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MODEL-BASED CHANNEL ESTIMATOR FOR
CORRELATED FADING CHANNELS AND
CHANNEL ESTIMATION METHOD
THEREOF

TECHNICAL FIELD

[0001] The disclosure generally relates to a model-based
channel estimator for correlated fading channels and the
channel estimation method thereof.

BACKGROUND

[0002] Increasing demand for higher wireless system
capacity has catalyzed several ground-breaking transmission
techniques. In wireless communication systems, recent
developments have been made using orthogonal frequency
division multiplexing (OFDM) technologies. In OFDM
schemes, the sub-carrier frequencies are spaced apart by pre-
cise frequency differences and make efficient use of the spec-
trum by allowing overlap. Besides, channel equalization
becomes simpler than by using adaptive equalization tech-
niques with single-carrier systems. By using multiple-input
multiple-output (MIMO) schemes in OFDM systerns, it is
possible to increase the capacity of data. The MIMO technol-
ogy has attracted the great partofrecent attention. FIG. 1is an
exemplary diagram illustrating a typical MIMO system hav-
ing M transmit antennas and N received antennas at k-th
sub-carrier. As shown in FIG. 1, both transmit and receive
sides have multiple antennas. Transmit data X is transmitted
through MxN wireless channels H then received by a receiv-
er’s multiple antennas as observation data Y.

[0003] It has been shown that significant capacity gains are
achievable when multi-element antennas (MEA) are used at
both the transmitting and receiving sides. Spatial multiplex-
ing techniques, for example the BLAST (Bell-labs Layered
Space-Time) system, were developed to attain very high
spectral efficiencies in rich scattering environments. Ideal
rich-scattering environments may decorrelate channels
between different pairs of transmit and receive antennas.
[0004] In practice, however, spatial correlations do exist
and should be considered when designing a MIMO receiver
for evaluating the corresponding system performance.
[0005] Spatial correlation depends on physical parameters
such as antenna spacing, antenna arrangement, and scatters’
distributions. Antenna correlations reduce the number of
equivalent orthogonal sub-channels, decrease spectral effi-
ciency, making it more difficult to detect the transmitted data.
A coherent MIMO receiver requires an accurate channel esti-
mate to perform critical operations and provide satisfactory
performance. Not only is reliable channel estimation manda-
tory in guaranteeing signal reception quality but it is also
needed in designing an adequate precoder at the transmitting
side to achieve maximum throughput or minimum bit error
rate in feedback MIMO systems.

[0006] Various pilot-assisted MIMO channel estimators
have been disclosed. For example, one disclosed method
exploits the sparsity structure of MIMO channels. A channel
estimation process or a pilot placement and pilot allocation
process can be taken for the sparse channel estimation of
MIMO inter-symbol interference (ISI) channels in MIMO-
OFDM systems. The front or back end of a channel estimator
may utilize the channel estimation output by the scheme. In
the scheme, there is no fixed basis for precoder at the trans-
mitter end or for codebook selector at the receiver end.

Nov. 29, 2012

[0007] Another document disclosed estimating channel
parameters in MIMO systems. Referring to FIG. 2, one
embodiment performed by the channel parameter estimator
includes calculating coarse channel estimates using an least
square (LS) method and/or a Zero forcing method (step 202),
performing a frequency domain interpolation procedure (step
204) to the subcarriers that were not excited, and reducing the
mean square error (step 206). In addition to the estimation of
channel parameters, the parameter estimator may further cal-
culate estimates of the “noise variance,” which is a parameter
representing the power of the extraneous unwanted noise
present in the signal. An exemplary embodiment for noise
variance estimation includes calculating a noise term from
coarse and final channel estimates (step 212), multiplying the
noise term with a signal transmission matrix for each tone
(step 214), and converting the frequency domain coefficients
to the time domain (step 216), and calculating noise variance
estimate for each receive antenna (step 218). There is also no
fixed basis for precoder at the transmitter end or for codebook
selector at the receiver end. While only one frequency basis is
used for the channel estimator.

[0008] Yet another document disclosed a technology for
reduced rank channel estimation in a communication system.
Referring to FIG. 3, the technology exploits redundant and/or
a priori knowledge within a system to simplify the estimation
calculation including estimating significant delays of the
channel (step 310), producing full dimension channel esti-
mates (step 312), and calculating a covariance matrix of chan-
nels (step 314). The covariance matrix is further analyzed to
determine if the channel parameters may be reduced for chan-
nel estimation. If not, use the full rank of the system to model
the channel (step 320), otherwise a reduced rank matrix is
used for the calculation including estimating the channel
subspace (step 322) and reduced rank channel parameters
(step 324), and transforming channel parameters back to full
dimension (step 326). There is also no fixed basis for precoder
at the transmitter end or for codebook selector at the receiver
end. While spatial basis is provided in real time for the chan-
nel estimation.

