1.21¢, L.22¢,1.23¢,L.24c and
L25¢ in the FIG. 2C correspond to r=1, r=2, r=3, r=4 and r=5,
respectively. It is apparent that the normalized autocorrela-
tion of the residual ICI in these cases is positive, with [.21¢
showing values even as high as 0.84. Thus, it can be inferred
that the residual ICI has high autocorrelation at the bandwidth
K=2.

From the above three examples with the diagrammatic
illustrations, it is seen that the residual ICI at nearby subcar-
riers has high autocorrelation. Such high autocorrelation can
be exploited to suppress the residual ICI. Therefore, the
present invention performs a whitening on the residual ICI
and the channel noise. Interestingly, it can be observed that
the normalized autocorrelation

ElenCar]

Ellewl]

is not sensitive to the variation in the maximum Doppler
frequency. The quantities f, and T,, in the equation (12)
appear only in a product form. As a result, variation in one of
them cannot be distinguished from variation in the other. It
can thus be inferred that the normalized autocorrelation of the
residual ICI is not sensitive to T, either. Moreover, from
equation (12) it can also be seen that the normalized autocor-
relation of residual ICI is neither sensitive to the multipath
channel profile. In addition, note that the normalized autocor-
relation of the residual ICI is also insensitive to the DFT size
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N and the transmitted symbol energy E.. In summary, the
value of the normalized autocorrelation

Elepct ]

M mr

Elleal’]

1s nearly determined after the bandwidth K is given. The value
of the normalized autocorrelation is insensitive to the varia-
tions in a plurality of the parameters related to the normalized
autocorrelation function. These parameters include the maxi-
mum Doppler frequency f,, the Doppler power spectral den-
sity, the multipath channel profile, the sampling period T,,
the DFT size N, the OFDM symbol time and the transmitted
symbol energy E,.

The following mathematical derivation can prove that the
high autocorrelation of the residual ICI and the insensitivity
of the autocorrelation of the residual ICI to various system
parameters also hold for other types of fading channels.
Therefore, the above conclusion has broad application in
wireless communication.

Consider a polynomial series expansion of h, ; for each
path 1 along the time dimension and retain only the linear
term. This results in an approximation to b, ; as shown in the
following equation (13):

a3)

_ N-1
By = by + (n - ]s,

2

where, for example, we may let

=
hi=—> hy
‘ N; v

and let s, be chosen to minimize the mean square approxima-
tion error of h,,; over ne[0,N-1]. Once the b, and s, are
selected, we can obtain the following relationship (14):

14

u,
Hl(k)x -5
T k=1,...

By substituting the above into the equation (12), the fol-
lowing equation (15) can be obtained.

ElemCp,] ®

1

EXE (1- e—jzfrk,/N)(l _ eer(k+r)/N)'

X
ket[-KKIU[-K—r.K—7]

-1

2
s
=0

@p(K,nN)

It can be understood from the above that the normalized
autocorrelation of the residual ICI depends only on K and N;
the other parameters are cancelled out upon normalization.
When N is large, the normalized autocorrelation, which is
essentially given by p(K,r,N)/p(K,0,N), is substantially inde-
pendent of the DFT size N from the following equations (16),
(17) and (18).

PELN)=p(rN)-p, (K 1) 6

wherein
N? (17
— r=0
12° ?
> a4
m, r+0,
N (18)
K, r,N)= preTart

10 ke[-KKIU[-K—rK—r\M0,~r}

From the foregoing approximation, the following relation-
ship (19) can be obtained after some straightforward algebra:
15

K (19)
1= 1/lkik + 1]

Elonchal oK. LN) K+

Elle 2]~ pK,0,N) K - K ‘

5 ElleaFl D omgeosam 26— %1
k=1 k=1

For example, the resulting approximate values for K=0-2
are 0.6079,0.7753 and 0.8440, respectively, which agree well
with the theoretical and the simulated values depicted in the
curves LL12q, 1.21b and L.21¢ in FIGS. 2A-2C.

