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(57) Abstract: The present invention discloses various improvements to multi-user multiple-input multiple- output orthogonal fie-
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an efficient channel feedback method and system by applying a discrete cosine transform to channel coefficients. In another aspect
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IMPROVEMENTS TO A MULTI-USER MIMO-OFDM SYSTEM

Cross-Reference to Related Applications

[001] The present application claims priority from the Australian provisional application No.
2015902782 filed on 14 July 2015, Australian provisional application No. 2015902781 filed
on 14 July 2015, and Australian provisional application No. 2015902780, the contents of each

are incorporated herein by reference.

Field of Invention
[002] The present invention relates generally to wireless communication and, in particular, to
multi-user multiple-input multiple-output orthogonal frequency division multiplexing (MU-

MIMO-OFDM) wireless communication systems.

Background

[003] The use of multi-user multiple-input multiple-output orthogonal frequency division
multiplexing (MU-MIMO-OFDM) has been considered for next-generation wireless systems.
Figure 1 shows an example of MU-MIMO-OFDM system where the central access point
(AP), equipped with Nap antennas, communicates with Nyr user terminals (UTs), each
equipped with a single antenna. Wireless OFDM links between the AP and the UTs can be
established at the same time using the same radio frequency, improving the spectrum
efficiency of the system, ideally, by the minimum of N4p and Ny, compared to a conventional
single-transmitter-single-receiver system. This mode of operation is also known as space
division multiple access (SDMA). Uplink MU-MIMO-OFDM transmission (from UTs to AP)
can be realised by the AP receiver having an accurate knowledge of the uplink channel.
Downlink MU-MIMO-OFDM transmission (from AP to UTs) can be realised by the AP

transmitter having an accurate knowledge of the downlink channel.

[004] One of the challenges to realise a successful implementation of a MU-MIMO-OFDM

system achieving higher spectrum efficiency is to have an efficient and accurate channel
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estimation method. Basically, channel estimation errors degrade achievable signal to noise
plus interference ratio (SNIR), both for uplink and downlink, which in turn degrades

achievable data transfer rates.

[005] Accurate estimation of OFDM channel is typically performed by sending symbols
known by the receiver in advance. Such symbols known by the receiver in advance for the
purpose of channel estimation are referred as channel training symbols. The longer the time
the system spends sending known symbols for channel estimation, the shorter the time the
system can spend for sending information. The time that the system spends for channel
estimation is referred as channel training overheads. Typically, the channel training overheads
increases with the number of transmitters, as the estimation of the channel is required for each
active transmitter. A method for efficiently and accurately estimating channels in the presence

of a large number of transmitters is called for.

[006] One known method for performing channel estimation is to use comb-pilot sub-carriers
with phase slope estimation in the presence of OFDM frame timing offset. Generally,
conventional channel estimation methods that use comb-pilot sub-carriers estimate the channel
coefficients at comb-pilot sub-carriers and then compute the channel coefficients of the
remaining sub-carriers by interpolating the estimated channel coefficients of the comb-pilot

sub-carriers.

[007] As shown in Figure 2, the conventional comb-pilot sub-carrier arrangement places
comb-pilot sub-carriers uniformly along the frequency. This example shows an interpolation
factor of 4 with equal spacing between comb-pilot sub-carriers. This conventional equally
spaced arrangement was previously recommended in the absence of prior knowledge about the
channel. This conventional equally spaced arrangement is also known to be beneficial in
utilising certain types of interpolation methods, such as transform-domain processing.

Previously, the phase slope of the channel coefficients along the frequency was estimated by
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the estimated channel coefficients of equally spaced comb-pilot sub-carriers, which inevitably

has a larger variation due to the larger spacing of the comb-pilot sub-carriers.

