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S1

estimate the channel responses at pilot carrier positions /s/
using the pilot values

A

linearly interpolate in time domain between channel S2
estimates for pilot carriers in immediately preceding and

immediately following clusters to obtain channel estimates

at corresponding frequency positions in the present cluster

calculate an autocorrelation function of the estimated /J
channel frequency responses at the pilot carriers

y S4

calculate an equivalent cost function from the /~/
autocorrelation function

optimize with the equivalent cost function to obtain a S5
phase rotation amount corresponding to a delay shift and
substitute the phase rotation amount into a polynomial
inter/extra-polation to obtain estimated frequency
responses for the subcarriers of the transmission channel
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METHOD FOR OFDM AND OFDMA
CHANNEL ESTIMATION

BACKGROUND OF THE INVENTION

[0001] 1.Field of the Invention

[0002] The present invention relates to a method for chan-
nel estimation in a communication system, particularly to a
method for OFDM and OFDMA channel estimation via
phase-rotated polynomial interpolation and extrapolation.
[0003] 2. Description of the Prior Art

[0004] There exist various electronic products today for
wireless communication, including mobile phones, wireless
metropolitan area network (WMAN), wireless local area net-
work (WLAN), global positioning system (GPS), Bluetooth,
and so on. Besides convenience of use, size, and external
appearance, their performance is unsurprisingly a focus point
that must be attended to in associated research and develop-
ment. It also goes without saying that, in this, the technology
relating to baseband signal transmitting and receiving com-
ponents, which play a critical role in the overall transceiver
operation, is of great importance.

[0005] Channel estimation algorithms play an important
role in transceiver design for wireless communication sys-
tems based on orthogonal frequency-division multiplexing
(OFDM), orthogonal frequency-division multiple access
(OFDMA), etc. Various forms of channel estimation algo-
rithms can be designed for various pilot carrier (also called
pilot subcarrier) configurations and various channel charac-
teristics, resulting in a significant number of channel estima-
tion algorithms employing various methodologies and with
various realization complexities.

[0006] United States Patent Application No. 2007/0183521
titled “Method of channel estimation” discloses a technique
that divides a frequency response into an amplitude response
and a phase response for channel estimation. It estimates the
amplitude response and the phase response separately and
combines them into a channel response. Various interpolation
and extrapolation (henceforth abbreviated inter/extra-pola-
tion) methods, e.g. linear inter/extra-polation or various
weighted inter/extra-polation methods, can be used in the
estimation of amplitude and phase responses. Because of the
need to estimate amplitude and phase responses, this method
requires the non-linear coordinate conversion from polar
coordinates to rectangular coordinates for each subcarrier
where the channel response is to be estimated.

[0007] United States Patent Application No. 2006/0239178
Al titled “Reduced complexity channel estimation in OFDM
systems” considers the processing of received signal. Observ-
ing that transmission delay causes phase rotation in the
received signal, the method counter-rotates the received sig-
nal at each subcarrier to a channel delay appropriate for
channel estimation prior to performing the channel estima-
tion for the subcarriers. The algorithm seeks to lower the
effect of signal phase rotation before channel estimation. It is
based on heuristic reasoning without a mathematically
clearly formulated quality measure and it needs to apply a
different amount of phase rotation to each subcarrier.

[0008] M.-H. Hsieh and C.-H. Wei’s “Channel estimation
for OFDM systems based on come-type pilot arrangement in
frequency selective fading channels” (IEEE Trans. Consumer
Elec., vol. 44, no. 1, pp 217-225, February 1998) proposed a
linear interpolation with phase compensation for combined
multicarrier symbol timing and channel response estimation
1o mitigate the linear interpolation error caused by channel
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transmission delay. However, the amount of phase rotation is
estimated in an ad hoc and heuristic manner, lacking a proper
theoretical foundation and neither being an optimal solution.
In contrast, the present invention derives the theoretically
optimal values and proposes several methods to estimate the
optimal values.

