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METHOD AND APPARATUS FOR ENHANCED CHANNEL ESTIMATION IN
WIRELESS COMMUNICATION SYSTEMS

TECHNICAL FIELD
The present invention generally velates to wireless communications, and
particularly relates to generating channel estimates in a wireless communication

recelver.

BACKGROUND

Wireless communication receivers estimate propagation channel characteristics
and use the estimates to compensate received signals for chanpel-induced distortion.
More advanced receiver types base interference suppression progessing on accurate
channel estimation. However, generating accwrate channel estimates is challenging,
particularly with the growing complexity of communication signal structures.

Muluple-Input-Multiple-Output (MIMO) svstems, for example, pose particalar
challenges, where channel estimation generally must account for the interplay between
Ny transmit antennas and N, receive antennas. With pilot-assisted channel estimation,
the transmitter transmits a number of known (or pre-detenmined) symbols from each
transnut antenna, thereby allowing estimation of the MIMO channel by the recetver.
The LTE standards, as developed by the Third Generation Partnership Project (3GPP),
use pilot-assisted channel estimation.

LTE uses an Orthogonal Frequency Division Multiplex {OFDM) carvier signal
comprising a plurality of namrowband sub-carriers spanning an overall OFDM
bandwidth. Resource allocations assign particolar frequencies  (sub-camriers) at
particular times. In this respect, an OFDM signal “chunk™ may be defined as a block of
N consecutive OFDM symbols (along the time axis) and N consecutive sub-carriers
{along the frequency axis).

A simplifying assumption is that the channel does not change m time over one
chunk and therefore all the piot symbols are placed in the first OFDM symbols of the

s

chunk. Let {f‘f}ﬂ)};}ml denote the subset of elements of a chunk transmitted from

transmit antenna  jthat are devoted to pilots. That s, M pilot symbols will be
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transmitted during each chunk from transmit antenna j. The subset of mmdexes {/, 5?75 n

for each transmit antenna is determined by the chosen pilot pattern in the frequency-
time domain. Sunilarly, let {¥; ; !,,\,J,,” .y denote the received signal at the i-th receive

M

antenna corresponding o the pilots {8,/ ML -

L

Agsuming that the pilot svmbols transmitted by different antennas are

orthogomal. Le. 1 Pi(f,) s a pilol symbol on the j-th antenna, then 1‘}1{.{;“):0 for

all jy = j . This tmplies that the relationship between ¥; (/) and {#;( ,fm}, g CaR be
described by the following expression:
5 Und = Hi j U)X PrlUfp )+ Vil fy), 15m s, (Eq. 1)

16 where H; (/) is the frequency response of the channel between the j-th fransmit
antenna and the 7 -th receive antenna corresponding to the f -th sob-carrier, and ¥(/)
is a spatially ancorrelated white noise at the 7-th receive antenna (antenng thermal
noise + other-cell interference) with speciral density g;.

The goal of the channel estimation is to find the estimate of the MIMO channels

“ o . c e o A . .
IS H; (/) based on observations of ¥ j{fm}}}};:; and a priort knowledge of the

transmitted piiot symbols {1’};;\_;‘,3..2_)};};:} . One approach is to use Maximum A Posteriori
{MAP) channel estimation. Assuming that MIMO chanpels have Gaussian distribution,

it has been shown that MAP channel estimation algorithun can be expressed as
M
Hij(fy=3, Wil Fudbi i Um )k {Eq. 2)
pr=l

20 where H i.i{f} denotes the estimate of the channel H; (/).

In Eq.{2), the coefficients W, {f, /) are computed as follows:

M
! i(}{ }{m) Zkr\}’jhwln)f’(fn i {fp fm {Eq )’}
m=l
where A}-"}{fp_j;,,} are the elements of the matrix X;} which 18 mverse to the matnx

A ; with elements
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'4_] tf D )= galf » Jurd+ !'j (f z Wt e Fn b i (s b {Bq. 4)
and
N " < ¢ e ) o
K H (i}} .*,f;‘i'l) = R{HJ\; {jj} }anj (jm)it {}*q 3)

is the correlation matrix of the channel H; (/) in frequency domain. From these

expressions, one sees that the MAP-based approach relies on knowledge of second-

order channel statistics, including the channel correlation matnx Ky (/. f,,). and the

-
noise spectral density g;.

