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CHANNEL ESTIMATE ENHANCEMENT

TECHNICAL FIELD

The present invention relates generally to channel estimation in radio com-
munication systems, and especially to enhancement of noisy frequency-

domain channel estimates.

BACKGROUND

Orthogonal frequency-division multiplexing (OFDM) is an effective technique
for combating multi-path fading and for high bit-rate transmission over mo-
bile wireless channels. In OFDM system, the entire channel is divided into
many narrow sub-channels, which are transmitted in parallel, thereby in-
creasing the symbol length and reducing the inter-symbol interference (ISI).
Channel estimation has been widely used to improve the performance of
OFDM systems. It is crucial for diversity combination, coherent detection,
and space-time coding. Various OFDM channel estimation schemes have

been proposed in the literature:

e The least square (LS) or the linear minimum mean square error
(LMMSE) estimation is a frequency-domain based channel estimation

method that has been proposed in reference [1].

e Reference [2] introduced additional discrete Fourier transform (DFT)
processing to obtain the frequency response of the LS-estimated chan-
nel. In contrast to the frequency-domain estimation method in [1], the
transform domain estimation method uses the time-domain properties

of channels.

e Reference [3] describes a channel estimation method based on the dis-

crete cosine transform instead of the DFT.

CONFIRMATION COPY
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However, in many applications, such as orthogonal frequency division multi-
ple access (OFDMA) system, only channel estimates of a part of the complete
frequency response are available (since each user only accesses part of the
available spectrum), and the estimate of the channel impulse response in the
time domain cannot be obtained from the conventional DFT based method.
After the inverse discrete Fourier transformation (IDFT) of the partial fre-
quency response, the channel impulse response will leak to all taps in the
time domain. Since the noise and leakage power are mixed up, the conven-
tional DFT method will not only eliminate the noise, but also loose the useful

but leaked channel power.
SUMMARY

A general object of the present invention is to enhance a noisy frequency-

domain channel estimate.
This object is achieved in accordance with the attached claims.

A method of enhancing a noisy frequency-domain channel estimate in accor-

dance with the present invention includes the following steps:

e Transform the noisy frequency-domain channel estimate into a time-
domain channel estimate that is virtually over-sampled by an integer

factor m.

e Divide the time-domain channel estimate into m de-interleaved sub-

vectors.

e Suppress noisy taps from each de-interleaved sub-vectors to form m

noise suppressed sub-vectors.
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Select a noise suppressed sub-vector associated with a highest signal-

to-noise ratio.

Convert the selected noise suppressed sub-vector into a noise sup-

pressed preliminary frequency-domain channel estimate.

Phase-adjust the taps of the noise suppressed preliminary frequency-
domain channel estimate to form an enhanced frequency-domain chan-

nel estimate,

A noisy frequency-domain channel estimate enhancer in accordance with the

present invention includes:

An over-sampler configured to transform the noisy frequency-domain
channel estimate into a time-domain channel estimate that is virtually

over-sampled by an integer factor m.

A de-interleaver configured to divide the time-domain channel estimate

into m de-interleaved sub-vectors.

A suppressor configured to suppress noisy taps from each de-

interleaved sub-vectors to form m noise suppressed sub-vectors.

A selector configured to select a noise suppressed sub-vector associated

with a highest signal-to-noise ratio.

A discrete Fourier transformer (38) configured to transform the selected
noise suppressed sub-vector into a noise suppressed preliminary fre-

quency-domain channel estimate.