[0009] Inaddition, for linear inter/extra-polation and, more
generally, for polynomial inter/extra-polation, the perfor-
mance depends on the accuracy of symbol timing estimation
and the amount of channel delay spread. Inaccurate symbol
timing estimation results in relatively long channel delay,
which, similar to excessive channel delay spread, would
cause severe model error in linear inter/extra-polation and
general polynomial inter/extra-polation. This phenomenon is
an important design issue in system implementation. Take
OFDMA uplink transmission, for example. Because multiple
users transmit their symbols according to a common timing
plan whereas different users experience different propagation
delays, a ranging process is often employed to adjust the
uplink transmission delays so as to attain accurate symbol
timing synchronization among all users. If the channel esti-
mation algorithm could take into consideration the effect of
different propagation delays of different users and handle it
properly, then it could reduce the required accuracy in symbol
time synchronization of the ranging process.

SUMMARY OF THE INVENTION

[0010] To solve the above-mentioned problems, one objec-
tive of the present invention is to provide for OFDM and
OFDMA types of communication systems a channel estima-
tion method wherein phase-rotated polynomial interpolation
and extrapolation are employed, with the amount of phase
rotation determined from estimating an optimal value. The
method improves effectively the transmission performance in
situations with inaccurate symbol timing estimation, rela-
tively long channel delay, or relatively large channel delay
spread.

[0011] Another objective of the present invention is the
channel estimation in WiMAX (Worldwide Interoperability
for Microwave Access) transmission. Through estimating the
transmission delay and through channel estimation via phase-
rotated polynomial inter/extra-polation, the model error
caused by long transmission delay and large delay spread can
be mitigated or even eliminated to yield optimal polynomial
inter/extra-polation.

[0012] To achieve the above-mentioned objectives, one
embodiment of the present invention provides a method for
channel estimation in a multicarrier communication system,
which receives signal over the transmission channel and con-
ducts channel estimation in a communication system based
on orthogonal frequency-division multiplexing (OFDM) or
orthogonal frequency-division multiple access (OFDMA).
The method includes dividing multiple pilot carriers into a
plurality of pilot carrier groups organized according to known
carrier spacings; calculating an autocorrelation function of
channel frequency responses corresponding to the above pilot
carrier groups of known spacings by using pilot carriers;
calculating an equivalent cost function from the autocorrela-
tion function; optimizing with the equivalent cost function to
obtain an amount of phase rotation corresponding to a delay
shift; and substituting the amount of phase rotation into a
polynomial inter/extra-polation to estimate the frequency
responses of all subcarriers of the transmission channel.
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[0013] Other advantages of the present invention will
become apparent from the following description taken in
conjunction with the accompanying drawings wherein are set
forth, by way of illustration and example, certain embodi-
ments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing aspects and many of the accompany-
ing advantages of this invention will become more readily
appreciated as the same becomes better understood by refer-
ence to the following detailed description, when taken in
conjunction with the accompanying drawings, wherein:
[0015] FIG. 11is a schematic view showing configuration of
data and pilot carriers according to one embodiment of the
present invention.

[0016] FIG.21isaflow chart showing steps according to one
embodiment of the present invention.

[0017] FIG. 3 is a comparison chart showing the simulated
performance and its analytical approximation of one embodi-
ment of the present invention and other methods.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0018] In multicarrier communication systems, e.g.
orthogonal frequency-division multiplexing (OFDM) and
orthogonal frequency-division multiple access (OFDMA)
systems, polynomial inter/extra-polation is an efficient chan-
nel estimation technique, of which the simplest and most
basic is the first-order (that is, linear) inter/extra-polation.
Take the conventional linear inter/extra-polation channel esti-
mation, as an example. It proceeds as follows: obtaining an
initial channel estimate at the pilot carrier positions employ-
ing known pilot values (e.g. via least-square estimation
method); and then estimating the channel responses at data
carriers by linear inter/extra-polation. The linear inter/extra-
polation estimates unknown values between or outside the
range of two coordinate positions that have known values, and
it is given by

F- ko, (n
A(f +h) = T ApH+— Hf+F)

where H(f) and H(f+F) are channel estimates at two pilot
carriers in a set of data carriers, F is pilot subcarrier spacing,
and H(f+k)is a channel response to be estimated. This method
applies to the situation in which the pilot subcarrier spacing is
not larger than coherence bandwidth. However, the perfor-
mance of the linear inter/extra-polation depends on accuracy
of symbol timing estimation and amount of channel delay
spread. Inaccurate symbol timing estimation would cause
longer channel delay which, as excessive channel delay
spread, may cause severe model error in linear inter/extra-
polation.