Another well known approach to channel estimation relies on the Maximum
Likelihood (ML) algorithm. Denoting the impulse respouse of the channel between the

J-th transemis antenng and the 7-th receive antenna by

H;qj ! ()= E Hf__. i ,;exp{‘;_a;z%}, 1l d, {Eq. 6)
\f:::i ¢ X

the ML channel estimation algorithm can be expressed as

L &
v RRUTOTE . x . Y =
By gy =Y K Yl > s —a)y in), {Eq. 7)
sl fwl

where £ is the nomber of channel taps, N is the nomber of received samples m time

domain, ¥, ;(#) and p;(#) are respectively Fourier transforms of the received signal

i(I .8} are the

elements of the matrix F;i which 13 mverse o the matrix F ; with elements

N s -
Eilsy= 3 py{l=mp(s=n). (Eq. &)
=l

While the ML estimator is simpler to implement i some respects than MAP-

statistics, as does MAP estimation—MIL estimation can vield poor results m some
circanmstances. For example, ML estimation does not perform particularly well for

MIMO systems with spatially disiributed antennas.
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SUMMARY

This decument discloses a method and apparatus for channel estimation based
on extracting channel information, including noise spectral density, from a received
signal, and advantageously exploiting that information for improved channel estimation
accuracy. One embodiment is directed to & method of generating chanuel estimates in a
wireless communication receiver, for processing a received communication signal. The
disclosed method includes generating first channel estimates from a set of pilot
observations obtained from the received communication signal, using a first channel
estimation process not dependent on knowledge of channel statistics. The method
further includes estimating channel statistics and a noise vanance from the first channel
estimnates, and generating second channel estimates from the set of pilot observations,
the estimated chamnel statistics, and the estimated noise vanance, using a second
channel estimation process dependent on knowledge of the channel statistics.

As a further advantage, one or more embodiments of the above described
method include generating revised estimates of the channel statistics and noise variance
from the second channel estimates, and generating revised second channel estimates
from the set of pilot observations, the revised estimated channel statistics, and the
revised estimated notse vaviance. herations bevond this second round of refinements
also may be used, where the improved statistical estimations from a preceding iteration
are used to improve chanuel estimation in a succeeding iteration,

Another embodiment provides a receiver circuit for generating channel
estimates, for processing a received communication signal in a wireless communication
receiver., The receiver civeurt includes frst and second channel estumators, and a
statistical estimator. The first channel estimator is configured to generate first channel
estimates from a set of pilot observations obtained from a received communication
signal, using a first channel estimation process not dependent on knowledge of channel
statistics, and the statistical estimator 1s configured to estimate channel statistics and a
noise variance from the first channel estimates. Further, the second chamnnel estimator 1s
configured to generate second channel estimates from the set of pilot observations, the
estimated channel statistics, and the estimated noise vaniance. Here, the second channel
estimator uses a second channel estimation process that is dependent on knowledge of

the channel statistics.
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This example receiver embodiment, and the earlier method example, thus may
be understood as running two channel estimation processes, where the first process
does not require knowledge of the channel statistics, and the second one does. More
particularly, in at least ope embodiment, the second channel estimation process is
kuoown or expected 1o provide superior channel estimation accuracy as compared to the
first chanpel estimation process, under at least some conditions. The first channel
estimation process, however, is sufficiently good to bootstrap or otherwise seed the
second process with reqqusite statistical mnformation.

Of course, the present invention is not lomited to the above features and
advaniages. Indeed, those skilled in the art will recognize additional features and
advantages upon reading the following detailed description, snd uwpon viewing the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. | is a block diagram of one embodiment of a wireless communication
network and an associated mobile terminal that includes a recetver aircuit for channel
estimation as proposed herein.

