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CHANNEL ESTIMATION TECHNIQUE FOR
MULTI-CARRIER SYSTEM

BACKGROUND OF THE INVENTION

[0001] 1.Field of the Invention

[0002] Thepresentinvention relates to a channel estimation
technique for wireless communications, particularly to a
channel estimation technique for multi-carrier system that
utilizes orthogonal frequency division multiplexing (OFDM)
modulation scheme.

[0003] 2. Description of the Prior Art

[0004] Wireless communication systems convert data into
signals that are transmitted without wired links to guide their
propagation. The signals are thus subject to multipath propa-
gation arising from diffraction, scattering, and reflection, in
addition to loss of energy. Moreover, the signal attenuation
varies with time and distance, resulting in a phenomenon
known as fading. Since the signal receiver must be able to
recover the original data from the received signal, a commu-
nication system must have hold of the characteristics of the
transmission channel’s response, so that various information
processing techniques can be used to compensate the signal
loss in wireless channel transmission.

[0005] Due to its higher wireless bandwidth efficiency and
noise tolerance, orthogonal frequency division multiplexing
(OFDM), among all methods, has been adopted in many
communication standards, including 802.11a/g WLAN,
WIMAX, digital audio broadcasting (DAB) and digital video
broadcasting (DVB). In addition, OFDM system can utilize
known pilot signals to estimate the channel responses at the
pilot subcarriers and thence the channel responses at other
subcarriers (especially the data subcarriers). The above-said
channel estimation often makes use of interpolation and
extrapolation techniques, but these two types of techniques
have very similar mathematical structures and people skilled
in the art can easily convert interpolation techniques for
extrapolation use and vice versa. For convenience and clarity,
the present invention uses the term “interpolation” to indicate
both interpolation and extrapolation for the following discus-
sions, which also accords with common usage of terms in this
art.

[0006] As examples of OFDM channel response estima-
tion, both US patent publications 2008/0049598 and 2008/
0008258 employ linear minimum mean-square error
(LMMSE) interpolation to estimate the data subcarrier chan-
nel responses, wherein the needed channel response correla-
tion values are calculated from existing subcarrier channel
response estimates (such as the estimates at the pilot subcar-
riers) via cross-multiplication and averaging. On the other
hand, US patent publications 2008/0144730, 2008/0137788,
2005/0105647, 2007/0110172 and 2008/0084817 also
employ LMMSE interpolation for channel response estima-
tion, but they assume that the power-delay profile (PDP) of
the channel has a certain form, such as exponential, uniform,
or some other shape. They compute the parameters of the PDP
withspecific methods, from which the corresponding channel
response correlation values can be obtained and thence the
interpolator coefficients for channel response estimation can
be calculated.

[0007] However, the first group of techniques mentioned
above requires a sufficiently large number of pilot subcarrier
channel response estimates, or else the calculated correlation
values will contain significant noise. Yet the more the pilot
subcarrier estimates, the greater the amount of computation
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required in the system. The second group of techniques
requires the use of specific channel PDPs for channel estima-
tion. For example, the US patent publication 2008/0144730
mentioned above utilizes a uniform PDP with a worst-case
delay spread, but the technique for estimating the delay
spread is not given. The US patent publication 2008/0137788
also uses a uniform PDP to estimate the channel delay spread,
but neither is the estimation technique described. The US
patent publication 2005/0105647 estimates the shape of the
channel impulse response first and then decides to use the
uniform or the exponential PDP. However, how to make the
above decision based on the shape of the response is not
stated. And there is no clear description of how to calculate
the parameters for the two types of PDP. Furthermore, the
method requires to estimate the channel impulse response.
The US patent publication 2007/0110172 applies inverse fast
Fourier transform (IFFT) to the pilot subcarrier channel
response estimates to acquire the channel impulse response.
Based on the channel impulse response, it then calculates the
parameters of an exponential PDP. However, this technique
requires specific pilot subcarrier configurations that are not
compatible with the signal structures of some systems, such
as WIMAX. Lastly, US patent publication 2008/0084817 also
uses [FFT, through which it finds a number of points in the
channel impulse response that have greater strengths and uses
these points to construct the correlation function of the chan-
nel responses. Unfortunately, the modeling of the channel
impulse response points that have greater strengths as having
independent and identical distribution (i.i.d.) when construct-
ing the correlation function is inappropriate.

[0008] Insummary, the accuracy of channel estimation has
direct impact on the performance of the communication sys-
tem. Conventional LMMSE channel estimation methods
either require a large quantity of pilot subcarrier channel
response values or require the pilot subcarriers to have some
regular configuration. As a result, conventional designs
exhibit deficiencies and cannot satisfactorily address the
needs of wireless uplink and downlink transmissions under
fast motion. The present invention teaches a novel channel
estimation technique that can effectively resolve the above
problems of the conventional techniques.

SUMMARY OF THE INVENTION

[0009] The primary objective of the present invention is to
provide a channel estimation technique for multi-carrier sys-
tems. The technique only needs a low quantity of pilot signal
to perform channel response estimation, which not only
reduces greatly the computational complexity of channel esti-
mation, but also effects a higher accuracy in channel response
estimation.