A phase-shifter configured to phase-adjust the taps of the noise sup-
pressed preliminary frequency-domain channel estimate to form an en-

hanced frequency-domain channel estimate.
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A radio communication system receiver in accordance with the present inven-

tion includes such a noisy frequency-domain channel estimate enhancer.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further objects and advantages thereof, may best
be understood by making reference to the following description taken together
with the accompanying drawings, in which:

Fig. 1 is a diagram illustrating the power spectrum of an example of a
noisy frequency-domain channel estimate;

Fig. 2 is a diagram illustrating the power spectrum of the noisy fre-
quency-domain channel estimate corresponding to Fig. 1 after it has been en-
hanced in accordance with an embodiment of the present invention;

Fig. 3 is a flow chart illustrating the method in accordance with the pre-
sent invention;

Fig. 4 is a flow chart illustrating an embodiment of the method in accor-
dance with the present invention;

Fig. 5 is a diagram illustrating the power spectrum of the noisy fre-
quency-domain channel estimate corresponding to Fig. 1 after zero-padding;

Fig. 6 a diagram illustrating the power distribution of the IDFT of the
zero-padded channel estimate corresponding to Fig. 5;

Fig. 7a-c are diagrams illustrating the power distribution of de-
interleaved sub-vectors obtained from the time-domain estimate correspond-
ing to Fig. 6;

Fig. 8a-c are diagrams illustrating the power distribution of noise sup-
pressed de-interleaved sub-vectors corresponding to Fig. 7a-c;

Fig. 9 is a block diagram of a radio receiver including a noisy fre-
quency-domain channel estimate enhancer in accordance with the present
invention,;

Fig. 10 is a block diagram illustrating an embodiment of the enhancer

in accordance with the present invention;
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Fig. 11 is a block diagram of an embodiment of an over-sampler that
may be used in the noisy frequency-domain channel estimate enhancer in
accordance with the present invention;

Fig. 12 is a block diagram of another embodiment of an over-sampler
that may be used in the noisy frequency-domain channel estimate enhancer
in accordance with the present invention;

Fig. 13 is a block diagram of an embodiment of a suppressor that may
be used in the noisy frequency-domain channel estimate enhancer in accor-
dance with the present invention;

Fig. 14 is a block diagram of an embodiment of a selector that may be
used in the noisy frequency-domain channel estimate enhancer in accor-
dance with the present invention;

Fig. 15 is a diagram illustrating the improvement obtained by the pre-
sent invention;

Fig. 16 is a diagram illustrating another aspect of the improvement ob-
tained by the present invention; and

Fig. 17 is a diagram illustrating still another aspect of the improvement

obtained by the present invention.

DETAILED DESCRIPTION

The following description will describe the principles of the present invention
with reference to OFDMA, for example a long term evolution (LTE) system.
However, the same principles may also be applied to other systems, such as
WCDMA systems.

In the time domain most of the channel power is concentrated to the first few
taps in the channel impulse response due to the correlation between sub-
carriers. However if only one or a small number of resource blocks (RBs) are
allocated to the user, the time resolution will be low, and consequently the
channel paths may not separate enough from each other. Furthermore some
of the channel power may leak everywhere in the time domain, due to an im-

proper sampling position. Thus, it is difficult to distinguish the channel
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power leakage from the noise if the sampling position is not optimal. The so-
lution proposed below is based on virtual over-sampling to fine-tune the
sampling position. It mimics the effect of an actual over-sampling by a phase

rotation in the frequency domain.
Assume that a noisy frequency-domain channel estimate

H, S[HmHv """ ’HN—2?HN—-1] (1)
of length N is available, for example as the result of the LS channel estima-
tion method in the frequency domain, or of any other method resulting in a

frequency-domain channel estimate.

Fig. 1 is a diagram illustrating the power spectrum of an example of such a

noisy frequency-domain channel estimate H

in*

Fig. 2 is a corresponding diagram illustrating the power spectrum of the noisy
frequency-domain channel estimate in Fig. 1 after it has been enhanced in
accordance with the present invention, which results in the enhanced fre-

quency-domain channel estimate H_,. It is noted that the power spectrum of

out *

the channel estimate H_, is much smoother than the power spectrum of the

oul

original channel estimate H,,.