Fig. 2 18 a logic flow diagram for one embodiment of a method of chaanel
estimation.

Fig. 3 is a block diagram of one embodiment of a receiver civcuit configured for
channet estimation.

Fig. 4 15 a flow diggram dlustrating one embodiment of time domain and
frequency domain processing operations, for channel estimation as proposed herem for
an OFDM received signal.

Fig. 5 15 a performance diagram plotting codeword error rates for channel
estimation based on perfect channel knowledge {idealized), based on ML estimation,
and based on one embodiment of the estimation proposed herein.

Fig. 6 is a table tlustrating models and parameters associated with the plot of

e
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DETAILED DESCRIPTION

Fig. 1 is a sunplified illustration of one embodiment of a wireless
commuurication network 10, which includes a Radio Access Network {RANY i2 and a
Core Network {CN) 14, which may be coupled 10 one or more external networks 16.
For example, the CN 14 may couple directly or indivectly to the Internet andfor to other
data networks.

The RAN 12 mcludes a nomber of base stations 20—one 15 shown for
stmplicity—each having one or more tansmut antennas 22, for transmitting
radiofrequency signals to and receiving radiofrequency signals from mobile terminals
30-—one 1s shown for simplicity. The signals are propagated over the air, and thus pass
through one or more propagation channels. The propagation channel(s) typically are
muldtipath, and, for MIMO implementations mvolving multi-antenna transmission and
reception, there may be a number of propagation channels involved, corresponding to
the different transmitfreceive anlenna pairings.

Accordmngly, the illustrated embodiment of the mobile terminal 30 includes one
or more transmilreceive antennas 32, wihich are coupled through antenna interface
circuitry 34 to a transmit circnlt 36, and a receiver front-end circuit 38. Baseband
processing circuits 40 provide signal processing and control fumctions for the
transmitter and receiver front-end circuits 36 and 3%, and may be maplemented, for
example, using one or more microprocessors, digital signal processors, Application
Specific Integrated Cirenits {ASICs), Freld Programmable Gate Arrays, or other digital
processing Cireuitry.

Of particular interest, the processing circuits 40 wclude a receiver circuit 42 for
generating channel estimates, for processing a recelved communication signal in a
wireless communication recetver, e.g., the mobile termunal 30, Such circuitry may be
pre-programmed or may operate according to stored program mstructions, which are
maintained in a computer-readable medium within the mobile terminal 30— g non-
volatile FLASH memory or EEPROM.

In one or more embodiments, the receiver cirenit 42 is configured o implement
a method of generating channel estimates, for processing a received communication
signal. The method includes generating first channel estimates from a set of pilot

obiservations obtained from the received communication signal, using a furst chaanel
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estimation process not dependent on knowledge of channel statistics, and estimating
channel statistics and a notse varignce from the first channel estimates. The method
further includes generating second channel estimates from the set of pilot observations,
the estimated channe!l statistics, and the estimated noise variance, using a second
channel estimation process dependent on knowledge of the channel statistics.

The recever circult 42 comprises, for example, signal processing circuitry that
1s configured to carry out channel estimation processing as proposed herein, within the
mobile terminal 30, However, 1t should be understood that the base station 20 also
includes (RF) transceiver circuits and associated signal processing and control circuits.
Az such, those skilled i the art should appreciate that a version of the receiver circuit
42, as adapted for base station use, is contemplated herein.

As for the dlustration, Fig. 3 depicts an embodiment of the receiver circuit 42 in
more detail. The illustrated circuitry comprises a first channel estimator 50, a statistics
estimator 32, and a second channel estimator 34. The first chamnel estimator 30 i3
configured to generate first channel estimates from a set of pilot observations obtained
from a received conununication signal, using a first channel estimation process not
dependent on knowledge of channel statistics. The statistical estimator 52 is configured
to estimate chanoel statistics and a poise varignce—which may be expressed as a noise
spectral density--from the first channed estimates. Correspondingly, the second channel
estimator 34 15 confipured to generate second channel estimates from the set of pilot
observations, the estimated channel statistics, and the estimated noise vartance, using a
second channel estimation process dependent on knowledge of the channel statistics.