[0010] Another objective of the present invention is to pro-
vide a channel estimation technique for multi-carrier systems
which has broad applicability in the sense that it does not
require the channel PDP to be of certain specific types and
that it can operate under the condition where the pilot subcar-
riers have an irregular or pseudo-random configuration.
[0011] Inorder to realize the above objectives, the channel
estimation technique of the present invention first uses known
pilot signal in combination with the least-square (LS) or any
other applicable technique to estimate the channel responses
at pilot subcarriers. With these estimates, some PDP param-
eters are calculated. Finally, the present invention uses an
interpolation method, such as the LMMSE method, to esti-
mate the channel response at any subcarrier.
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[0012] Below, some embodiments are described in detail in
connection with the attached drawings to facilitate under-
standing of the objectives, technical contents, characteristics
and accomplishments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a flow chart schematically showing the
channel estimation technique of the present invention;
[0014] FIG. 2 is a flow chart schematically showing the
procedure of establishing a model of objective function for
channel estimation of the present invention;

[0015] FIG. 3 is a flow chart schematically showing the
method of estimating the channel delay parameters of the
present invention;

[0016] FIG. 4 is a flow chart schematically showing the
method of the present invention for channel estimation at
arbitrary subcarrier;

[0017] FIG. 5 is a diagram schematically showing a basic
downlink signal structure of Mobile WiMAX for one of the
preferred embodiments of the present invention;

[0018] FIG. 6 is a diagram schematically showing the per-
formance of data subcarrier channel estimation of the present
invention in Mobile WiMAX downlink transmission under a
channel close to the Vehicular A model in power-delay profile
and with the user equipment moving at a speed of 100 km/h;
[0019] FIG. 7 is a diagram schematically showing the per-
formance of data subcarrier channel estimation of the present
invention in Mobile WiMAX downlink transmission under a
channel close to the SUI-5 model in power-delay profile and
with the user equipment moving at a speed of 100 kmv/h; and
[0020] FIG. 8 is a diagram schematically showing a basic
uplink signal structure of Mobile WiMAX for another pre-
ferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0021] OFDM type of technology usually divides the sub-
carriers in the multi-carrier signal into useful subcarriers and
null subcarriers, where the useful subcarriers are further
divided into data subcarriers and pilot subcarriers, with the
pilot subcarriers interspersed among the data subcarriers and
carrying pilot signals. However, the allocation of pilot sub-
carriers can be different for different communication sys-
tems. The most common ways of pilot subcarrier allocation
are quasi-periodic (including periodic) configuration and
pseudo-random or irregular configuration.

[0022] Forexample, in an OFDM-based DVB system, each
OFDM symbol delivered from a transmitter contains a set of
pilot subcarriers wherein the neighboring subcarriers are
spaced twelve subcarriers apart; these pilot subcarriers are
deemed to have a periodic configuration. On the other hand,
for the downlink (DL) and the uplink (UL) signals in the
Mobile WIMAX system (which employs a kind of OFDM
known as orthogonal frequency-division multiple access,
abbreviated OFDMA), by the pseudo-random distribution of
the “clusters” and “tiles” in the frequency domain, the pilot
subcarriers are also pseudo-randomly distributed as a whole.
[0023] The following paragraphs will elaborate some
embodiments of the present invention concerning the channel
estimation technique for multi-carrier systems under differ-
ent sorts of subcarrier distribution.

[0024] FIG. 1 illustrates the flow of the channel estimation
technique of the present invention where the technique com-
prises three main steps, namely, S10, S20 and S30. Step S10
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establishes a model of the objective function for channel
estimation, step S20 estimates the channel delay parameters,
and step S30 estimates the channel response for at least one
arbitrary subcarrier. Below, each step will be described in
detail.

[0025] First, refer to FIG. 2 which illustrates the procedure
taken in step S10 of the present invention to establish the
mathematical model of the objective function of estimation.
The signals inan OFDM system can be considered in the time
domain or in the frequency domain. As step S11 shows, the
presentinvention first sets a mathematical model for the chan-
nel impulse response (CIR) in the time domain as follows:

1 (1)
MM:ZWMPD

{=

where h(n) denotes the CIR in the time domain, L denotes the
length of the CIR (with L, n and 1 being integers in units of the
sampling interval T) and o, denotes the complex Gaussian
gain of the 1 th path. Step S12 of the present invention applies
discrete Fourier transform (DFT) to equation (1) to obtain a
mathematical model for the channel frequency response
(CFR) in the frequency domain as follows:

[ 2
H(f)= ) me PN
=0

where H(f) denotes the channel response in the frequency
domain, N denotes the size of DFT used in the multi-carrier
system, and the purpose of dividing by N in the exponent is to
normalize the frequency f so as to make the period of H(f) in
f equal to N. This completes the construction of the math-
ematical model of the frequency-domain channel response of
step S12.

[0026] In step S13, first consider advancing the time-do-
main channel response by T time units, i.e., by TT in time,
where T can be of any value. Then fundamental signals and
systems theory gives the corresponding frequency response

H,(f) as:

E 3)
Ho(f)= ) eqe 2N
=0

Define a function J(t) with the following mathematical
expression:

dH,(f)

uﬂ:d i7

2> - E<‘ de™ 1 )

2 @
df >

where E denotes expectation and { ) denotes averaging in the
frequency domain. According to Parseval’s theorem, which
states that the energy in a time-domain waveform is equal to
the sum of energies in its Fourier components, J(t) can be
expressed equivalently as the following:
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2Ll (5

_ 4
70 = 5 ), Elaifi - o
=0

Via basic differential calculus, the value of T that minimizes
I(t) can be obtained as shown in the following equation
(where T, denotes the minimizing value of T):

=

-1 (6)
Elar)

g

Ty = argminJ(7) =
T

| T
NS

Elal”)
0

[0027] In equation (6), the mathematical expression to the
right of the second equality sign is a conventional mathemati-
cal expression for the channel mean delay; in other words, the
mean delay can be computed via differentiation of 1(t)