In effect, although only a multipath Rayleigh fading chan-
nel model is considered in the numerical analysis and channel
simulation presented in FIGS. 2A-2C, it can be proved from
the above approximations that the high autocorrelation and
the insensitivity of the autocorrelation of the residual ICI to
various system parameters also hold for other types of fading
channels, and accordingly can be applied broadly in wireless
communication.

To illustrate how the above results can be used in practical
systems to obtain a plurality of estimated correlation values of
the residual ICI and the channel noise for the frequency-
domain signal, we give some examples now. For instance, the
decision circuit’s output data in the receiver system can be
used to reconstruct the main signal which can be subtracted
from the receiver frequency-domain signal to obtain a sum of
the residual ICI and the channel noise, namely, ¢,,+W,,, for
each subcarrier m. By calculating the sample-average corre-
lation of ¢, +W , that is, the average of (c,+W, ), .+
W, )%, for any r, we can obtain one estimated correlation
value. In particular, an estimate of the average power of the
residual ICI and the channel noise is obtained if we let =0 and
an estimate of the correlation of the residual ICI E[c, c* . ]1s
obtained if we let r=0. The obtained estimate of E[c,¢*,,.,]
for r=1 can be used in combination with the observation that
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Elcmcp ] - pK, 1, N)

ElleaP] ~ p(K.0,N)
55

to obtain an estimate of the residual ICI’s average power
E[lc,,I’]. Conversely, any estimate of E[lc,,|’] can also be
used to estimate the unnormalized correlation values of the
residual ICI, E[c,c*,,,,], forr=1,2,3, ..., by applying the
relationship that

60

m+r]

ElemCi]
Ellenl]

pK,r,N)
" p(K. 0, N)'
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Furthermore, by subtracting an estimated E[lc,,|*] from the
estimated average power of the residual ICI and the channel
noise via the means described above, we can obtain an esti-
mate of the channel noise power. Such are some example
ways to obtain a plurality of estimated correlation values of
the residual ICI and the channel noise for the frequency-
domain signal.

Please refer to F1G. 3, which is the block diagram showing
the discrete-time baseband equivalent model for the signal
processing on theresidual ICI and the channel noise under the
OFDM system 30 in one embodiment of the present inven-
tion. In FIG. 3, the OFDM system includes a transmitter 32, a
transmission channel 33 and a receiver 34. The transmitter 32
receives a transmitter input signal I3 and generates a trans-
mitted time-domain signal in response to the transmitter input
signal 13. For example, the transmitted time-domain signal is
also referred to in this invention as a frequency division mul-
tiplexing signal or a frequency division multiplexing time-
domain signal. The transmitter 32 includes a signal generator
321 and a processing unit 322. The processing unit 322
includes an inverse discrete Fourier inverse transforming
(IDFT) unit 322 RT and a cyclic prefix (CP) adding unit
322A. The receiver 34 includes a processing unit 342 and a
signal detecting unit 341. The processing unit 342 includes a
CP removing unit 342D and a discrete Fourier transforming
(DFT) unit 342T. The signal detecting unit 341 includes a
whitening filter 341W and a signal detecting unit 341D. The
processing unit 322 is coupled to the signal generator 321 and
generates a transmitted time-domain signal S21 in response
to the transmitter input signal I3. The transmission channel 33
outputs a received time-domain signal S22 in response to the
transmitted time-domain signal S21. For example, the
received time-domain signal S22 is also referred to in this
invention as a frequency division multiplexing signal or a
frequency division multiplexing time-domain signal. The
receiver 34 receives the received time-domain signal S22, and
generates a receiver output signal O3 in response to the
received time-domain signal S22. The processing unit 342 is
coupled to the transmission channel 33, receives the received
time-domain signal S22, and generates a receiver frequency-
domain signal S3 in response to the received time-domain
signal S22.