For example, in one or more embodiments, the first channel estimator 50 13
configured to generate the first chanpel estimates in a Maximum Likelihood (ML)
estimation process, or in a Least Squares Estimation (LSE) process, based on the set of
pilot observations and corresponding known nominal pilot symbel values. The ML and
LSE estimation processes do not require a priori knowledge of the channel statistics
and noise variance, and thus provide an advantageous basis for intially processing the
pilot observations to obtain initial (first) channel estimates.

Unlike the first channel estimation process, the second channel estimation
process is a Bayesian estimation process that is dependent on a priorl statistical

knowledge of the channel. For example, the second channel estimator 54 is configured
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to generate the second channel estimates in @ Maximuam a Posteriori {MAP) estimation
process, based on the estimated channel statistics and the estimated noise vanance

obtained from the first channel estimation process, and the set of pilot observations.

OFDM chunks—is used for two chanoel estimation processes. In particular, the Hrst
channel estimation process uses the pilot observations 1o estimate channel statistics and
noise variance, where, for example, the statistical estimator 52 1s configured to estimate
a frequency-domain channel correlation matrix as the channel statistics.

The estimation of channel statistics as a frequency-domain channel correlation
matrix 18 particularty useful in the OFDM context. For example, the mobile terminal 30
m one or more embodiments comprises an OFDM receiver (transceiver), and the
received communication signal comprises an OFDM signal including a number of pilot
symbols at given sub-carrier frequencies within an OFDM frequency band. The pilot
observations taken by the terminal 30 correspond to the pilot symbols.

In this context, the first channel estimator 50 is configured to generate the first
channel estimates by determining channel taps—yprocessing  delays—at which to
generate respective ones of the first channel estimates. The estimator’s determination is
based on transforming recetved pilot symbols mto the time domain to obtain a set of
channel taps, and selecting channel taps i the set that are above a defined strength
threshold. That is, a measure of received signal strength, or another indication of signal
power at the mdividual chamnel taps can be used to select a subset of the channel taps
for processing use.

In any case, the first chamnel estimator S0 1o such embodiments is configured to
generate the first channel estimates by translating the pilot observations into the time
domain and generating time-domain channel estimates therefrom, and then translating
the time-domain channel estimates back mto the frequency domain, to ebtain the first
channel estimates. Correspondingly, the stanistical estimator 52 is conhgured to
estimate the channel statistics in the frequency domain, based on the {frequency
domain) first channe! estimates.

Contimging from these first channel estimates, the second channel estimator 54
is configured to generate the second channel estimates by computing a linear

interpolation filter n the frequency domain. The hnear mterpolation filter 15 used to
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generate the second channel estimates for one or more data sub-carrier frequencies
within the OFDM frequency band, which are different than the given sub-carrier
frequencies of the pilot symbels. That 1s, by using the linear wnterpolation filter, the
second channel estimator 54 can generate channel estimates at essentially any arbitrary
frequency within a given OFDM frequency band, meaning that it can estimate channel
response at sub-carrier frequencies, although those frequencies are different from the
pilot sub~carrier frequencies.

Fig. 4 illustrates one embodiment of such processing, where the dashed vertical
line indicates the division between the frequency domain and the time domain, i terms
of the receiver cicuil’s processing. One sees that for the OFDM example, received
pilot values—i.e., pilot svmbols at given sub-carrier positions within an OFDM
chunk—are converted into the tune domain via, e.g., an Inverse Fast Fourter Transform
{(IFFT). The recetver circuit 42 selects chanuel taps within the time domam, and
generates time-domain channel estimates for the selected channel taps. These time-
domain channel estimates are then transformed back into the frequency domain, e.g.,
via an FFT.