[0019] The above-mentioned phenomenon is an important
design issue in system implementation. Take OFDMA uplink
transmission for example. Because multiple users transmit
their symbols according to a common timing plan whereas
different users experience different propagation delays, a
ranging process is often employed to adjust the uplink trans-
mission delays so as to attain accurate symbol timing syn-
chronization among all users. If the channel estimation algo-
rithm could take into consideration the effect of different
propagation delays of different users and handle it properly,
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then it could reduce the required accuracy in symbol time
synchronization of the ranging process.

[0020] The present invention discloses polynomial interpo-
lation and extrapolation algorithms with phase rotation
mechanism to realize channel estimation with reduced model
error in the presence of symbol delay and provides methods to
estimate the corresponding optimal symbol delay times. In
the following, the channel estimation method and the associ-
ated delay parameter estimation method are first illustrated
for linear inter/extra-polation. Afterwards, they are extended
to polynomial inter/extra-polation of higher orders.

[0021] A channel impulse response with L paths in a com-
munication system is expressed as

L 2)
W) = Z bt —1)
=1

where o, is the channel res&)onse and t, is the delay of the I-th
channel path. Let W=e 7D where N and T are the discrete
Fourier transform (DFT) size and the sampling period,
respectively. Then the channel frequency response can be
expressed as

L (3)
Za,w'lf =Wl H(f)

=1

where fis normalized frequency in units of subcarrier spacing
and

wlw(frfa)f.

1=

H(f)=

L

The above-mentioned channel frequency response may be
regarded as the combination of two functions, namely, a lin-
ear phase rotation function W and a function H(f) with
reduced frequency variation. With this mathematical channel
response model, the present invention obtains a linear inter/
extra-polation based on the equation

@

H(f +k) = kw’aka)+ Wik fyr 4 F)

[0022] This inter/extra-polation considers simultaneously
both linear inter/extra-polation of phase and linear inter/ex-
tra-polation of H(f) and is called phase-rotated linear inter-
polation channel estimation (abbreviated RICE).

[0023] One core point of (4) is the choice of t , and different
t, would result in different model errors in channel estima-
tion. From statistical average analysis and the Taylor series
expansion of exponential function, the mean square model
error in channel estimation can be approximated by

2 )
F(F+1D)(F + I)Z ol (0 = 2"

=1

TN
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[0024] The above mean square error (MSE) indicates why
simple linear inter/extra-polation bears larger model error: if
the t, is set to 0, then the MSE in linear inter/extra-polated
channel estimate is given by

47? (6)

FIF+D(FE+D)) oyl
T MY ,Z:‘

whose numerical value is proportional to the fourth power
sum of each path delay t,; and therefore larger path delays
would result in more severe model errors. However, the
method of the present invention for selecting the phase-rota-
tion factor can mitigate the model error effectively. In com-
parison, the prior art of linear inter/extra-polation proposed
by Hsieh and Wei is mathematically equivalent to equation
(4) of the present invention but with a non-optimal phase
rotation factor, while the present invention provides the opti-
mal solution. Furthermore, Hsieh and Wei only considered
equally spaced pilot carriers and did not discuss polynomial
inter/extra-polation of higher orders.

[0025] Next, consider the optimal solution fort, and how to
estimate its numerical value. By differentiation and optimi-
zation, the value of 1, that minimizes the MSE can be found to
be the solution of the equation

L
D lailit -1 =0.
=1

[0026] Concerning the estimation of the optimal t,,, first of
all, if a transmission frame has one or multiple preambles,
then the channel response in the preamble period can be
obtained from cross-correlation of the received signal and the
preambles. Then the optimal t, can be obtained from solving
the above third-order equation. If the moving speed is low, so
that the channel response varies only slowly with time during
the transmission process, then the estimated t, also varies
little over a short period of time. In this case, the estimated
optimal t, for the preambles may be used to define the refer-
ence delay and phase rotation for the whole frame.