The transmitter input signal I3 is input to the transmitter 32,
and the transmitter frequency-domain signal S1 of the fre-
quency division multiplexing property is generated after
passing the transmitter input signal 13 through the signal
generator 321. The transmitted time-domain signal S21 is
generated from the transmitter frequency-domain signal S1
by passing the transmitter frequency-domain signal S1
through the inverse discrete Fourier transforming (IDFT) unit
322RT and the CP adding unit 322A successively. The
received time-domain signal S22 is obtained by passing the
transmitted time-domain signal S21 through the transmission
channel 33. The received time-domain signal S22 is input to
the receiver 34. The receiver frequency-domain signal S3 is
generated by passing the received time-domain signal S22 of
the frequency division multiplexing property through the CP
removing unit 342D and the discrete Fourier transforming
(DFT) unit 342T successively. The receiver frequency-do-
main signal S3 includes three components: a main signal S4,
a residual ICI S5 and a channel noise S6. The receiver fre-
quency-domain signal S3 is input to the signal detector 341D
to be detected. The signal detector may employ at least one of
a plurality of detection methods including the least squares,
the minimum mean square error, the iterative minimum mean
square error, the decision feedback equalization and the
maxinmum likelihood sequence estimation (MLSE) methods.
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Besides, the whitening filter 341W analyzes the receiver
frequency-domain signal S3 to obtain correlation values of
the residual ICI S5 and the channel noise S6, from which the
whitening filter coefficients are determined and a receiver
output signal O3 is generated after the signal processing
performed by the whitening filter 341W and the signal detec-
tor 341D.

In the present embodiment, a signal detection method
based on maximum likelihood sequence estimation (MLSE)
is utilized to demonstrate the benefit of whitening the residual
ICT S5 and the channel noise S6. For simplicity, rather than
performing whitening over a complete sequence, a “block-
wise whitening” is performed over windows of size 2q+1, as
explained below. The blocks on which the whitening is per-
formed may partially overlap one another. A mathematical
development of the present embodiment is provided as fol-
lows. A (2q+1)-vector of the signal sample values in the
receiver frequency-domain signal S3 centered at the m™ sub-
carrier can be expressed as in the following equation (20):

g B Yoo Hogbitt 20)

where x,=[X,,_, . .. X,, . . . X,,,,]' for some integer p, H,,
is a (2q+1)x(2p+1) submatrix of H of bandwidth K, and w,,
collects all the right-hand-side (RHS) terms in the equation
(4) or equivalently equation (6) for Y,, m-q<k<m+q, that do
not appear in H_x . The elements of w are circularly sym-
metric complex Gaussian. Let K, demote the normalized
covariance matrix of w,,, which can be obtained through
theoretical derivation, computer simulation or the detected
data. The aforementioned blockwise whitening of the
residual ICI plus the channel noise w,, can be expressed as in
the equation (21):

| 1 1
S = Koo Vi = Koo 2 Hypon + K>

an

0l

where the premultiplication of'y,, by

KW“

signifies the function of the whitening filter 341W. The whit-
ening filter

Kw*

is not unique. For example, one choice is to consider the
singular value decomposition (SVD) of K,, as K, =UXU?,
where U is a unitary matrix and X is a diagonal matrix with
positive diagonal values. Then one can let

_1 1
Kol=Ux20",

where each diagonal element of
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is equal to the square root of the corresponding diagonal
element of X', If the maximum likelihood (ML) detection
principle is employed for detection of x , for some m, then the
following equation (22) is obtained:

3n= a.rgr?in”)"/m — H[ 2)

where X, is the detector output forx .

As indicated, the detection method in the present embodi-
ment is based on MLSE. In order to reduce the complexity, in
this method the w,,,, m=0, . .., N-1, are treated as if they were
mutually independent, even though this may at best be nearly
s0. The conditional probability density function (PDF) of the
receiver frequency-domain signal given the transmitter fre-
quency-domain signal can then be expressed as in the follow-
ing equation (23).

23)

F G0 Fs e s Iycn 1X0s X1y v s ay-1) =

N-1
FOvo ) = [ ] ()
n=0

With this approximation, the log-likelihood values can be

computed recursively as shown in the following equation
(24):

Aslog g Wy, o Wy )=Ay, Hlog fP-Hix), k=1,

N 4

Hence the standard Viterbi algorithm can be employed in
the signal detector to find the optimal estimate of x,, k=0, . .
., N-1, for O3,

Disregarding some common terms that do not affect
sequence detection, in the Viterbi algorithm one may use
[[¥,~FLx,J* as the branch metric instead of log f(§,-F,x,). A
tradeoff between complexity and performance can be
achieved by different choices of ¢, p and K. For example,
consider the setting of K=1 and q=1. Then when p=1, the
following relationships (25) and (26) can be obtained.