Once converted back into the frequency domain, these channel estimates are
considered the “first channel estimates,” and they are used to estimate the second-order
channel statistics and noise varlance in the frequency domam. Frequency-domain
processing further mcludes computation of the linear interpolation filter, and use of thas
filter to generate the second channel estimates (for the OFDM data sub-carners).

Referring back 1o Fig. 3 for the moment, one also sees the mdication of an
optional recursive loop through the statistics estimator 52 and the second channel
estimator 54. In such embodiments, the statistical estimator 52 13 configured to generate
revised estimates of the channel statistics and the noise variance from the second
channel estimates. That is, the second chanpel estimates as output from the second
channel estimator 54 are used to refine the recerver circuit’s estimation of the channel
statistics and noise variance.

In turn, the second channel estimator 54 s configured to generate revised
second channel estimates from the set of pilot observations, the revised estimated

channel statistics, and the vevised estimated noise variance. Thus, the second channel
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estimates are used to revise the channel statistics and noise variance estimates, and then
those revised estimates are used to generate a revised set of second channel estimates.

Various embodiments of the receiver circuit 42 may be configured to perform
additional iterations, where the revised second channel estimates from a prior iteration
are used to generate improved revised estimates of the channpel statisties and noise
Varmance i a pext weration, which in turn are used 1o generate a revised set of second
channe! estimates. Soch iteration is fixed to a defined number of runs in one
embodiment, while another embodiment controls the sanber of iterations based on one
or more criterion, soch as the change in revised estimates between iterations.

Of course, not all embodiments iterate, and the basic mmprovement i channel
estimation accuracy comes from the use of the first estimation process fo gain
imformation about {second order) chaonel statistics. With this approach. an estimate of
the channel between the j-th transmit antenna and the i-th receive antenna, H (U '}, can
be calenlated quickly, in a few strategic steps. As noted, the first step is performing

channel estimation using an estimation process that does not depend on knowledge of

the channel statistics. The ML and LSE algorithms are two such examples. Taking ML
for example, the channel estimate #; /) is wansformed to the frequency domain,

creating the ML estimate of the channel frequency response:
ff, ; (fy= Ef?;\j"if}t‘::"\p{-"—jlfs‘—'—}. (Eq. 9)

At the next step, the estimate from (Eqg. 9 is wsed to estimate the channel

correlation matrix as

Al
TRl T e M LA

Kit G fy) == S Hi OO fy f)l

(Eq. 10)
and noise spectral density
1 1'{ \(‘ 2
A T I A Us T (Fq. 11)
H :-rx \f} }' 1

Substituting (Eq. 10) and {Eq. 11} into (Eq. 2) gives a new MAP estimate as:
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codap ¥ ey
Hij (F3= 3 Wilf ¥ iU {Eq. 12)

mr=l

where the coefficients ¥ (/. £,,) are computed as follows:

" M o . % - -
W’j (,flx.fi;ﬁ): Z K}{(f?’”}}’! U}JVI (.a’ipv..f;ﬂ)r {EQ- 13.}
F_’]:::_[ .
£ }'
where 4 ; ! ( j};},f}n)are the elements of the matrix 1?1 which is inverse to the matnx
5 4y with
A 1) = 80U, = L)+ PR s TP (Eq. 14)

In assessing expected performance for the first/second channel estimation
processing proposed hergin, the inventors based simulations on more than 100 different
channel realizations, using average codeword error rate as the performance measure.

16 Fig. § illustrates the simulated performance, as compared to performance based on
perfect channel knowledge, and performance based on ML channel estimation only,

In more detail, the evaluation considered a MIMO system with two maobile
terminals 30 transmitting to two base stations 20 on the uplink. The antennas 22 at both

base stations 20 were used to receive and jointly detect the information bits from a first

.
141

one of the mobile terminals 30, In thus contexy, it should be noted that the transmussions
from the second mobile terminal 30 creates spatially correlated interference when
detecting the bits from the first mobile terminal 30, Because of this interference, the
correlation between the 7-th and the A-th bage stations 20 has the form

R AFY=g o~ k) + H, (YHL(). (Eq. 15)
20 For demodulation processing at a first one of the two base stations 20, the noise

correlation matrix R, (/) was estimated using the following algorithm:

Rialf) = 80—+ HoFH e (. (Eq. 16)

e (AL

where H{i} =Hi; (Fy when the ML channel estimator was used, and where

ety R RIS B . : .
Hi | y=H. (/) when the proposed channel estimator was used. That is, one

)
T

embodiment of the base station 20 used a conventional ML-based channel estimation

process, and another embodiment implemented a version of the receiver circut 42,
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providing channel estimation as proposed herein. The meodels and parameters for the
full simulation are given in the table shown i Fig. 6.