[0027] However, the above method is not suitable in some
situations, e.g. where transmission frames do not have pre-
ambles or where the above-mentioned algorithm is computa-
tionally too complex. Then under the following premise, a
frequency-domain estimation method can be used: there are
three pilot carriers in proximity in frequency (but may be
located in temporally different multicarrier symbols) to each
subcarrier where the channel response is to be estimated, such
as a carrier configuration similar to that of the downlink
transmission in the WiMAX OFDMA communication sys-
tem. In the following description, a case where the pilot
carriers are equally spaced in frequency is first discussed, and
then the case where the pilots are not equally spaced.

[0028] Firstly, consider an equivalent cost function:

FHP| ™

df?

2

L
> 'y -1 lonl?
=1

This modified cost function is equivalent because it and the
model MSE are proportional to each other, as can be shown
mathematically.
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[0029] To estimate the optimal delay, if the pilot carriers
have equal-spacing placement, then with the estimated chan-
nel responses H(f), H(f+F), and H(f+2F) at the pilot carriers
and substituting the approximation given in equation (8) into
the cost function (7), one obtains that the optimal estimation
1s the solution that minimizes equation (9).

FH() HY +2F)=2H + F)+ HY) ®)

afr = F?

Jip)= TR, e20-4R ¥} =cos(29)R,,~sin(20)R,~4
cos(P)R,+4 sin(P)R; 9)

where R, ={H(k+mF)H*k)),, R, =%{R,}, R, =3{R,},
¢==2mt F, and { )denotes averaging over all available fre-
quencies.

[0030] In practical numerical computation of the estima-
tion, a search method may be adopted wherein a search over
all possible candidate values of ¢ is conducted to find the one
that minimizes J'(¢). In the searching process, lookup table
may be used to eliminate the complexity of trigonometric
function calculation.

[0031] Inaddition, direct numerical solution of an equation
may also beutilized to obtain the optimal solution, as follows.
Differentiating the cost function and letting t=sin(¢), one
obtains the following equation (10) that the optimal solution
must satisfy:

AP+BP+CP+DHE=0 (10

where A=4IR,I, B=8(R,R;,~ R2,Rh), C=4(IR,I*-IR, %),
D=8R, R -4R,R,, and E=R,,*-4R °.

[0032] In another embodlment in case the pilot carriers
have unequal-spacing placement, then let the spacings
between three consecutive pilot carriers be F| and F,, respec-
tively, i.e. the estimated frequency responses at three con-
secutive pilot carriers are H(f), H(f+F ), and H(f+(F +F,)).
Then second-order differentiation can still be approximated
using second-order difference. Under unequal spacings, the
second-order difference is given by:

H(f+F +Fy) - (I

FHS) (R +FYH( + R+ BHY)

3 T
EFIFZ(FI +F)

Substituting into cost function (7) yields

, (|0FH ()
s

= CRe{Cy Ry WFITP2¥ _ ) Ry WP — ¢ R WWF1?)

2 12
)

where Ry=H(f+F, +F,)H* (1)), Ry =HEHE +F)H* (L)),
R=H(+F DH*(D),. C7F\F, C\F(F#F,), and C,=F,
(F,+F,). The optimal angle ¢ corresponds to the optimal
delay (also termed delay phase), and it can be solved by
searching over all possible candidates of ¢ for the value that
minimizes I'().

[0033] Furthermore, in case the center-of-mass delayt,_,,, s
used in place of't,, for phase rotation as proposed by Hsieh and
Wei, where note that Hsieh and Wei only considered equally
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spaced pilot carriers, then under unequal-spacing placement
of pilot carriers, the center-of-mass delay can be estimated as
equal-spacing pilot subcarrier pairs. With F, denoting the
pilot carrier spacing of the k-th group, the estimation process
is as follows:

[0034] 1.Obtain the average autocorrelation for each group
of equal-spacing pilot subcarrier pairs by calculating
RED=HE+FIH*(D)-.