[ 0 (25)
H,=| mm - ]
0 Gn-1m  Gm—lm+1
1785 116 116 26)
K Iswreo =\ 116 1 116 ],
1.16 1.16 1.785

where the additional marking “|gyz..” to K,, indicates that
the correlation values given in the matrix pertain to residual
ICI alone (in absence of channel noise).

When p=2, the following relationships (27) and (28) can be
obtained.

An-1,m-2 %m-1,m-1 Gm-1m 0 0 (27)
Hp = 0 A m-1 Amm At 0 >
0 0 amfl,m amfl,mﬂ Am—1m+2
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-continued

1 0775 0.645

Ky lsnreo = \0.775 10775
0.645 0.775 1

28

To illustrate the substantial gain that the present invention
can yield to the performance of signal transmission and
reception in a communication system, the below now pro-
vides some computer simulation results that have been
obtained for different conditions, using the method of the
present invention incorporated with an MLSE signal detec-
tion means as outlined above.

It is assumed that the receiver 34 has perfect knowledge of
the channel matrix within band K and perfect knowledge of
the covariance matrix K, of residual ICI plus channel noise,
where the K, is obtained in advance via computer simulation.
In addition to the MLSE signal detection with whitening of
the residual ICI and the channel noise, a matched-filter bound
(MFB) is also obtained in some conditions to provide a lower
bound for the attainable transmission error probability under
the respective conditions. The MFB is obtained by fully can-
celing the residual ICI outside the band K followed by MLSE
signal detection, under perfect knowledge of the channel
matrix.

For example, please refer to FIGS. 4A and 4B, which are
diagrams showing some computer simulation results for the
performance of the method of the present invention incorpo-
rated with MLSE signal detection in different channels.
These results have been obtained under the conditions that the
size of the discrete Fourier transform (DFT) is 128, the
sample period is 714 ns, the subcarrier spacing is 10.94 kHz,
and the modulation employed of the subcarriers is quadrature
phase shift keying (QPSK). FIG. 4A shows the bit error rate
(BER) results for the COST 207 6-tap TU channel at the
setting K=p=g=1 and the signal-to-noise ratios (SNRs) 31
dB, 48 dB, and infinity. FIG. 4B does the same for the 3-tap
SUI-4 channel. The maximum Doppler frequency shift of
3,500 Hz as indicated in the horizontal axes of both figures
corresponds to a carrier frequency mobile speed product of
3,780 GHz-km/h. The covariance matrix K , in each simula-
tion condition has been estimated in advance by computer
simulation. The performance curves marked [41 in both
FIGS. 4A and 4B are the results from utilizing the method of
the present invention at SNR equal to 31 dB, the curves
marked .42 are the results from utilizing the method of the
present invention at SNR equal to 48 dB, and the curves
marked .43 are the results from utilizing the method of the
present invention at infinite SNR. The curves marked M1
show the MFB for K=1 at SNR equal to 31 dB, and the curves
marked M2 show the MFB for K=1 at SNR equalto 48 dB. By
comparing FIGS. 4A and 4B, it can be seen that the perfor-
mance of the method of the present invention stays rather
similar even under different channel characteristics. That s,
the present invention can be applied to channels of varying
characteristics, not just to some particular examples.

For further instance, please refer to FIGS. 5A and 5B,
which are diagrams showing the performance of the method
of the present invention, compared with that of the conven-
tional MLSE method without whitening the residual ICI,
under several different channels in the absence of additive
channel noise. The performance results have been obtained
under the conditions that the size of DFT is 128, the sampling
period is 714 ns, the subcarrier spacing is 10.94 kHz, the SNR
is infinite, and the modulation employed of the subcarriers is
QPSK. In addition, the conventional MLLSE method employs
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the parameter setting K=1 and the method of the present
invention employs the parameter setting K=g=1. FIG. 5A
shows the results for the COST 207 6-tap TU channel; while
FIG. 5B that for the 3-tap SUI-4 channel. The curves marked
L51 in both FIGS. 5A and 5B depict the performance result
for the conventional MLSE method without whitening the
residual ICI, the curves marked 152 in both figures depict that
for the method of the present invention at p=2, and the curves
marked [53 that for the method of the present invention at
p=1. As the results are for an infinite SNR, they give the BER
error floor in each case. It can be seen from both FIGS. 5A and
5B that, by using the method of the present invention, it is
possible to reduce the BER error floors by several orders in
magnitude as compared to the conventional method without
whitening the residual ICI. Therefore, it can be known from
the above that the method of the present invention can yield
great improvements to the signal transmission performance
in the communication system.