[008] The spectrum efficiency of an OFDM communication link improves by using less sub-
carriers for pilot and more sub-carriers for transmitting data. The ratio of the number of
comb-pilot sub-carriers over the number of all sub-carriers for which the channel coefficients
are calculated by the interpolation is known as the interpolation factor. There is a trade-off
between achieving higher spectrum efficiency and degradation in channel estimation accuracy

by using a larger interpolation factor.

[009] In practice OFDM frame timing offset causes fast phase changes in estimated channel
coefficients of the comb-pilot sub-carriers, and results in significant error in estimating
channel coefficients at remaining sub-carriers by interpolation. Previously proposed methods
were found to work well up to the OFDM frame timing offset in terms of N /(2 F) base band
samples, where N is the number of base band samples per OFDM frame and F is the

interpolation factor.

[010] However, currently there is no known method that can allow the OFDM frame timing

offset larger than N / (2 F) without ambiguity.

[011] Another of the challenges is to have an efficient and accurate channel state feedback
method for a MU-MIMO-OFDM system. Generally, the access point is equipped with
multiple transmitters communicating with multiple user terminals each having one or more
receiving antennas. With the access point knowing the downlink channel coefficients, the
spectrum efficiency of the multi-user MIMO downlink can increase linearly with the number
of transmitters at the access point, provided sufficient number of users are present in the

system.
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[012] In order to perform downlink MU-MIMO-OFDM, the access point transmitters need to
know the downlink channel. The access point can identify the downlink channel by 1)
estimating the downlink channel at each user terminal by sending channel training symbols in
a first time period, and 2) receiving the estimated downlink channel information from each
user terminal in a second time period. The longer the MU-MIMO-OFDM system spends
sending estimated downlink channel information, the shorter the time the MU-MIMO-OFDM
system can spend sending information. The time that system spends feeding back estimated
channel information is referred as channel feedback overheads. Channel feedback overheads
may be reduced if channel information is compressed with some loss of information, referred
to as channel compression. Typically, the time required for the system to feedback the
channel information increases with the number of transmitter, as the channel information is

required for each active transmitter.

[013] A number of well-known channel state feedback schemes have been previously
investigated including analog feedback and vector quantisation. It has been concluded from
these investigations that the most suitable method in terms of simplicity and overhead
minimisation for multi-user MIMO-OFDM is to use time-domain quantisation. This has
therefore lead to the use of discrete Fourier transform (DFT) based channel compression for
the purposes of efficient channel feedback in multi-user MIMO-OFDM communication. DFT
based channel compression has been shown to theoretically outperform other known channel
compression methods. The use of DFT to transform frequency domain channel coefficients
into time domain impulse response coefficients and the use of scalar uniform quantisation with
some (unspecified) bit-allocation scheme was suggested to quantise the time domain impulse
response real and imaginary coefficients. The method was shown to achieve better sum rates

over previous methods analytically.

[014] Anther particular challenge to realise a successful implementation of a MU-MIMO-
OFDM systems is to reduce the required computational complexity. Zero-forcing detection

and zero-forcing pre-coding are known as low complexity linear receiver and pre-coder for
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MU-MIMO-OFDM uplink and downlink. However, even with these linear low-complexity
methods, the computational complexity required for zero-forcing based uplink and downlink
MU-MIMO-OFDM can increase dramatically, as both methods involve inversion of a channel

matrix, wherein the matrix size can become large with a large number of transmitters.

[015] Interpolation of channel inverse in point-to-point MIMO-OFDM communication was
proposed previously. In particular, the interpolation of channel inverse is achieved by
performing interpolation separately of the adjoint and determinant of the channel matrix. This

is expressed as follows:

adj H(:
H—l (ZF) _ ] ( F)
detH (ZF)
where H is the channel matrix. It was concluded that interpolating the channel matrix from a

smaller set of inverses will, in general, not be possible.

[016] A method for interpolation-based QR decomposition in MIMO-OFDM systems has
also previously been proposed. This method is applicable to point-to-point MIMO channels as
well as point-to-multipoint multi-user MIMO channel that requires per-tone QR
decomposition. In this method, the interpolation is performed separately on Q and R matrices

of the channel matrix.