[0028] Substituting the mean delay v, into the variable T in
the right-hand side (RHS) of equation (5) yields equation (7):

B _ ! 7
mind (@) = T(r,) = 7 > Bl = 7°
=0

[0029] Let t,,> denote the conventional mean-square
(MS) channel delay spread, i.e.,

L-1 -1
Tons = Z Elloy)( - 7,)? / > Ea)
=0

=0

Then from equation (7) we can obtain the following math-
ematical expression for the MS delay spread:
, _ N'minl(r) (8)

Trm.s_

i1
4n2 3, E(of))
=0

[0030] Since the root-mean-square (RMS) delay spread of
the channel is the square root of the MS delay spread, it canbe
denoted using v,,,,. In other words, the RMS delay spread is
equal to the square root of the minimum of J(t) with respect
to T multiplied with

i-1
N/ [Zn /'S Edad) ]
/ =0

where
-1
> Ellay)
=0

represents the power gain of the channel.

[0031] From the above, we see that such channel param-
eters as the mean delay 7, MS delay spread T,,.> and RMS
delay spreadt,,,. can all be calculated by differentiating J(t).
Hence in the following paragraphs, J(t) will be termed the

“protype of objective function of estimation.” It has multiple
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equivalent mathematical expressions, including the middle
and the RHS expressions of equation (4) and the RHS expres-
sion in equation (5). At this point, the work of step S13 on
constructing the prototype of objective function is complete.

[0032] From the above, themean delay T, and the MS delay
spread T,,, . can be obtained by differentiating the RHS of
equation (4) with respect to the variable T. However, the H(f)
that appears in the RHS of equation (4) is the frequency
response to be estimated. Moreover, the calculation of fre-
quency-domain average represented by the notation
{ ) requires, in principle, a large amount of frequency-domain
data as well as takes a significant amount of computation. One
advantage of the present invention is that it can use a small
amount of preliminary channel response estimates, such as
that easily estimated with the pilot signal, to perform channel
response estimation. By doing so. the present invention is
able to lower the computational complexity of the system. In
this, take a plurality of subcarriers to be “modeling reference
subcarriers,” and let fand f+F , be the frequencies of two such
subcarriers, where fand f+F s are also the indexes of these two
subcarriers and F is the frequency spacing between them. In
addition, define a phase value ¢=2nnF /N and let the symbol
<<>> denote averaging over the modeling reference subcar-
riers (rather than averaging over all frequencies as indicated
by {)). In step S14, by approximating differentiation using
first-order differencing, equation (4) can be rewritten into
equation (9) as follows:

I = E<<FL§|9]¢H(f £ -Hf ) )

This equation is the desired model of objective function for
channel estimation obtained at last in step S10.

[0033] The modeling reference subcarriers mentioned
above can be pilot subcarriers, but they can also be other
suitable subcarriers selected properly based on the commu-
nication system under consideration.

[0034] Refer to FIG. 3. Step S21 estimates the channel
responses at the modeling reference subcarriers. The purpose
of 821 is to facilitate the later estimation of channel delay
parameters performed via steps S23 and S24, where the esti-
mated channel delay parameters include the mean delay and
the RMS delay spread. In particular, if the modeling reference
subcarriers consist solely of some pilot subcarriers, then the
estimation of channel responses in step S21 may employ the
least-square (LS) technique to obtain enough quantity of pilot
subcarrier channel estimates, where the LS technique merely
divides the signal value received at each selected pilot sub-
carrier position by the pilot signal value there. This division
may bereplaced by multiplication of the received signal value
at each selected pilot subcarrier position by the reciprocal of
the known signal value there or any equivalent computation.
However, the embodiments described above are only to
exemplify the present invention but not to limit the ways of
estimating the modeling reference subcarrier channels of the
present invention. People with reasonable skill in the art can
employ different ways to perform modeling reference sub-
carrier channel estimation based on the spirit of the present
invention. Therefore, any equivalent modification or varia-
tion according to the structures, characteristics and spirits
disclosed in the present invention is to be also included within
the scope of the present invention.



US 2010/0260248 Al

[0035] Next, note that in a practical environment the esti-
mation of modeling reference subcarrier channel responses
will be subject to the influence of background noise and
interfering signals, resulting in inaccuracy in the estimates.
Therefore in step S22, the present invention estimates the
variance of the additive interference and noise. In OFDM
transmission systems, this variance can usually be estimated
using the average received power at the null subcarriers, such
as those in the guard band or at other frequency positions. In
the following, let 0,% an denote the estimated variance of
interference and noise.

[0036] Next, to explain steps S23 and S24, first define the
autocorrelation R, of the channel responses at the modeling
reference subcarriers as in the following equation:

Ri = (H(f +IFH'(f)) 10)

where 1 is an integer, f and f+iF ¢ are two modeling reference
subcarriers spaced iF subcarriers apart in frequency, H( )
indicates the CFR, superscript * indicates taking the complex
conjugate, and <<>> denotes averaging over the modeling
reference subcarriers. Substituting the autocorrelations R;
into equation (9) yields equation (11) for the model of objec-
tive function for channel estimation:

- 2 " (11
I = = [E(Ro) - Re{e? E(R))}]
§

where R, is the autocorrelation value of modeling reference
subcarrier channel responses at lag zero and R, is the auto-
correlation value of modeling reference subcarrier channel
responses at lag F .

