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A Radio Channel Estimator

Specification

5 The present inventicon is in the field of radio channel
estimation as carried out in radio systems as, for example,
mobile communication systems utilizing multiple

transmission antennas.

10 Radio channel estimation is, for example, used in
conventional mobile communication systems, wherein known
symbols, alsc called reference or pilot symbols, are
transmitted from a transmitter to a receiver and the
receiver estimates the radio channel based on the knowledge

15 of the reference symbols. As the receiver knows when and
how such a reference symbol 1is transmitted, the radio
channel can be estimated and based on the radio channel
estimation, data can be detected eliminating or reducing
the effects of the radio channel.

20
Systems employing multiple transmit and receive antennas,
known as multiple input multiple output (MIMO = Multiple
Input Multiple Output) systems, promise significant gains
in channel capacity , cf. I. E. Telatar, Capacity of Multi-

25 Antenna Gaussian Channels, European Trans. Telecommun.,
vol. 10, pp. 585-595, Nov. 1999, and G. J. Foschini and
M. J. Gans, On Limits of Wireless Communications in a
Fading Envirconment when using Multiple Antennas, Wireless
Persconal Communications, vol. 6, pp. 311-335, 1998.

30
Together with orthogonal frequency division multiplexing
(CFDM = Orthogonal Frequency Division Multiplexing), MIMO-

OFDM is e.g. selected for the wireless local area network
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(WLAN = Wireless Local Area Network) standard IEEE 802.11n,
cf. R. Van Nee, V. K. Jones, G. Awater, A. Van Zelst,
J. Gardner and G. Steele, The 802.11ln MIMO-OFDM standard
for wireless LAN and beyond, Wireless Persocnal
Communications, vol. 37, pp. 445-453, May 2006, and for
beyond 3*@ generation (B3G) mobile communication systems, cf.
M. Tanno, Y. Kishiyama, N. Miki, K. Higuchi, and
M. Sawahashi, Evolved UTRA — physical layer overview, in
Proc. IEEE Workshop Signal Processing Advances Wireless

Commun. (SPAWC 2007), Helsinki, Finland, pp. 1-8, June 2007.

Transmitting a radio signal over a multipath fading channel,
the received signal will have unknown amplitude and phase
variations. In order to coherently detect the received
signal, an accurate channel estimate is essential. The most
common technique to obtain channel state information is via
pilot aided channel estimation (PACE = Pilot Aided Channel
Estimation), where known training symbols, using known
transmission resources as known time slots or frequencies,
termed pilots, are multiplexed with data. If the spacing of
the pilots is sufficiently close to satisfy the sampling
theorem, channel estimation and interpolation for the
entire data sequence 1is possible. In this context the term
spacing refers to time spacing as well as frequency spacing.
The separation of pilot symbols 1is generally chosen less
than a coherence time or coherence bandwith of a radio
channel, in order to enable interpolation beween two pilot

symbols in the time and/or frequency domain.

Channel estimation by interpolation of a one dimensional
(1D = One Dimensional) signal stream of time domain samples
was e.g. devised by Cavers, cf. J. K. Cavers, An Analysis

of Pilot Symbol Assisted Modulation for Rayleigh Fading
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Channels,

693, Nov.

IEEE Trans.
1991.

in two dimensions (2D =

frequency,

interpolation

S. Kaiser,
Estimation in Time and Frequency,
Theory Mini-Conf. (CTMC)

Conf. (Globecom’97),

allowing

and

in time

Vehic.

P. Robertson,

Phoenix,

(40)

Technol.,

JP 2010-88116 A 2010.4.15

vol. VT-40,

Two Dimensional), 1i.e.

for 2D

channe

pp. 686-

For OFDM the received signal is correlated

time and

1 estimation by

and frequency, ct.

in Proc.

P. Hoher,

Pilot-Symbol-Aided Channel
Communication
within IEEE Global Telecommun.

USA, pp. 90-96, 1997.

As multiple signals are transmitted from different transmit

antennas
accurate

signals

simultaneously, coher
channel estimates of
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transmit

Analysis of Pilot-Symbol Aided

Channel Estimation for OFDM Systems with Multiple Transmit

Antennas,

Paris, France,

Fig. 9

in Proc.

pp. 3221-3225,

shows

a conventional pilot design

IEEE 1Int.
June 2004,

Conft.

Commun.

as shown

(ICC 2004),

in Fig. 9.

scheme. Two-

dimensicnal pilot grids are applied to a MIMO-CFDM system

in a way that
orthogonal pilot grid.
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9 shows three transmit antennas

transmit
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along the frequency axis and multiple time slots indicated
along the time axis, which are defined by the Cartesian co-

ordinate system 950.

Different colored cubes, wherein the legend illustrates the
corresponding assignment, indicate the type of transmission
within the transmission grid. Empty cubes correspond to no
transmission, gray cubes correspond to data transmission
and black cubes correspond to pilot or reference symbol

transmission. As can be seen from the layer 940, pilot

symbols have a spacing of D, along the time axis, D, along

the frequency axis and D, along the space axis, i.e. in

the conventional scheme, pilot symbols are transmitted on
each transmit antenna. This provides a disadvantage, as
pilot symbols consume valuable transmission resources and

transmission resources are not utilized effectively.

On the other hand, spatial correlation between antennas may
be utilized to 1improve the accuracy of the channel
estimates, cf. M. Stege, P. Zillmann, and G. Fettweis, MIMO
Channel Estimation with Dimension Reduction, in Proc. Int.
Symp. Wireless Pers. Multimedia Commun. (WPMC 2002), Hawaii,
USA, Oct. 2002.

H. Miao and M. J. Juntti, Space-Time Channel Estimation and
Performance Analysis for Wireless MIMO-CFDM Systems With
Spatial Correlation, IEEE Trans. Vehic. Technol., vol. 54,
pp. 2003-2016, Nov. 2005, disclose channel estimation in
multiple input multiple ocutput (MIMO) orthogonal frequency
division multiplexing (OFDM) systems with correlation at
the receive antenna array. A two-step channel estimation
algorithm is proposed. Firstly, the iterative quadrature

maximum likelihood based time delay and spatial signature
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estimation 1is presented by utilizing special training
signals with a c¢yclic structure. The receive spatial
correlation matrix of the vector valued channel impulse
response 1s formulated as a function of the spatial

signature, the time delay, and the pulse shaping filter.

The +joint spatioc-temporal (JST) filtering based minimum
mean squared error channel estimator is derived by virtue
of the spatial correlation. In addition, the effect of
channel estimation errors on the bit error probability
performance of the space-time block coded OFDM system over
correlated MIMO channels is derived. The Cramer—-Rao lower
bound on the time delay estimate 1s provided for a
benchmark of the performance comparison. The performance of
proposed algorithms is illustrated based on analysis and
computer simulations. The JST channel estimator achieves
gains in the mean squared error compared to the temporal
filtering. It alsoc enables savings in the pilot symbol

power level.

Other related prior art can be found in J. Wang and
K. Araki, Pilot Symbol Aided MAP-Based 3D <Channel for
Multi-User MIMO-OFDM Systems, IEICE Trans. Commun.,

vol. E89-B, pp. 801-808, Mar. 2006, and J.-W. Choi and Y.-H.
Lee, Complexity-Reduced Channel Estimation 1in Spatially
Correlated MIMO-OFDM Systems, IEICE Trans. Commun.,

vol. ES0-B, pp. 2609-2612, Sept. 2007. However, much of the
attainable gains of employing multiple antennas may be
cancelled out by the increased pilot overhead, particulary

if the number of transmit antennas is high.

D. Hammarwall and B. Ottersten, Spatial Transmit Processing

using Long-Term Channel Statistics and Pilot Signaling on
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Selected Antennas, in Proc. ASILOMAR Conference on Signals,
Systems & Computers, Pacific Grove, UsAa, Nov. 2006
considers the generation of a channel quality indicator
(CQI) to be fed back to a transmitter based on pilot

symbols, that are inserted on a subset of transmit antennas

It is the objective of the present invention to provide a
more efficient concept for channel estimation utilizing

pilot symbols in a MIMO radio system.

The objective is achieved by a radioc channel estimator
according to claim 1, a method for estimating according to
claim 12, a transmitter according to claim 13, a method for
transmitting according to claim 14 and a system according

to claim 16.

The present invention is based on the finding that pilot
aided channel estimation (PACE) for MIMO-OFDM transmitting
over spatially correlated channels can be made more
efficient by exploiting the correlation of the spatial
channels for spatial radio channel <estimation. The
principle of channel estimation by interpolation can be
extended to the spatial domain. When the channel responses
of the <transmit antennas are mutually correlated, pilot
symbols may not be inserted for each transmit antenna and
transmission resources may be saved for pilot symbols in
favor for an ehanced data and system capacity. One finding
of the present invention is that channel estimation can be
carried ocut three-dimensionally (3D = Three Dimensional),

e.g. by interpclation over time, frequency and space.