[0035] 2.Obtain the optimal estimate oft__,, by a numerical
method, where the cost function can be defined and described
mathematically as follows:

Toom = arg min J ($eom;

K
I (Geom) = Y IR(F) = ROWFkbeom

k=1

where R(0)={H(f)/*).. One approximate solution is

K
YRR
k=1

Boom = X
IR

S
I

[0036] One can extend first-order. i.e., linear, inter/extra-
polation to N”-order polynomial inter/extra-polation (where
N is any positive integer) via polynomial-theoretic derivation
and analysis. The cost function for optimal delay parameter
estimation can be found to be given by

BN+1 ﬁ(f)

2 (13)
BJ‘NH >

g

[0037] To estimate the optimal delay, the (N+1)th-order
differentiation can be approximated by (N+1)th-order differ-
ence and the mean square value of the latter can be used for
the cost function of decision. In case of equally spaced pilot
carriers, the present invention uses the estimated channel
responses H(f), F(f+F), . . ., H(f+(N+1)F) that have been
obtained for the pilot carriers to compute the above mean
square value. For this, substituting equation (14) into the cost
function (13) yields the cost function (15).

U 1 N-1 . (14)
% =) (=D Oy HO
6fN+l F é
N+l . 2 (15)
r={Y v eni i) )
k=0
where
KN +1-K)!
Cnrlh = — o7 —

(N+D)!
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Expanding equation (15) yields the equivalent cost function:

N+l ‘ (16)
Jv=R {Z (—l)kAN+1,/<€’k¢Rk}

k=1

where

4 _ 2N+ DIV + 1!
ML= INFL-UN + 1 +4)!

with n!! being the “double-factorial” of n, i.e. n!!=n(n-2)(n-
4) ... x where x=2 for evenn and x=1 for odd n. For example,
for first- to third-order polynomials, the respective cost func-
tions are as follows:

J,=R2R,-10%R )
Jo=R{_eB3R,6670R,-156'R )
J,= Re MR 867 R42867HR,-566 MR, }

To obtain numerical solution of the equations, one may adopt
a search method to find the optimal phase rotation or use a
numerical method to solve the equation for the optimal rota-
tion directly.

[0038] In case where pilot carriers have unequal-spacing
placement, the above-mentioned notion of approximating
differentiation with differencing can again be used to obtain
the equivalent cost fanction, and the solution can be obtained
by search or by a numerical method.

[0039] Therefore, even without regarding to the higher-
order inter/extra-polation and the capability to handle
unequally spaced pilot subcarriers of the present invention,
but only considering its operation with linear inter/extra-
polation under equally spaced pilots, the present invention
has at least two following advantages compared to the schol-
arly proposal of Hsich and Wei: (1) the estimated delay-phase
rotation of the present invention is an estimation of the opti-
mal value, yielding suboptimal phase-compensated interpo-
lation results; (2) in case of relatively large channel delay
spread, the performance of the suboptimal estimation of the
present invention is better than the delay-phase estimation of
the above-referenced scholarly proposal.

[0040] In another embodiment, the phase-rotated polyno-
mial inter/extra-polation algorithm can be utilized in the
downlink transmission of a WiMAX OFDMA system. A
linear inter/extra-polation algorithm is herein taken as an
example to illustrate the operation. In WiIMAX OFDMA sys-
tem, every downlink user channel is assigned to a major
group, and every major group comprises multiple clusters.
One cluster consists of fourteen consecutive subcarriers in an
OFDMA symbol, and a user channel is distributed over an
even number of clusters in the OFDMA symbols. FIG. 1
shows the configuration of data carriers and pilot carriers in
the clusters in several consecutive OFDMA symbols. In addi-
tion to the structure of clusters, it also illustrates a scheme of
channel estimation. Let H(t,k) denote the channel frequency
response at subcarrier k in the symbol indexed t, and let the
target symbols 10 comprise the second symbol 11 and third
symbol 12. Then the illustrated scheme estimates the above-
defined R, and R, with the channel response estimates at the
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pilot carriers and then estimates the optimal delay phase. The

steps of channel estimation algorithm include:

[0041] Step S1: make use of the pilot values to estimate the
channel responses at pilot carrier positions to obtain chan-
nel estimates for H(2, 1), H(2, 13), H(3, 5), and H(3, 9);