[0037] Now consider step S23. Since the receiver does not
have the original channel responses at the modeling reference
subcarriers, but only their estimates through step S21, these
estimated values are used to estimate the autocorrelation val-
ues. In this, let H(f) be the estimated CFR at frequency f. Use
equation (12)below to estimate R, and equation (13) below to
estimate R,, where the estimated autocorrelation values are
denoted R, and R, respectively:

= (i )23 @

ko= {{fif + Foli' (1)) {43)

[0038] Next, consider step S24. The model of objective
function for channel estimation given in equation (11) can be
estimated according to the method indicated in equation (14)
below:

Iy = %{Av(ieo) ~ Rele®Av(R))] s

where J(t) is termed the estimation objective function in this
invention and Av(x) denotes averaging of the x values
obtained from at least one OFDM symbol over the number of
such symbols. Let K be the number of OFDM symbols used
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in the average calculation. Its value can have a variety of
choices depending on the situation. For example, if a channel
estimation is performed over S OFDM symbols (where S is an
integer), then K may be set equal to S so that its range covers
those symbols. [f K=1, then there is no need to literally carry
out the averaging operation indicated by Av(x).

[0039] Subsequently, consider how to estimate the mean
channel delay. In view that J(t) is an estimate of J(t) and that

7 = argminJ (1)

(see equation (6)), the mean channel delay is estimated with
argminJ (),

resulting in what is shown in equation (15) below:

NLAviRD R)
- nFy

= argmin 5 (Ao(Ro) - ReleAvtiy) =

where ‘%H denotes the mean delay estimated and /x indicates
the phase angle of the complex number x on the complex
plane.

[0040] Similar reasoning can also be applied to the estima-
tion of the RMS delay spread of the channel, in which let T,
denote the RMS delay spread estimate. In accordance to
equation (8), the MS delay spread can be estimated as shown
in equation (16):

L N'minl(r) {16)
™ 472 Av(Ro)

Therefore, the RMS delay spread can be estimated as shown
in equation (17):

an

. N [ |Av(ie1)|]
Toms = —— 2|1 - —
2nFs AviRy)

[0041] The channel delay parameters can be estimated via
steps S21 to S24 as described above.

[0042] Next, refer to FIG. 4 which illustrates how the
present invention estimates the channel response of any arbi-
trary subcarrier in the multi-carrier system.

[0043] First,instep S31, take a plurality of subcarriers to be
“filtering reference subcarriers” and estimate their channel
responses. The purpose of S31 is to eventually facilitate the
channel estimation for arbitrary subcarriers in steps S33 and
S34. The set of subcarriers taken to be the filtering reference
subcarriers can be the same as, partially different with, or
completely different from the set of modeling reference sub-
carriers of step S21. An example for the latter two cases
(filtering reference subcarriers being partially or completely
different from modeling reference subcarriers) is taking, to be
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part or all or the filtering reference subcarriers, some subcar-
riers from OFDM symbol(s) that are different from the
OFDM symbol(s) from which the modeling reference sub-
carriers are taken. The abovementioned filtering reference
subcarriers can be pilot subcarriers, but they can also be other
suitable subcarriers selected properly based on the commu-
nication system under consideration. In particular, if the fil-
tering reference subcarriers consist solely of some pilot sub-
carriers, then, similar to channel estimation at the modeling
reference subcarriers, the LS technique may be employed to
obtain enough quantity of pilot subcartier channel estimates.

[0044] Next proceed to step S32 where a channel power
delay profile (PDP) is selected and the corresponding auto-
correlation function estimate, Rf(k), of the CFR 1is deter-
mined, where k is an integer denoting the spacing between
wo subcarriers. The present invention puts no restriction on
the shape of the channel PDP. It can be a uniform PDP, an
exponential PDP, or any other PDP that is capable of being
defined by the mean delay and the RMS delay spread. Each
channel PDP corresponds to a CFR autocorrelation function.
Equation (18) below gives a way of computing the CFR
autocorrelation function estimate R (k) when a uniform PDP
is adopted, and equation (19) that when an exponential PDP is
adopted:

5 Av(Ro)e PN gin(V12 18 sk / N) (18)
Retky = -

V12 nt,,k /N
. Av(Rg)e /2 Trms kN (19)
A P YT

In addition, if a uniform PDP is adopted, then the present
invention can estimate the initial channel delay as ‘EO:AtP—A\/?
T,s: Wheteas if an exponential PDP is adopted, as t,=71,~
T,..s- Note that although the initial delay derived above canbe
used to establish a more detailed channel response model, it
has no influence on the flow of channel estimation of the
present invention.

[0045] Now proceed to step S33 where the present inven-
tion calculates the channel estimator response required for
each subcarrier channel response to be estimated. For this, the
present invention takes the linear minimum mean-square
error (LMMSE) approach to channel estimation and obtains
the equation for channel estimator calculation as follows:

wrR 402, (20)

where d denotes any subcarrier in the multi-carrier system
whose channel response is to be estimated; w, denotes the
vector of channel estimator coefficients for the subcarrier,
whose length, denoted M, is the same as the number of filter-
ing reference subcarriers used to estimate the desired subcar-
rier channel; Rp is an MxM autocorrelation matrix, whose (i,
) thelement is the estimated channel autocorrelation between
the ith and the jth filtering reference subcarriers that are used
to estimate subcarrier d’s channel response the value of this
element being obtainable directly from the estimated CFR
autocorrelation function f{/(k) obtained in step S32 as the
spacing between the above ith and jth filtering reference
subcarriers for subcarrier d is known; o, is the variance of
additive interference and noise that is estimated in step S22; 1
denotes an identity matrix; t,, is the vector of cross-correla-
tion estimates between the channel responses at the filtering
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reference subcarriers used to estimate subcarrier d’s channel
response and that at subcarrier d, wherein the ith element is
the estimated correlation between the channel response at the
ith filtering reference subcarrier that is used to estimate sub-
carrier d’s channel response and that at subcarrier d—the
value of this element being obtainable directly from the esti-
mated CFR autocorrelation function f{/(k) obtained in step
S32 as the spacing between subcarrier d and the above ith
filtering reference subcarrier is known.