The present invention is based on the finding that spatial

correlation can be utilized e.g. in order to interpolate
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between estimated spatial radio channels. In other words,
in the spatial dimension of a MIMO <radio channel,
interpolation and/or predicticn and/or extrapolation can be
used to estimate a spatial radio channel at a lccation from
which no reference symbols are provided, but to which a
neighbor spatial radio channel, i.e. a radio channel to a
neighbor location, is known and known to be correlated or

related.

It is another finding of the present invention that pilot-
aided channel estimation can be used for MIMO-COFDM
transmitting over spatially correlated channels.
Embodiments may extend the principle of channel estimation
by interpolation in the spatial domain. Embodiments may
provide the advantage of a higher system efficiency, which
can be achieved by exploiting knowledge about channel
responses of transmit antennas being mutually correlated,
therewith saving transmission resources as less pilot
symbols are necessary 1in order to estimate the radio
channel. In other words, pilot symbols may not be inserted
on each transmit antenna by embcdiments of the present
invention, i.e. a pilot grid can be adapted in a way that

spatial radio channels may be interpolated.

Embodiments may carry out a three-dimensional interpolation
over time, frequency and space. In other words, when pilot
symbols are provided from one location or transmit antenna,
the radio channel to another location or transmit antenna
being different from the first location or transmit antenna

may be estimated based on a known correlation.

Spatial correlation between transmit antennas may be

utilized by embodiments to reduce the pilot overhead. Pilot
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symbols may only be inserted at a selected sub set of
transmit antennas. In other words, if the channel response
on a set of transmit antennas 1is known, the spatial
correlation can be exploited to retain the channel response
for all transmit antennas, e.g. by means of interpolation.
In other embodiments, means of prediction and/or
extrapolation may be utilized as well. Channel estimation
by interpolation in time and in frequency may be extended
by embodiments of the present invention to interpolation in
the spatial domain, resulting, for example, 1in three-

dimensional pilot-aided channel estimation.

Embodiments may provide the advantage of enabling less
overhead due to pilots compared to conventional pilot grids,
for example, for MIMO-OFDM systems, where one two-
dimensional pilot grid may be inserted for each transmit
antenna. Using a three-dimensional pilot grid may reduce
the pilot overhead significantly in embodiments, especially

when a number of transmit antennas is large.

Embodiments may therewith also provide the advantage of
being able to flexibly support a large number of transmit
antennas, taking advantage of spatial correlation. As the
spatial correlation relates to the angular spread or the
angle of departure (AoD = Angle of Departure) being
sufficiently narrow, more than four transmit antennas may,
for example, be supported e.g. in LTE (LTE = Long Term
Evolution) with only two pilot grids, cf. 3GPP TS 36.211
v8.2.0, 3rd Generation Partnership Procject; Technical
Specification Group Radio Access Network; Evolved Universal
Terrestrial Radio Access (E-UTRA); Physical Channels and
Modulaticn (Release 8), tech. rep., Mar. 2008. Hence,

embodiments may provide the advantage that the numbers of
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transmit antennas may be increased without modifying the

mapping of downlink reference symbols in LTE.

Embodiments may further provide the advantage that channel
guality information (CQI = Channel Quality Information) and
channel state information (CSI = Channel State Information)
can be made available over the whole band. For example, for
spatial pre-coding and link adaptation channel knowledge in
the form of CSI or CQI over the entire frequency band may
be made available at the transmitter. Embodiments carrying
out a three-dimensional pilot grid may facilitate bandwidth
efficient estimation of CSI and CQI at the receiver, which

may then be fed back to the transmitter.

Embodiments of the present invention will be detailed using

the accompanying Figs., in which

Fig. 1la illustrates an embodiment of a radio channel

estimator;

Fig. 1b illustrates another embodiment of a radio channel

estimator;

Fig. 1lc illustrates the concept of spatial interpolation;

Fig. 2 illustrates a three-dimensional pilot grid used

in an embodiment;

Fig. 3 illustrates an embodiment of an OFDM system;

Fig. 4 shows an illustration for the angular spread;
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Fig. 5 illustrates a diamond-shaped space-frequency grid

according to an embodiment;

Fig. 6 illustrates a uniform linear antenna array:;

Fig. 7 illustrates an angular distribution when

considering local scatterers;

Fig. 8 illustrates simulation results; and

Fig. 9 illustrates a state-of-the-art two-dimensional

pilot grid.

Fig. 1la illustrates a radio channel estimator 100 for

estimating a first radio channel A to obtain a first radio

~

channel estimate A , the first radio channel A being
comprised in a multiple input multiple output (MIMO =
Multiple Input Multiple Output) radio channel, the MIMO
radio channel extending between at least a first transmit
antenna Tx;, a second transmit antenna Tx; and a receive
antenna Rx, the first radio channel h extending between
the first transmit antenna Tx; and the receive antenna RX.
The radio channel estimator 100 comprises a means 110 for
receiving a reference symbol transmitted by the second
transmit antenna Tx,. In embodiments the means 110 for
receiving may comprise the receive antenna Rx or one or
more receive antennas, and means for receiving and

detecting the reference symbol.

The radio channel estimator 100 comprises a means 120 for

~

estimating a second radio channel h, based on the reference

symbol, the second radio channel A, extending between the
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second transmit antenna Tx, and the receive antenna Rx. The

radio channel estimator further comprises a means 130 for

-

processing the estimate A&, of the second radio channel

based on a spatial property of the MIMO radio channel to

-

cbtain the first radio channel estimate h.

Although, the first and second radio channels h and h, may

be different, the known spatial property allows in

embodiments the means 130 for processing to obtain the

~

first radio channel estimate #A .

The spatial property of the MIMO radio channel may
correspond to knowledge about the spatial correlation
properties as, for example, 1in terms of a spatial
correlation function or correlation matrix for the antennas,
an auto-correlation matrix or any <coupling measure
determining any connection or dependency between the first
and the second spatial radio channels A and A . In
embodiments, the means 130 for processing may carry out a

prediction and/or extrapolation for the first radio channel

~

h, on the basis of the knowledge of the estimate for the

second radio channel ﬁz and the spatial property. In other
words, embodiments may utilize prediction and/or
extrapolation methods for spatial channel estimation. In

other embodiments, means of interpolation may be utilized.

Fig. 1lb shows another embodiment of a radio channel
estimator 100 in which similar components as compared with
Fig. la have similar reference signs. In the embodiment
depicted in Fig. 1lb, a third transmit antenna Txs; 1is
involved to transmit a further reference symbol along a

third radio channel &, , extending between the transmit
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antenna Tx3 and the receive antenna Rx. In the embodiment
depicted in Fig. 1lb, the means 110 for receiving is adapted
for receiving the further reference symbol from the third
transmit antenna TxXs. Moreover, the means 120 for

estimating 1is adapted for estimating the third radio

A

channel h  based on the further reference symbol.

Furthermore, in the embodiment, the means 130 for

A

processing is adapted for processing the estimate h, of the

A

second radio channel and the estimate h; of the third radio

channel based on the spatial property of the MIMO radio

~

channel to obtain the first channel estimate A .

In embodiments, along the illustration of Fig. 1b, the
spatial sub channel A of the MIMO radio channel relating
to transmit antenna Tx; may be estimated based on two
neighboring channel estimates. In embodiments, this may be
carried out by means of interpolation. In other words, in

embodiments, the means 130 for processing can be adapted

~

for interpolating between the estimate h, of the second

A

radio channel and the estimate Ay of the third radio

channel in order to obtain the estimate of the first radio

~

channel h .

Fig. 1lc illuminates the interpolation as possibly carried
out in embocdiments by the means 130 for processing. Fig. 1lc
shows the three transmit antennas Tx;, Tx, and Tx3z at the
top, where the first transmit antenna Tx; 1s located
between the other two transmit antennas Tx, and Txs.

According to the above, it is assumed that radio channel

~

estimates for the second and the third radio channels &5,

~

and h, are available. Fig. 1lc illustrates two view graphs,
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A

one with respect to the magnitude (b of a complex channel

~

estimate h and the other one with respect to the argument

of the complex channel estimate aqxﬁ). In Fig. 1lc, two view
graphs show the spatial dimension on their abscissa along
the extent of the three transmit antennas. In other words,
in embodiments, a uniform linear array of transmit antennas
may be assumed, for which a spatial channel estimate of a
transmit antenna may be determined by interpolation of the

channel estimates of its neighboring antennas.

Fig. 1c illustrates an embodiment having of a linear
interpolation, i.e. the channel estimates of the estimated
radio <channels <can be linearly cocnnected and the
interpolation value of the antenna in-between can be read
off from the corresponding view charts with respect to the
magnitude as well as to the argument of the radio channel

to be estimated.

Fig. 2 illustrates a pilot grid used in an embodiment with
three transmit antennas 210, 220 and 230. Fig. 2
illustrates a layer of pilot grids 240 at the top. The
dimensions in Fig. 2 are determined by the coordinate
system 250. Corresponding to the description of Fig. 9, Fig.
2 shows the transmissicn resources transmitted through
transmit antenna 230 in the illustration 240. Again, cubes
without filling indicate empty transmission resources,
black cubes indicate pilot or reference symbols and gray

cubes indicate data transmission. It can be seen that in

the layer 240, the pilot symbols have a spacing of D, in
the time dimension and D, in the frequency dimension. Fig.