Fig. 3 is a flow chart illustrating the method in accordance with the present
invention. In step S1 in Fig. 3 the noisy frequency-domain channel estimate

H,_ is transformed into a time-domain channel estimate that is virtually

i
over-sampled by an integer factor m, i.e. m=2,3,4,.... Step S2 divides the
time-domain channel estimate into m de-interleaved sub-vectors. Step S3
suppresses noisy taps from each de-interleaved sub-vectors to form m noise
suppressed sub-vectors. Step S4 selects a noise suppressed sub-vector asso-

ciated with a highest signal-to-noise ratio. Step S5 converts the selected noise
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suppressed sub-vector into a noise suppressed preliminary frequency-domain
channel estimate. Step S6 phase-adjusts the taps of the noise suppressed pre-
liminary frequency-domain channel estimate to form an enhanced frequency-
domain channel estimate H , .
Fig. 4 is a flow chart illustrating an embodiment of the method in accordance

with the present invention. In step S11 the original channel estimate H,, is
zero-padded by (m-1)N zeros, as illustrated in Fig. 5 (m=3 is assumed in

the example). Step S12 then performs an m-N -point IDFT on the zero-
padded channel estimate in accordance with:

zeros(L,(m—1)-N ):] (2)

h=[Ag, R, Py o Py, | = m- IDFT[ H,,,
where the multiplication by over-sampling rate m is to maintain the same
power in the time domain after zero-padding (this is optional, a correspond-
ing compensation could be performed at a later stage in the process, for ex-
ample at the last step S22 described below). Fig. 6 illustrates the power dis-
tribution of the IDFT h of the zero-padded original channel estimate H,,.

The described steps S11+S12 illustrate one possible implementation of step
S1 in Fig. 3. Another possibility is to perform an N -point IDFT on the noisy
frequency-domain channel estimate H,, to form a noisy time-domain channel
estimate, to pad m—1 zeros after each sample of the noisy time-domain chan-
nel estimate, and to lowpass filter the zero-padded noisy time-domain channel
estimate.

Step S13 in Fig. 4 de-interleaves the time-domain channel estimate h into m

de-interleaved sub-vectors h, in accordance with:

hi = [ho,iahl,is---:hn,i""’hN—lJ]’ i= ﬁmax((%z—‘l* 1,0)’”,\;%12‘ (3)
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where
hn,i = ] ¢

mod(i+nm, mN)> n= O> 1:"'5N -1 ’
[ 7 is the ceiling function,

| | is the floor function.

The power distributions of the resulting sub-vectors h_;,h,,h, are illustrated

in Fig. 7a-c.

The sub-vectors h, may be considered as cyclically shifted versions of h,,

which corresponds to the N -point IDFT of H, , by a fractional shift of i/m, i.e.

hi=h0*§(n+—l-)
m

where * denotes cyclic convolution.

Step S14 determines the position #,,,, of the peak power tap of each sub-
vector h, . Preferably the peak search is limited to n=[0,L] and n=[N~L,N-1],
assuming that the system delay is within the length of the cyclic prefix (CP).

Here L is an assumed channel length that may be the equivalent length of the

CP. In the example L=2 has been used.

Step S15 estimates the noise level g, of each sub-vector h, in accordance with:

(4)

2
mean ([h,,i| )
Lemod(n=npyyy, N)<N-L '
i.e. it determines the mean power of the taps outside of the peak region.

In (4) ¢ is the power of the noise and the leakage. Thus, with more leakage,

g, will be larger and the estimated channel power will be smaller.
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If uplink multi-user multiple-input multiple-output (MU-MIMO) is enabled,

then the above noise positions L<mod(n-n_,, N)<N-L in (4) should be ad-

justed accordingly to remove the positions occupied by cyclically shifted ref-

erence-signal sequences due to MU-MIMO.

Step S16 sets a threshold for each value of i to pick up the valid channel

paths. The threshold is set to T's,, where T is a constant, which can be ob-

tained from simulations to achieve the best performance. As a typical exam-

ple, T=2, but generally T has a value in the interval [1.5,2.5].

