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The coetficients of the Cubic Lagrange interpolator can be
calculated as
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The channel transfer functions at data sub-carriers are
given by
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where j=2, ..., N,;,~2.

This is illustrated in FIG. 9 where the estimated channel
responses are fed to the Legrange cubic interpolator function
175 which outputs values for all intermediate sub-carriers.
Other interpolations may alternatively be employed.

In some embodiments, every OFDM symbol contains
some pilot insertion points and as such this completes the
interpolation process. In other embodiments, there are some
OFDM symbols which do not have any pilot insertion points.
To get channel estimates for these OFDM symbols, an inter-

polation in time of the previously computed channel esti- 33

mates is performed. In high mobility applications, pilots
should be included in every OFDM symbol avoiding the need
for this last interpolation in time step.

FIG. 10 presents an overall block diagram of the interpo-
lation method proposed for two ftransmit antennas. An
example set of performance results for the proposed MIMO-
OFDM channel estimation algorithm is shown in FIG. 10.
The performance of the 2-D channel estimation algorithm is
close to the performance of ideal channel (only 0.5 dB loss) at
very high Doppler spread.

Referring now to FIGS. 10 and 3, the channel estimation
method is carried out by the channel estimator 72 in order to
estimate a channel response for each sub-carrier and each
OFDM symbol within an OFDM frame. The channel estima-
tion method starts at step 500 by extracting the pilot symbols
in the frequency domain for each receive antenna. This is
followed by a channel response matrix computing step 502;
whereby the received signal received by the receiving antenna
is decoded, which in effect performs a time average of the
encoded pilot symbols at each point in the pilot pattern. For
example, suppose the receiving antenna receives an OFDM
frame having a pilot pattern as shown in FIG. 5 (although the
symbol 126 will now be a linear combination of the encoded
pilot symbol transmitted at this location by each of the trans-
mitting antenna, and the symbol 128 will be a linear combi-
nation of the encoded pilot symbol transmitted at this location
by each of the transmitting antenna). Following decoding, the
pilot symbol at symbol location 126 will be an average of the
pilot symbol received at symbol location 126 and the pilot
symbol received at symbol location 128. The time averaging
effect produced by the STBC decoding, during step 503, can
be viewed as a pre-processing step, as can steps 500 and 502.
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The actual channel estimation method can be described
broadly in four steps. Following step 503, during step 504 the
channel estimator 72 estimates the channel response for each
of a plurality of pilot symbols. For a diamond lattice pattern,
the plurality of pilot symbols will be four pilot symbols form-
ing a single diamond pattern. The channel estimator 72 esti-
mates the channel response of a central symbol, the central
symbol having a time direction value and a frequency direc-
tion value bounded by the time direction values and the fre-
quency direction values of the plurality of pilot symbols. The
central symbol preferably has a frequency direction value
equal to the frequency direction values of two of the plurality
of pilot symbols, and has a time direction value midway
between the time direction values of the two pilot symbols
having the same frequency direction value as the central
symbol. This can generally be described as a four-point 2-D
interpolation of the channel response between pilot symbols.
Third. the channel estimator 72 smoothes the channel
responses (corresponding to both encoded pilot symbols and
to the central symbol) in the frequency direction, preferably
by performing a three-point smoothing, as per step 505.
FFourth, the channel estimator 72 performs an interpolation in
the frequency direction 1o estimate the channel response for
remaining symbols, as per step 506. The interpolation may be
a linear interpolation for symbols having a frequency direc-
tion value equal to a first or a last useful sub-carrier within the
OFDM symbol, and a cubic Lagrange interpolation other-
wise.

The method of inserting pilot symbols (described above
with reference to FIG. 4) and the channel estimation method
(described above with reference to FIG. 10) need not be used
together. Any channel estimation method may be used by the
OFDM receiver to estimate the channel responses for an
OFDM frame containing encoded pilot symbols inserted
using the method described above. However, due to the sparse
distribution of the pilot symbols in the pilot pattern described
above with reference to FIG. 4 and FIG. 5, a two-dimensional
interpolation method is preferable over a one-dimensional
interpolation method. Similarly, the channel estimation
method may be applied to an OFDM frame containing any
pattern of pilot symbols.

The invention has been described with respect to an
MIMO-OFDM communication system. The invention may
also be used with advantage in a single input-multiple output
OFDM communication system, as the method of inserting
pilot symbols (described with reference to FIG. 4) and the
channel estimation method (described with reference to FIG.
10) do not depend on the number of receiving antenna. Each
receiving antenna within the OFDM receiver 50 performs
channel estimation independently, regardless of the number
of receiving antennae present.