2 illustrates two more layers 260 and 270.
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Layer 260 illustrates the signals transmitted through
transmit antenna 220. As can be seen from Fig. 2, there are

no pilot symbols transmitted through antenna 220 in the
present embodiment. This is because the spatial spacing D,

is larger than, for example, in the conventional system
illustrated in Fig. 9. Layer 270 1is transmitted through
transmit antenna 210, which comprises pilot symbols with
the same spacing as the ones in layer 240. As illustrated
in Fig. 2, no pilot symbols are transmitted on transmit
antenna 220. However, since the spatial channels are
correlated, the radio channel from transmit antenna 220 can

be interpolated.

Fig. 2 illustrates the overhead —reduction due to
utilization of the correlation of the spatial MIMO radio
channel. Compared to the conventicnal pilot grid for MIMO-
OFDM as shown in Fig. 9, where a two-dimensiocnal pilot grid
is 1inserted for each transmit antenna, the embodiment
illustrated in Fig. 2 utilizes a three-dimensiocnal pilot
grid, wherein the pilot overhead can be significantly
reduced as shown using the example of transmit antenna 220.
It is to be noted that the more transmit antennas a system

may utilize, the higher the saving of embodiments can be.

In embodiments provided with sufficient spatial correlation,
a larger number of transmit antennas may flexibly be
supported. For example, in LTE, cf. 3GPP TS 36.211 Vv8.2.0,
3rd Generation Partnership Project; Technical Specification
Group Radio Access Network; Evolved Universal Terrestrial
Radio Access (E-UTRA); Physical Channels and Modulation
(Release 8), tech. rep., Mar. 2008, more than four transmit

antennas may be supported with only two pilot grids.
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Embcdiments may consequently also comprise transmitter
for enabling radio channel estimation of a MIMO radio
channel, the MIMC radio channel extending between at least
a first transmit antenna (Tx1), a second transmit antenna
(Tx>) and a receive antenna (Rx), the MIMO radio channel
having a coherence time, a coherence bandwidth and a
coherence length, the spacing between the first transmit
antenna (Tx;) and the second transmit antenna being less

than the coherence length.

In other words the MIMO radio channel having a time span,
the coherence time, after which’s expiration a channel
impulse response has become completely independent or
uncorrelated from a channel impulse response before said
time spawn. Similarly, the MIMC radio channel having a
bandwidth, the coherence bandwidth, where two channel
impulse responses at two frequencies being separated by at
least said Dbandwidth are completely independent or
uncorrelated. Moreover, the MIMO radio channel having a
length, 1i.e. a spatial distance, the coherence length,
where two channel impulse responses at two locaticns being
separated by at least said length or distance are

completely independent or uncorrelated.

The embodiment of the transmitter comprising a means for
transmitting a first reference symbol on the first transmit
antenna (Tx1) at a first time instant on a carrier
freguency and a means for transmitting a second reference
symbol on the second transmit antenna (Tx;) at a second
time instant on a carrier frequency, wherein the first and
the second time instants are separated by more than the
coherence time and transmission of reference symbols on the

first transmit antenna (Tx;) and on the second ftransmit
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antenna (Tx») is suspended between the first and the second
time instants and within the cocherence bandwidth from the

carrier frequency.

In other words, embodiments may take advantage of the
spatial property of +the radio channel, e.g. a known
correlation between the channel impulse responses of two
radio channels between two transmit antennas and a receive
antenna, by providing only one reference symbol for one
radio channel on one transmit antenna within the coherence
time and frequency of the MIMO radio channel, as the other
radio channel can be determined on the basis of the spatial
property. Respectively, embodiments may extend the above

concept to a multiplicity of transmit and receive antennas.

Furthermore, embodiments may comprise a method for enabling
radio channel estimation of a MIMO (MIMO = Multiple Input
Multiple Output) radio chanrel, the MIMO radio channel
extending between at least a first transmit antenna (Txi),
a second transmit antenna (Tx:) and a receive antenna (Rx),
the MIMO radio channel having a coherence time, a coherence
bandwidth and a coherence length, the spacing between the
first transmit antenna (Tx;) and the second transmit
antenna being less than the coherence length. The method
comprising the steps of transmitting a first reference
symbol on the first transmit antenna (Tx;) at a first time
instant on a carrier frequency and transmitting a second
reference symbol on the second transmit antenna (Txy;) at a
second time instant on the carrier frequency. The first and
the second time instants are separated by more than the
coherence time and transmission of reference symbols on the
first transmit antenna (Txi) and on the second transmit

antenna (Tx;) is suspended between the first and the second
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time instants and within the cocherence bandwidth from the

carrier frequency.

As can be seen in Fig. 2, along the frequency axis,
multiple reference symbols can be used. In other words, in
empbodiments, multiple sub carriers may be used per transmit
antenna. In embodiments, the means 110 for receiving a
reference symbol may be adapted for receiving the reference
symbol on a first sub carrier. Accordingly, *the means 120

for estimating the second radio channel can be adapted for

estimating the second radio channel ﬁz based on the

reference symbol on the first sub carrier. A sub carrier
may for example be a sub carrier of an OFDM system,

generally it may be any carrier of a multi-carrier system.

Moreover, the means 130 for processing can be adapted for

~

processing the estimate h, of the second radio channel

based on a spatial property, as e.g. a correlation property

or another spatial dependencies, of the MIMO radio channel

A

to obtain the first radio channel estimate Ak on a second
sub carrier. The second sub carrier may have a different
frequency than the first sub carrier may for example be
another sub carrier of an OFDM system, generally it may be

any other carrier of a multi-carrier system.

In other words, in embodiments, a spatial MIMO radio sub
channel may be interpoclated from channel estimates from
different frequencies. Accordingly, in embodiments, the
means 110 for receiving a reference symbol may be adapted
for receiving a reference symbol on a third sub carrier.
The means 130 for processing can be adapted for processing
channel estimates of a second and a third sub carrier in

order to obtain the channel estimate of the first sub
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carrier. This can be carried out by means of interpolation.
In other words, correlation in the spatial &and in the

frequency domain may be exploited jointly by embodiments.

5 In embodiments the means 110 can be adapted for receiving
reference symbols on a multiplicity of sub carriers, the
sub carriers having different sub carrier frequencies, and
the means 120 for estimating can be adapted for estimating
radio channels on the multiplicity of sub carriers. The

10 means 130 for processing can be adapted for processing the
estimates of the different sub carriers based on the

spatial property of the MIMO radio channel to obtain the

A

first radio channel estimate ( h ) for a sub carrier on

which no reference symbol is provided.
15
With respect to Fig. 2, it can be seen that on the layer
260, no pilot symbols are available. In other words, the
spatial sub channels of layer 260 are interpolated from
layers 270 and 240 in the embodiment of Fig. 2. However,
20 layer 260 comprises sub carriers and time slots as well. In
other words, in erbodiments, the three-dimensional
interpolation may be carried ocut, e.g. correlation 1in the

spatial, frequency and time domain may be exploited jointly.

25 In embodiments, the means 110 for receiving a reference
symbol may be adapted for receiving the reference symbol
during a first time slot. The means 120 for estimating may
be adapted for estimating the second radio channel based on
the reference symbol received during the first time slot

30 and the means 130 for processing may be adapted for
processing the estimate of the second radio channel based
on a spatial property of the MIMO radio channel to obtain

the first radio channel estimate during a second time slot.
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In other words correlation in the time dimension and the

spatial domain may be exploited jointly in embodiments.

Accordingly, the means 110 for receiving may be adapted for
receiving another reference symbol during a third time slot,
correspondingly, the means 120 for estimating can be
adapted for estimating a third radio channel during the
third time slot and the means 130 for processing can be
adapted for processing the estimates of the first and third
time slots in order to obtain the first radio channel
estimate during the second time slot. Again, this may be

carried out in terms of interpolation.

In embodiments the means 110 can be adapted for receiving
reference symbols in a multiplicity of time slots and the
means 120 can be adapted for estimating radio channels
based on the multiplicity of reference symbols received in
the multiplicity of time slots. The means 130 for
processing can be adapted for processing the estimates of
the multiplicity of radio channels based on the spatial

property of the MIMO radio channel to obtain the first

~

radio channel estimate # for a time slot for which no

reference symbol was provided.