After the thresholds T's, have been set, step S17 suppresses noisy taps in h,

in accordance with:

hn,,m.,i’ h= nmax,i
By =1, }h",ilz 2Ts 0<mod(n-ny, , ,N)<Lor N-L<mod(n-n,,,, ,N)SN-1 (5)
0, else

This suppresses taps with a power that falls below the respective noise thresh-
old T¢, and are positioned within the channel length L (in a cyclic sense,
where tap N -1 is adjacent to tap 0) from the determined respective position

n...; as well as taps that are not positioned within the channel length L from

max,i

the determined respective position e, » While leaving the peak power tap un-

changed. The power distribution of the obtained sub-vectors h’, hy, h] are il-

lustrated in Fig. 8a-c. [t is noted that only sufficiently strong taps around the

respective peak power taps have survived the suppression.

Step S18 estimates the signal power P’ of each sub-vector h; as:

, N1 2
P=Xn]

n=0
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Step S19 calculates the signal-to-noise ratio (SNR) for each sub-vector h; as:

P-'
vi=—=+ 6)
E.

]

Step S20 selects a sub-vector h), having the highest SNR y,, i.e.

i,= argmax (7;) (7)

{3 o)z

Step S21 performs an N -point DFT on the selected sub-vector hj, (in the ex-

ample i0=-1) in accordance with:
H'=DFT[h},|=[H,,H}, -+ JHiy) (8)

Since h}; corresponds to a cyclically shifted version of h, by a factional shift

of i0/m, a phase rotation in the frequency domain is added to the taps of H'
to compensate for this timing shift. Thus, step S22 phase-adjusts the taps of

H' in accordance with:

' ) i0 k
HHP(””;;}G) ©)

The power spectrum of this enhanced frequency-domain channel estimate

H,, is illustrated in Fig. 2.

out

The enhanced channel estimate H_, will be used for data demodulation and

out
other purposes requiring a channel estimate. The estimated system delay is

o +i0/m.

L ‘max,i
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Regarding the choice of (virtual) over-sampling rate m, a high over-sampling
rate is always good for the system performance, but it increases the compu-
tation complexity. Thus, a trade-off between performance and cost is prefer-
able.

A narrow user bandwidth and high SNR operation level will demand a high
over-sampling rate to minimize the signal-to-interference-and-noise ratio
(SINR) degradation caused by channel power leakage. Typically higher order
modulation and high coding rate require a high SNR, and the SNR per an-
tenna in the single antenna case, for example a dedicated in-building-system,

is higher than that in the case of multiple receiving antennas.

For a given SNR and user bandwidth (corresponding to the value of N), the
SINR degradation due to channel power leakage for an over-sampling rate of

m may be calculated as:

N=(L+1) 2
SINR _ 1= ZL:I &l
= N=(L+D)
SVR RS g, [ +1

n=L+1

where «

) 05 n
8=[8081>+s&p>s 82> 8nt | = IDFT[CXP(J Q”“”“ﬁﬂ

m

The above calculation may be performed for different over-sampling rates m.
The lowest over-sampling rate that satisfies the SINR degradation requirement,
i.e. a degradation not higher than a predefined value, is selected to be the vir-
tual over-sampling rate m for the given SNR and user bandwidth. A look-up
table of optimal over-sampling rates could be constructed accordingly with

SNR and user bandwidth (represented by N) as indices into the table.

Fig. 9 is a block diagram illustrating a radio receiver, in the example an LTE

receiver, including a noisy frequency-domain channel estimate enhancer in
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accordance with the present invention. An antenna receiving uplink signals is
connected to a radio 10 that transforms the signals down to baseband and
forwards them to a demodulator 12. Demodulator 12 transforms the received
symbols into modulated data symbols, which are demapped into bit soft val-
ues. After demapping demodulator 12 forwards the bit soft values to a decoder
14, which decodes them. Demodulator 12 includes a channel estimator 16
connected to an equalizer 18. The equalized modulated data symbols from
equalizer 18 are forwarded to a demapper 20, which demaps them into bit soft
values. Channel estimator 16 includes a frequency-domain channel estimator
22 and a noisy frequency-domain channel estimate enhancer 24 in accor-
dance with the present invention. Estimator 22 generates a noisy frequency-
domain channel estimate, which is enhanced by enhancer 24 in accordance

with the principles described above.