[0042] Step S2: linearly interpolate in time domain by
using the pilot carrier channel estimates in respectively
temporally immediately preceding and succeeding clusters
to obtain the channel estimates for H(2, 5), H(2,9), H(3, 1),
and H(3, 13);

[0043] Step S3: calculate autocorrelation function values of
channel frequency responses according to the above-men-
tioned equations for pilot carriers with equal-spacing
placement;

[0044] Step S4: calculate an equivalent cost function from
the autocorrelation function; and

[0045] Step S5: optimize on the equivalent cost function to
obtain a phase rotation amount corresponding to a delay
shift and substitute the phase rotation amount into a poly-
nomial inter/extra-polation to estimate the frequency
responses of all subcarriers in the transmission channel.

[0046] By theoretical analysis on the proposed phase-ro-

tated linear inter/extra-polation estimation and conventional

linear inter/extra-polation estimation, the present invention
can achieve an average mean square channel estimation error
given by:

0,2=0.51300,,2+0.45310+0.75E{J}+0.0833E{/{ 1)} 17)

where

L

E(J) = 45.337#5{2 leP(c - z,)“] / (N*TY

=1

is the mean square value of frequency interpolation model
error,

L

E{Jx(Dt= 100#‘15{2 leal* 23 - m“} / N'TY)

=1

is the mean square value of frequency extrapolation model
error, and

2
Q=EHk t+1)- %(H(k, 0+ Hk, 1+2))

1s the mean square value of model error of time domain linear
inter/extra-polation, with t_* being the delay shift obtained by
the channel estimation algorithm.

[0047] In case the temporal variation of channel paths fol-
lows Jakes’ model, the Q may be further simplified as

4

L
7T
0~ Bl
=1

[

where f; is the peak normalized Doppler frequency of 1-th
path.
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[0048] FIG. 3 is a comparison chart showing normalized
channel estimation MSE obtained via simulation and analyti-
cal approximation of the present invention and several differ-
ent linear inter/extra-polation methods. The simulated system
parameters are as follows: bandwidth of 10 MHz, center
frequency at 2.5 GHz, 1024-point FFT (fast Fourier trans-
form), with a major group comprising twelve clusters, and
SUI-5 channel model. The original SUI channel model is a
quasi-static system, but in order to consider mobile environ-
ments a Jakes channel model for 100 km/h of moving speed is
used for each channel path. The root-mean-square (RMS)
delay spread of SUI-5 is as high as 2.842 us, i.e. about 32
samples of time spacing in 10-MHz bandwidth system. It is
obvious that the phase-rotated inter/extra-polation with esti-
mated optimal delay phase of the present invention still yields
good performance in this severe delay condition (shown in
curves [.31 and .32 with star marks and dubbed “RICE with
MSE delay” in the legend, where 1.32 depicts simulation
results and .31 analytical approximation). However, typical
linear inter/extra-polation (shown in curves L11 and L12 with
diamond-sign marks and dubbed “LICE” in the legend, where
112 depicts simulation results and .11 analytical approxima-
tion) and Hsieh and Wei’s method (shown in curves L.21 and
[.22 with circle-sign marks and dubbed “RICE with COM
delay” in the legend, where 1.22 depicts simulation results

and [.21 analytical approximation) are comparatively worse
off.

[0049] Therefore, even without regarding to the higher-
order inter/extra-polation and the capability to handle
unequally spaced pilot subcarriers of the present invention,
but only considering its operation with linear inter/extra-
polation under equally spaced pilots, the present invention
has at least the two following advantages compared to the
delay-phase estimation of Hsieh and Wei: (1) the estimated
delay-phase rotation of the present invention is an estimation
of the optimal value, yielding suboptimal phase-compensated
interpolation results; (2) in case of larger channel delay
spread, the performance of the suboptimal estimation pro-
posed by the present invention is better.

[0050] Since the present invention considers the phase-
rotation effect as part of the channel responses, it has the
following further advantages: (1) the phase rotation used can
be explained in terms of a clearly formulated mathematical
quality measure; (2) the phase rotation is absorbed in the
inter/extra-polation weighting and there is no need to multi-
ply a different amount of phase rotation for each subcarrier;
the weight values do not vary with the subcarrier positions
when pilot carriers have equal-spacing placement.

