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Modal analysis/filtering to estimate time-varying
MIMO-OFDM channels

Marcello Cicerone, Osvaldo Simeone, Norbert Geng, Umberto Spagnolini

Abstract—1In the multipath multiple-input multiple-output
(MIMO) channel, long-term/large-scale properties (e.g., delays,
angles, powers) remain approximately constant over many co-
herence times (i.e., over many Doppler periods) and define the
structural terms of the propagation channel referred as delay
(powers and delays) and angular (powers and angles of departure
and arrival) modes of the channel. Effective improvement of the
channel estimate is obtained by estimating delay and angular
modal spaces via modal analysis and by filtering the (original)
least squares channel estimates as projection onto the modal
spaces. The paper also provides experimental validation of the
overall method with realistic channel models.

I. INTRODUCTION

ULTI-ANTENNA systems at both transmitter and re-
Mceiver (MIMO) are currently being intensively investi-
gated due to their ability to provide higher throughput and/or
improved performance as compared to conventional single-
input single-output (SISO) systems. If the multipath (SISO or
MIMO) channel is frequency-selective (i.e., for large channel
bandwidth), OFDM transmission can be used to mitigate its
effects by counteracting intersymbol interference. With OFDM
(applying K subcarriers) the frequency-selective channel is
transformed into K parallel non-interfering channels. For these
reasons MIMO-OFDM is an interesting candidate for 4G and
next generation WLAN (e.g., [EEE 802.11n).

Accurate channel estimation at the receiver is mandatory
to reliably detect the information data. Thus, the channel
gains over the K subcarriers for NpNp links have to be
estimated (with Np, Ng being the number of transmit and
receive antennas, respectively). The problem is usually tackled
with a pilot-based approach, transmitting on certain subcarriers
known training symbols from appropriately designed training
sequences across subcarriers and transmitting antennas [1] [2].
This paper presents a technique, which extends to MIMO-
OFDM systems the subspace technique proposed in [3], to
improve substantially the estimate of the channel. The tech-
nique, referred to as modal analysis/filtering, is based on the
exploitation of the structural properties of time-varying MIMO
channels. Delays, powers, and angles (departure/arrival) of the
paths in the multipath MIMO channel are constant over a time
scale that is much larger than the time scale for which the
channel changes (i.e., the coherence time) and define the delay
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and angular modes of the channel. An improved estimate of the
channel can then be obtained by projecting the least squares
(LS) estimate onto the modal spaces, which are separately
estimated. Validation of the technique through simulations
with realistic channel model [4] is also provided.

Other techniques, as in [5] and [6], are based on the
same idea of exploiting long-term invariance of the channel
and reducing the number of parameters to be estimated in
order to improve the accuracy in channel estimation. However,
their parametric approach suffers from high computational
complexity and thresholding effects due to non linear param-
eter estimation. The proposed unstructured approach, based
on subspace filtering of the LS channel estimate, is also
considered by [8] and [9], which capitalize respectively only
on delay modes and angular modes.

The outline of the paper is as follows. The description of
the system and of the space-time MIMO channel model are in
Section II. Section III considers the channel estimation prob-
lem. First, LS channel estimation for MIMO-OFDM systems
is reviewed in Section III-A, then the proposed modal analysis
(MA) technique is introduced in Section III-B. In Section IV
performance results in terms of Mean Square Error (MSE) are
derived for the LS and MA estimation approaches to appreciate
the gain provided by the latter. Experimental validation of the
results is provided in Section V, first considering a simplified
channel model (V-A) and then considering the 3GPP/3GPP2
SCM (spatial channel modeling) MIMO channel model [4]
(V-B). Section VI concludes the paper.

Notation: in the paper bold denotes vectors or matrices
(as it will be clear from the context); uppercase is used for
frequency-domain quantities to distinguish them from the cor-
responding time domain quantities, which are lowercase; ()T
denotes transposition; ()H denotes hermitian transposition;
()7 denotes matrix pseudoinverse; ¢r[-] represents trace; E|/]
represents expectation; vec {-} is the stacking operator; if X is
a given M x 1 vector, diag(X) is the M x M diagonal matrix
with the entries of X on the main diagonal; the ith entry of a
given vector X is denoted by X[i]; [X]; ; denotes the (¢, j)th
entry of the matrix X; I; denotes the M x M unitary matrix.