Fig. 10 is a block diagram illustrating an embodiment of the noisy frequency-
domain channel estimate enhancer 24 in accordance with the present inven-
tion. The enhancer 24 includes an over-sampler 30 configured to transform
the noisy frequency-domain channel estimate H, into a time-domain channel
estimate h that is virtually over-sampled by an integer factor m. The over-
sampler 30 is connected to a de-interleaver 32 configured to divide the time-

domain channel estimate h into m de-interleaved sub-vectors h;, . De-

interleaver 32 is connected to a suppressor 34 configured to suppress noisy

taps from each de-interleaved sub-vectors h, to form m noise suppressed sub-
vectors h]. Suppressor 34 is connected to a selector 36 configured to select a
noise suppressed sub-vector h, associated with a highest signal-to-noise ratio
7:. Selector 36 is connected to a discrete Fourier transformer 38 configured to
transform the selected noise suppressed sub-vector hj, into a noise sup-

pressed preliminary frequency-domain channel estimate H'. Discrete Fourier
transformer 38 is connected to a phase-shifter 40 configured to phase-adjust
the taps of the noise suppressed preliminary frequency-domain channel esti-

mate H' to form an enhanced frequency-domain channel estimate H,,,. In the
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illustrated embodiment the noise levels &, used by selector 36 are obtained

from suppressor 34, which has already determined them to set the thresholds

Ts,. Selector 36 also forwards the selected index i0 to phase-shifter 40.

Fig. 11 is a block diagram of an embodiment of an over-sampler 30 that may
be used in the noisy frequency-domain channel estimate enhancer in accor-
dance with the present invention. This embodiment of the over-sampler 30

includes a zero-padder 42 configured to zero-pad the noisy frequency-

domain channel estimate H, with (m-1)-N zeros. The zero-padder 42 is

connected to an IDFT 44 configured to perform an m-N point inverse dis-
crete Fourier transformation on the zero-padded noisy frequency-domain

channel estimate H,,.

Fig. 12 is a block diagram of another embodiment of an over-sampler 30 that
may be used in the noisy frequency-domain channel estimate enhancer in
accordance with the present invention. This embodiment of the over-sampler
30 includes an IDFT 46 configured to perform an N -point inverse discrete

Fourier transformation on the noisy frequency-domain channel estimate H,, .

The IDFT 46 is connected to a zero-padder 48 configured to pad m—~1 zeros
after each sample of the noisy time-domain channel estimate. The zero-padder
48 is connected to a lowpass filter 50 configured to lowpass filter the zero-

padded noisy time-domain channel estimate.

Fig. 13 is a block diagram of an embodiment of a suppressor 34 that may be
used in the noisy frequency-domain channel estimate enhancer in accor-
dance with the present invention. This embodiment of suppressor 34 in-
cludes a position detector 52 configured to determine a respective position of a

peak power tap for each interleaved sub-vector h,. Position detector 52 is con-

nected to a threshold detector 54 configured to detect a respective noise

threshold Tg, for each sub-vector h,. Threshold detector 54 is connected to a

tap noise suppressor S6 configured to suppress taps with a power that falls
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below the respective noise threshold T¢, and are positioned within a prede-

termined channel length L (in a cyclic sense, where tap N -1 is adjacent to
tap O) from the determined respective position as well as taps that are not po-
sitioned within the channel length L from the determined respective position,

while leaving the peak power tap unchanged.

Fig. 14 is a block diagram of an embodiment of a selector 36 that may be used
in the noisy frequency-domain channel estimate enhancer in accordance
with the present invention. This embodiment of selector 36 includes a power
estimator 58 configured to estimate a respective total power measure for each

noise suppressed sub-vector h]. Power estimator 58 is connected to an SNR
calculator 60 configured to determine an SNR y, associated with each noise
suppressed sub-vector h) based on the corresponding estimated signal power
measure P’ and a corresponding estimated noise level measure ¢,. SNR calcu-

lator 60 is connected to a sub-vector selector 62 configured to select a noise

suppressed sub-vector h), associated with a highest calculated SNR y,.