With that model/parameter information in mind, the performance curves shown
in Fig. 5 plot the average codeword error rate as a function of the average signal-to-
noise ratio (SNR) at the receiver of a fivst one of the two base stations 20. One sees that
at an average codeword error rate of one-percent, the channel estimator proposed herein
outperforms the conventional ML estimator by 2 dB.

Of course, that result and the associated performance simudation are non-
limiting examples of the advantages obtained by use of the proposed channel estimator.
Indeed, the proposed channel estimator of the present invention 1s not limited by the

foregoing discussion or by the accompanying lustrations. Rather, it 1s linited only by

the following appended claims and their legal equivalents.
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CLAIMS
i A method of generating channel estimates in a wireless communication
recelver, for processing a received communication signal, the method comprising:

generating first channel estimates from a set of pilot ebservations obtained from
the received communication signal, using a first channel estimaton process not
dependent on knowledge of channel statistics:

estimating channel statistics and a noise variance from the first channel
estimates; and

generating second channel estimates from the set of pilot observations, the
estumated channel statistics, and the estimated noise variance, using a second channel

estimation process dependent on knowledge of the channel statistics.

2. The method of claim 1, further comprising generating revised estimates of the
channel statistics and noise vanance from the second channel estumates, and generating
revised second channel estimates from the set of pilot observations, the revised

estimated channel statistics, and the revised estimated noise vanance.

3. The method of claint 1, wherein the received communication signal comprises
an Orthogonal Frequency Division Multiplex (OFDM) signal including a number of
pilot symbols at given sub-carrier frequencies within an OFDM frequency band, and

wherein the piot observations correspond to the pilot symbeols.

4. The method of claim 3, wherein generating the first channe! estimates includes
determining channel taps at which to generate respective ones of the first channel
estimates by transforming received pilot symbols into the time domain to obtain a set of

channel taps, and selecting channel taps i the set that are above a defined strength

threshold.

5. The method of claim 3, wherein generating the first channel estimates
comprises transltating the piot observations into the time domam and generating time-

domain channel estimates therefrom, translating the time-domam channel estimates
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back into the frequency domain, to obtain the first channel estimates, and estimating the

channel statistics i the frequency domatn, based on the first channel estimates,

6. The method of claim 5, wherein penerating the second channel estimates
comprises computing & linear interpolation filter in the frequency domam, and
generating the second channel estimates for one or more data sub-carrier frequencies
within the OFDM frequency band, which are different than the given sob-carrier

frequencies of the pilot svmbols.

7. The method of claim 6, wherein generating the second channel estimates
comprises generating the second channel estimates in a Bayesian estimation process.

8. The method of claim 1, wherein generating the first channel estimates
comprises generating the first channel estimates m a Maximum Likelthood (ML)
estimation process, or in a Least Squares Estimation (LSE) process, based on the set of

pilot observations and corresponding known nominal pilot syrabol values.

9. The method of claim 1, wherein generating the second channel estimates
comprises generating the second channel estimates in a Maxinnm a Posteriori (MAP)
estitnation process, hased on the estimated channel statistics, the estimated noise

variance, and the set of pdot observations.

10.  The method of claim 1, wherein estimating the channel statistics comprises

estimating a frequency-domain channel correlation matrix.