[0009] In conventional designs, closed-loop MIMO sys-
tems provide high capacity and robust performance when
accurate channel state information (CSI) is available (often
through feedback). Codebook-based solutions are used to
reduce the CSI bandwidth requirement. Few estimators are
specifically designed for correlated MIMO channels, and
those few exploited only channel’s time and frequency cor-
relation characteristics by approximating the time- and/or
frequency-domain response by an analytic model. In fact, no
method or apparatus exists for MIMO system that is capable
of using spatial, frequency and time correlation as well. Thus
a need exists for a method and apparatus that is capable of
using time/frequency/spatial correlation and may further pro-
vide accurate estimates, compact and useful CSI, and poten-
tial post processing complexity cutbacks.

SUMMARY

[0010] The exemplary embodiments of the present disclo-
sure may provide a model-based channel estimator for corre-
lated fading channels and channel estimation method thereof.
[0011] A disclosed embodiment relates to a model-based
channel estimator for correlated fading channels adapted to a
MIMO system having a transmit antenna array and a receive
antenna array. The model-based channel estimator comprises
an estimator of channel parameters and an estimate recon-
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struction unit. The estimator of channel parameters estimates
a coefficient vector of a channel matrix for a given angle of
departure (AoD) according to a plurality of received signals,
a plurality of transmit pilots, a plurality of known model
orders, and a plurality of predetermined bases for exploiting
time, frequency, spatial channel correlation among the trans-
mit antenna array, and spatial channel correlation among the
receive antenna array, then estimates a mean AoD based on
the estimated channel matrix. The estimator of channel
parameters estimates iteratively said coefficient vector and
said mean AoD until a stop criterion is met. The estimate
reconstruction unit reconstructs a channel estimate by using
the plurality of predetermined bases, the coefficient vector,
and the mean AoD.

[0012] Another disclosed embodiment relates to a model-
based channel estimation method for correlated fading chan-
nels adapted to a MIMO system having a transmit antenna
array and a receive antenna array. The model-based channel
estimation method comprises: determining a plurality of
model orders denoted by K, K, K K, fora derived chan-
nel model by an estimation algorithm; performing an estima-
tion for a coefficient vector Coef of a channel matrix and an
estimation for an angle of departure (AoD) by using an itera-
tive scheme, and stopping iterations when a criterion being
satisfied; and reconstructing a full dimension channel esti-
mate H, by using the estimated channel coefficient vector
Coef, a plurality of predetermined basis matrices denoted by
Qz.x Qr e Qr,e a0d QLK containing both basis matrix
Qr,x, and the AoD; wherein the derived channel model is
derived by predetermining the plurality of basis matrices
Qr.x Qrg, Qrxy and Qg z, for exploiting time channel
correlation, frequency channel correlation, spatial channel
correlation among the transmit antenna array, and spatial
channel correlation among the receive antenna array, respec-
tively.

[0013] Yet another disclosed embodiment relates to a
receiver end having a codebook selector. The receiver end is
adapted to a multiple-input multiple-output (MIMO) system
having a transmit antenna array and a receive anterina array.
The receiver end comprises a model order estimator and a
model-based channel estimator. The model order estimator
estimates a plurality of model orders. The model-based chan-
nel estimator estimates a coeflicient vector of a channel
matrix for a given angle of departure (AoD) according to a
plurality of received signals, a plurality of transmit pilots, the
plurality of model orders for a derived channel model, and a
plurality of predetermined bases for exploiting time channel
correlation, frequency channel correlation, spatial channel
correlation among the transmit antenna array, and spatial
channel correlation among the receive antenna array, then
estimates amean AoD based on the estimated channel matrix,
wherein, the estimator of channel parameters estimates itera-
tively the coefficient vector and the mean AoD until a stop
criterion is met. When the stop criterion is met, the model-
based channel estimator reconstructs a channel estimate by
using the plurality of predetermined bases, the coefficient
vector, and the mean AoD.

[0014] The foregoing and other features, aspects and
advantages of the present invention will become better under-
stood from a careful reading of a detailed description pro-
vided herein below with appropriate reference to the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG.1isanexemplary diagram illustrating a typical
MIMO system.
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[0016] FIG. 2 shows an exemplary schematic view of
sparse channel estimation for MIMO OFDM systems.
[0017] FIG. 3 shows a schematic view of a technology for
reduced rank channel estimation ina communication system.
[0018] FIG. 4 shows a diagram illustration the required
channel coefficients for a MIMO system in frequency, time
and spatial domain, consistent with certain disclosed embodi-
ments,

[0019] FIG. 5 shows an exemplary schematic view of a
model-based channel estimator for correlated fading chan-
nels, consistent with certain disclosed embodiments.

[0020] FIG. 6 is a flow chart of an exemplary embodiment
illustrating a method of model-based channel estimation for
correlated fading channels, consistent with certain disclosed
embodiments.

[0021] FIG.7 shows the effect of the model order K on the
MSE performance of the root-finding scheme in a SCM chan-
nel, consistent with certain disclosed embodiments.

[0022] FIG. 8 shows the effect of the model orders K, and
K; on the MSE performance of the root-finding scheme in a
SCM channel, consistent with certain disclosed embodi-
ments.