[017] There is therefore a need to alleviate one or more of the above mentioned challenges or

provide a useful alternative.

[018] The reference in this specification to any prior publication (or information derived
from it), or to any matter which is known, is not, and should not be taken as, an
acknowledgement or admission or any form of suggestion that that prior publication (or
information derived from it) or known matter forms part of the common general knowledge in

the field of endeavour to which this specification relates.
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Summary
[019] In one aspect there is provided a method including:

estimating, by a receiving device, channel coefficients of locally consecutive pilot sub-
carriers for a multi-user multiple-input multiple-output orthogonal frequency division
multiplexing (MU-MIMO OFDM) system;

estimating, by the receiving device, a phase slope by using the estimated channel
coefficients at the locally consecutive pilot sub-carriers;

removing, by the receiving device, the phase slope from the estimated channel
coefficients at the locally consecutive pilot sub-carriers to obtain phase slope removed channel
coefficients;

determining, by the receiving device, phase slope removed channel coefficients of
remaining sub-carriers by interpolating the phase slope removed channel coefficients; and

applying, by the receiving device, the phase slope to the phase slope removed channel
coefficients at the locally consecutive pilot sub-carriers and the remaining sub-carriers to

obtain a plurality of channel coefficients.
[020] In certain embodiments, the receiving device is able to estimate the phase slope
without ambiguity up to N/ 2, where N is a number of base band samples per OFDM frame

for the MU-MIMO OFDM system.

[021] In certain embodiments, the phase slope is calculated according to Equation 3.

[022] In certain embodiments, removing the phase slope from the estimated channel

coefficients at the locally consecutive pilot sub-carriers is performed according to Equation 6.

[023] In certain embodiments, interpolating the phase slope removed estimated channel

coefficients includes linear interpolation.
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[024] In certain embodiments, the linear interpolation is performed according to Equation 7.

[025] In certain embodiments, applying the phase slope to the plurality of channel
coefficients at the locally consecutive pilot sub-carriers and the remaining sub-carriers is

performed according to Equation 8.

[026] In certain embodiments, the receiving device is a user terminal.

[027] In certain embodiments, the receiving device is an access point.

[028] In certain embodiments, the method includes:

performing, by the user terminal, a discrete cosine transform (DCT) of the plurality of
channel coefficients to obtain DCT channel coefficients;

quantising, by the user terminal, the DCT channel coefficients to obtain quantised
DCT channel coefficients;

transferring, from the user terminal to an access point, the quantised DCT channel
coefficients; and

performing, by the access point, an inverse discrete cosine transform (IDCT) of the
quantised DCT channel coefficients to obtain the plurality of channel coefficients in the

frequency domain.

[029] In certain embodiments, the DCT channel coefficients include real DCT channel
coefficients determined according to Equation 9 and imaginary DCT channel coefficients

determined according to Equation 10.

[030] In certain embodiments, quantising the DCT channel coefficients to obtain quantised
DCT channel coefficients is performed by uniform scalar quantization on the real and

imaginary parts of the DCT channel coefficients.
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[031] In certain embodiments, performing the IDCT of the quantised DCT channel
coefficients includes performing the IDCT upon the quantized real part of the DCT channel
coefficients according to Equation 11 and performing the IDCT upon the quantized imaginary
part of the DCT channel coefficients according to Equation 12 such that the plurality of

channel coefficients in the frequency domain is restored according to Equation 13.

[032] In certain embodiments, the method includes:

determining, using a OFDM training symbol received from a user terminal, wherein
the plurality of channel coefficients are uplink channel coefficients for the user terminal to
obtain estimated uplink channel coefficients at channel inverse sub-carrier;

performing channel inversion at the channel inverse sub-carrier; and

performing interpolation of channel inverse by directly interpolating elements thereof;

wherein OFDM data symbols received from the user terminal are reconstructable by

the access point using the interpolated channel inverse.