It can further be understood from FIGS. 4A and 4B that in
addition to the significant performance improvement in
receiving of signals, this receiving method can exploit the
time diversity in the time-varying channel. That is, as evi-
denced by the curves marked [.41 and [.42 in FIGS. 4A and
4B, the performance at a finite SNR by utilizing this receiving
method gets better as the maximum Doppler frequency shift
goes up, until it hits the limit prescribed by the infinite SNR
condition. The above means that the method of the present
invention can effectively suppress the residual ICI and can
closely approach the optimal receiving performance provided
by the MFB. On the other hand, the conventional receiving
method without whitening cannot yield the above perfor-
mance at a reasonable complexity.

Indeed, the proposed receiving method can also be used in
association with a closed loop transmission mechanism such
as the closed loop channel quality indicator (CQI) feedback
orchannel sounding. In the case of closed loop CQI feedback,
for example, the channel state information after the whiten-
ing, the maximum Doppler frequency shift or the average
power of the residual ICI can be the fed-back CQI which
would allow the transmitter to understand the receiving con-
dition so as to improve the transmission performance by
dynamically adapting its transmission scheme. In the case
where channel sounding is performed, for example, the above
CQI can be obtained by the transmitter itself from the
received sounding signal. Such are some further example
applications of the present invention.

In summary, in the present invention, it is observed that the
residual ICI at nearby subcarriers after transmission over a
mobile time-varying channel has high autocorrelation, and
moreover the values of the normalized autocorrelation func-
tion are nearly determined after the bandwidth K is given. The
values of the normalized autocorrelation function are insen-
sitive to the variations in a plurality of the parameters related
to the normalized autocorrelation function. These parameters
include the maximum Doppler frequency shift (), the Dop-
pler power spectral density, the multipath channel profile, the
sampling period of the frequency division multiplexing sig-
nal, the size of DFT, the symbol period of the frequency
division multiplexing signal and the average transmitted sym-
bol energy (E,). Thus, the high normalized correlation of
residual ICI in nearby subcarriers and its ease of estimation
are very suitable for application in signal reception in a prac-
tical communication system.

For example, the above-mentioned correlation can be
exploited for various signal detection methods by incorporat-
ing a whitening operation on the residual ICI and the channel
noise so as to yield a better signal detection performance. An
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MLSE-based signal detection method is exemplified in one
embodiment of the present invention. It is demonstrated that
the method with whitening of the residual ICI and the channel
noise can further lower the ICI-induced error floor compared
to signal processing that only treats the main ICI terms. The
signal transmission performance can thus be improved by
utilizing the technique of the present invention. As such, we
can further introduce a closed loop transmission mechanism
into the method of the present invention, such as the closed
loop channel quality indicator (CQI) feedback or channel
sounding. In the case of closed loop CQI feedback, for
example, the channel state information after the whitening,
the maximum Doppler frequency shift or the average power
of the residual ICI can be the fed-back CQI which would
allow the transmitter to understand the receiving condition so
as to improve the transmission performance by dynamically
adapting its transmission scheme. In the case where channel
sounding is performed, for example, the above CQI can be
obtained by the transmitter itself from the received sounding
signal.

The following embodiments of the present invention are
provided as examples.

1. A method for processing a frequency division multiplex-
ing signal transmitted in a channel, comprising steps of:

a) receiving the frequency division multiplexing signal
having a residual intercarrier interference (ICI) and a
channel noise and transmitted in plural subcarriers;

b) performing acyclic prefix removal and a discrete Fourier
transform for the frequency division multiplexing signal
to obtain a frequency-domain signal;

¢) analyzing the frequency-domain signal to obtain a plu-
rality of correlation values for the residual ICI and the
channel noise; and

d) performing a communication signal processing for the
frequency division multiplexing signal based on at least
one of the plural correlation values.