In other words, in embodiments, the means 130 for
processing can be adapted for processing estimates of radio
channels during different times, at different locations and
at different sub carrier frequencies in order to estimate
or interpolate the radio channels in-between in terms of a
three-dimensional grid. In embodiments the three-
dimensional grid may be dimensioned such that repetitive
pilot symbols are available in domain spacings of which at

least one 1is less than the respective domain coherence
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limits. In other words, pilot symbols may be repeated in
the time domain at times less than the coherence time of
the radio channel, enabling time domain interpolation. In
other words, the average time spacing of the pilot or
reference symbols may be Dbelow the coherence time.
Alternatively or additionally pilot symbols may be repeated
in the frequency domain at frequencies or sub carriers
having spacings less than the coherence bandwidth of the
radio <channel, enabling frequency domain interpolation.
Additionally according to embodiments pilot symbols may be
repeated in the spatial domain at locations having spacings
less than a coherence length of the radio channel enabling
spatial domain interpolation. In embodiments, the three-
dimensional grid may be regular or irregular, i.e. in each
cf the three dimensions, spacing of reference symbols may

be equidistant or irregular.

Embodiments may provide a bandwidth efficient pilot design,
which can e.g. be applicable for the wide area deployment
scenario of the WINNER (WINNER = Wireless World Initiative
New Radio) II system concept, cf. IST-4-027756¢ WINNER II,
D6.13.10 final CG wide area description for integration
into overall system concept and assessment of key
technologies, Oct. 2007. Moreover, possible applications
may include LTE-Advanced, where the support of more than 4
transmit antennas without increasing the pilot overhead is

appealing.

Moreover a possible application scenario may be an above
rooftop deployment. In cellular networks, where antennas
are typically mounted above rooftop, the spatial channel
exhibits a narrow &angular spread, which gives rice to

spatial correlations Dbetween transmit antennas on the
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downlink, which can be beneficially exploited by
embodiments. Furthermore, embodiments can be generally
applicable to MIMOC-OFDM schemes without spatial precoding,
for instance spatial multiplexing or space-time block codes
taking advantage of spatial correlation of <transmit

antennas.

Embodiments may also be applied in a scenario where a grid
of beams is utilized, for example for WINNER wide area, cf.
IST-4-027756 WINNER 1II, D6.13.10 £final CG wide area
description for integration into overall system concept and
assessment of key technologies, Oct. 2007, as well as for
LTE closed loop single user MIMO, cf. 3GPP TS 36.211 v8.2.0,
3rd Generation Partnership Project; Technical Specification
Group Radio Access Network; Evolved Universal Terrestrial
Radio Access (E-UTRA); Physical Channels and Modulation
(Release 8), tech. rep., Mar. 2008. The possible spatial

precoders can be selected from a set B={B,,-.,B,} of fixed

matrices, where M denotes the number of available

precoders.

The receiver can then easily determine the effective
channel, i.e. the channel including the spatial processing,
by receiving an unweighted 3D common pilot grid transmitted
omni-directionally without spatial precoding, together with

the beam index m associated to precoder B,€B. As control

information is typically transmitted omni-directicnally,
e.g. as specified in LTE, cf. 3GPP TS 36.211 v8.2.0, 3rd
Generation Partnership Project; Technical Specification
Group Radio Access Network; Evolved Universal Terrestrial
Radio Access (E-UTRA); Physical Channels and Modulation
(Release 8), tech. rep., Mar. 2008), the insertion of

various pilot grids, i.e. dedicated and common pilots, 1is
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effectively avoided. Thus, the pilot overhead is further

reduced.

Fig. 3 illustrates a MIMO-OFDM system. At the transmitter
on the left-hand side, the three-dimensional pilot grid is
generated, i.e. a grid of reference symbols extending in
the time, the frequency and the spatial domain in the block
310. The generated three-dimensional pilot grid is then
separated in the spatial domain, i.e. layers of time and
frequency grids are assigned to the spatial transmission
paths, which 1is carried out by the multiplexing entities
312 and 314. The multiplexing entities 312 and 314

multiplex the generated three-dimensional pilot grid with

data for transmission, which is labeled Aﬁgnkif” to obtain

data symbols including pilot symbols jﬁﬁniﬁW) . OFDM

modulation is then carried out in blocks 322 and 324 before

. . . . Ny
the corresponding time domain signals ﬁyuxh’) are

transmitted on the N, transmission antennas 330.

Fig. 3 shows, on the receiver side N, receive antennas 340,

which are connected to OFDM demodulation entities 342 and

@ ()

344 to which the receive signals y/..); are provided and

which generate the frequency domain signals j?yuzyﬁ . Two

J
de-multiplexing entities 352 and 354 extract the pilot
symbols from the received signals and provide them to the
channel estimation entity 360, which may comprise a radio
channel estimator 110 according to the above description.
Once the channel estimation entity 360 has estimated the

channel, the detector and estimator 370 may determine an

estimation Xﬁ[mxgﬂ for the transmitted signals.
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In the following, a more detailed system and channel model

will be provided.

In the following an embodiment in a MIMO-OFDM system with
N, transmit and N; receive antennas as illustrated in
Fig. 3 1s considered. Denote with N, the number of used
sub carriers, and with L being the number of OFDM symbols

per frame. The transmit signal vector xml=[kﬁyy-ykﬂM”T is

n{
emitted by an antenna array with N, elements, which may or
may not include transmit beam-forming. The total transmit

power is set to E{qu|f}=E;. OFDM modulation is performed

by Npg-point (N,;2N_,) inverse DFT (IDFT, DFT = Discrete
Fourier Transform), followed by insertion of a cyclic
prefix (CP = Cyclic Prefix) of N, samples. Assuming
perfect orthogonality in time and frequency, the received

signal of sub carrier m of the #-th OFDM symbol block and

v-th receive antenna is given by
0<n<N,

Y =x! W) +Z%); 0<é<L 1)
0<Vv<N,

where Zﬁ? denotes additive white Gaussian noise (AWGN) with

zero mean and variance N, . Inter-symbol interference 1is
avoided by setting NgI,2r7,, , where 7, denotes the
maximum delay of the channel impulse response (CIR). In

vector notation the signal ocbserved at receive antenna Vv

of OFDM symbol £ can be conveniently expressed as

y(V) — Xl hs:l') +z§;) c CA\'[xl . (2)

{
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The 2D transmitted signal matrix of dimension N xN,N_ is
composed of transmit symbols in frequency and space,
denoted by X[=diag[x{l,---,x§;c,l] . Likewise, the 2D matrix of
cdimension NN _x] describing the CTF is given Dby

h,=[h;,,-hy I . Finally, the N,xl dimension noise vector is

T
composed of z,=[z,,-,zy ] -

The received signal of one frame is composed of L OFDM

symbols, y* =[y,--,y,}, which is in the form
y* =Xh® +z" e ¥ ©)
with X=diag[X,,--,X,], h=[h],---,h]} and z=[z],--,z]] .

The channel transfer function (CTF = Channel Transfer

Functicn) is correlated in time, frequency and space. The

discrete CTF H,Sf;"') that propagates from transmit antenna u

to receive antenna v is obtained by sampling H®*"(f,t) at

frequency f=n/T and time t=/T

sym !

where T_,=(N.+Ng)T, and

T=NT represents the OFDM symbol duration with and

c” spl

without the cyclic prefix, and T, is the sample duration.

spl
The compound CTF from the transmit antenna array to receive

: : ’ 1 Ny T
antenna v 1is cast in the channel vector hf,‘,}=[H,(,,;‘),---,Hf,’4"’]

in (1). A normalized average channel gain of E{||hf,‘,'()||2}=&f,=l
is assumed. In order to mathematically model the MIMO-CFDM
system the following three assumptions are applied, to
which embodiments are not limited to. First, a frequency

selective time-variant channel is considered, modeled by a
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tapped delay line with ), non-zero taps. Each channel
tap ¢, 1<¢<(Q,, with associated tap delay 7,, is comprised
of S; local scatterers, with Doppler frequency ngJ for

scatterer s . Second, a base station antenna array 1is

assumed to be mounted above rooftop. In such an environment

angle of departures (AoDs) ¢, , 1=<s<§ , are contained

within a certain angular spread 8, as will be detailed
subsequently in Fig. 4, giving rise to spatial correlation
between transmit antenna elements. Thizrd, the mobile

terminal receiver is surrounded by a large number of local

scatterers. Hence, angle of arrivals (AoA) l%ﬁ, 1<s<S§, ,

can be considered uniformly distributed around the mocbile.

Fig. 4 illustrates the spatial channel model, in particular,
the model for the angular spread. Fig. 4 shows a uniform
linear antenna array with four antennas 402, 404, 406 and
408. Impinging and departing signals are distributed around

a mean angle ¢ with an angular spread of € . With these

assumptions the channel vector can be described by

1 & n 3
h) = h‘”(?, (T,.)= i A, exp(-j27, ?)2 a(p,,)exp(j2z Dvsind, Yexp(j27 f,,, ¢T,,)
$=]

g=1
)

where A4, is the magnitude of tap ¢ and D=4 represents the

antenna spacing normalized by the carrier wavelength 4. In

(4) the tap delays 7, caused by multi-path propagation

impose variations over frequency (sub carrier index »n ),
while time variations due to mobile velocities caused by

the Doppler effect lead to variations over time (OFDM

symbol index £).