[033] In certain embodiments, the method includes:
receiving, at the access point from a user terminal, the plurality of coefficients,
wherein the plurality of coefficients are estimated downlink channel coefficients;
obtaining, at the access point, estimated downlink channel coefficients at channel
inverse sub-carrier;
performing, at the access point, channel inversion at channel inverse sub-carrier; and
performing interpolation of channel inverse by directly interpolating elements thereof;
wherein OFDM data symbols transmitted to the user terminal are precoded with the

channel inverse such that the user terminal can reconstruct the OFDM data symbols.

[034] In a second aspect there is provided a receiving device configured to:

estimate channel coefficients of locally consecutive pilot sub-carriers for a multi-user
multiple-input multiple-output orthogonal frequency division multiplexing (MU-MIMO
OFDM) system;
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estimate a phase slope by using the estimated channel coefficients at the locally
consecutive pilot sub-carriers;

remove the phase slope from the estimated channel coefficients at the locally
consecutive pilot sub-carriers to obtain phase slope removed channel coefficients;

determine phase slope removed channel coefficients of remaining sub-carriers by
interpolating the phase slope removed channel coefficients; and

apply the phase slope to the phase slope removed channel coefficients at the locally
consecutive pilot sub-carriers and the remaining sub-carriers to obtain a plurality of channel

coefficients.

[035] In certain embodiments, the receiving device is configured to estimate the phase slope
without ambiguity up to N/ 2, where N is a number of base band samples per OFDM frame
for the MU-MIMO OFDM system.

[036] In certain embodiments, the receiving device is configured to calculate the phase slope

according to Equation 3.

[037] In certain embodiments, the receiving device is configured to remove the phase slope
from the estimated channel coefficients of the locally consecutive pilot sub-carriers according

to Equation 6.

[038] In certain embodiments, the receiving device is configured to interpolate the phase
slope removed channel coefficients at the locally consecutive pilot sub-carriers using linear

interpolation.

[039] In certain embodiments, the receiving device is configured to perform linear

interpolation according to Equation 7.
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[040] In certain embodiments, the receiving device is configured to apply the phase slope to
the plurality of channel coefficients at the locally consecutive pilot sub-carriers and the

remaining sub-carriers is performed according to Equation 8..

[041] In certain embodiments, the receiving device is a user terminal.

[042] In certain embodiments, the receiving device is an access point.

[043] In certain embodiments, the receiving device is configured to:

perform a discrete cosine transform (DCT) of the plurality of channel coefficients to
obtain DCT channel coefficients;

quantise the DCT channel coefficients to obtain quantised DCT channel coefficients;
and

transfer, to an access point, the quantised DCT channel coefficients such that the
access point is able to perform an inverse discrete cosine transform (IDCT) of the quantised
DCT channel coefficients to obtain the plurality of channel coefficients in the frequency

domain.

[044] In certain embodiments, the DCT channel coefficients include real DCT channel
coefficients determined according to Equation 9 and imaginary DCT channel coefficients

determined according to Equation 10.

[045] In certain embodiments, the receiving device is configured to quantize the DCT
channel coefficients to obtain quantised DCT channel coefficients by performing uniform

scalar quantization on the real and imaginary parts of the DCT channel coefficients.

[046] In certain embodiments, the receiving device is configured to:
determine, using a OFDM training symbol received from a user terminal, the plurality

of channel coefficients, wherein the plurality of channel coefficients are uplink channel
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coefficients for the user terminal to obtain estimated uplink channel coefficients at channel
inverse sub-carrier;
performing channel inversion at the channel inverse sub-carrier; and
performing interpolation of channel inverse by directly interpolating elements thereof;
wherein OFDM data symbols received from the user terminal are reconstructable by

the receiving device using the interpolated channel inverse.