II. MODELS
A. System model

An OFDM-MIMO system with Np transmitting and Ng
receiving antennas is considered in this paper. The K x 1
vector X contains the complex symbols to be transmitted
on the K subcarriers during symbol ¢ from antenna np. The
MIMO scheme (e.g., space-time block coding, beamforming,
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space-time trellis coding, spatial multiplexing) determines how
these vectors are generated from the input bit stream. OFDM
modulation is carried out at each transmitting antenna, by
using a cyclic prefix to cope with fourier transform periodici-
ties. Let the maximum temporal support of the channel vector
between the npth transmitting antenna and the n gth receiving
antenna h,™"” (which includes the impulse responses of the
transmitting and receiving filters) be W, the received signal
can be written in matrix notation as

Nt

> diag(XyT)H,®"T 4+ NjR )

npr=1

nR _
Y,/ =

N, " is a K x 1 vector of white noise at the npth receiving
antenna with E[N}AN}#] = 621 and H}®"" isa K x 1

vector containing the K-point DFT of hy ™"
HZR,”T — thlR,nT’ (2)
where F is the K x W DFT matrix with elements

[y =1/VK exp(—j3Zkw), for k=1, K, w=1,.,W.
The channel H)™"" and the noise N# are statistically
independent.

B. Channel model

The time-varying multipath fading channel at the /th OFDM
symbol associated to the (ng,ny)th link has a channel im-
pulse response given by the combination of D paths:

D
BT (1) = QA dnnnrg(T—Tar), 3
d=1

where Qg is the power of the dth path, [Age]n, ny 1S the
(nr,nr)th element of the Np x Np matrix Ay, which
collects the overall gains of the dth path on the NpNp
links between transmitter and receiver, incorporating fading
effects and array responses at both sides, 74, is the delay
of the dth path and g(7) is the equivalent transmission filter
9(7) = gr(7)*gr(7), gr(7) and gr(7) being respectively the
transmitter pulse-shaping function and the receiver matched
filter impulse response.

Let us now sample at a rate 1/7" (T' = 1/B, where B is the
transmission bandwidth) the channel impulse response on the
Ngi Nt links to obtain the Np x NpW MIMO-FIR channel
matrix h, = [1_14[1] e ﬁg[W]], where hy[w] is the Ng x Np
matrix collecting the wth sample ;""" ((w — 1)T') of the
channel impulse responses over the Ny Ny links. Using the
model (3) this reduces to

D
hy=> " \/Qug(rar)” @ Aa, “
d=1
where g(74,¢) is the W x 1 vector containing the T-spaced
samples of the delayed waveform g(7 — 74¢). By stack-
ing the entries corresponding to a given sample index w,
we get the NpNp x W MIMO channel matrix h, =
[vec {hy[1]} - - vec {h[W]}]:

hy = A,Q)°G(r)" )

where A, = [vec{Ai,}---vec{Apy}] is NrNp X
D, @, = diag{[\/¢- b} and G(ry) =

g(T1,¢) - 8(Tp.e)] is a W x D matrix collecting the sampled
delayed waveforms.

In the case considered here, the antennas are closely spaced
to each other, so that we can apply the far-field approximation
(i.e., assuming locally plane wave) and the scattering environ-
ment is such that there are a few rays from the transmitter
to the receiver, each characterized by a direction of departure
(DOD oz((iT) ) and a direction of arrival (DOA oz((iR) ). This model
is widely used for outdoor scenarios and has been adopted
for MIMO systems in [10]. The array response vector a((i?

(and ag?) is the manifold vector associated to the DOAs
(and DODs). Thus, the set of paths for the ¢th symbol is
identified by sets of DOAs (aE,R) = [ag? e ag?z,]), DODs

no= [ai?---agi]) and fading complex amplitudes

(arf
By = [B1y - Bpy] ) to give the Np x Np matrices
Aur = Bya® (@ a® (o)), defined for each of the
D paths. 7 /

So far we have considered the time-variability of the channel
by using the subscript £. However, the quantities in (5) are
known to have a different degree of time-variability. In fact, the
geometry and the characteristics of the scatterers are supposed
to vary slowly compared to the coherence time of the channel.

As a consequence, delays {74}, DOAs {afﬁ)} and DODs

{afﬁ?} and powers in Qé/ ®can be considered as constant over
multiple - say L - training OFDM symbols, thus losing their
dependence on the subscript £. On the other hand, the vector
B, ~ CN(0,1Ip) (the fading on different paths is uncorrelated)
accounts for the fast-fading variations of the path amplitudes
and, as such, is variable on a much smaller time scale, typically
on the order of the duration a mobile needs to travel a few to
a fraction of the wavelength.