[0051] To sum up, the present invention adds a linear phase
factor to polynomial intra/extra-polation, which corresponds
to adding a delay (also called delay shift) in the time domain.
Major contributions of the present invention include several
algorithms to estimate the optimal delay phase factors so as to
result in optimal phase-rotated polynomial inter/extra-pola-
tion. A direct application is in the downlink channel estima-
tion of a WiIMAX OFDMA communication system: for car-
riers organized into clusters, perform time-domain
polynomial inter/extra-polation to obtain incomplete channel
response estimates at pilot carrier positions; estimate the opti-
mal delay phase parameter with the optimal delay estimation
algorithm; and obtain the remaining channel responses with
phase-rotated inter/extra-polation algorithm in the frequency
domain.
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[0052] While the invention is susceptible to various modi-
fications and alternative forms, a specific example thereofhas
been shown in the drawings and is herein described in detail.
It should be understood, however, that the invention is not to
be limited to the particular form disclosed, but to the contrary,
the invention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope ofthe appended
claims.

What is claimed is:

1. A method for channel estimation in a multicarrier com-
munication system based on orthogonal frequency-division
multiplexing (OFDM) or orthogonal frequency-division mul-
tiple access (OFDMA) technologies, which receives signal
and performs channel estimation over a transmission channel
for the multicarrier communication system, comprising:

dividing multiple pilot carriers into a plurality of pilot

carrier groups organized according to known carrier
spacings;
calculating an autocorrelation function of channel fre-
quency responses corresponding to the above pilot car-
rier groups of known spacings by using pilot carriers;

calculating an equivalent cost function from the autocor-
relation function;

optimizing with the equivalent cost function to obtain an

amount of phase rotation corresponding to a delay shift;
and

substituting the amount of phase rotation into a polynomial

inter/extra-polation to estimate the frequency responses
of all subcarriers of the transmission channel.

2. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 1, wherein the auto-
correlation function is:

RIEN=AAFIE()

where F, is the pilot carrier spacing of k-th group, M denotes
the frequency response estimates of the pilot carriers, and
{ Yenotes averaging over all available frequencies.

3. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 1, wherein in case
pilot carriers observe equal-spacing placement, the equiva-
lent cost function for delay phase estimation is given by:

N+1
Iy = ‘.R{Z (-

Df Ay e?? Rk}
a

where R,=R(F,)=R(kF), F is the spacing in frequency domain
of adjacent pilot carriers,

MLON + DIN + 1)

A P —
MLk = T T + L+

is the double-factorial of n, and N is the order of polynomial
inter/extra-polation;

in case pilot carriers observe unequal-spacing placement,

the equivalent cost function is calculated by calculating

the mean square value of unequal-spacing differencing.

4. A method for channel estimation in a multicarrier com-

munication system as claimed in claim 3, wherein the step of

optimizing with the equivalent cost function adopts a search
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method to obtain the optimal solution, and a pre-built trigo-
nometric function table is used to lower the complexity of the
search process.

5. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 3, wherein the step of
optimizing with the equivalent cost function adopts a direct
numerical method to obtain the optimal solution.

6. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 1, wherein the step of
substituting the phase rotation amount into a polynomial
inter/extra-polation is calculated by:

N

=watde, (H(x)

n=0

where H(k) is the channel response to be estimated with k
being the subcarrier position of F(k), W is the phase-rotation
function, t, is the phase-rotation delay, N is the order of
polynomial inter/extra-polation, x, is the position of pilot
carriers used in inter/extra-polation, H(Xn) =W ](x,) with
H(x ) being the channel estimate at pilot positionx,,, and C,, .
is the inter/extra-polation coefficient.

7. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 6, wherein the numeri-
cal value of C, , may be calculated Wlth any mathematical
formulas equ1valent to the following formula of Vander-
monde-matrix form:

-1
1 x ... x];/

N
Cos=1 k o ¥ L 0

o

1oay o Xy

or the following formula of Lagrange form:

8. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 1, wherein when using
an inter/extra-polation of first order, i.e. a linear inter/extra-
polation, the phase rotation amount is substituted into the
calculation of the inter/extra-polation as:

H(f +k) = kw'aka)+ WP+ F)

where H(f) and H(f+F) are channel response estimates at pilot
carriers f and f+F, respectively, and H(f+k) is the channel
response to be estimated at the carrier position f+k.