[0046] In addition, in the above process, one may, in
advance, quantize the intervals of values for the mean delay
estimate T, and the RMS delay spread estimate T, to a finite
number of choices and store these finite choices, together
with the values of the corresponding autocorrelation esti-
mates f{/(k), in a table form. This way, the computations
required in step $32 can be replaced by table lookup, resulting
in reduced computational complexity for the system. Further-
more, the estimated variance of interference and noise, 6n2,
can also be quantized to a finite number of choices. Then a
lookup table can be constructed for the combinations of the
quantized mean delay estimate T, the quantized RMS delay
spread estimateT,,,_, and the quantized interference and noise
variance &, together with the corresponding coefficient vec-
tors w, of the channel estimator. Then the two steps S32 and
S33 can be replaced by one table lookup, further simplifying
the computation. A particular point to note is that the use of
LMMSE technique to design arbitrary subcarrier channel
estimators and the resort to table lookup to simplify compu-
tation in the present invention only represent some preferred
ways of embodiment and should not be taken to limit the
scope of the present invention. People with reasonable skill in
the art can employ different ways of filtering for channel
estimation or use different table lookup methods to calculate
channel estimator responses based on the spirit of the present
invention. Therefore, any equivalent modification or varia-
tion according to the structures, characteristics and spirits
disclosedin the present invention is to be also included within
the scope of the present invention.

[0047] Finally in step S34, the present invention calculates
the channel frequency response of arbitrary subcarrier d
according to the following mathematical equation:

w1, ey

where H, denotes the estimated channel response for arbi-
trary subcarrier d; HP is the vector of estimated channel
responses at the filtering reference subcarriers used to calcu-
late H,,, whose elements are estimated in step S31 and whose
ith element is the estimated channel response for the ith
filtering reference subcarrier used in estimation of arbitrary
subcarrier d’s channel response; and the superscript H to the
channel estimator response vector w, denotes Hermitian
transpose.

[0048] In conclusion, the present invention provides a
channel estimation technique for OFDM systems which can
work under the situation where there does not exist a large
amount of pilot signal and the situation where the pilot sub-
carriers have irregular or pseudo-random configurations.
Moreover, the estimation technique of the present invention
has low computational complexity, yet it can estimate the
channel delay parameters (including the initial delay, mean
delay, and RMS delay spread) accurately for the purpose of
channel response estimation. Further, the method of the
present invention has wide applicability in that the PDP
model adopted in the channel estimation process can be expo-
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nential, uniform, or any other shape that can be described in
terms of the mean delay and the RMS delay spread. As a
result, many standard communication systems such as IEEE
802.11a, IEEE 802.11g, IEEE 802.16/WiMAX, 4G; DAB
and DVB can all adopt the channel estimation technique for
multi-carrier systems of the present invention to reduce the
computational complexity or enhance the estimation perfor-
mance.

[0049] The following will illustrate how the channel esti-
mation technique of the present invention can be applied in
situations with pseudo-random pilot signal distribution. The
illustration is exemplified using the Mobile WiMAX system.
In Mobile WIMAX, the downlink (DL) signals adopt a “clus-
ter” structure while the uplink (UL) signals adopt a “tile”
structure. Because of the “piece-by-piece” kind of signal
structure, the present invention performs estimation over the
frequency span of a “piece” (cluster or tile) as a unit.

[0050] InaDL subframe of the Mobile WiIMAX signal, the
useful subcarriers in an OFDM symbol that contains data
subcarriers are divided into a plurality of “clusters.” FIG. 5
illustrates the signal structure of clusters by depicting four
clusters that occupy the same frequency location in four tem-
porally consecutive OFDM symbols. Each row in the figure
exemplifies a cluster. Every cluster is comprised of 14 con-
secutive subcarriers in frequency domain. The figure uses
white circles to indicate data subcarriers and black circles to
indicate pilot subcarriers. The DL transmission to every user
consists of a plurality of subcarriers from a plurality of clus-
ters that are continuous in time and located at the same
pseudo-random frequency positions. The DL transmission
contains both pilot subcarriers and data subcarriers, where the
pilot subcarriers consist of all the pilot subcarriers in the
plurality of clusters. But the data subcarriers therein have
more flexibility—they do not have to use up all the data
subcarriers in the plurality of clusters, but can be determined
according to user demand and system planning. In the DL
signal transmitted to each user, therefore, because of the
pseudo-random distribution of the clusters in the frequency
domain, the pilot subcarriers, as a whole, are also pseudo-
randomly distributed in the frequency domain. In addition,
FIG. 5 also shows that the positioning of pilot subcarriers in a
cluster is different according to whether the time index of the
OFDM symbol is even or odd.