According to this assumption, time-varying model in (5)
becomes

hy = A (oD,

where A, has now been factorized into two terms,
A (D), aB)=[aD (agT))®a(R) (agR)% . ,a(T)(asjﬂ)@
a®) (ag%))] and diag(83,), that sepatate the terms that depend
on the (slowly-varying) angles a”,a’® and on the (fast-
varying) fading coefficients 3,

Considering the powers {2; normalized to have ZdD:l Qq =
1, it can be shown that

a®)) - diag(B,) - X*G(T)T,  (6)

1

B [|H=m k)] = -
] =
where H,""7"[k] is the kth entry of the channel vector
H, """ defined in (2). As a consequence, it is convenient

to define the signal to noise ratio (SNR) per frequency bin as

, VE, VL, (7

| =

v k]
SNR=—F————= =
B
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where P = FE {HX@[]C]HQ} is the total power transmitted
on a given subcarrier by all the Np transmitting antenna,
independent on £ (for non-adaptive power allocation).

III. CHANNEL ESTIMATION BY MODAL ANALYSIS
A. Least Squares channel estimation

An effective way to estimate the channel for SISO/SIMO
OFDM systems is to allocate K, known pilot subcarriers
according to some periodic pattern in the time-frequency grid.
For a W-taps channel, K, > W properly selected pilot sub-
carriers are enough to get an estimate immune to aliasing [11].
For a MIMO system, the scenario becomes rather complicated
due to the interference of the N simultaneous sources, which
make the estimation of the channel from the received data
more difficult. In order to estimate the channel over the Ny N
links during an OFDM symbol, at least W N pilot tones have
to be used for training, whereas the remaining tones are used
to transmit information data. Thus, WNr < K,Np < K
is necessary to get an estimate considering only one OFDM
training symbol (if the channel can be considered costant
over several OFDM symbols, the K, Nz can be distributed
in different OFDM symbols [1]). In the following we analyse
the case when K, Nt pilots are used for each training OFDM
symbol and only the subcarrier indices where training symbols
are inserted are considered.

LS channel estimation is carried out independently for
each element (ng) of the array at receiver side. The MISO
model (1) can be written, without the subscript ¢ for clarity
of notation, with respect to the channel impulse responses
hmrnT:

Nt
Tre= S diag(XMT AT 4 N =

’rLT:1

= [diag(X))F...diag(XN7)F][h 1T hreveT) pRma=

=Bh"" 4 N"#

where Y™2, X"7 N"%, F are the matrices composed by the
K, N7 rows of Y2, X"T N"% F corresponding to the pilot
tones, B = [diag(X")F---diag(XNT)F]| is the K,Np x
W Nt matrix composed of the K, N7 x W training matrices
diag(X"T)F and h"® = [h"Rv1T~-~h"R’NTT}T. Thus the
LS estimate of h™% is

h}% = Biy"s

and it is unbiased as h}% = h"# + BIN"%,

Minimum MSE of the LS channel estimate can be obtained
by using optimal training sequences X"7 across the pilot
tones and the transmitting antennas [1] [2], which are are
equipowered, equispaced and phase shift orthogonal. For each
OFDM training symbol, K, N7 pilots are used simultaneously
by all the Np transmitting antennas:

o | P , .
[dlag(X T)] i = N_T exp (_]W’UHT,L/KP) )
1,..,KpNT, VTLT = 1,..,]\71"7 (11)

where P is the total power transmitted on a given subcarrier by
the N transmitting antennas and v,,,. is chosen for any nr to

(10)

Xnrl) =
Vi =

keep phase shift orthogonality between sequences associated
to different transmitting antennas.

B. Modal Analysis/Filtering

The channel estimate can be improved exploiting the charac-
teristics of the MIMO wireless channel. As observed in Sec. II-
B, the multipath channel is given by the superposition of sev-
eral delay-resolvable paths (e.g., denoted macropaths in [4]),
each characterized by a given power, delay and DOA/DOD.
Possibility for improvement of the channel estimate is at hand
if we exploit the correlation of the channel coefficients over
space (i.e., over the total of Ny Np links) and the reduced
number of relevant taps (as compared with the maximum
length W) of the channel impulse response by identifying
the angular and delay modes of the channels. Reduction of
the error in the estimate can be obtained when the number of
angular channel modes (i.e. the resolvable paths in the angular
domain, determined by the DOAs/DODs of the different paths
and by the aperture of the antenna arrays) is smaller than
NgiNrp or if the number of delay channel modes (i.e., the
resolvable paths in the delay domain, determined by the delays
of the paths and by the bandwidth of the system) is smaller
than W.