9. A method for channel estimation in a multicarrier com-
munication system, which receives signal and performs
downlink channel estimation over a transmission channel for
a WIMAX OFDMA system, comprising:

for M+2 consecutive OFDMA symbols, estimating the

channel responses at the pilot subcarrier positions in
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each group of clusters possessing the same frequency-
domain index in the M+2 OFDMA symbols by using the
pilot values there, wherein M is a positive integer that
can be chosen according to the operating condition;

performing time-domain linear interpolation in a pairwise
manner using the channel response estimates at the pilot
subcarriers in the first and third, second and fourth, . . .,
till the M-th and (M+2)-th OFDMA symbols, respec-
tively, to form channel response estimates at corre-
sponding subcarriers in the second, third, . . ., till the
(M+1)-th OFDMA symbols, and treating these channel
estimates similarly to pilot carrier channel estimates;

selecting a part of or all of the used clusters in the M+2
OFDMA symbols and calculating an autocorrelation
function for N-th order polynomial inter/extra-polation
by using the pilot subcarriers channel estimates within
the selected clusters, wherein N is a positive integer that
can be chosen according to the operating condition;

calculating an equivalent cost function from the autocor-
relation function;

optimizing with the equivalent cost function to obtain an
amount of phase rotation corresponding to a delay shift;
and

substituting the amount of phase rotation into a polynomial
inter/extra-polation of N-th order to estimate the fre-
quency responses of all subcarriers of the transmission
channel.

10. A method for channel estimation in a multicarrier com-

munication system as claimed in claim 9, wherein the auto-
correlation function is:

RENAGFY ()

where F, is the pilot carrier spacing of k-th group, 11 denotes
the frequency response estimates of the pilot carriers, and
{ }denotes averaging over all available frequencies.

11. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 9, wherein in case
pilot carriers observe equal-spacing placement, an equivalent
cost function for delay phase estimation is given by:

N+l
Iy = '-R{Z (~1f Ay EMRk}

k=1

where R,=R(F,)=R(KkF), F is the spacing in frequency domain
of adjacent pilot carriers,

VELON + DN + 1)

- @@ 7 "
N+l-DN+1+00"

Ay =

is the double-factorial of n, and N is the order of polynomial
inter/extra-polation.

12. A method for channel estimation in a multicartier com-
munication system as claimed in claim 11, wherein the step of
optimizing with the equivalent cost function adopts a search
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method to obtain the optimal solution, and a pre-built trigo-
nometric function table is used to lower the complexity of the
search process.

13. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 11, wherein the step of
optimizing with the equivalent cost function adopts a direct
numerical method to obtain the optimal solution.

14. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 9, wherein the step of
substituting the phase rotation amount into a polynomial
inter/extra-polation is calculated by:

k) = weet Z Cos (%)

where H(k) is the channel response to be estimated with k
being the subcarrier position of H(k), W is the phase-rotation
function, t, is the phase-rotation delay, N is the order of
polynomial inter/extra-polation, X, is the position of pilot
carriers used in inter/extra-polation, H(Xn) =W (x,) with
H(Xn) being the channel estimate at pilot positionx,,,and C, ,
is the inter/extra-polation coefficient. ’

15. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 14, wherein the
numerical value of C, ; may be calculated with any math-
ematical formulas equivalent to the following formula of
Vandermonde-matrix form:

-1
1 x ... x];/
1x ..o

N

Coa=[1k ... &V :

v
Toxy Xy

or the following formula of Lagrange form:

16. A method for channel estimation in a multicarrier com-
munication system as claimed in claim 9, wherein when using
an inter/extra-polation of first order, i.e. a linear inter/extra-
polation, the phase rotation amount is substituted into the
calculation of the inter/extra-polation as:

H(f+k)= kw'aka)+ Wi -PR(f 1+ F)

where H(f) and H(f+F) are channel response estimates at pilot
carriers f and f+F, respectively, and H(f+k) is the channel
response to be estimated at the cartier position f+k.
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