T A recerver crrcuit for generating channel estinsates for processing a received
comnumnication signal in a wireless commuomcation receiver, said receiver cirouit
comprising:

a first channel estimator confignred to generate first channel estimates from a
set of pilot observations obtamned from a recetved communication signal, using a first

channel estimation process not dependent on knowledgpe of channel statistics;
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a statistical estimator configured to estimate channel statistics and a noise
vanance from the first channel estimates; and

a second chanpnel estimator configured to generate second channel estimates
from the set of pilot observations, the estimated channel statistics, and the estimated
noise vattance, using a second channel estimation process dependent on knowledge of
the channel statistics.
12, The receiver circust of claim 11, wherein the statistical estimator is fusther
configured 1o generate revised estimates of the channel statistics and the noise variance
from the second channel estimates, and wherein the second channel estimator is further
configured to generate revised second channel estimates from the set of pilot
observations, the revised estimated channel statistics, and the vevised estimated noise

variance.

13, The receiver circuit of claim 11, wherein the wireless communication receiver
comprises an Orthogonal Frequency Division Multiplex (OFDM) receiver, and wherein
the received conununication signal comprises an OFDM signal including a number of
pilot symbols at given sub-carrier frequencies within an OFDM frequency band, and

wherein the pilot observations correspond to the pilot svmbols.

14. The receiver circuit of claim 13, wherein the first channel estimator s
configured 1o generate the first channel estimates by determining channel taps at which
to generate vespective ones of the first channel estimates, based on transforming
received pilot symbols into the time domain to obtain a set of channel taps, and

selecting channel taps in the set that are above a defined strength threshold.

is. The receiver ¢ircut of claim 13, wherein the first channel estimator i3
configured to generate the first channel estimates by translating the pilot observations
mto the time domain and generating time-domain channel estimates therefrom,
translating the time~domain channel estimates back into the frequency domam, to

obtain the first channel estimates, and wherein the statistical estimator is configured to
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estimate the channel statistics in the frequency domain, based on the first channel

estimnates.

16. The receiver circuit of claim 15, wherein the second channel estimator is
configured to generate the second channel estimates by computing a linear interpolation
filter 1 the frequency domain, and generating the second channel estimates for one or
more data sub-carrier frequencies within the OFDM  frequency band, which are

different than the given sub-carrier frequencies of the pilot symbols.

17.  The receiver circuit of claim 16, wherein the second chanpel estimator s

configured to generate the second channel estimates in a Bayvesian estimation process.

18, The receiver circuit of claim 11, wherein the first channel estimator is
configured to generate the first chanpel estimates in a Maximum Likehbood (ML)
estimation process, or in a Least Squares Estimation (LSE) process, based on the set of

pilot observations and corresponding known nominal pilot syrabol values.

19, The recetver clreuit of clam 11, wherein the second channel estimator is
configured to generate the second channel estimates in 8 Maximum a Posteriori {(MAR)
estitnation process, hased on the estimated channel statistics, the estimated noise

variance, and the set of pdot observations.

200 'The recewver circuil of claim 11, wherem the statistical estumator is configured

to estimate a frequency-domain channel correlation matrix, as said channel statistics.
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FIG. 5
# OF TX ANTENNAS PER UE 1
# OF RX ANTENNAS PER BS 1
DISTANCE DEPENDENT PATH LOSS L=35.3 + 37.6 og{d) [dB]
SHADOW FADING Log-normal, 8 ¢B STANDARD DEVIATION
MULTIPATH FADING 3GPP TYRICAL URBAN (SCM)
DISTANCE DEPENDENT PATH LOSS L=35.3 + 37.6 log{d} [dR]
CELLLAYQOUT HEXAGUONAL GRID, 2 CELLS
INTER-SITE DISTANCE 500 m
SPECTRUM ALLOCATION 4.5 MHz
UE TRANSMITTED POWER 0.4W
MODULATION AND CODING SCHEMES OPSK, 180AM, AND 84QAM
TURBO DECODER Log MAF
CODING RATE 04
CHANNEL QUALITY ESTIMATION ERROR-FREE, NO DELAY
LINK ADAPTATION DEAL
RECEIVER IRC
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