2. A method of the first embodiment, wherein the residual
ICI comes from at least one of a time-varying channel and a
carrier frequency shift.

3. A method in one of the above embodiments, wherein the
frequency division multiplexing signal comprises one
selected from a group consisting of an orthogonal frequency
division multiplexing signal, an orthogonal frequency divi-
sion multiple access signal, a single-carrier frequency-do-
main equalization signal, a single-carrier frequency division
multiplexing signal, and a single-carrier frequency division
multiple access signal.

4. A method in one of the above embodiments, wherein the
step d) is performed by at least one of whitening on the
frequency division multiplexing signal, and obtaining a chan-
nel information parameter after a computation based on at
least one of the plural correlation values.

5. A method in one of the above embodiments, wherein the
step d) further comprises a step of performing a signal detec-
tion method for the frequency-domain signal in the commu-
nication signal processing.

6. A method in one of the above embodiments, wherein the
signal detection method comprises one selected from a group
consisting of a least squares, a minimum mean square error,
an iterative minimum mean square error, a decision feedback
equalization and a maximum likelihood sequence estimation.

7. A method in one of the above embodiments, wherein the
step d) further comprises a step of providing one of a receiver
and a transmitter for performing the communication signal
processing, which includes a closed loop transmission con-
trol mechanism.
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8. A method in one of the above embodiments, wherein the
step d) further comprises a step of providing a transmitter for
performing the communication signal processing, which
includes a channel sounding mechanism.

9. A method in one of the above embodiments, wherein in
step ¢), the correlation values are ones selected from a group
consisting of an estimated average power of the residual ICI
and the channel noise, an estimated average power of the
residual ICI, an estimated average power of the channel noise,
an estimated correlation value of the residual ICI, and a com-
bination thereof.

10. A method in one of the above embodiments, wherein in
step ), at least one of the correlation values is obtained by
using a decision circuit’s output to subtract a main signal from
the frequency-domain signal and then using a result to com-
pute a sample-average correlation.

11. A method in one of the above embodiments, wherein in
step ¢), at least one of the correlation values is obtained from
a known correlation value by using a known relationship
between two of the correlation values.

12. A frequency division multiplexing communication sys-
tem, having a plurality of correlation values and comprising:

a channel for transmitting a frequency division multiplex-

ing signal, which is transmitted in plural subcarriers and
has a frequency-domain signal including a residual
intercarrier interference (ICI) and a channel noise; and

a first means for receiving the frequency-domain signal,

and processing a communication signal based on the
plural correlation values for the residual ICI and the
channel noise, wherein the communication signal is pro-
cessed through at least one of a whitening operation and
an obtainment of a channel information parameter after
a computation based on at least one of the plural corre-
lation values.

13. A system in one of the above embodiments, having a
closed loop transmission control mechanism and further
comprising a second means, based on the closed loop trans-
mission control mechanism, for obtaining one selected from
a group consisting of the plural correlation values for the
residual ICI and the channel noise, the channel information
parameter, a maximum Doppler frequency shift, an average
power of the residual ICI and a combination thereof, so as to
adjust a method of transmitting the frequency division mul-
tiplexing signal.

14. A system in one of the above embodiments, wherein the
method of transmitting the frequency division multiplexing
signal comprises one selected from a group consisting of a
transmission antenna array configuration, a channel coding, a
modulation, a pre-coding, an adjustment ofa discrete Fourier
transform size, an adjustment of a cyclic prefix size and a
combination thereof.

15. A system in one of the above embodiments, wherein the
second means comprises a transmitter.

16. A system in one of the above embodiments, where the
first means comprises a receiver.

While the invention has been described in terms of what is
presently considered to be the most practical and preferred
embodiments, it is 1o be understood that the invention needs
not be limited to the disclosed embodiments. On the contrary,
it is intended to cover various medifications and similar
arrangements included within the spirit and scope of the
appended claims which are to be accorded with the broadest
interpretation so as to encompass all such modifications and
similar structures.