Modal filtering of the LS estimate exploits stationarity of the
large-scale properties far beyond the time scale for which the
channel impulse response (or channel transfer function) can be
assumed to be constant (i.e., coherence time). In particular, the
geometry and the characteristics of the scattering environment
are supposed to vary slowly compared to the fast (small-
scale) fading, which varies on a much smaller time scale (i.e.,
coherence time). The stationary delays, DOAs and DODs of
the paths that compose the channel impulse response define
the angular modes (in A’ (™), af))) and delay modes (in
Q'/2G(7)T) of the channel. Effective improvement of the
channel estimates is obtained by estimating angular and delay
modal spaces via modal analysis and filtering of the (original)
LS channel estimates. This is obtained by projecting the LS
estimate onto the modal spaces, reducing in this way the
error in the estimates. The approach is convenient for its
unstructured nature and does not suffer problems due to non-
convex objective function in parameter estimation and high
computational complexity.

The channel matrix h, in (6) can be written with the
alternative parametrization [12]

h, = UsI, U¥, (12)

that can eventually be derived from the singular value

decomposition of A'(a™) alf) = UgxsVE,
G(T)QY? =  UrZyVH and by definition of
T, = XsV{diag(8,)VrE{. The estimates of the

modes Ug (and Uyp) are obtained taking the principal rg
(and r7) eigenvectors of the spatial and temporal covariance
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Fig. 1. Block diagram of the modal analysis/filtering technique. Whitening
and dewhitening need to be performed if the error over the initial LS estimate
is not spatially or temporally uncorrelated.

matrices:
1 L
Us = eigrg {f ZhLS,zhfs,z} (13a)
=1
1L
Uy = eig,, {Z th&@hLS’g}. (13b)
(=1

An improved channel estimate, referred to as MA estimate
hpsa,e, is then derived by filtering the LS channel estimate
hrs, based on the knowledge of the spatial and temporal
modes:

hara = Hghpg M7, (14)

where Tg = UgU¥ and 11y = U UX are the projectors
onto the space and time modal spaces.

The dimensions of the angular and delay modal spaces are
rg = rank [A'(aD),a®)] and rr = rank [G(1)QY/?] =
rank [G(7)]. These determined by the number of resolvable
paths in the angular and temporal domains. The model orders
rg and rp are upper bounded by the number of antenna pairs
NgiNp and by the temporal support of the channel W: rg <
min(D, NgNr) and rr < min(D, W).

Channel estimation could be more accurate by taking into
account jointly delays and angles, as in [13], but here we limit
to the disjoint analysis because of its reduced computational
cost and its faster convergence in estimation of the modes.

The proposed modal filtering technique is applicable for
LS estimates affected by uncorrelated estimation error. In
this case the contribution of the noise is equally spread
over the dimensions of the modal spaces and then effective
improvement in estimation can be achieved by selecting only
the principal (signal) components of the corresponding spaces.
Thus, some modifications are to be intoduced to the MA chan-
nel estimation in order to cope with correlated estimation error.
Error over the initial LS channel estimate can be correlated
due to spatially colored noise at the receiver or to correlation
among training sequences over time and transmitting antennas
(e.g., when Decision Directed estimation takes place, the
symbols used to estimate the channel are not orthogonal over
transmitting antennas and subcarriers indices). In this case
whitening of the LS estimate has to be performed before modal
analysis and filtering take place. A detailed discussion on the
topic is given in [14]. Fig. 1 illustrates the overall scheme of
the modal analysis/filtering technique.

Tracking mode implementation [14] performs tracking of
the modal subspaces and adaptive channel rank estimation on
a symbol basis. This approach, that can be easily adapted from
[3], counteracts the flaws inherent in the batch implementation
presented here, i.e., the latency of L training symbols in
providing the MA channel estimate and the inability to track
slow variations of the channel modes, which are characteristics
of the mobile radio channel.