10

15

20

25

(63) JP 2010-88116 A 2010.4.15

One channel tap 1is composed of Sq local scatterers, which
depart from the transmit antenna array with angle ¢,, - The
spatial properties of the channel vector hf,v,) are determined
by the array response a(¢q_5) . The array response for a

uniform linear array (ULA) with antenna spacing d , for

antenna element g4 is in the fcrm

0< H< ]VT
a”(p) =exp(j 27 D psin p); d - )

A

It is assumed that all N, receive antennas are mutually

uncorrelated. For the purpose of channel estimation, the
channel response of receive antenna Vv is generated
independent on the other receive antennas. Hence, the
receive antenna v 1is dropped in the following. With this
convention, the CTF at sub carrier »n , OFDM symbol /

originating from transmit antenna g is in the form of

Q S, Oo
N . n .
HY) = Z; A exp(-j277T, —T—)Z:, a“ (9, )exp(j27 fp, AT, )=D.8%[q] .  ©

q= g=1

where g,(,f?[q] accounts for the part of the CTF composed by

tap ¢, and the array response a*'() is defined in (5). In

case of correlated receive antennas, channel estimates may
be enhanced, c¢f. H. Mizo and M. J. Juntti, Space-Time
Channel Estimation and Performance Analysis for Wireless
MIMO-OFDM Systems With Spatial Correlation, TEEE Trans.
Vehic. Technol., vol. 54, pp. 2003-2016, Nov. 2005,

J. Wang and K. Araki, Pilot Symbol Aided MAP-Based 3D
Channel for Multi-User MIMO-OFDM Systems, IEICE Trans.
Commun., vol. E89-B, pp. 801-808, Mar. 2006, and
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J.-W. Choi and Y.-H. Lee, Complexity-Reduced Channel
Estimation in Spatially Correlated MIMO-OFDM Systems, IEICE
Trans. Commun., vol. E90-B, pp. 2609-2612, Sept. 2007.

By using the framework of for example J.-W. Chci and Y.-H.
Lee the <considered estimator <can be Ggeneralized to
correlated receive antennas in a straightforward way. The
2nd~-order statistics are determined by the three

dimensional (3D) correlation function

RIA,.8,,8,1= E{HSHL, V]

O
= R1 [A[ ]Z Rf.q [An] ’ Rs.q [A/! ] O]

composed of three independent correlation functions in time,
frequency and space. The correlation functions in time and
frequency are given by W. C. Jakes, Microwave Mobile

Communications, Wiley, NY, 1974, as

R[A)=E{HY (HE, )}

= JoQ27 [y o Tom) 8)

where f,,. 1is the maximum Doppler frequency and J,()

represents the zero order Bessel function of the first kind,

and
R, [8,1= E{g"lqlg"} [q])'}
) A,
=0, exp(-j27, 7) , ©)
where of==E[Pgr] . The spatial correlation between the

antennas x4 and g+A, is in the form

4.

15
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R,,[8,1= E{2¥[q)(2% > [q]"}

2 . . d
= [;2 exp(j27 DA, smp)p (p)dp, D= 7 (10)

where p (¢) denotes the pdf (pdf = probability density
functicn) of the AoD angle distribution asscciated to tap

delay 7.

Due to the assumptions that mobiles are surrounded by a
large number of local scatterers, RJ[A,], 1s independent of
the <channel tap ¢ . On the other hand, measurements

campaigns, cf. IST-4-027756 WINNER II, D1.1.2 WINNER II
Channel Models, Sept. 2007, suggest that the spatial

correlation R [A,] is closely related to the channel tap gq.

This is physically motivated by the fact that the large

distance separation of dominant reflectors lead to distinct

tap delays r, . Hence, the 3D correlation function in (7)
can only be separated into the time correlation RJ[A,] and

the joint frequency-spatial correlation Rg[A,,A ]:

R[A,, A, A T1=R[AIR[A,A,] (1)
with

Qo

R[A,.A1=E{HWHY =D R, AR [A,] (12)

n+An,
q=1
It is generally accepted that both Ry”TAi] and R“7[A,] are

strictly band-limited, c¢f. F. Sanzi and J. Speidel, An

Adaptive Two-Dimensional Channel Estimator for Wireless
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OFDM with Application toc Mobile DVB-T, IEEE Trans.
Broadcasting, vol. 46, pp. 128-133, June 2000. That is, the

inverse Fourier transform of Rf“TAn] described by the power
delay profile is essentially non-zero in the range [0,7,,.],

where 7 is the maximum channel delay. Likewise, the

Fourier transform of R¥Y[A,] describing time variations due
to mobile velocities is given by the Doppler power spectrum,
non-zero within [=f) .s/pme] - Similar characteristics are
observed for the spatial correlation of antenna array
mounted above rooftop, the local scatterers associated to

tap delay 7, are clustered around a mean AoD ¢, with an

angular spread of Qq, as illustrated in Fig. 4.

Following J. Salz and J. Winters, Effect of fading
correlation on adaptive arrays in digital mobile radio,
IEEE Trans. Vehic. Technol., wvol. 43, pp. 1049-1057, Nov.
1984 the integrals in (10) and (12) can be solved by

assuming a large number S, of uniformly distributed local

scatterers within the range [¢q—97",¢q+%"]. Then the pdf p,(9)

can be approximated by the continucus pdf

6,

1l _z
2

é

p,(p)=1"
0

IA
NI.QQ’
IA

(ST

%— S¢S%+

elsewhere

m|Q

(13)

The general correlation function Rw is given in equations

(A-19) and (A-20) of J. Salz and J. Winters, Effect of
fading correlation on adaptive arrays in digital mobile
radio, IEEE Trans. Vehic. Technol., vol. 43, pp. 1049-1057,
Nov. 1994.
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Small angular spreads may be approximated according to the

following assumpticns. As the angular spread t% is

typically small, the correlation RM can be approximated by
a simplified expression as described in the following.
Define @=¢-¢, uniformly distributed in the range (56[—97",0—2"].
Invoking the trigonometrical addition theorem for small
angular spreads (6,<%) with sing~@ and cosg=~1, yields
sing =sin(¢+¢, ) =sin@-cosg, +cos@-sing,
T

~@<cosg, +sing, for @’ 5

Then the array response (5) can be approximated as
a" (@) ~exp(j27 D p(@cosg, +sing,)) (14)

and correlation between transmit antennas g and pg+A
becomes
sin(76, A, Dcosg,) d

R _[A, ]~ i2n A, Dsi . ; D=— . 15
[Bu]=exp(j27 A, Dsing,) 28, A Dcosg, ) (15)

Pilot aided channel estimation (PACE) was first introduced
for single carrier systems and required a flat-fading
channel, cf. J. K. Cavers, An Analysis of Pilot Symbol
Assisted Modulation for Rayleigh Fading Channels, IEEE
Trans. Vehic. Technol., vol. VT-40, pp. 686-693, Nov. 1991.

For conventional 2D PACE, N, known reference symbols
(pilots) are inserted with equidistant pilot spacing D, in
time and Lb in frequency, c¢f. P. Hbher, S. Kaiser, and

P. Robertson, Pilot-Symbol-Aided Channel Estimation in Time

and Frequency, in Proc. Communication Theory Mini-Conf.
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Conf.

(Globecom’ 97),
90-96, 1997. In previous work on MIMO-

OFDM channel estimation spatial correlation is exploited so

to improve the accuracy of the channel

M. Stege, P. Zillmann,

Estimation with Dimension Reduction,

Wireless Pers.

Multimedia Commun.

estima

and G. Fettweis, MIMO

in Proc.

(WPMC 2002),

tes,

cf.

Channel

Int.

Hawaii,

Symp.
USA,

Oct. 2002, H. Miao and M. J. Juntti, Space-Time Channel

Estimation and Performance Analysis for Wireless MIMO-OFDM

Systems With

Technol., vol.

Spatial
>4, pp.

Multi-User MIMO-OFDM

vol. EBS-B, pp.

801-808,

Correlation, IEEE
2003-2016, Nov. 2005,
K. Araki, Pilot Symbol Aided MAP-Based 3D Channel

Trans.

Systems, IEICE Trans.
Mar. 2006, and J.-W. Choi and Y.-H

Vehic.
J. Wang and

for

Commun. ,

Lee, Complexity-Reduced Channel Estimation in Spatially

Correlated MIMO-OFDM

vol. E90-B, pp. 2609-2612, Sept. 2007. However,

Systemns, IEICE Trans.

utilizing interpolation in space prov

Commun. ,

embodimenst

ide significant

benefits and advantages compared to these concepts, as

pilot overhead can be reduced while upkeeping the channel

estimation quality.

For the proposed

three-dimensional

(3D) PACE

spatial

correlation is exploited to reduce the pilot overhead. By

allowing for a pilot spacing in space D,

inserted for each transmit antenna u;

pilots are not

rather the channel

response 1is obtained by interpolation between pilots of

different transmit

antennas, as illustrated 1in

While the discussion of the above embodiments

respect to OFDM,

3D PACE can be readily

generalized multi-carrier waveforms 2.