[0051] For illustration, suppose, in the user equipment, the
second and the third symbols in time sequence as depicted in
FIG. 5 are being considered for channel estimation (which are
denoted “processed symbols” in the figure). The procedure of
estimation follows steps S20 and S30 described previously.
To start, let the set of modeling reference subcarriers of step
S21 be the same as the set of filtering reference subcarriers of
step S31, where these reference subcarriers include all the
pilot subcarriers in the DL signal to this user and some other
subcarriers (as described below) in the processed symbols.
The vertical dashed lines in FIG. 5 help to illustrate how step
S21 is accomplished (which at the same time accomplishes
step S31). First, consider those pilot subcarriers in the DL
signal for the user in the four OFDM symbols illustrated in
FIG. 5 where the associated channel responses have not been
estimated. Estimate these channel responses, for example, by
the aforementioned LS technique, that is, by dividing the
received signal value at each pilot subcarrier by the value of
the pilot signal there or multiplying the reciprocal of the pilot
signal value. Next, perform time-domain interpolation with
the pilot subcarrier channel response estimates of the first and
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the third symbols. At the same time, also perform time-do-
main interpolation with the pilot subcarrier channel response
estimates of the second and the fourth symbols. This way, two
additional subcarrier channel response estimates are effected
in each of the corresponding clusters in the second and the
third symbols (illustrated in FIG. 5 by the four data subcarri-
ers run cross by the vertical dashed lines). In total, four
subcarrier channel estimates are obtained in each of the cor-
responding clusters in the second and the third symbols, of
which two are pilot subcarrier channel estimates and the other
two are subcarrier channel estimates obtained through tem-
poral interpolation. The collection of these four subcarriers
per cluster constitutes the modeling as well as the filtering
reference subcarriers. Next, the calculation of o, % in step S22
can make use of the null subcarriers in the two processed
symbols, or the null subcarriers in other symbol(s) such as
that in the preamble symbol of the DL subframe in which the
two processed symbols are located. Since the purpose of steps
S23 to S24 and S32 to S33 is to calculate the responses of
subcarrier channel estimators, the totality of the estimated
channel responses of reference subcarriers, four per cluster
from all the used clusters in the two processed symbols, can
be used for the values of H(f) as needed in these steps as
described previously. For convenience, the above-described
technique for Mobile WiMAX DL channel estimation will be
referred to as method 1. Furthermore, an alternative is to
perform the estimation of channel delay parameters in steps
S21-524 with OFDM symbols other than the two processed
symbols (such as using the pilot subcarriers in the preamble
symbol of the DL subframe in which the two processed sym-
bols are located as modeling reference subcarriers), but use
the same way as in method 1 to conduct steps S31-S34. We
will refer to this alternative as method 2 in the following.

[0052] The embodiment described above for Mobile
WIMAX DL signals is for purpose of illustration so that the
application of the present invention can be more readily
understood. Therefore, based on the spirit of the present
invention, people with reasonable skill in the art could vary
the ways of channel estimation according to the characteris-
tics of the OFDM signals based on the steps revealed in FIGS.
3 and 4. So any equivalent modification or variation accord-
ing to the structures, characteristics and spirits disclosed in
the present invention is to be also included within the scope of
the present invention.

[0053] FIG. 6 is a diagram showing some performance
results of data subcarrier channel estimation obtained using
the above-described methods for Mobile WiMAX DL trans-
mission under a channel model close to International Tele-
communication Union (ITU)’s Vehicular A reference PDP
model. (A description of the Vehicular A PDP model can be
found in T. B. Sorensen, P. E. Mogensen, and F. Frederiksen,
“Extension ofthe ITU channel models for wideband (OFDM)
systems,” in IEEE Vehicular Technology Conference, pp.
392-396, September 2005.) The PDP shapes employed in the
computation of step S32 are uniform (labeled “unif. PDP” in
the figure) and exponential (labeled “exp. PDP” in the figure).
The user end is assumed to be moving at a speed of 100 km/h.
Other system parameters are as follows: DFT size N=1024,
bandwidth=10 MHz, carrier frequency=2.5 GHz, each DL
subframe contains 24 OFDM symbols after the preamble, and
12 clusters (i.e., 6 subchannels) are transmitted in each sym-
bol. The delay profile of the channel is given by “10, 13, 17,
21, 27, 35” (in units of sampling interval) and the power
profile by <0, -1, -9, =10, -15, —20” (in units of dB). In FIG.
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6, results obtained with method 1 described above are labeled
“method 1” in the legend, results obtained with method 2
described above are labeled “method 2” in the legend, and
results labeled “ideal” in the legend are obtained with
LMMSE channel estimation employing noise-free autocor-
relation function of the CFR. The last set of results represents
an unachievable ideal condition, provided for comparison
purpose only.

[0054] FIG. 7 shows the data subcarrier channel estimation
performance of the present invention at different conditions
under a channel model close to SUI-5 PDP, where the delay
profile of the channel is given by “0, 45, 112” (in units
sampling interval) and the power profile by “0, -5, -10” (in
units of dB). (A description of the SUI-5 PDP model can be
found in V. Erceg et al., “Channel models for fixed wireless
applications,” IEEE 802.16 standards contribution no. IEEE
802.16.3¢-01/29r4, Jul. 17, 2001.) The moving speed of the
user end and other system parameters are the same as for FIG.
6.