IV. MSE PERFORMANCE ANALYSIS

Given the LS estimate of the channel impulse responses for
all the (ng,nr) links hyg, stacked into the NpNpW x 1
vector hrse = vec{hpse}, the NgNpK x 1 vector Hps.e,
containing the frequency-domain channel estimate on the K
subcarriers, is obtained by DFT transform of hrg

Hrse=F @Inyng) hrse=He+ (FRIngng)€Ls.es
(15)
where €15, is the NpN7W x 1 vector containing the er-
ror on the LS estimate of hy (hrse = hy + ersy). If
optimum training sequences (11) are used, then er5, ~
CN (0, sxger; Inanyw), being SNR = 7 25 (8).
Considering the MA approach, we can write the channel
estimate as a projection of the LS estimate onto the angular
and delay channel modes
L—oo

Huyae = (FIngng) Baray —
— Hy+ (F &® INRNT) (HT & Hs) ers,e, (16)

where the result relies on the assumption of consis-
tency: for L — oo f[s — IlIg and fIT — Ilr
[12]. The following property of the kronecker product
was used: vec{ABC} = (C?'® A)vec{B}. Thus,
vec {ﬂShLS,ZﬂT} = (ﬂT ® ﬂs) hrs,.

From (15) the MSEs of the LS estimate Hrg ¢ is

NpNrW
Fol oA
H ® NRNT” SNRva
17)
Using equation (16) we get the asymptotic (L — oo) MSE
expression for the Modal Analysis approach:

1
MSEw.1s = SRR K,

MSEqq ya= mE [tr[ﬁsﬂ{g }tr[FﬂTﬁngHL;%O
s s
SNR K,

We can appreciate the improved performances of the method
based on modal analysis over the standard LS estimation, with
a gain of ﬂfs—J\;TTﬂ due to the exploitation of the characteristics
of the channel model in (6), with a spatial gain of Mz
and a temporal gain of % These results are justified by
the reduction in the numbers of parameters to estimate in
the factorized channel model (6): from NrpNp to rg in the
spatial/angular domain and from W to rp in the time/delay
domain, because of the limited number of resolvable paths in
the respective domains.
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Fig. 2. MSEH“MA(L) with SNR = 10dB

We can also write the correlation matrix of the error of the
MA channel estimate as

R: = mE {(Ff[;p ® ﬂ5>(f[TFH ® 1'—:[5):|Llo>o
Hm (FII;FY @ ) . (19)

V. SIMULATION RESULTS
A. Simplified MIMO channel

The performance of the proposed channel estimation
method is evaluated through simulations for an OFDM system
with K = 32 subcarriers, Ny = 4 transmitting antennas,
N = 4 receiving antennas. The time-varying channel is
generated accordingly to the model presented in Section II-B.
It is given by the superposition of D = 5 temporally resolved
paths and has a temporal support W = 8. The number of pilot
tones for each transmitting antenna is K, = W = 8 and, as
a consequence, a total of Ny K, = 32 subcarriers are used
for training (then in such a system there would be no infor-
mation data transmitted within a training symbol). The paths
are characterized by DODs equally-spaced in (20°,80°) and
DOAs equally-spaced in (110°,170°) (hence, the dimension
of the angular modal space is rg = min(D, NpN7) = 5) and
have different sample-spaced delays (hence, the dimension of
the delay modal space is r = min(D, W) = D = 5).

The channel is considered to be invariant over L OFDM
training symbols w.r.t. angles, delays and powers of the
paths. L OFDM training symbols with uncorrelated fading
amplitudes (Rg(n) = E ﬁgﬁﬁn} =1Ip-d(n)) are then used
to estimate the angular and delay modes. The result in (18) is
valid asymptotically (for L — oo) and hence the greater L the
closer the actual result will be to the analytic expressions. The
perfomance as a function of L is evaluated in fig. 2 for a fixed
SNR=10dB. The MSE of the LS estimate and the asymptotic
MSE with the MA approach are shown for reference. We
notice that the performance converges quite rapidly with L.
Then, L = 20 is chosen for following simulations as a good
trade-off between complexity and accuracy.

The gain of the Modal Analysis approach over the standard
LS estimation when the dimensions of the spatial and temporal

» SNR = -10dB MSE(r)
MSE,
Do o s e e o o o P e T e N ILTr I TL T PP PPy,
20 MSE, ya 0_._-@-—'(9'—'-0-"‘" - PP ST
PORS iaa
- €~ 3Symptotic| MSE, ,,, with r.=5
15| ka7 T asymptotiogMSE, yu with =6 | |}
8
B
10,
MSE,
O NG == = = = = = = = = = P = = = e = ) 1= O e = m = = 4