[0023] FIG. 9 shows an exemplary application with feed-
back model coefficients of the disclosed model-based chan-
nel estimator, consistent with certain disclosed embodiments.
[0024] FIG. 10 shows an exemplary post-channel-estima-
tion application at receive end with the disclosed model-
based channel estimator, consistent with certain disclosed
embodiments.

[0025] FIG. 11 shows an exemplary pre-channel-estima-
tion application at transmit end with the disclosed model-
based channel estimator, consistent with certain disclosed
embodiments.

[0026] FIG. 12 shows an exemplary schematic view illus-
trating a receiver end, consistent with certain disclosed
embodiments.

DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENTS

[0027] In OFDM systems with MIMO, represented by
MIMO-OFDM systems, full-rank codebook may be not
needed most of the time, especially if one considers all
degrees of freedom. Efficient codebook design may be
accomplished by taking the spatial, time and frequency cor-
relations into account. In addition, pre-determined basis may
be used to reduce computation. The exemplary embodiments
provide a model-based channel estimator for correlated fad-
ing channels. Estimates of channel parameters may include
channel coefficients and mean angle of departure (AoD) esti-
mates, and exploit the structure of channel response such as
time, frequency, and spatial correlations.

[0028] The pilot-assisted channel schemes of the exem-
plary embodiments are on the basis of a new general MIMO
channel representation which does not require information of
second-order channel statistics. Spatial and time covariance
(or correlation) functions are described by non-parametric
regression and the influence of the mean AoD is related to
other channel parameters via a regression model. This repre-
sentation admits a reduced-rank channel model and compact
CSI representation, making possible reduced feedback chan-
nel bandwidth requirement. It may result in separable
descriptions of channel correlations and mean AoD for cor-
related MIMO systems. Therefore efficient schemes to iden-
tify the realistic channel response can be developed. In other
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words, the exemplary embodiments are developed to provide
higher CSI resolution, offer enhanced estimator performance
in most cases, and simplify post-channel-estimation signal
processing.

[0029] After a review of the typical space-time antenna
setup and a general received MIMO signal model, a new
channel model for a plurality of spatial-correlated block-
faded MIMO channels is derived as follows. For example, in
a system model with continue-type pilot, consider a K sub-
carrier MIMO-OFDM system with linear arrays of M trans-
mit and N receive antennas (N=M), respectively. Indepen-
dent data streams are transmitted from the base station (BS).

%, (R=xy (), 3,00, ., x0T

where

[0030] x,(k) is the transmit signal from the i-th transmit
antenna.

[0031] ks the sub-carrier index.

[0032] nis the time index.

[0033] M is the total number of transmit antennas.
[0034] [ ]7 denotes the matrix transpose operation.

[0035] At the receiver, after cyclic prefix (CP) removal,
each data block is converted into the frequency domain using
a K-point discrete Fourier transform (DFT) yielding

=T, 358), - .,y

where

[0036] y, (k) is the received signal by the j-th receive
antenna on k-th sub-carrier at time nT.

[0037] Thecyclic prefix (CP) length is assumed to be equal
to or larger than the channel impulse response. Therefore, the
receive signals at the k-th sub-carrier may be written as

Vo Ry=H ()X Ry y,(R)

where

[0038] Y, (k) is the Nx1 receive vector on the k-th sub-
carrier at time nT.

[0039] X, (k) is the MxI transmit vector on the k-th sub-
carrier at time nT.

[0040] v,(k) is a Mx1 zero mean additive white Gaussian
noise (AWGN) vector.

[0041] H,(k) is the NxM frequency domain channel
response matrix.

[0042] Arrange the received signals at all sub-carriers into
a matrix, the stacked received vector from sub-carrier O-th to
(K-1)-th may be expressed as

where
K is an observation window size in the frequency domain.

[0043] Y, %isthe NxK received matrix over K sub-carriers
at time nT.

[0044] X, Fisthe MKxK transmit matrix over K subcarriers
at time nT.
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[0045] For an observation window of size L, the receive
sample vector from nT to (n+L-1)T may be expressed as

/TN (RN W}
Hy= [ HE g ]
xX 0
K
X Xn+1
L=
K
0 Xn+L71

[0046] According to the above disclosed model, FIG. 4
shows a diagram illustration the required channel coefficients
for a MIMO system in frequency, time and spatial domain,
consistent with certain disclosed embodiments. Wherein, the
resource of the MIMO system consists of k sub-carriersand L
time slots. Therefore, dimension in frequency domain is
denoted by K, dimension in time domain is denoted by L, and
dimensions in spatial domain are denoted by M and N with
the linear arrays of M transmit and N receive antennas. The
spatial, time and frequency domain channel correlation may
be applied the orthogonal transform by the unitary matrices.

vee(Hy) = [Qrx, ® Qrk; @ QT,KT @ Or i |Cooet
<T
Orir = Q;KTW

wi 0

Wo

0 Wy

where

[0047]  Q g, is a LxK; basis matrix for describing channel
behavior in a time domain.

[0048] QF Ky is a FxK . basis matrix for describing channel
behavior in a frequency domain.

[0049]  Qpk, is a MxK basis matrix for describing spatial
channel correlation among a transmit antenna array.