[047] In certain embodiments, the receiving device is configured to:
receive, from a user terminal, the plurality of coefficients, wherein the plurality of
coefficients are estimated downlink channel coefficients;
obtain estimated downlink channel coefficients at channel inverse sub-carrier;
perform channel inversion at channel inverse sub-carrier; and
perform interpolation of channel inverse by directly interpolating elements thereof;
wherein OFDM data symbols transmitted to the user terminal are precoded with the

channel inverse such that the user terminal can reconstruct the OFDM data symbols.

[048] In a third aspect there is provided a system including:

the receiving device provided in the form of a user terminal as described above; and

an access device configured to perform an inverse discrete cosine transform (IDCT) of
the quantised DCT channel coefficients to obtain the plurality of channel coefficients in the

frequency domain.

[049] In certain embodiments, the access device is configured to perform the IDCT of the
quantised DCT channel coefficients by performing the IDCT upon the quantized real part of
the DCT channel coefficients according to Equation 11 and performing the IDCT upon the
quantized imaginary part of the DCT channel coefficients according to Equation 12 such that
the plurality of channel coefficients in the frequency domain is restored according to Equation

13.
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[050] In a fourth aspect there is provided a method of performing channel feedback
compression in a multi-user multiple-input multiple-output orthogonal frequency division
multiplexing (MU-MIMO OFDM) system, wherein the method includes:

performing, by a user terminal, a discrete cosine transform (DCT) of a plurality of
channel coefficients to obtain DCT channel coefficients;

quantizing, by the user terminal, the DCT channel coefficients to obtain quantised
DCT channel coefficients;

transferring, from the user terminal to an access point, the quantised DCT channel
coefficients;

performing, by the access point, an inverse discrete cosine transform (IDCT) of the
quantised DCT channel coefficients to obtain the plurality of channel coefficients in the

frequency domain.

[051] In certain embodiments, the DCT channel coefficients include real DCT channel
coefficients determined according to Equation 9 and imaginary DCT channel coefficients

determined according to Equation 10.

[052] In certain embodiments, quantising the DCT channel coefficients to obtain quantised
DCT channel coefficients is performed by uniform scalar quantization on the real and

imaginary parts of the DCT channel coefficients.

[053] In certain embodiments, performing the IDCT of the quantised DCT channel
coefficients includes performing the IDCT upon the quantized real part of the DCT channel
coefficients according to Equation 11 and performing the IDCT upon the quantized imaginary
part of the DCT channel coefficients according to Equation 12 such that the plurality of

channel coefficients in the frequency domain is restored according to Equation 13.
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[054] In a fifth aspect there is provided a multi-user multiple-input multiple-output
orthogonal frequency division multiplexing (MU-MIMO OFDM) system configured to
perform channel feedback compression, wherein the system includes:
a plurality of user terminals, wherein each user terminal is configured to:
perform a discrete cosine transform (DCT) of a plurality of channel coefficients
to obtain DCT channel coefficients;
quantize the DCT channel coefficients to obtain quantised DCT channel
coefficients;
transfer to an access point, the quantised DCT channel coefficients;
the access point configured to:
receive the quantised DCT channel coefficients from each user terminal;
perform, upon the quantised DCT channel coefficients received from each
terminal, an inverse discrete cosine transform (IDCT) of the quantised DCT channel
coefficients to obtain the plurality of channel coefficients in the frequency domain for

the respective user terminal.

[055] In certain embodiments, the respective DCT channel coefficients obtained by each user
terminal include real DCT channel coefficients determined according to Equation 9 and

imaginary DCT channel coefficients determined according to Equation 10.

[056] In certain embodiments, each user terminal is configured to quantize the respective
DCT channel coefficients to obtain the quantized respective DCT channel coefficients using
uniform scalar quantization on the real and imaginary parts of the respective DCT channel

coefficients.