P N——,

N
>, - —_F—— -
N MSE, ey ===
S~ Pl e
N “p-=~==""] asymptotic|MSE,, with r;=5

\ SNR = 5dB
5
MSE, s
" \ [l
\/‘ MSE, -—
v asymptotic MSE, . with r,= dINR = 2008
=20
1 2 4 6 8 10 12 14 16
rS

Fig. 3. MSEy pma(rg) with different values of SNR

modal spaces have been accurately defined is in fig. 3, where
there is the dependence of the MSE vs. the selected spatial
filtering dimension 7g. For large SNRs, underestimating the
dimension of the modal spaces (i.c., obtaining a biased esti-
mate) means discarding part of the signal energy and it leads to
a performance loss. On the contrary, for small SNRs a choice
of 75 < rg is effective in filtering out a larger fraction of the
noise, which is equally spread across the dimensions of the
modal space. The minimum MSE for high SNR (SNR=20dB)
is obtained for g = rg = 5 (unbiased estimate). For low
SNR, it is beneficial to accept a biased estimate, the minimum
MSE being obtained for 75 < rg (rs = 1 for SNR=-10dB).
Instead, for intermediate SNRs, the MSE curve w.ur.t. the
chosen subspace dimension 7g is rather flat around 7g = 7g
(see curve for SNR=5dB).

B. 3GPP/3GPP2 SCM

The modal filtering technique is tested with a MIMO
channel model based on the work [4] in the 3GPP/3GPP2
SCM (spatial channel modeling) adhoc group, defined to be
used as a common reference for evaluating different MIMO
concepts. It is a channel model where the propagation between
transmitter (BS) and mobile receiver (MS) is modelled by
several macropaths, characterized by delays, powers and mean
angles of departure/arrival and each composed by 20 sub-
paths. Power-delay profile and angles of departure/arrival are
stocastically generated accordingly to the specifications in [4]
and related to the chosen environment scenario. The results
were obtained considering the suburban macrocell scenario,
which is the one which provides smallest angular spread at the
BS. The MIMO-OFDM system considered is equipped at both
sides with 4-elements (Np = 4, Np = 4) half-wavelength
spaced linear antenna arrays. The bandwidth of SMHz (hence,
the bit period with BPSK modulation is 77 = 200nsec),
centered in 1.9 GHz, is divided into K = 128 subcarriers. A
maximum delay of 6, 4usec is assumed so that K, = 32 pilot
subcarriers can be reserved (if some delay of the multipath
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channel exceeds 6, 4usec, then we incur estimation error due
to aliasing in the frequency domain). A speed of 54 km/h
has been considered for the MS. Training symbols have been
inserted every N = 10 OFDM symbols. L = 200 training
OFDM symbols are considered for estimating the channel
modal spaces.

As the number of resolvable paths is not pre-defined in
the SCM channel model, rank estimation has to select the
number of significant modes of the channel. We observed in
Section V-A the trade-off between bias (due to the discard
of some signal dimensions) and variance (due to the noise
present in the selected dimensions) of the estimation error. The
selection of the filtering dimensions for the MA technique is
performed, as in [9], to minimize an objective function given
by the sum of bias and variance errors. The optimal filtering
spatial (temporal) dimensions are estimated by comparing the
eigenvalues \; of the spatial (temporal) covariance matrices in
(13) with the noise contribute to these eigenvalues, related to
the power of the noise o2 (assumed to be known). Thus, we
minimize the overall error due to bias and noise influence. Fig.
4 shows the MSE of the MA and LS channel estimates and
the selected filtering dimensions rg, 7 of the modal spaces
for different SNRs. Besides, a reference MSE curve is shown,
derived applying (18) to the modal dimensions estimated for
high SNR (here 40dB). The actual MSE of the MA channel
estimate outperforms this result as it selects for every SNR
the filtering dimensions which minimize the overall estimation
error.

VI. CONCLUSION

A channel estimation technique for MIMO-OFDM sys-
tems which profits of the different degree of time vari-
ability between slowly-varying channel modes (identified by
DODs/DOAs, powers and delays of the paths) and fast-
varying fading amplitudes has been presented. We showed that
significant improvement in the estimate of the channel can

be obtained when the number of relevant angular and delay
modes is smaller than the maximum number of parameters
to be estimated for a MIMO channel in the spatial and
temporal domain. Performance results have been presented,
which showed the dependence of the MSE on the number of
angular and delay modes of the channel. Moreover, simulation
with channel models proved the benefits provided also with
realistic MIMO channels. Tracking mode implementation of
the MA allows effective employment of the technique for
channel environments with slow variations of the modes [14].
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