[0050] Qg 4, is a NxKj, basis matr.ix for describing spatial
channel correlation among a receive antenna array.

[0051] C,,,is a K;KKKgx1 coefficient vector, which
contains coefficients of above bases.

[0052] @y, is a MxK; matrix, contains both a transmit
basis and the AoD information.

[0053] W is a MxM diagonal matrix, which contains the
AoD information.

[0054] w;, is an 1x1 unit modulus entry, represents AoD
information.

[0055]
[0056] wvec( ) is the vectorization operation.

Notethat K, K, K, K, are known model orders, and matrix
Q.«, is decomposed into a new unitary matrix Q. and a
diagonal matrix W with unit modulus entries. The exemplary
embodiments substitute the basis matrices Q; ¢, Q7. Qz 1,
with K, (=L), K/{=M) and K4(=N) for unitary matrices Q;,
Qp, and Qg, in order to find the more compact channel coef-
ficients for the channel estimates. In other words, the exem-

® is the Kronecker product operation.
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plary embodiments derive a reduced-rank channel model to
find the more compact channel coefficients for the channel
estimates.

[0057] Inotherwords, wireless channel may be modeled by
steering vectors as the above formula. With proper model
order known, the exemplary embodiments may further
express the corresponding optimal channel estimate (by a
least square method) in terms of W, 2" and C_,_ """,
and derive an iterative method for obtaining the channel esti-
mate, where assume that the optimal directional matrix
W, 2% and the optimal coefficient vector C,,,, 7" is
available when the least square method is applied for estimat-
ing the AoD information and directional information, respec-
tively. FIG. 5 shows an exemplary schematic view of amodel-
based channel estimator for correlated fading channels,
consistent with certain disclosed embodiments. Referring to
FIG. 5, the model-based channel estimator 500 may comprise
an estimator of channel parameters 520, and an estimate
reconstruction unit 530.

[0058] In order to derive a MIMO channel, bases for
exploiting time, frequency, and spatial channel correlations
are predetermined. For example, a basis matrix Q, ,, for
describing time domain channel behavior, a basis matrix
Qrx, for describing frequency domain channel behavior, a
basis matrix Q7 & for describing transmit spatial correlation,
and a basis matrix Qg «, for describing receive spatial corre-
lation are predetermined. The estimator of channel param-
eters 520 estimates channel coefficients 522 of a channel
matrix for a given AoD 5224, with received signal Yp, trans-
mit pilot Xp, known model orders K, K, K, K, and pre-
determined bases Q; &, Qr &,» Qrx,» and Qg . then esti-
mates a mean AoD 524 based on the estimated channel
matrix. The estimator of channel parameters 520 iterates the
estimations for channel coefficients 522 and the mean AoD
524 until a stop criterion is met. The estimate reconstruction
unit 530 reconstructs a channel estimate H by using Q; x,,
Qr xp Qrip Qrx,p and a final estimate of channel coeffi-
cients 522. Base matrices Q, Ky Qg Ky Qr K and Qx x may
be computed by offline.

[0059] An iterative method is also disclosed herein,
wherein the channel estimation is carried out in the model-
based channel estimator of FIG. 5. In each iterative process,
the method may include two phases referred to channel coef-
ficient estimation and AoD estimation, respectively. The
iterative method stops iterations when it satisfies a criterion.
For example, the stop criterion may be defined as a maximum
iteration number or a minimum difference update. FIG. 6 is a
flow chart of an exemplary embodiment illustrating a method
of model-based channel estimation for correlated fading
channels, consistent with certain disclosed embodiments.

[0060] Note that, the fourth state (step 640, i.e. iterate until
to a limit number) will go back to the second state for per-
forming phase 1 (step 620, 1.e. channel coefficients estimation
in i” iteration) and third state for performing phase 2 (step
630, i.e. AoD estimation in i* iteration) until satisfying a
given threshold such as a maximum iterative number or a
minimum difference update. The method flows as follows.
First, determine the model orders K, K-, K, K fora derived
channel model (step 610) by some existing algorithm such as
arank estimation algorithm or a model order estimation algo-
rithm. This state may be implemented by offline. For
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example, the step may be implemented by some fixed model
orders if the performance loss due to the model order mis-
match can be acceptable. Next, starting the first iteration, i.e.
i=1, for performing step 620 then step 630. Then, go to the
fourth state to iterate 1, 1.e. i=1+1, until the iteration i reaches
to a limit number. The final state is to reconstruct a full
dimension channel estimate (step 650) for the post-process-
ing operation. The channel estimate H, may be reconstructed
by a steering vector as

vec(H =0 &, ® QF,KF® QT,KT® Or kpf Ceoer

[0061] The model-based channel estimator and the channel
estimation method offer the advantage of rendering both the
channel coefficients estimation and the AoD estimation
simultaneously. This will become better understood after the
following detailed description of the phase 1 and the phase 2.