Giannakis, Wireless

Fourier Meets

Shannon,

Fi

was

g. 2.
with

extended to

Wang and G. B.

Multicarrier Communications—Where

IEEE Signal Proc.

Mag.,

vol.

17,
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pp. 29-48, May 2000], which includes DFT spread OFDM,
multi-carrier (MC) CDMA and zero padding (ZP) OFDM, by
applying the framework of C.-T. Lam, G. Auer, F. LCanilo-
Lemoine, and D. Falconer, Design of Time and Frequency
Domain Pilots for Generalized Multicarrier Systems, in Proc.

TEEE Int. Conf. Commun. (ICC 2007), Glasgow, UK, June 2007.

A regular 3D grid can be found in Y. Li, Pilot-Symbol-Aided
Channel Estimation for OFDM in Wireless Systems, IEEE Trans.

Vehic. Technol., vol. 49, pp. 1207-1215, July 2000.

H D 6, O Hy
n|=Gd+d,;G=\d, D, 0l,d,=|n, (16)
7 d, 0 D, 2

where d=[i#f] is the pilot index, variables describing
pilot symbols will be marked with a “~” in the following.

Furthermore, d,=[g,,n,,£f,] accounts for the shift of the

first pilot with respect to [0,0,0]' . The transmitted signal

sequence containing only pilots is denoted by, {jﬁ?}z{XZ) ,

with g, n and ¢ given by (16). In general, non-zero off-

diagonal elements of G assemble a non-rectangular pilot
grid, e.g. a diamond shaped grid, cf. J. Choi and Y. Lee,
Optimum Pilot Pattern for Channel Estimation in OFDM
Systems, IEEE Trans. Wireless Commun., vol. 4, pp. 2083-
2088, Sept. 2005, or the DVB-T grid, cf. F. Sanzi and
J. Speidel, An Adaptive Two-Dimensional Channel Estimator
for Wireless OFDM with Application to Mobile DVB-T, IEEE
Trans. Broadcasting, wvol. 46, pp. 128-133, June 2000. 1In
(16) the parameter J; shifts pilots along the spatial

domain.
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Fig. 5 illustrates an embodiment of a diamond-shaped space-
frequency or space-time grid. The embodiment shown in Fig.
5 utilizes four transmit antennas 502, 504, 506 and 508.
Moreover, Fig. 5 illustrates four layers of time-freguency
dimensioned pilot schemes 512, 514, 516 and 518. The
illustration used in Fig. 5 is similar to the illustrations
described above for Figs. 2 and 9. Accordingly, dark cubes
represent pilot or reference symbols, empty cubes represent
empty transmission resources. Fig. 5 illustrates that the

frequency spacing D,=4, the time spacing D =5 and the

spatial spacing D ,=2.

Furthermore, the off-diagonal element 1is set to d4;=1,
resulting in a diamond shaped space-frequency grid. 1In
crder to obtain channel estimates from all N, transmit

antennas pilots belonging to different transmit antennas
are orthogonally separated in time, frequency and/or space,
as shown in Fig. 2. One way to achieve this is by imposing

the condition of either dymodD,#0 or d,modD #0 in (16).

In Fig. 5 pilots from different antenna elements are
separated in frequency by setting d;=1 and d,=0 . This
provides a subsampled version of the 3D CTF h in (3)

corrupted by noise, which avoids interference between
pilots Dbelonging to different transmit antennas. Note,

there are other possibilities to orthogonally separate the
pilots, but they lead to higher complexity and/or at least
the same pilot overhead, cf. G. Auer, Analysis of Pilot-
Symbol Aided Channel Estimation for OFDM Systems with
Multiple Transmit Antennas, in Proc. IEEE Int. Conf. Commun.

(ICC 2004), Paris, France, pp. 3221-3225, June 2004.
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Nevertheless, the embodiment of 3D PACE can also be
generalized to other schemes, such as phase shifted pilot
sequences, cf. I. Barhumi, G. Leus, and M. Moonen, Optimal
training design for MIMO OFDM systems in mobile wireless
channels, Signal Processing, IEEE Transactions on, vol. 51,
pp. 1615-1624, June 2003, by extending concepts disclosed
in W. G. Jeon, J. H. Paik, and Y. S. Cho, Two Dimensional
MMSE (MMSE = Minimum Mean Square Error) Channel Estimation
for OFDM Systems with Transmitter Diversity, in Proc. IEEE
Vehic. Technol. Conf. 2001-Fall (VTC’F01), Atlantic City,
USA, Oct. 2001, G. Auer, Channel Estimation for OFDM
Systems with Multiple Transmit Antennas by Filtering in
Time and Frequency, in Proc. IEEE Vehic. Technol. Conf.
2003-Fall (VTC'F03), Orlandc, USA, Oct. 2003 from two to

three dimensions.

In total N, pilots are inserted which are distributed in

time, frequency and space according to

L N N
N, =N, Ny, -N, {El[DC-HBL} . a7
s

! K

The received pilot sequence i:=ﬁ+i of dimension N,x1 is a

subsampled version of the 3D CTF h in (3). Not all pilots
may be utilized for channel estimation. A subset of pilots
in time, M,<N, , frequency, M,<N,,, and space, M <N, ,
may be used for channel estimation in some embodiments. The

estimate of h denoted by h can be obtained by means of

minimum mean squared error (MMSE) based 3D interpolation.

In one embodiment, supposing the transmitted signal

includes beamforming, x,,=s,b,,  , where b,, denotes the
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beamforming vector, and s,, accounts the transmitted symbol.

Then the receiver needs to estimate the effective channel,

i.e. the channel response including user specific
beamforming, I£w==bLhm£. If the beamforming vector is known

at the receiver, the effective channel is determined by

~ A A

H¢:=bLhml, where h,, is the estimate of h,, . This is the

n.t
case for fixed beamforming, where b,, is selected from a

number of pre-defined vectors. This scenario is applicable
e.g. for the 3GPP LTE standard 3GPP TS 36.211 v8.2.0, 3rd
Generation Partnership Project; Technical Specification
Group Radio Access Network; Evolved Universal Terrestrial
Radio Access (E-UTRA); Physical Channels and Modulation
(Release 8), tech. rep., Mar. 2008.

In embodiments the means 130 fcr processing may be adapted

for carrying out Wiener filtering. The means 130 for

A

processing can be adapted for processing the estimate h, of
the second radio channel based on a three-dimensional
Wiener filter  Dbased on a three-dimensicnal Cross-
correlation in time, frequency and space dimensions. 1In

further embodiments the means 130 for processing can be

~

adapted for processing the estimate A, of the second radio
channel based on a spatial property of the MIMO radio
channel according to three one-dimensional Wiener filters,
one Wiener filter being based on a correlation property in
the time domain, one Wiener filter being based on a
correlation property in the frequency domain and one Wiener
filter being based on a correlation property in the spatial

domain as the spatial property of the MIMO radio channel.

A Wiener interpolation filter (WIF = Wiener Interpolation

Filter) 1is implemented by an FIR filter, w[un/f] , with
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M=MM M,  taps. The CTF estimate for sub carrier n, OFDM

symbol ¢ and transmit antenna g is given by

Ao =W l,n 0y =ri[unlIR]Y . (18)

The WIF w[/l,n,l]=R;;,rHi[/1,n,£] minimizes the mean squared error
between the desired response, H},, and the filtered output,

Haw+ given the received pilot sequence ¥.

The 3D auto-correlation matrix of the received pilots, ¥,
is composed of Ry =Ry+NI, where RH.:E{EEH} is the auto-
correlation matrix of the CTF at pilot positions excluding

the AWGN term, and I denotes the identity matrix, all of

h

dimension MxM . The i™ row and j ™ column of R;; can be

expressed as

{Rﬁf. }i,j = R[Ds '(ﬁl_ﬁz)’DJ (i) D, (21 ‘zz)];

i=f+Ma+MM7,
J=a,+M g+ MM,
(19

where R[] denotes the 3D correlation function defined in

(7).

The 3D cross-correlation functions rg..[y,n,f] = E{i(H,(,f?)'}
represent the cross-correlation between ¥ and the desired
response H,(,f;) . The i -th entry of r{é[,u,n,[] specifies the
correlation between the CTF of pilot symbol 1§ and the

desired response, H},, which is in the form



10

15

20

25

30

(74) JP 2010-88116 A 2010.4.15

{r]{-i{j'[y’n7‘é]}i = R[.U_Dsﬁ’n_l)fﬁ’f_sz]; i=,[l+M5ﬁ+MSAM,z - (20)

A cascaded <channel estimator consisting of three one
dimensional (1D) estimators termed 3x1 D PACE may be
implemented as proposed by J.-W. Choi and Y.-H. Lee,
Complexity-Reduced Channel Estimation in Spatially
Correlated MIMO-OFDM Systems, IEICE Trans. Commun.,
vol. E90-B, pp. 2609-2612, Sept. 2007, fort he case wehn
pilot symbols are available from all transmit antennas
within coherence time and bandwidth. In one embodiment the
means 130 may be adapted for separating the 3d
interpolation into three one-dimensional interpolations.
The separation of the 3D estimator (18) into three 1D
estimators requires to separate the 3D correlation function
{(11) into three 1D components, which is only possible with

the approximation

Q(l QO
R[A,,A,,48,]= R,[A,]'(Z Rf.q[An]J'[Z Rs,q[A,,]] @n

As an exact separation of the frequency-space correlation
(12) is not possible, a certain degradation in performance
of 3x1D PACE is tc be exptected in embodiments due to the

above approximation.