[057] In certain embodiments, the access device is configured to perform the IDCT of each
set of quantised DCT channel coefficients by performing the IDCT upon the respective
quantized real part of each set of DCT channel coefficients according to Equation 11 and by

performing the IDCT upon the respective quantized imaginary part of each set of DCT
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channel coefficients according to Equation 12 such that the plurality of channel coefficients in

the frequency domain for each user terminal is restored according to Equation 13.

[058] Other aspects and embodiments will be appreciated throughout the detailed description

of the example embodiments.

Description of Drawings

[059] Example embodiments should become apparent from the following description, which
is given by way of example only, of at least one preferred but non-limiting embodiment,
described in connection with the accompanying figures.

[060] Figure 1is an example of MU-MIMO-OFDM system;

[061] Figure 2 is an example of a conventional pilot sub-carrier arrangement;

[062] Figure 3 is an example of a pilot sub-carrier arrangement including locally consecutive

pilot sub-carriers;

[063] Figure 4 is an example of a method performed by a receiving device for performing

channel estimation;

[064] Figure 5A is an example OFDM channel frequency response;

[065] Figure 5B is an example of a comparison of channel estimation error results using

conventional comb-pilot sub-carrier and locally consecutive pilot sub-carrier arrangements;

[066] Figure 6 a flowchart representing an example method utilising locally consecutive sub-

carriers for a MU-MIMO OFDM system;
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[067] Figure 7 is a flow chart representing an example method of using DCT for channel

compression for a MU-MIMO OFDM system;

[068] Figure 8 is graph showing example channel feedback error results using DCT channel

compression using uniform bit allocation;

[069] Figure 9 is a graph showing example channel feedback error results using DFT channel

compression, wherein the results are based on uniform bit allocation;

[070] Figure 10 is graph showing example channel feedback error results using DCT channel
compression methods, wherein bit allocation was based on maximum amplitude of

coefficients;

[071] Figure 11 is graph showing example channel feedback error results using DFT channel
compression methods, wherein bit allocation was based on maximum amplitude of

coefficients;

[072] Figure 12 is a flowchart representing an example method performed by an access point

of a MU-MIMO-OFDM system for uplink signal processing;

[073] Figure 13 is a flowchart representing an example method performed by an access point

of a MU-MIMO-OFDM system for downlink signal processing;

[074] Figure 14 is an example of a uplink comb-pilot sub-carrier arrangement with locally

consecutive pilot sub-carriers;

[075] Figure 15 is a flowchart representing an example method of estimating channel
coefficients and calculating the channel inversion for a MU-MIMO-OFDM system based on

the example uplink comb-pilot sub-carrier arrangement of Figure 14;
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[076] Figure 16 is an example of a downlink comb-pilot sub-carrier arrangement with locally

consecutive pilot sub-carriers;

[077] Figure 17 is a flowchart representing an example method of estimating channel
coefficients, compressing the estimate channel coefficients using DCT and calculating the
channel inversion for a MU-MIMO-OFDM system based on the example downlink comb-

pilot sub-carrier arrangement of Figure 16;

[078] Figure 18 is a graph indicative of results of a simulation of a MU-MIMO-OFDM
downlink of a MU-MIMO-OFDM system; and

[079] Figures 19A and 19B collectively form a schematic block diagram representation of an
example embedded electronic device which can be used as the access point and/or the user

device.

Detailed Description

[080] Where reference is made in any one or more of the accompanying drawings to steps
and/or features, which have the same reference numerals, those steps and/or features have for
the purposes of this description the same function(s) or operation(s), unless the contrary

intention appears.

[081] It will be appreciated that the term “channel inverse” refers to the pseudo inverse
matrix of a channel matrix. Coherence of the channel matrix as a function of frequency is
utilised to reduce the number of directly calculating the channel inversion. The channel
inversion is calculated only at selected sub-carriers and the channel inversion at remaining

sub-carriers are to be calculated by some form of interpolation/extrapolation methods.