The channel estimation method described with reference to
FIG. 10 will also be advantageous in an OFDM communica-
tion system having only one transmitting antenna, as the
method provides an improved interpolation of the channel
response regardless of the number of transmitting antenna.
The method of inserting pilot symbols described with refer-
ence to FIG. 11 may be used in an OFDM communication
system having only one transmitting antenna, but will not be
as advantageous as in an OFDM communication system hav-
ing more than one transmitting antenna as there will be no
reduction in overhead.

The method of inserting pilot symbols and the channel
estimation method are preferably implemented on the OFDM
transmitter and on the OFDM receiver respectively in the
form of software instructions readable by a digital signal
processor. Alternatively, the methods may be implemented as
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logic circuitry within an integrated circuit. More generally,
any computing apparatus containing logic for executing the
described functionality may implement the methods. The
computing apparatus which implements the methods (in par-
ticular the pilot inserter or the channel estimator) may be a
single processor, more than one processor, or a component of
a larger processor. The logic may comprise external instruc-
tions stored on a computer-readable medium, or may com-
prise internal circuitry.

What has been described is merely illustrative of' the appli-
cation of the principles of the invention. Other arrangements
and methods can be implemented by those skilled in the art
without departing from the spirit and scope of the present
invention.

We claim:

1. A method of transmitting symbols using Orthogonal
Frequency Division Multiplexing, OFDM, frames at an
OFDM transmitter having at least two transmitting antennas,
the OFDM frames having a time domain and a frequency
domain, each OFDM frame comprising a plurality of OFDM
symbols in the time domain, and a plurality of sub-carriers in
the frequency domain, the method comprising the steps of:

transmitting, on an OFDM symbol, pilot symbols corre-

sponding to the first antenna using a scattered pattern;
and

transmitting, on the OFDM symbol, pilot symbols corre-

sponding to the second antenna using the scattered pat-
tern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

2. The method of ¢laim 1, further comprising transmitting
the pilot symbols with a power level which is dynamically
adjusted as a function of a modulation type applied to the
sub-carriers carrying data.

3. The method of claim 1, wherein the first and second
codes are space time block codes.

4. The method of claim 1, further comprising applying an
inverse fast Fourier transform to the pilot symbols.

5. The method of claim 1, wherein the scattered pattern is
a diamond lattice pattern.

6. The method of ¢laim 1, further comprising transmitting
data symbols from the first and second antenna of the OFDM
transmitter.

7. The method of claim 1, wherein the scattered pattern is
scattered in time and frequency.

8. The method of claim 1, wherein each OFDM frame
includes a preamble.

9. A device for transmitting pilot symbols using Orthogo-
nal Frequency Division Multiplexing, OFDM, frames at an
OFDM transmitter having at least two transmitting antennas,
the OFDM frames having a time domain and a frequency
domain, each OFDM frame comprising a plurality of OFDM
symbols in the time domain, and a plurality of sub-carriers in
the frequency domain, comprising:

a first antenna of the OFDM transmitter;

a second antenna of the OFDM transmitter: and

one or more processors configured to:

cause transmission via the first antenna, on an OFDM
symbol, pilot symbols corresponding to the first
antenna using a scattered pattern; and

cause transmission via the second antenna, on the
OFDM symbol, pilot symbols corresponding to the
second antenna using the scattered pattern, wherein
the pilot symbols for the first antenna correspond to a
first code and the pilot symbols for the second antenna
correspond to a second code.
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10. The device of claim 9, the one or more processors
further configured to cause transmission of the pilot symbols
with a power level which is dynamically adjusted as a func-
tion of a modulation type applied to the sub-carriers carrying
data.

11. The device of claim 9. wherein the first and second
codes are space time block codes.

12. The device of claim 9. the one or more processors
further configured to apply an inverse fast Fourier transform
to the pilot symbols.

13. The device of claim 9, wherein the scattered pattern is
a diamond lattice pattern.

14. The device of claim 9, the one or more processors
further configured to cause transmission of data symbols
from the first and second antenna of the OFDM transmitter.

15. The device of claim 9, wherein the scattered pattern is
scattered in time and frequency.

16. The device of claim 9, wherein each OFDM frame
includes a preamble.

17. A non-transitory computer readable medium for trans-
mitting symbols using Orthogonal Frequency Division Mul-
tiplexing, OFDM, frames at an OFDM transmitter having at
least two transmitting antennas, the OFDM frames having a
time domain and a frequency domain, each OFDM frame
comprising a plurality of OFDM symbols in the time domain
and a plurality of sub-carriers in the frequency domain, the
computer readable medium storing instructions to cause a
processor to perform operations comprising:

transmitting, on an OFDM symbol, pilot symbols corre-

sponding to the first antenna using a scattered pattern;
and

transmitting, on the OFDM symbol. pilot symbols corre-

sponding to the second antenna using the scattered pat-
tern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

18. The computer readable medium of claim 17, the opera-
tions further comprising transmitting the pilot symbols with a
power level which is dynamically adjusted as a function of a
modulation type applied to the sub-carriers carrying data.