[0062] Phase 1—Channel Coefficient Estimation

Assume that the directional matrix is optimum, i.e, W, "]
=W, 7" therefore the Lease Square (LS) estimate of
channel coefficients would be

N ~[i- T +
Cilef = {[(W[FLI]XL) Ok, ®Qrp ® QT,KT)] ® Q},KR }vec(YL)

L] 1]
Wi =1g@W

1 0

0 1

FIxFL

Where

[0063] { }T denotes the pseudo-inverse operation.

\VFL[i'l] is a FLMxFLM matrix, contains the AOD informa-
tion W.

WL i a MxM matrix, denotes the estimation of the W at the
(i-D)th iterative process.

Cooef™ is a K KK Kpx1 vector, denotes the estimation of
C.per at the i-th iterative process, which is a function of the
matrix W, %™ At the i-th iteration, since the optimal
directional matrix W, %#™“™ ig not available, the tentative
estimation W ., 7 replaces W, 11,

[0064] Phase 2—AoD Estimation (Direction Estimation)
Similar to Phase I, assume that the optimal coefficient vector
is available, i.e., C " 1=C,,,”"™", when estimating the
directional information. Then define a new matrix, G *

Ga Or kpCeos H](QL,KL® QF,KF® QT,KT)T

where Ecoef[i'” sek xK, KK, matrix derived by
CiC. f Rl

where 1=i1=K,, 1=j=K, KK

Notes that C(i,j) means the i-th, j-th entry of the matrix C, and

C_,. 71 is the arrangement of the C__ ! from KK, K-

coef
AKxl to KpxK K K.

coe,
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[0065] Define a matrix T as following.
¥, FxL® GU])@':XLT® 1Nx1)](1FxL®IM)
where
@represents the operation of the Hadamard product.

lper = and 1yx =

FxL

1 £z 1s an all-one matrix, i.e.
1,,1s an unite matrix, i.e.

[0066] Then the phase estimate is given by a root-finding
problem as following.

M argmin|Z] - 1|

. H
st P2) = (T veetr) z-m =0

Where

[0067] Z is a M-by-one vector with only one unknown
variable z, such that 7=[1, z, 7%, . .., 2]
71 is the estimation result at the i-th iteration, i.e. ZE7T1, 207,
P U
{ s the Hermitian transpose operation.
R denotes the phase extraction defined by

B (4™, @, .. ad) s, SO, SO

for czii:OKeRK+1 and bii:OKe[0,2n).

[0068] The minimum problem is achieved by solving P(Z)
=0 to get M-1 roots, then find the best one from M-1 roots
which minimizes the cost function, i.e. lZ-11. The directional
matrix WU at the i-th iterative process may be constructed by

aM-1
0 2

[] is the estimate of z ai the i-th iterative process, an element of Z[i]

where 7
In other words, search for the root of the correlation polyno-
mial P(Z)=0 which is the closest to the unit circle, and then
retrieving the AoD information from 2. The directional
matrix is to be reconstructed by a unity matrix I, multiplying
the diagonal matrix of the estimate of z. In other words, the
AoD information may be extracted by a direction estimate
through a phase extraction R, and finding an optimal phase
estimate may be given by a root-finding problem.

[0069] At each iterative process. both channel coeflicients
estimation and AoD extraction are performed. In other words,
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the disclosed channel estimator or channel estimation method
provides a single-block based least square estimate of chan-
nel coefficients by taking the spatial, time and frequency
correlations into account, and offers the advantage of render-
ing both channel coefficients and mean AoD simultaneously.
As described in step 640 of FIG. 6, it may stop the iterations
when it satisfies the criterion. The stop criterion may be
defined as a maximum iteration number or a minimum dif-
ference update, for example, if i=5 then stop, else increase 1
by one, i.e. i=i+1, to continue the phase 1 and phase 2.
[0070] For a system model with comb-type pilot, all the
setting is almost the same, but with fewer pilots. In the fre-
quency domain, transmit and receive matrices are shown as
follows.

¥y = [Yalky), Yulka), ..., Yalko)]
Xn(kl) 0
X,(ka)

0 Xnlky)

where K,eS,- denotes the pilot index in the frequency, for
example, S,=[1,2,6,7,...,126, 127], then k,=2, and k,=6.
¢ is the total number of the transmit pilots in the frequency
domain. Similarly, in the time domain,

Y=V v ]

Hy=[H} H,, ..., HY, ]

HY,
e 0
X5
Xy = :
0 Xy

ny

where n,eS,, denotes the pilot index in time domain, for
example, S,~[6, 7, 13, 14]. 1 is the total number of the
transmit pilots in the time domain, for example, =4.

[0071] For the system model with comb-type pilot, the
bases are also reduced to a proper size. The exemplary
embodiment only use the i-th rows of matrix which is on the
list of pilot index, for example, the time domain and the
frequency domain bases would be reduced as follows.

in 9Fiy
_ [IL,nz _ qF,xz
QL,KL = , and QF,KF =

GLny 9Fiky

4z, 18 an 1xK; vector, the n,-th row vector of the time domain
l;)asis matrixQ; . i:e. QL,KL.:[qL,lqu,zz - :qL,L]Tand Qrx,
is a smaller set of it. gy, 15 an 1xKp vectot, the k;-th row
vector of the frequency domain basis matrix Qp g, i.e. Qz x =
[9F1-9F2- - - - QF K]T and Qp £ is a smaller set of it. Since
that we have full pilots on the spatial domain, the bases for
transmit and received antennas are still the same as continue-
type pilot case.