The functionality of the various blocks and method steps described above is
typically based on one or several micro processors or micro/signal processor
combinations running corresponding software. The DFT and IDFT are typi-
cally performed by a fast Fourier transform (FFT) and an inverse fast Fourier

transform (IFFT), respectively.

In order to test the virtual over-sampling based enhancement method of the
present invention, channel estimates with and without virtual over sampling
have been compared by means of simulations. The simulation parameters

were as follows:
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SIMULATION PARAMETER CONFIGURATIONS

Simulation parameters Values

Standard 3GPP LTE Release 8
Physical channel PUSCH

System bandwidth 20MHz

Doppler frequency S5Hz

Number of sub-carriers per RB 12

Channel coding & modulation 1/3 turbo coding, QPSK
Number of antennas at the eNodeB 2

First path delay of channel 0.52us

Fig. 15 compares LS channel estimation with and without virtual over-
sampling in accordance with the present invention. The simulation is based
on the 3GPP ETU model and use of a 1 RB channel and 2 antennas. For a
given block error rate (BLER) of, for example, 0.01 channel estimation with
virtual over-sampling can tolerate an SNR that is more than 1dB lower than
channel estimation without virtual over-sampling. From Fig. 15 it can also
be seen that, at higher SNR, the performance without virtual over-sampling
approaches a BLER floor due to the inaccurate channel estimation, while the
performance with virtual over-sampling does not. The ideal performance with
ideal channel estimation and ideal noise & interference power estimation is

also shown as a reference.

Fig. 16 compares the raw bit error rates (rawBER) for non-ideal channel es-
timates (based on the 3GPP EVAS model) obtained by the DCT method, see
[3], to channel estimates enhanced in accordance with the present invention
to. The simulation is based on the use of a 1 RB channel and 2 antennas.
The ideal performance with ideal channel estimation and ideal noise and in-

terference power estimation is also shown as a reference.

Fig. 17 compares the throughput for non-ideal channel estimates (based on
the 3GPP EVAS model) obtained by the DCT method, see [3], to channel es-
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timates enhanced in accordance with the present invention to. The simula-
tion is based on the use of a 1 RB channel, 2 antennas and a maximum re-

transmission number=4,

From Fig. 16 and 17 it can be seen that the method in accordance with the
present invention is better than DCT method described in [3], and the per-
formance will be even better with higher virtual over sampling rate m. Fur-
thermore, the time domain result of the method in accordance with the pre-
sent invention can be directly used to do the timing advance estimation (via

i0), while the time domain result of the DCT algorithm cannot.

The introduction of virtual over-sampling in noisy frequency domain (DFT
based) channel estimation significantly reduces the impact of noise and
channel power leakage. As a result the SNR of the channel estimation as well

as the performance of the system is improved.

When one or a small number of RBs are allocated, the over-sampling will
greatly improve the channel estimation performance compared with the DFT

only channel estimation described in [2].

It will be understood by those skilled in the art that various modifications
and changes may be made to the present invention without departure from

the scope thereof, which is defined by the appended claims.
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rawBER
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CP

DCT
DFET
ETU
EVAS
FFT
IDFT
IFFT

ISI
LMMSE
LS

LTE
MU-MIMO
OFDM
OFDMA
RB
SINR
SNR

17

ABBREVIATIONS

Third Generation Partnership Project

raw Bit Error Rate

BLock Error Rate

Cyclic Prefix

Discrete Cosine Transform(ation)

Discrete Fourier Transform(ation)

Extended Typical Urban model

Extended Vehicular A model

Fast Fourier Transform(ation)

Inverse Discrete Fourier Transform(ation)
Inverse Fast Fourier Transform(ation)
Inter-Symbol Interference

Linear Minimum Mean Square Error

Least Square

Long Term Evolution

Multi-User Multiple-Input Multiple-Output
Orthogonal Frequency-Division Multiplexing
Orthogonal Frequency-Division Multiple Access
Resource block
Signal-to-Interference-and-Noise Ratio