[082] Referring to Figure 3 there is shown an example pilot sub-carrier arrangement

including locally consecutive pilot sub-carriers 300 together with comb-pilot sub-carriers.



WO 2017/008121 PCT/AU2016/050619

-17 -

[083] In this example, the location of the original comb-pilot sub-carriers P, and P, (relative
to the conventional equally spaced arrangement depicted in Figure 2) are shifted to form

locally consecutive pilot sub-carrier 300 around Ps.

[084] Phase slope estimation can then be performed by using the estimated channel
coefficients at the locally consecutive pilot sub-carriers 300. Advantageously, the phase slope
can be estimated without ambiguity up to N / 2. Furthermore, spectrum efficiency is not
compromised by allocating the same number of comb-pilot sub-carriers to that which is shown

in Figure 2.

[085] The channel estimation accuracy may be degraded for the sub-carriers around the
original comb-pilot sub-carriers which have been shifted (P, and P, in Figure 3), however the
effects are found to be negligible in the overall performance as shown below by the computer

simulation which is discussed in relation to Figures SA and 5B.

[086] While the above example uses three locally consecutive pilot sub-carriers 300, two or
more locally consecutive pilot sub-carriers can be implemented. One or more groups of
locally consecutive pilot sub-carriers 300 can be defined and the estimation of the phase slope

can be performed by weighted average on the basis of pilot sub-carrier amplitude.

[087] Referring to Figure 4 there is shown a flow chart representing a method 400 performed
by a receiver in a MU-MIMO-OFDM system. In particular, at step 410 the method 400
includes estimating channel coefficients at locally consecutive pilot sub-carriers. At step 420,
the method 400 includes estimating a phase slope by using the estimated channel coefficients
at the locally consecutive pilot sub-carriers. At step 430, the method includes determining the
channel coefficients of remaining sub-carriers by interpolating the estimated channel

coefficients at the pilot sub-carriers.
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[088] It will be appreciated that the channel coefficients at the sub-carriers (including locally
consecutive pilot sub-carriers and the remaining sub-carriers) can then be used to precode data
to be wirelessly transmitted or decode data wirelessly received by the receiver. It will also be

appreciated that the receiver may be part of an access point or a user terminal.

[089] Referring to Figure SA there is shown an example OFDM channel frequency response
simulated utilising locally consecutive pilot sub-carriers. In particular, in this simulation, an
OFDM system with 3,456 sub-carriers with sub-carrier spacing of 3.90625 kHz (i.e. 8 MHz /
2048) was considered.

[090] The interpolation factor was set to 4, with the number of comb-pilot sub-carriers being
864 (i.e. 3,456 / 4). Two groups of five locally consecutive pilot sub-carriers were defined for
the simulation, one at a lower frequency (817 to 821) and another at a higher frequency (2609
to 2613) in order to take advantage of frequency diversity. The total number of comb-pilot
sub-carriers was the same for the locally consecutive pilot sub-carriers method and the
conventional equally spaced sub-carrier method. Channel simulation was performed at IF
using 10,240 FFT. Cyclic prefix of length 1/4 of the OFDM symbol length was used, which
corresponds to 2,560 IF samples (i.e. 10,240 / 4). Simple real and imaginary separate linear
interpolation was used for both the locally consecutive pilot sub-carriers method and the

conventional equally spaced sub-carrier method.

[091] Figure 5B shows the results of channel estimation error as a function of OFDM frame
timing offset when receiver signal to noise ratio was set to 25 dB. The conventional method
has phase ambiguity after the OFDM frame synchronisation delay of N/ (2F) equals 1,280 IF
samples (i.e. 10,240 / (2 x 4)). In comparison, the locally consecutive pilot sub-carriers
method enables accurate channel estimation using linear interpolation over all cyclic prefix

length.
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[092] Referring to Figure 6 there is shown a flowchart representing a method 600 utilising
locally consecutive sub-carriers for a MU-MIMO-OFDM system.