19. The computer readable medium of claim 17, wherein
the first and second codes are space time block codes.

20. The computer readable medium of claim 17, the opera-
tions further comprising applying an inverse fast Fourier

5 transform to the pilot symbols.

21. The computer readable medium of claim 17, wherein
the scattered pattern is a diamond lattice pattern.

22. The computer readable medium of claim 17, the opera-
tions further comprising transmitting data symbols from the
first and second antenna of the OFDM transmitter.

23. The computer readable medium of claim 17, wherein
the scattered pattern is scattered in time and frequency.

24. The computer readable medium of claim 17, wherein
each OFDM frame includes a preamble.

25. A method for receiving symbols using Orthogonal Fre-
quency Division Multiplexing, OFDM, frames transmitted
from an OFDM transmitter having at least two transmitting
antennas, the OFDM frames having a time domain and a
frequency domain, each OFDM frame comprising a plurality
of OFDM symbols in the time domain and a plurality of
sub-carriers in the frequency domain, the method comprising
the steps of:

receiving. onan OFDM symbol. pilot symbols correspond-

ing to the first antenna using a scattered pattern; and
receiving, on the OFDM symbol, pilot symbols corre-

sponding to the second antenna using the scattered pat-

tern, wherein the pilot symbols for the first antenna
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correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

26. The method of claim 25, further comprising receiving
the pilot symbols with a power level which is dynamically
adjusted as a function of a modulation type applied to the
sub-carriers carrying data.

27. The method of claim 25, wherein the first and second
codes are space time block codes.

28. The method of claim 25, further comprising estimating
a channel based on the received pilot symbols.

29. The method of claim 25, wherein the scattered pattern
is a diamond lattice pattern.

30. The method of claim 25, further comprising receiving
data symbols from the first and second antenna of the OFDM
transmitter.

31. A User Equipment (UE) for receiving pilot symbols
using Orthogonal Frequency Division Multiplexing, OFDM,
frames transmitted from an OFDM transmitter having at least
two transmitting antennas. the OFDM frames having a time
domain and a frequency domain, each OFDM frame compris-
ing a plurality of OFDM symbols in the time domain and a
plurality of sub-carriers in the frequency domain, comprising:

a receiver configured to:

receive, on an OFDM symbol, pilot symbols corre-
sponding to the first antenna using a scattered pattern;
and

receive, on the OFDM symbol, pilot symbols corre-
sponding to the second antenna using the scattered
pattern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

32. The device of claim 31, the receiver further configured
to receive the pilot symbols with a power level which is
dynamically adjusted as a function of a modulation type
applied to the sub-carriers carrying data.

33. The device of claim 31, wherein the first and second
codes are space time block codes.
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34. The device of claim 31, the UE further comprises a
processor configured to estimate a channel based on the
received pilot symbols.
35. The device of claim 31, wherein the scattered pattern is
a diamond lattice pattern.
36. The device of claim 31, the receiver further configured
to transmit data symbols from the first and second antenna of
the OFDM transmitter.
37. A non-transitory computer readable medium for receiv-
ing symbols using Orthogonal Frequency Division Multi-
plexing, OFDM, frames transmitted from an OFDM trans-
mitter having at least two transmitting antennas, the OFDM
frames having a time domain and a frequency domain, each
OFDM frame comprising a plurality of OFDM symbols inthe
time domain and a plurality of sub-carriers in the frequency
domain, the computer readable medium storing instructions
to cause a processor to perform operations comprising:
receiving, onan OFDM symbol, pilot symbols correspond-
ing to the first antenna using a scattered pattern; and

receiving, on the OFDM symbol, pilot symbols corre-
sponding to the second antenna using the scattered pat-
tern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

38. The computer readable medium of claim 37, the opera-
tions further comprising receiving the pilot symbols with a
power level which is dynamically adjusted as a function of a
modulation type applied to the sub-carriers carrying data.

39. The computer readable medium of claim 37, wherein
the first and second codes are space time block codes.

40. The computer readable medium of claim 37, the opera-
tions further comprising estimating a channel based on the
received pilot symbols.

41. The computer readable medium of claim 37, wherein
the scattered pattern is a diamond lattice pattern.

42. The computer readable medium of claim 37, the
instructions further comprising receiving data symbols from
the first and second antenna of the OFDM transmitter.
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