[0055] RefertoFIG. 8 fora diagram schematically showing
the basic structure of Mobile WiIMAX UL signals. In Mobile
WiMAX uplink, the useful subcarriers are divided into “tiles”
where each tile comprises four consecutive in the frequency
domain. A subchannel comprises six tiles that are pseudo-
randomly distributed in the frequency domain. The basic unit
ofallocation for UL data transmission consists of three sets of
such six tiles (i.e., one subchannel) that are taken from three
consecutive OFDM symbols, one set each. The three OFDM
symbols should have indexes 3n, 3n+1, and 3r+2 for some
integer n, and the three sets of tiles are all located at the same
six pseudo-random frequency positions. FIG. 8 illustrates
how pilot subcarriers and data subcarriers are arranged in the
tiles of such a basic transmission unit. The channel estimation
process still follows the computational procedure of steps S20
and S30. A particular point to note here is that the calculation
ofinterference and noise variance of step S22 only needs to be
performed once for all users, but not for each individual user
separately. In addition, for steps S23-S24, since pilot subcar-
riers only exist in the first and the third symbols for every
group of three consecutive OFDM symbols, but not in the
second one, the system can simply use the pilot subcarriers in
the tiles of the first and the third symbols of every user’s signal
to estimate the channel delay parameters (including the mean
delay and the RMS delay spread). Furthermore, in step S30,
after selecting the PDP, second-order LMMSE channel esti-
mators are calculated and applied to the tiles in the first and
the third symbols to estimate the data subcarrier channel
responses therein. Then, with what amounts to a minor modi-
fication, a simple time-domain interpolation can be applied to
the subcarrier channel response estimates obtained for the
first and the third symbols to obtain the data subcarrier chan-
nel estimates for all the tiles of the second symbol.

[0056] The embodiments described above are only to
exemplify the present invention but not to limit the scope of
the present invention. Therefore, any equivalent modification
or variation according to the structures, characteristics and
spirits disclosed in the present invention is to be also included
within the scope of the present invention.

What is claimed is:

1. A channel estimation technique for multi-carrier sys-
tems that provides estimation of the channel response
between a transmitter and a receiver, said receiver receives
signal transmitted by said transmitter where said signal com-
prises a plurality of subcarriers that are divided into a plurality
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of useful subcarriers and a plurality of null subcarriers,
wherein said useful subcarriers comprises multiple pilot sub-
carriers and multiple data subcarriers; said channel estima-
tion technique comprises following steps:

a. take a set of said subcarriers to be modeling reference
subcarriers and estimate their corresponding channel
responses;

b. take a setof said null subcarriers to estimate a variance of
interference and noise;

c. use said channel response estimates for said modeling
reference subcarriers and said interference and noise
variance to calculate two autocorrelation values, one
with zero lag and the other with a nonzero lag;

d. use said two autocorrelation values to calculate delay
parameter estimates of said channel which include at
least one mean delay estimate and one root-mean-square
(RMS) delay spread estimate;

e. select one power-delay profile, and use said mean delay
estimate and said RMS delay spread estimate to estab-
lish an autocorrelation function estimate of channel fre-
quency response corresponding to said power-delay pro-
file; and

f. take a set of said subcarriers to be filtering reference
subcarriers and estimate their corresponding channel
responses; and use said autocorrelation function esti-
mate of channel frequency response to calculate at least
one channel estimator response for interpolation, and
use it to interpolate said channel response estimates of
said filtering reference subcarriers to obtain channel
response estimate for at least one said subcarrier.

2. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein in step a or step f, said
modeling reference subcarriers or said filtering reference sub-
carriers comprise a plurality of said pilot subcarriers, or at
least one said pilot subcarrier and at least one said data sub-
carrier, or at least one said pilot subcarrier and at least one said
null subcarrier, and said filtering reference subcarriers and
said modeling reference subcarriers are either completely the
same, partially the same or completely different.

3. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein step a or step { uses the
least-square technique to estimate the channel response of at
least one pilot subcarrier in the said modeling reference sub-
carriers or said filtering reference subcarriers.

4. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein in step a or step f, said
modeling reference subcarriers or said filtering reference sub-
carriers comprise at least one said pilot subcarrier and at least
one said data subcarrier, or at least one said pilot subcarrier
and at least one said null subcarrier, with the channel response
estimate of each said data subcarrier or null subcarrier
obtained by interpolating channel response estimate or esti-
mates of said pilot subcarrier or subcarriers.

5. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein step b estimates said vari-
ance of interference and noise using an average received
power of said null subcarriers in the guard band or at other
frequencies.

6. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein in step c, said autocorre-
lation value for zero lag, Ry, is calculated according to the
following equation:
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Ro = (WA - 62

where f denotes any said modeling reference subcarrier, H(f)
denotes a channel response estimate at said frequency f, <<>
denotes averaging over said modeling reference subcarriers,
and an 0,2 denotes said variance of interference and noise.

7. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein in step c, said autocorre-
lation value for a nonzero lag, R, is calculated according to
the following equation:

Ro= QA+ PO (D)

where f and f+F denote any two said modeling reference
subcarriers, Fis a nonzero number giving the frequency
spacing between said two modeling reference subcarri-
ers, H(f) and H(f+F ;) denote channel response estimates
for said two modeling reference subcarriers, superscript
* denotes complex conjugation, and <<>>denotes aver-
aging over said modeling reference subcarriers.

8. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein in step d, said mean delay
estimate is taken to be a value T that minimizes a function J(t)
or minimizes an approximation of said function J(t), where

- <‘ AV H(f)]

2 47r2L1
I(0)=F 7 >

= 27 ), ElPyi—of

=0

and said RMS delay spread estimate is taken to be said mini-
mum value of said function or said approximation multiplied
with N/ (ZT\/R—O), with E denoting taking expected value, f
denoting frequency, { ) denoting averaging over frequency,
H(f) denoting channel frequency response, N denoting size of
discrete Fourier transform used in said multi-carrier system,
L being an integer in units of the sampling interval T and
denoting length of channel impulse response, «, denoting
complex Gaussian channel gain of channel path with delay
T, and R, is equal to

-1

> Elarf)

(power gain of said channel) or an approximation thereof.