Signal-to-Noise Ratio

PCT/CN2010/000215
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CLAIMS

1. A method of enhancing a noisy frequency-domain channel estimate (H,),

including the steps of

transforming (S1) the noisy frequency-domain channel estimate (H, )

into a time-domain channel estimate (h) that is virtually over-sampled by an

integer factor m;

dividing (S2) the time-domain channel estimate (h) into m de-inter-
leaved sub-vectors (h,);

suppressing (S3) noisy taps from each de-interleaved sub-vectors (h;) to
form m noise suppressed sub-vectors (h;);

selecting (S4) a noise suppressed sub-vector (hj) associated with a
highest signal-to-noise ratio (y,);

converting (S5) the selected noise suppressed sub-vector (hj) into a

noise suppressed preliminary frequency-domain channel estimate (H'); and

phase-adjusting (S6) the taps of the noise suppressed preliminary fre-
quency-domain channel estimate (H') to form an enhanced frequency-domain
channel estimate (H,, ), wherein the suppressing step (S3) includes

determining (S14) a respective position of a peak power tap for each in-
terleaved sub-vector (h,);

setting (S15+S16) a respective noise threshold (T¢;) for each sub-vector
(h,); and

suppressing (S17) taps with a power that falls below the respective noise
threshold (T¢,) and are positioned within a predetermined channel length (L)
from the determined respective position as well as taps that are not positioned
within the channel length (L) from the determined respective position, while

leaving the peak power tap unchanged.
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2. The method of claim 1, wherein the phase-adjusting step includes phase

shifting the taps H; of the noise suppressed preliminary frequency-domain

channel estimate (H') in accordance with:

i0 k
H, -exp| —j-2m — —
K P( J m N)

where:
k is the tap index,

N is the total number of taps in the noisy frequency-domain channel
estimate (H,, ), and

i0 is the peak position in the noise suppressed preliminary frequency-

domain channel estimate (H').

3. The method of any of the preceding claims, wherein the selecting step (S4)
includes

estimating (S15) a respective noise level measure (& ) for each de-

interleaved sub-vector (h,);

estimating (S18) a respective total power measure for each noise sup-

pressed sub-vector (h;);
calculating (S19) a signal-to-noise ratio (y,) associated with each noise
suppressed sub-vector (h') based on the corresponding estimated total power
measure and the corresponding estimated noise level measure (¢, ); and
selecting (S20) a noise suppressed sub-vector (h,) associated with a

highest calculated signal-to-noise ratio (y,).

4. The method of any of the preceding claims, wherein the dividing step (S2)

includes forming m de-interleaved sub-vectors h, in accordance with:

O O S N —maxgg]— 10)%
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where:

h n=0,1.,N-1,

ng — "'mod(i+nm, mN)?

N is the total number of taps in the frequency-domain channel estimate

(H,,),
[ 1 is the ceiling function, and

| | is the floor function.

5. The method of any of the preceding claims, wherein the transforming step
(S1) includes:

zero-padding the noisy frequency-domain channel estimate (H,, )with
(m-1)~N zeros, where N is the total number of taps in the noisy frequency-

domain channel estimate (H,,); and
performing an m- N point inverse discrete Fourier transformation on the

zero-padded noisy frequency-domain channel estimate (H,,).

6. The method of any of the preceding claims 1-4, wherein the transforming

step (S1) includes:

performing an N point inverse discrete Fourier transformation on the

noisy frequency-domain channel estimate (H, ), where N is the total number
of taps in the noisy frequency-domain channel estimate (H, ), to form a noisy

time-domain channel estimate;

padding m—1 zeros after each sample of the noisy time-domain channel

estimate; and

lowpass filtering the zero-padded noisy time-domain channel estimate.

7. The method of any of the preceding claims, wherein the noisy frequency-

domain channel estimate (H,,) is obtained from an OFDM channel.