US 2012/0300867 Al

[0072] In analyzing the mean square error (MSE) perfor-
mance, exemplary simulation results described here use the
root-finding scheme for an 8x8 MIMO-OFDM system with
FFT-size k=128 and AS=2°. The channel model is based on
the 3GPP spatial channel model (SCM) which generates the
channel coefficients according to a set of selected parameters
such as AoD, angle of arrival (AoA), etc. It is a parametric
stochastic model whose spatial cross correlations are func-
tions of joint distribution of the AoD at the transmit side and
the AoA at the receive side.

[0073] Assume that the environment surrounding mobile
station is rich scattering with negligible spatial correlations.
Hence, a full rank basis matrix is used to characterize the
spatial correlation at the receive side. Other assumptions and
conditions used in the simulation are (1) the antenna spacing
at transmit and receive arrays are same, (2) an orthogonal
training matrix is used, (3) 10 iterations are used for the
simulation, (4) Eb/No is defined as the average signal to noise
power ratio (SNR) at the input of each receive antenna, and
(5) orthogonal polynomial basis matrices are used for unitary
matrices Q,, Q,, and Q. All algorithms compute frequency
domain channel response by substituting the final result of
phase 1 (i.e. estimated coefficient matrix) and that of phase 2
into channel estimate H; as mentioned above. The channel is
a block fading with an approximated rank of two. Since the
base station (BS) spatial correlations are high, the corre-
sponding correlation function lies in a low-dimension sub-
space so that a small K is sufficient to describe the channel.
FIG. 7 shows the effect of the model order K, on the MSE
performance of the root-finding scheme in a SCM channel,
consistent with certain disclosed embodiments. FIG. 8 shows
the effect of the model orders K - and K, on the MSE perfor-
mance of the root-finding scheme in a SCM channel, consis-
tent with certain disclosed embodiments.

[0074] InFIG. 7, considering a time correlated fading envi-
ronment and using an observation window [=7, the process-
ing dimension may be drastically reduced provided that either
the spatial or time domain correlation is high enough. Perfor-
mance degradation occurs when the model order is not large
enough to capture the channel characteristic. As can be seen
from FIG. 7, an optimal K pexists for any given SNR. Increas-
ing the model order K, does not necessary improve the per-
formance. As expected, the modeling errors dominate the
MSE performance when SNR is high.

[0075] In FIG. 8, the processing dimension K; may be
drastically reduced when the time domain correlation is high
enough. Besides, if considering a certain level of an accept-
able MSE, for example, (1072, 10), the disclosed exemplary
embodiments of the model-based channel estimator and
method may reduce the processing dimensions K, K, and D
further to maintain a reasonable bit error ratio (BER) perfor-
mance, where D is the number of paths between a base station
antenna and a mobile station antenna for a discrete-time
MIMO channel impulse response. For example, in case of
K,=4, K,=2 and CP ratio=1/16, the MSE performance is
under 1072, and the compression rate is (4/8)x(2/7)x(1/16)
=0.0089, which means only 1% coeflicients are needed to
well represent the channel response. In other words, even
with as high as a compression ratio of 1%, the disclosed
exemplary embodiments of the model-based channel estima-
tor is capable of maintaining an acceptable MSE in highly
correlated environments.

[0076] The reduced-rank channel model of the disclosed
exemplary embodiments is useful for pre- or post-channel-
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estimation applications, such as CSI feedback, precoder
design and user/channel selection. FIG. 9 shows an exem-
plary application with feedback model coefficients of the
disclosed model-based channel estimator, consistent with
certain disclosed embodiments. In this exemplary applica-
tion, feedback model coefficients are obtained by exploiting
the time, frequency, and spatial correlations of the channel.
The dimensions in time, frequency, and spatial domain for
obtained feedback model coefficients for a MIMO system are
denoted by L, K, M and N, respectively. Compared with the
LTE codebook-based mechanism, the feedback model coef-
ficients of FIG. 9 are more compact channel coefficients. For
example, for the feedback model coeflicients of FIG. 9, LxKx
MxN may be 4x1x2x8. While for the channel coefficients of
the LTE codebook-based mechanism, LxKxMxN will be
12x14%8x8. With the disclosed model-based channel estima-
tor, different precoding matrices may be provided for differ-
ent times and subcarriers for a resource block in a MIMO
system, instead of one resource block with the same precod-
ing matrix.