What is claimed is:

1. A method for processing a frequency division multiplex-
ing signal transmitted in a channel, comprising steps of:
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a) receiving the frequency division multiplexing signal
having a residual intercarrier interference (ICI) and a
channel noise and transmitted in plural subcarriers;

b) performing a cyclic prefix removal and a discrete Fourier
transform for the frequency division multiplexing signal
to obtain a frequency-domain signal;

¢) analyzing the frequency-domain signal to obtain a plu-
rality of correlation values for the residual ICI and the
channel noise;

d) performing a communication signal processing for the
frequency division multiplexing signal based on at least
one of the plural correlation values; and

e) performing a signal detection method for the frequency-
domain signal, wherein the signal detection method
includes a maximum likelihood sequence estimation,
and the maximum likelihood sequence estimation is per-
formed based on a sum-form log-likelihood function.

2. A method of claim 1, wherein the residual ICI comes
from at least one of a time-varying channel and a carrier
frequency shift.

3. A method of claim 1, wherein the frequency division
multiplexing signal comprises one selected from a group
consisting of an orthogonal frequency division multiplexing
signal, an orthogonal frequency division multiple access sig-
nal, a single-carrier frequency-domain equalization signal, a
single-carrier frequency division multiplexing signal and a
single-carrier frequency division multiple access signal.

4. A method of claim 1, wherein the step d) is performed by
at least one of whitening on the frequency division multiplex-
ing signal, and obtaining a channel information parameter
after a computation based on at least one of the plural corre-
lation values.

5. A method of claim 1, wherein the signal detection
method is performed in the communication signal process-
ing.

6. A method of claim 1, wherein the step d) further com-
prises a step of providing one of a receiver and a transmitter
for performing the communication signal processing, which
includes a closed loop transmission control mechanism.

7. A method of claim 1, wherein the step d) further com-
prises a step of providing a transmitter for performing the
communication signal processing, which includes a channel
sounding mechanism.

8. A method of claim 1, wherein in step ¢), the correlation
values are ones selected from a group consisting of an esti-
mated average power of the residual ICI and the channel
noise, an estimated average power of the residual ICI, an
estimated average power of the channel noise, an estimated
correlation value of the residual ICI and a combination
thereof.

9. A method of claim 1, wherein in step ¢), at least one of
the correlation values is obtained by using a decision circuit’s
output to subtract a main signal from the frequency-domain
signal and then using a result to compute a sample-average
correlation.

10. A method of claim 1, wherein in step c), at least one of
the correlation values is obtained from a known correlation
value by using a known relationship between two of the
correlation values.

11. A frequency division multiplexing communication sys-
tem, having a plurality of correlation values and comprising:

a channel for transmitting a frequency division multiplex-
ing signal, which is transmitted by plural subcarriers and
has a frequency-domain signal including a residual
intercarrier interference (ICI) and a channel noise; and

a first means for receiving the frequency-domain signal,
and processing a communication signal based on the
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plural correlation values of a sum of the residual ICI and
the channel noise, wherein the communication signal is
processed through a whitening operation on the sum of
the residual ICI and the channel noise at a frequency-
domain.

12. A system of claim 11, having a closed loop transmis-
sion control mechanism and further comprising:

a second means, based on the closed loop transmission
control mechanism, for obtaining one selected from a
group consisting of the plural correlation values for the
residual ICT and the channel noise, the channel informa-
tion parameter, a maximum Doppler frequency shift, an
average power of the residual ICI and a combination
thereof, so as to adjust a method of transmitting the
frequency division multiplexing signal.

13. A system of claim 12, wherein the method of transmit-
ting the frequency division multiplexing signal comprises one
selected from a group consisting of a transmission antenna
array configuration, a channel coding, a modulation, a pre-
coding, an adjustment of a discrete Fourier transform size, an
adjustment of a cyclic prefix size and a combination thereof.

14. A system of claim 12, wherein the second means com-
prises a transmitter.

15. A system of claim 11, where the first means comprises
a receiver.

16. A system of claim 11, wherein the communication
signal is further processed through an obtainment of a chan-
nel information parameter after a computation based on at
least one of the plural correlation values.
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