A computaticnally efficient implementation of 3x1D PACE is
via a Wiener interpolation filter (WIF) with model mismatch,
i.e. in an embodiment wherein the means 130 for processing
is adapted for processing according to a Wiener filter.

According to P. Hoher, S. Kaiser, and P. Robertson, Pilot-
Symbol-Aided Channel Estimation in Time and Freguency, in
Proc. Communication Theory Mini-Conf. (CTMC) within IEEE
Global Telecommun. Conf. (Globecom’ 97), Phoenix, USA,
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pp. 920-96, 1997, the filter coefficients in frequency and
time can be generated assuming a uniformly distributed

power delay profile and Doppler power spectrum, non-zero
within the range [0,r,] and [-f,,.f,,] - Furthermore, the
average SNR at the filter input, py,, is required, which
should be egqual or larger than actual average SNR, so

}/WZ}/O‘

In the spatial domain, a uniform angle distribution is

assumed within the angular spread 6, around the mean AoD,
¢, , that is ¢e[¢,—%ﬂ¢w+%ﬂ . Assuming a large number of

local scatterers, the angle distribution can be

approximated by the continuous pdf

p(p)= (2)

1 8, b < 1
8, _%S¢W_TS¢S¢\4+TS%
0 elsewhere

The angular spread and the mean AoD are determined by

Bw = g”max - (Dmin
1 ) (23)
¢w = 5 (qomwr + ¢min)

where ¢, =max, ¢,  and ¢, =mn, ¢  denote the maximum and

minimum AoD.

With J. Salz and J. Winters, Effect of fading correlation
on adaptive arrays in digital mobile radio, IEEE Trans.
Vehic. Technol., wvol. 43, pp. 1049-1057, Nov. 1994, the

spatial correlation function (10) between antenna elements

M and pu+A, yields
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RefR,[A,1}=J,2n DA,)+2Y J,, 2 DA,) cos(2k¢,_)%’;9“) 24)
k=1 .
S M 1
IR [A,1}=23 Jyp,(27 DA )sin([2k +1]g, ) SE*2100) es)
[k+106,

where D=4, and J, represents an order k Bessel function

of the first kind.

To generate the filter coefficients the mean AoD ¢, as well

as the angular spread 6, need to be estimated.

Fig. 6 shows an illustration of a uniform linear array with
antennas 602, 604, 606 and 608. As indicated in Fig. 6, the
antenna elements have a spacing of D . Fig. 6 also
indicates that reference symbols impinge from antenna

elements 602 and 608, i.e. the spatial spacing D, equals

three in the present case. Moreover, Fig. 6 indicates that

the plain waves impinge from an angle of 6.

Fig. 7 illustrates a pdf of A, i.e. a measure for
normalized power distribution in the angular domain or in
other words, the angular distribution of local scatterers.
In analogy to the sampling theorem in time and frequency,
cf. F. Sanzi and J. Speidel, An Adaptive Twoc-Dimensional
Channel Estimator for Wireless OFDM with Application to
Mobile DVB-T, IEEE Trans. Broadcasting, vol. 46, pp. 128~
133, June 2000, there exists a maximum pilot spacing in
space for which the spatial array response (5) can be
reconstructed. To ensure this, each AoD ¢, must have an
unique subsampled array responses are considered, as

depicted in Fig. 6,
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a"N@)=exp(j27x DD, sing), 0<j< [%—l (26)

where the ceiling operator |—x] denotes the smallest integer

that is equal or smaller than x . Assuming that the AoDs
are distributed according to (23), the distribution of the

equivalent length A=sin@g can be described by the pdf

7] 12
sin(g,, — ?) <A<sin(g, + —2“4)

1
p(A) = p(sing) =4 6, V1-A’ Q7
0

elsewhere

Since A=sing is periodic with 27 spatial aliases are
observed spaced /(DD,) apart, as illustrated in Fig. 7. The
array response a* (@) in (5) can be perfectly reconstructed
given #(¢) in (26), if the angle distribution p(sing) does
not overlap with its aliases. From Fig. 7 conditions for
separation can be extracted: sin(¢“,+%)<sin(¢w—%")+l)+)s , With
D=4 ., Utilizing the trigonometric addition theorem this

translates to the following condition for the pilot spacing
in space

1
< — .
2Dcosg,, -sin5

(28)

Regarding the maximum allowable pilot spacing, the worst

case condition is for cosg, =0, which yields

D, < ! = L 29)
* 2Dsin%  D@,’

w

where the latter approximation applies to small angular

spreads 6, <m6.
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For an antenna spacing ci=§ which corresponds to D=1 the

following is obtained

1 .2

D <

s

.o, (30)
siny 0,

The MSE of an arbitrary estimator w of dimension 1xM can

be expressed in the general form
ENHY) - vl P1= ENHY P1-2Ref W ry[u,n, 01+ w Ryw G

with Eﬁf=wH§. The M, dimension vector Y accounts for the
received pilot sequence of one OFDM symbol, and is used to
determine Ry; and Rggﬁ). Note, that (31) is valid for any
estimator w with or without model mismatch. Furthermore,
an estimator with reduced length, M,, can be applied to

(31) by inserting =zeros 1in the appropriate positions in

embodiments of the means 130.

An MIMO-OFDM system with N,=4 transmit antennas is

considered based on the WINNER specifications IST-4-027756
WINNER II, D6.13.14 WINNER II System Concept Description,
Dec. 2007. One frame consists of L=12 OFDM symbols and

each OFDM symbol 1is composed of N, =1024 sub carriers. A

£

cyclic prefix of duration 7., =128-T, is employed. The

spl
signal bandwidth is 40 MHz, which translates to a sampling

duration of T_,=25ns . This results in an OFDM symbol

spl
duration of T,,=3597us of which the cyclic prefix is
1., =32us . An urban mobility scenario is considered with

velocities up to 50km/h. At 5GHz carrier fregquency this

translates to a normalized maximum Doppler frequency of

Somax Tym £0.0067 . The typical urban channel model specified by
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the WINNER project is considered having an angular spread

of 35 °, cf. 1IST-4-027756 WINNER II, D1.1.2 WINNER 1II
Channel Models, Sept. 2007.

For the pilot spacings in time, frequency and space D =8,

D,=6 and D,=2 are chosen. Furthermore, {,=1, mn =1 and

s,=0 . Orthogonality between pilots of different transmit
antennas is maintained by setting dg=1 and d,=0 in (16).
Finally, to reduce edge effects, a diamond shaped space-
frequency grid with 64=1 is used in an embodiment, as

depicted in Fig. 5.

The channel estimation unit is implemented by a WIF with
M=2, M,=16 and M,=2 filter coefficients in time,
fregquency and space. To generate the filter coefficients,
knowledge of the second order statistics in the form of the
auto- and cross-correlation matrices in (19) and (20) is

assumed to be available.

Fig. 8 illustrates simulation results for the mean square

error versus the sub carrier index n for a three-

dimensional PACE with N,=4 transmit antennas and pilot
spacing in space of D ,=2. The MSE for two-dimensional PACE,

which dcoes not attempt to exploit the spatial correlation,
is shown for comparison. The results obtained with the
embodiment are shown at two Es,/N; of 10dBR and 30dB, which is
symbol energy Es over noise density Ng, for the channel

estimates of four sub channels wp=1.4 of the MIMO radio

channel.
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The MSE 1is plotted over the sub carrier index n for 3D
PACE in Fig. 8. The MSE for all transmit antennas’ signals
is estimated accurately by the proposed estimator. For
comparison the MSE for conventional 2D PACE that does not
attempt to exploit spatial correlation is also plotted. It
is seen that the performance of 3D PACE is clcse to 2D PACE,
while the required pilot overhead for 3D PACE is reduced by
a factor of two, which demonstrates the advantage of
embodiments saving half of the transmission resources for

pilot symbols in the present scenario.