[0077] For post-channel-estimation applications such as at
receive end or codebook selector, the disclosed model-based
channel estimator may reduce search complexity due to hav-
ing the spatial base, and increase the selecting accuracy for
the codebook due to taking the correlation between time
domain and frequency domain into account. FIG. 10 shows an
exemplary post-channel-estimation application at receive
end with the disclosed model-based channel estimator, con-
sistent with certain disclosed embodiments. Referring to FIG.
10, both the 4x1x2x8 feedback model coefficients and AoD
information are generated by the disclosed model-based
channel estimator 500, wherein a model order estimator 1010
may provide model orders K, K. K, K to the channel esti-
mator 500. The 4 {frequency}x1{time}x2{transmit spa-
tial} x8 {receive spatial } feedback model coefficients are fur-
ther used for codebook selection 1020. Similarly, for a
resource block, different precoding matrices are provided for
different times and subcarriers at receive end 1000, instead of
one resource block with the same precoding matrix.

[0078] For pre-channel-estimation applications such as at
transmit end or precoder, the disclosed model-based channel
estimator may reduce required upper link transmissions due
to having the spatial base, and provide information of anten-
na’s emission angle at transmit end. FIG. 11 shows an exem-
plary pre-channel-estimation application at transmit end with
the disclosed model-based channel estimator, consistent with
certain disclosed embodiments. Referring to FIG. 11, at trans-
mit end 1100, now information of spatial, time and frequency
are available. Therefore, the model-based channel estimator
may provide time, frequency, and spatial bases to precoder
1110. In addition, AoD information generated by the model-
based channel estimator, codebook index and channel rank
are further used for codebook selection. With the computation
result from codebook selection and model bases provided by
the model-based channel estimator, different precoding
matrices are provided for different times and subcarriers at
transmit end 1100, instead of one resource block with the
same precoding matrix.

[0079] FIG. 12 shows an exemplary schematic view illus-
trating a receiver end, consistent with certain disclosed
embodiments. The receiver end 1200 having a codebook
selector may comprise model-based channel estimator 500,
and a model order estimator 1220. The model order estimator
1220 estimates model orders K, K. K, K, for basis matri-
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ces Qr x» Qraep Qry 1A Qg -, respectively. The operation
and functionality of model-based channel estimator 500 have

been described in FIG. 5. As mentioned before, model-based
channel estimator 500 estimates channel coefficients Coef of
a channel matrix for a given AoD by using a plurality of
received signals Yp, a plurality of transmit pilots Xp, esti-
mated model orders K; Kz K7 Kz, and bases Q; . Qrz,s
Qr.x, Qr &, for exploiting time, frequency and spatial chan-
nel correlations, then estimates a mean AoD based on the
estimated channel matrix. And model-based channel estima-
tor 500 iterates the channel coefficients estimate and the mean
AoD estimate until a stop criterion is met. As mentioned
before, When the stop criterion is met, it reconstructs a chan-
nel estimate H by using Q; ., Qr x.. Q7 Qr &, and Coef,
where @7,z contains both transmit basis Q7 and the AoD
information. Similarly, for a resource block, different precod-
ing matrices are provided for different times and subcarriers
at receive end 1200, instead of one resource block with the
same precoding matrix. The receiver end 1200 may further
include a base determiner for channel model 1210 to prede-
termine the plurality of base matrices Q k., Qr ks Qrx,, and
QRKR'

[0080] Therefore, by exploiting the time, frequency, and
spatial channel correlations, the disclosed exemplary
embodiments provide a general reduced-rank channel model
and a corresponding low-complexity estimation scheme for
wideband spatial-correlated MIMO systems. The disclosed
exemplary embodiments also provide a single-block based
iterative least squares channel estimator that takes the fre-
quency-correlation and time-correlation into account. The
disclosed model-based channel estimator and method may
further generate the time, frequency, and spatial bases, and
the antenna’s emission angle at transmit end. Besides the
channel estimation, an exemplary receiver end is provided by
further including a base determiner and a model order esti-
mator. The base determiner and the model order estimator are
used to construct the system and channel model for the chan-
nel estimation, which may be constructed by offline.

[0081] Although the disclosure has been described with
reference to the exemplary embodiments. It will be under-
stood that the invention is not limited to the details described
thereof. Various substitutions and modifications have been
suggested in the foregoing description, and others will occur
to those of ordinary skill in the art. Therefore, all such sub-
stitutions and modifications are intended to be embraced
within the scope of the invention as defined in the appended
claims.

What is claimed is:

1. A model-based channel estimator for correlated fading
channels adapted to a multiple-input multiple-output
(MIMO) system having a transmit antenna array and a receive
antenna array, said channel estimator comprising;

an estimator of channel parameters that estimates a coeffi-

cient vector of a channel matrix for a given angle of
departure (AoD) according to a plurality of received
signals, a plurality of transmit pilots, a plurality of
known model orders for a derived channel model, and a
plurality of predetermined bases for exploiting time
channel correlation, frequency channel correlation, spa-
tial channel correlation among said transmit antenna
array, and spatial channel correlation among said receive
antenna array, then estimates a mean AoD based on the
estimated channel matrix, wherein, said estimator of
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channel parameters estimates iteratively said coefficient
vector and said mean AoD until a stop criterion is met;
and

an estimate reconstruction unit that reconstructs a channel

estimate, by using said plurality of predetermined bases,
said coefficient vector, and the mean AoD.