8. The method of claim 7, wherein the noisy frequency-domain channel esti-

mate (H, ) is a linear minimum mean square error estimate.
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9. A noisy frequency-domain channel estimate (H, ) enhancer (24), including:

an over-sampler (30) configured to transform the noisy frequency-

domain channel estimate (H, ) into a time-domain channel estimate (h) that is

virtually over-sampled by an integer factor m;
a de-interleaver (32) configured to divide the time-domain channel esti-

mate (h) into m de-interleaved sub-vectors (h,);
a suppressor (34) configured to suppress noisy taps from each de-

'
i

interleaved sub-vectors (h;) to form m noise suppressed sub-vectors (h;);
a selector (36) configured to select a noise suppressed sub-vector (hj,)

associated with a highest signal-to-noise ratio (7, );

a discrete Fourier transformer (38) configured to transform the selected
noise suppressed sub-vector (h),) into a noise suppressed preliminary fre-
quency-domain channel estimate (H'); and

a phase-shifter (40) configured to phase-adjust the taps of the noise
suppressed preliminary frequency-domain channel estimate (H') to form an
enhanced frequency-domain channel estimate (H,,,)

, wherein the suppressor (34) includes

a position detector (52) configured to determine a respective position of
a peak power tap for each interleaved sub-vector (h,);

a threshold detector (54) configured to detect a respective noise thresh-
old (Tg,) for each sub-vector (h,); and

a tap noise suppressor (56) configured to suppress taps with a power
that falls below the respective noise threshold (7,) and are positioned within a
predetermined channel length (L) from the determined respective position as
well as taps that are not positioned within the channel length (L) from the de-
termined respective position, while leaving the peak power tap unchanged.

10. The enhancer of claim 9, wherein the phase-shifter (40) is configured to

phase shift the taps H, of the noise suppressed preliminary frequency-domain

channel estimate (H') in accordance with:
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i0 k
H, -exp| —j-2n-— —
k p( J . N)

where:
k is the tap index,

N is the total number of taps in the frequency-domain channel estimate

( Hin )’ and

i0 is the peak position in the noise suppressed preliminary frequency-

domain channel estimate (H').

11. The enhancer of any of the preceding claims 9-10, wherein the selector
(36) includes:

a power estimator (58) configured to estimate a respective total power
measure for each noise suppressed sub-vector (h;);

a signal-to-noise ratio calculator (60) configured to determine a signal-
to-noise ratio (y,) associated with each noise suppressed sub-vector (h;) based
on the corresponding estimated total power measure and a corresponding es-
timated noise level measure (¢, ); and

sub-vector selector (62) configured to select a noise suppressed sub-

vector (h),) associated with a highest calculated signal-to-noise ratio (y;).

12. The enhancer of any of the preceding claims 9-11, wherein the de-

interleaver (32) is configured to form m de-interleaved sub-vectors h, in ac-

cordance with:

R N N W R —maxg%} 10){%

where:

h,.=h

ni mod(i+nm, mN)?

n=0,L..,N-1,
N is the total number of taps in the noisy frequency-domain channel

estimate (H,,),

f —I is the ceiling function, and
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L J is the floor function.

13. The enhancer of any of the preceding claims 9-12, wherein the over-

sampler (30) includes:

a zero-padder (42) configured to zero-pad the noisy frequency-domain

channel estimate (H, ) with (m—1)-N zeros, where N is the total number of

taps in the noisy frequency-domain channel estimate (H,,); and
an inverse discrete Fourier transformer (44) configured to perform an
m-N point inverse discrete Fourier transformation on the zero-padded noisy

frequency-domain channel estimate (H,,).

14. The enhancer of any of the preceding claims 9-12, wherein over-sampler
(30) includes:
an inverse discrete Fourier transformer (46) configured to perform an N

point inverse discrete Fourier transformation on the noisy frequency-domain

channel estimate (H, ), where N is the total number of taps in the noisy fre-
quency-domain channel estimate (H,,), to form a noisy time-domain channel

estimate;

a zero-padder (48) configured to pad m—1 zeros after each sample of the
noisy time-domain channel estimate; and

a lowpass filter (50) configured to lowpass filter the zero-padded noisy

time-domain channel estimate.

15. A radio communication system receiver including a noisy frequency-

domain channel estimate (H, ) enhancer (24) in accordance with any of the

preceding claims 9-14.