9. The channel estimation technique for multi-carrier sys-
tem according to claim 8, wherein said approximation to said
function J(t) is set equal to the following function J(t):

2
I = ﬁ [AURy) = Rele’™ /N av(R )

where Av{x} denotes taking average of the value or values
of x calculated from at least one orthogonal frequency
division multiplexing (OFDM) symbol over the number
of such symbols, R, and R, denote said two autocorre-
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lation values, F ¢ denotes frequency spacing between any
two said modeling reference subcarriers, and N denotes
size of discrete Fourier transform used in said multi-
carrier system.
10. The channel estimation technique for multi-carrier sys-
tem according to claim 9, wherein in step d, an equation for
said mean delay estimate is as follows:

NLAV(R))
=TT,

where 'EP is said mean delay estimate, and Z x indicates the
phase angle of a complex number x in the complex
plane.
11. The channel estimation technique for multi-carrier sys-
tem according to claim 9, wherein an equation for said RMS
delay spread estimate is as follows:

. |Av(iel)|]
AvRy)

where T, is said RMS delay spread estimate.

12. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein said power-delay profile in
step e is a uniform power-delay profile or an exponential
power-delay profile.

13. The channel estimation technique for multi-carrier sys-
tem according to claim 12, wherein said autocorrelation func-
tion estimate of channel frequency response corresponding to
said uniform power-delay profile is as follows:

AvROe TN Sin(V12 7% sk { N)

V12 nt ek [N

kit =

and said autocorrelation function estimate of channel fre-
quency response corresponding to said exponential
power-delay profile is as follows:

Av(Ro)e I tms /N

Retky =
e YT

i

where f{/(k) denotes autocorrelation function estimate of
any two said subcarrier frequencies that are spaced k
subcarriers apart in said multi-carrier system, N denotes
size of discrete Fourier transform used in said multi-
carrier system, ”Ac}l is said mean delay estimate, and T,
is said RMS delay spread estimate.

14. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein step f uses a linear mini-
mum mean-square error technique to obtain a channel esti-
mator coefficient vector w,, for which a mathematical
equation is as follows:

W (R,+0,°0) iy,

where d denotes any subcarrier in said multi-carrier system
where channel response is to be estimated; w; denotes
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said channel estimator coefficient vector for said subcar-
rier d where channel response is to be estimated, whose
length is the same as number of filtering reference sub-
carrier channel estimates selected to estimate channel
response at said subcarrier d and is denoted by M below;
R, denotes an MxM autocorrelation matrix of channel
responses of said selected filtering reference subcarriers
used to estimate said channel response at said subcarrier
d; 0, denotes said estimated variance of interference
and noise; I denotes an identity matrix; and t ,, denotes a
cross-correlation vector between channel responses of
said selected filtering reference subcarriers used to esti-
mate said channel response at said subcarrier d and
channel response of said subcarrier d.

15. The channel estimation technique for multi-carrier sys-
tem according to claim 14, wherein step f uses the following
mathematical model to estimate channel response of any said
subcarrier d where channel response is to be estimated:

HwH
where H,, denotes the estimated channel response of said
subcarrier d, superscript H of w, denotes Hermitian
transpose, and Hp denotes a vector of the same length as
w, of channel response estimates at said selected filter-
ing reference subcarriers used to estimate said subcarrier
d’s channel response.

16. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein at least a part of said pilot
subcarriers appear periodically within said subcarriers.

17. The channel estimation technique for multi-carrier sys-
tem according to claim 1, wherein said pilot subcarriers
appear pseudo-randomly or irregularly within said data sub-
carriers.

18. The channel estimation technique for multi-carrier sys-
tem according to claim 17, wherein in a WiMAX downlink
system, said signal from said transmitter contains multiple
temporally continuous OFDM symbols, with each said sym-
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bol comprising multiple clusters and each said cluster com-
prising multiple pilot subcarriers and multiple data subcarri-
ers, where in a said symbol with even time index, said pilot
subcarriers are lined up in frequency domain with pilot sub-
carriers in other said symbols with even time indexes and, in
a said symbol with odd time index, said pilot subcarriers are
lined up in frequency domain with pilot subcarriers in other
said symbols with odd time indexes, but said pilot subcarriers
in said even-indexed symbols and said pilot subcarriers in
said odd-indexed symbols occupy different frequency posi-
tions; in step a or step f, said modeling reference subcarriers
or said filtering reference subcarriers are comprised of a plu-
rality of said subcarriers, some located at frequency positions
of said pilot subcarriers in said even-indexed symbols and
some at frequency positions of said pilot subcarriers in odd-
indexed symbols.

19. The channel estimation technique for multi-carrier sys-
tem according to claim 18, wherein the channel estimation for
a said modeling reference subcarrier or a said filtering refer-
ence subcarrier that is located at a said data subcarrier or at a
said null subcarrier is accomplished by time-domain interpo-
lation between a preceding and a following channel estimates
for said pilot subcarriers that are located at the same fre-
quency position of said modeling or filtering reference sub-
carrier in other OFDM symbols.

20. The channel estimation technique for multi-carrier sys-
tem according to claim 17, wherein in a WiMAX uplink
system, an OFDM symbol is composed of multiple tiles and
an uplink signal of any user comprises multiple tiles from
multiple OFDM symbols; in channel estimation, the channel
response ofa said subcarrier in a tile that does not contain said
pilot subcarriers is estimated by time-domain interpolation of
channel response estimates for said subcarriers at the same
frequency position in the immediately preceding and the
immediately succeeding two said symbols.
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