2. The channel estimator as claimed in claim 1, wherein
said plurality of predetermined bases at least include a basis
matrix for describing channel behavior in a time domain, a
basis matrix for describing channel behavior in a frequency
domain, a basis matrix for describing spatial channel corre-
lation among said transmit antenna array, and a basis matrix
for describing spatial channel correlation among said receive
antenna array.

3. The channel estimator as claimed in claim 1, wherein
said channel estimator computes said plurality of predeter-
mined bases by offline.

4. The channel estimator as claimed in claim 1, wherein
said channel estimate is reconstructed by a steering vector
through a vectorization operation and a Kronecker product
operation.

5. The channel estimator as claimed in claim 1, wherein
said stop criterion is defined as a maximum iteration number
or a minimum difference update.

6. The channel estimator as claimed in ¢laim 1, said chan-
nel estimator is a single-block based least square estimate of
channel coefficients.

7. The channel estimator as claimed in claim 1, wherein
said derived channel model is a reduced-rank channel model
for a plurality of spatial-correlated block-faded MIMO chan-
nels.

8. The channel estimator as claimed in ¢laim 1, said model-
based channel estimator provides different precoding matri-
ces at different times and a plurality of subcarriers for a
resource block of said MIMO system.

9. A model-based channel estimation method for corre-
lated fading channels adapted to a multiple-input multiple-
output (MIMO) system having a transmit antenna array and a
receive antenna array, said method comprising:

determining a plurality of model orders denoted by K, K,

Ky, Ky, for a derived channel model by an estimation
algorithm;
performing an estimation for a coefficient vector Coef of a
channel matrix and an estimation for an angle of depar-
ture (AoD) by using an iterative scheme, and stopping
iterations when a criterion being satisfied; and

reconstructing a full dimension channel estimate H; by
using the estimated channel coefficient vector Coef, a
plurality of predetermined basis matrices denoted by
Qrx,y Qrxy Qrip a0d Qpg containing both basis
matrix Qpz, and the AoD;

wherein said derived channel model is derived by prede-

termining said plurality of basis matrices Q; , Qr &,
Qrx,o and Qp - Tor exploiting time channel correlation,
frequency channel correlation, spatial channel correla-
tion among said transmit antenna array, and spatial chan-
nel correlation among said receive antenna array,
respectively.

10. The channel estimation method as claimed in claim 9,
wherein said channel estimate H; is reconstructed by a steer-
ing vector as

vec (HL:)“[QL,KI ] QF,KF® QT,KT® Or kp/Ceoer
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where vec( ) is a vectorization operation and ® is a Kro-

necker product operation.

11. The channel estimation method as claimed in ¢laim 9,
wherein the estimation for said coefficient vector Coef'is an
iterative least squares channel estimator.

12. The channel estimation method as claimed in claim 9,
wherein said AoD is extracted such that

Qi ~Qrx, xW, where W is a diagonal matrix with unit

modulus entries.

13. The channel estimation method as claimed in claim 12,
wherein said AoD is extracted by a direction estimate through
a phase extraction, and finding an optimal phase estimate is
given by a root-finding problem.

14. The channel estimation method as claimed in claim 9,
wherein the time channel correlation, the frequency channel
correlation, the spatial channel correlation among said trans-
mit antenna array, and the spatial channel correlation among
said receive antenna array are applied an orthogonal trans-
form by a plurality of unitary matrices.

15. The channel estimation method as claimed in claim 9,
said model-based channel estimation method provides differ-
ent precoding matrices at different times and a plurality of
subcarriers for a resource block in said MIMO system.

16. A receiver end having a codebook selector, said
receiver end being adapted to a multiple-input multiple-out-
put (MIMO) system having a transmit antenna array and a
receive antenna array, and comprising:

amodel order estimator that estimates a plurality of model

orders;
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a model-based channel estimator that estimates a coeffi-
cient vector of a channel matrix for a given angle of
departure (AoD) according to a plurality of received
signals, a plurality of transmit pilots, said plurality of
model orders for a derived channel model, and a plural-
ity of predetermined bases for exploiting time channel
correlation, frequency channel correlation, spatial chan-
nel correlation among said transmit antenna array, and
spatial channel correlation among said receive antenna
array, then estimates a mean AoD based on the estimated
channel matrix, wherein, said estimator of channel
parameters estimates iteratively said coefficient vector
and said mean AoD until a stop criterion is met, when
said stop criterion is met, said model-based channel
estimator reconstructs a channe! estimate by using said
plurality of predetermined bases, said coefficient vector,
and the mean AoD.

17. The receiver end as claimed in claim 16, said receiver
end further includes a base determiner that predetermines
said plurality of bases at least including a basis matrix for
describing channel behavior in a time domain, a basis matrix
for describing channel behavior in a frequency domain, a
basis matrix for describing spatial channel correlation among
said transmit antenna array, and a basis matrix for describing
spatial channel correlation among said receive antenna array.

18. The receiver end as claimed in claim 16, wherein said
model-based channel estimator provides different precoding
matrices at different times and a plurality of subcarriers for a
resource block in said MIMO system.

k ok ok k%