Depending on certain implementation requirements of the
inventive methods, the inventive methods can be implemented
in hardware or in software. The implementation can be
performed using a digital storage medium, in particular, a
flash memory, a disc, a DVD or a CD having an
electronically-readable control signal stored thereon,
which co-operates with a programmable computer system, such
that the inventive methods are performed. Generally, the
present invention is, therefore, a computer program product
with a program code stored on a machine-readable carrier,
the program code being operated for performing the
inventive methods when the computer program product runs on
a computer. In other words, the inventive methods are,
therefore, a computer program having a program code for
performing at least one of the inventive methods when the

computer program runs on a computer or processor.
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Claims

A radio channel estimator (100) for estimating a first

radio channel (A ) to obtain a first radio channel

~

estimate (A& ), the first radio channel ( Ak ) being

comprised in a multiple input multiple output (MIMO =
multiple input multiple output) radio channel, the
MIMO radio channel extending between at least a first
transmit antenna (Txi), a second transmit antenna

(Tx;) and a receive antenna (Rx), the first radio

channel ( h ) extending between the first transmit
antenna (Tx1) and the receive antenna (Rx),
comprising:

a means (110) for receiving a reference symbol

transmitted by the second transmit antenna (Tx:):;

a means (120) for estimating a second radio channel

A

(h,) based on the reference symbol, the second radio

channel ( h, ) extending between the second transmit

antenna (Tx,;) and the receive antenna (Rx); and

a means (130) for processing the estimate (ﬁz) of the

second radio channel based on a spatial property of

the MIMO radio channel to o¢btain the first radio

channel estimate (&).

The radio channel estimator (100) of claim 1, wherein
the means (110) for receiving is adapted for receiving
a further reference symbol from a third transmit
antenna (Tx3), and wherein the means (120) for

estimating is adapted for estimating a third radio
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channel ( E ) based on the further reference symbol,

the third radio channel ( A ) extending between the

third transmit antenna (Txs3) and the receive antenna

(Rx), and wherein the means (130) for processing is

A

adapted for processing the estimate (h,) of the second

A

radio channel and the estimate (h;) of the third radio

channel based on the spatial property of the MIMO

radio channel to obtain the first radio channel

estimate (A).

The radio channel estimator (100) of claim 2, wherein

the means (130) for processing 1is adapted for

interpolating between the estimate (ﬁz) of the second

A

radio channel and the estimate (h;) of the third radio

channel to obtain the first radio channel estimate

~

( b ), wherein the spatial property comprises a
correlation property of the first and second radio

channels.

The radio channel estimator (100) of one of the
preceding claims, wherein the nmeans (110) for
receiving 1s adapted for receiving the reference
symbol on a first sub carrier having a first sub

carrier frequency, and wherein the means (130) for

-

processing the estimate ( h, ) of the second radio

~

channel is adapted for processing the estimate (h,)

based on the spatial property of the MIMC radio

channel to obtain the first radioc channel estimate

~

(h) for a second sub carrier, the second sub carrier
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having a different frequency than the first sub

carrier.

The radio channel estimator (100) of one of the
preceding claims, wherein the means (110) is adapted
for receiving reference symbols on a multiplicity of
sub carriers, the sub carriers having different sub
carrier frequencies, and wherein the means (120) for
estimating is adapted for estimating radio channels on
the multiplicity of sub carriers and wherein the means
{130) for processing is adapted for processing the
estimates of the different sub carriers based on the

spatial property of the MIMO radic channel to obtain

~

the first radio channel estimate ( A ) for a sub

carrier on which no reference symbol is provided.

The radio channel estimator (100) of one of the
preceding claims, wherein the means (110) for
receiving 1is adapted for receiving the reference
symbol in a first time slot, and wherein the means

(120) is adapted for estimating the second radio

channel ( ﬁz) based on the reference symbol in the

first time slot, and wherein the means (130) for

A

processing is adapted for processing the estimate (h,)

of the second radio channel based on the spatial

property of the MIMO radio channel to obtain the first

A

radio channel estimate (A ) for a second time slot,

the second time slot being different from the first

time slot.

The radio channel estimator (100) of one o©of the

preceding claims, wherein the means (110) is adapted
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for receiving reference symbols in a multiplicity of
time slots, and wherein the means (120) is adapted for
estimating radio channels based on the multiplicity of
reference symbols received in the multiplicity of time
slots, and wherein the means (130) for processing is
adapted for processing the estimates of the
multiplicity of radio channels based on the spatial

property of the MIMO radio channel to cobtain the first

~

radio channel estimate (A4 ) for a time slot for which

no reference symbol was provided.

The radio channel estimator (100) of one of the

preceding claims, wherein the means (130) for

~

processing is adapted for processing the estimate (h,)
of the second radio channel based on a three-
dimensional Wiener filter based on a three-dimensional
cross-correlaticn in time, frequency and space

dimensions.

The radio channel estimator (100) of one of the

preceding claims, wherein the means (130) for

-

processing is adapted for processing the estimate (h)

of the second radio channel based on a spatial
property of the MIMO radio channel according to three
one-dimensional Wiener filters, one Wiener filter
being based on a correlation property in the time
domain, one Wiener filter being based on a correlation
property in the frequency domain and one Wiener filter
being based on a correlation property in the spatial
domain as the spatial property of the MIMO radio

channel.



10

15

20

25

30

10.

11.

12.

(85) JP 2010-88116 A 2010.4.15

The radio channel estimator (100) of one of the
preceding claims, wherein the means (110) is adapted
for receiving reference symbols in equidistant time
slots, equidistant sub carriers and/or for equidistant

transmit antennas.

The radio channel estimator (100) of one of the
preceding <claims, wherein the means (110) for
receiving is adapted for receiving reference symbols
with irregular time spacing, irregular frequency

spacing and/or irregular spatial separation.

Method for estimating a first radio channel (h ) to
obtain a first radio channel estimate (ﬁ]), the first

radio channel ( ﬁ ) being comprised in a MIMO radio

channel (MIMO = Multiple Input Multiple Output)
extending between at least a first transmit antenna

(Tx1), a second transmit antenna (Tx;) and a receive
antenna (Rx), the first radio channel (4 ) extending

between the first transmit antenna (Tx;) and the

receive antenna (Rx), comprising the steps of:

receiving a reference symbol transmitted by the second

transmit antenna (Tx;);

~

estimating a second radio channel (h,) based on the

reference symbol, the second radio channel ( A )

extending between the second transmit antenna (Tx3)

and the receive antenna (Rx); and

processing the estimate ( ﬁz) of the second radio

channel based on a spatial property cf the MIMO radio
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channel to obtain the first radio channel estimate

(h) .

A transmitter for enabling radio channel estimation of
a MIMO (MIMO = Multiple Input Multiple Output) radio
channel, the MIMO radio channel extending between at
least a first transmit antenna (Tx1), a second
transmit antenna (Tx») and a receive antenna (Rx), the
MIMO radio channel having a coherence time, a
coherence bandwidth and a coherence length, the
spacing between the first transmit antenna (Tx;) and
the second transmit antenna being less than the

coherence length, comprising:

a means for transmitting a first reference symbol on
the first transmit antenna (Tx1) at a first time

instant on a carrier frequency; and

a means for transmitting a second reference symbol on
the second transmit antenna (Txz) at a second time

instant on the carrier frequency,

wherein the first and the second time instants are
separated by more than the coherence time and
transmission of reference symbols on the first
transmit antenna (Tx7) and on the second transmit
antenna (Tx;) 1is suspended between the first and the
second time 1instants and within the coherence

bandwidth from the carrier frequency.

A method for enabling radio channel estimation cf a
MIMO (MIMO = Multiple Input Multiple Output) radio

channel, the MIMO radio channel extending between at



10

15

20

25

30

15.

16.

(87) JP 2010-88116 A 2010.4.15

least a first transmit antenna (Tx1), a second
transmit antenna (Tx;) and a receive antenna (Rx), the
MIMO radio channel having a ccherence time, a
coherence bandwidth and a coherence length, the
spacing between the first transmit antenna (Tx;) and
the second transmit antenna being less than the

coherence length, comprising the steps of

transmitting a first reference symbol on the first
transmit antenna (Tx;) at a first time instant on a

carrier frequency; and

transmitting a second reference symbol on the second
transmit antenna (Tx,;) at a second time instant on the

carrier frequency,

wherein the first and the second time instants are
separated by more than the coherence time and
transmission of reference symbols on the first
transmit antenna (Tx;) and on the second transmit
antenna (Tx;) is suspended between the first and the
second time instants and within the coherence

bandwidth from the carrier frequency.

Computer program having a program code for performing
the method of one of the claims 12 or 14 when the

program code runs on a computer or processor.

A system comprising a radio <channel estimator
according to one of the claims 1 to 11 and the

transmitter according to claim 13.
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Abstract

A radio channel estimator (100) for estimating a first

radio channel A to obtain a first radio channel estimate

~

h, , the first radio channel A Dbeing comprised in a
multiple input multiple output (MIMO = Multiple Input
Multiple Output) radio channel extending between at least a
first transmit antenna Tx; and a second transmit antenna
Tx; and a receive antenna Rx, the first radio channel A
extending between the first transmit antenna Tx: and the
receive antenna Rx. The radio channel estimator (100)
comprises a means (110) for receiving a reference symbol

transmitted by the second transmit antenna Tx; and a means
(120) for estimating a second radio channel ﬁz based on the

reference symbol, the second radio channel A, extending
between the second transmit antenna Tx, and the receive

antenna Rx. The radio channel estimator further comprises a

~

means (130) for processing the estimate h, of the second

radio channel based on a spatial property of the MIMO radio

~

channel to obtain the first radio channel estimate #.
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