[093] In particular, the method 600 is described in relation to OFDM frame timing offset. A
single-transmitter-single-receiver OFDM link can be described in baseband frequency domain

as:

R(iF):H(iF)X(iF)+N(iF) (D

where R(ip) is a received symbol, X(ir) is a transmitted symbol, and N(ir) is complex Gaussian
noise. ip=1, 2, ..., Nris an OFDM sub-carrier index and Nr is the total number of OFDM sub-
carriers. The complex baseband frequency domain channel coefficient at ipth OFDM sub-
carrier, H(ip), includes the effect of OFDM frame timing offset which causes linear phase shift

as a function of frequency.

€3

where O is referred as phase slope in this document.

[094] At step 610, the method 600 includes estimating the channel coefficients at comb-pilot

sub-carriers including the locally consecutive pilot sub-carriers.

[095] In particular, step 610 can be performed by sending a known symbol at comb-pilot
sub-carriers and by dividing the received symbol with the known symbol. Assuming x(ig) is

known at the receiver, we have:
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where ip = 1, 2, ..., Np, Np is the total number of comb-pilot sub-carriers, and F is an integer
representing the ratio of the number of OFDM sub-carriers over the number of comb-pilot
sub-carriers. For simplicity, we assume that the number of OFDM sub-carriers is an integer

multiple of the number of comb-pilot sub-carriers.
F== “)

[096] At step 620, the method 600 includes estimating the phase slope by using the estimated

channel coefficients at the locally consecutive pilot sub-carriers.

[097] In particular, as step 620, the estimation of the phase slope can be calculated as:

Ny
Z;‘HE (is +1iy +1)HHE (is +iT)‘4(HE (is + iy + 1) H;, (i +iT))
0, ==

N (5)
Z;|HE (i + iy + 1)||HE (i + iy )|
=

where s is an index of sub-carrier one less than the lowest index of the consecutive pilot sub-
carriers, it = 1, 2, ..., N1, and Nt is the number of consecutive pilot sub-carriers. Nt should be

the minimum of 2 and the maximum of any number that implementation can support.

[098] At step 630, the method 600 includes compensating the phase slope for the estimated

channel coefficients at pilot sub-carriers.
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[099] In particular, step 630 is performed by applying the estimated phase slope to the

estimated channel coefficients at the comb-pilot sub-carriers as shown below.

G (1+ (i — 1) F) = Hy (1+ (i, 1) F) exp(—j0, [ 1+ (i, — 1) F ) (6)
[0100] At step 640, the method 600 includes performing interpolation to estimate the channel
coefficients at remaining sub-carriers using phase compensated estimated channel coefficients
at pilot sub-carriers.

[0101] In particular, step 640 can be performed by simple linear interpolation as shown below.

1—i, +1+ (i, —1) F

i —1—(i, -1} F
GE(iF):lF (i =1) Gy (1+i,F)+

- Gy (1+(i, —1) F) (7)

where 1+ (i, —1) F <i <1+i,F .

[0102] At step 650, the method 600 includes applying the phase slope to the estimated channel

coefficients.

[0103] In particular, step 650 is mathematically described below.
H, (ir) = Gy (ir ) exp (/0gir) (8)

[0104] As can be appreciated, multiple groups of locally consecutive pilot sub-carriers can be
allocated within one OFDM symbol, in order to enhance the accuracy of the estimation and/or
taking advantage of frequency diversity. The above method is based on weighted average of
multiple estimated values of phase slope. Other methods, such as simple average or intelligent

selection based on amplitudes can be used.
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[0105] Referring to Figure 7A there is shown another example method 700 of obtaining
channel state feedback in a MU-MIMO-OFDM system.

[0106] In particular, at step 705, the method 700 includes the user terminal obtaining channel
feedback data. At step 710, the method 700 includes the user terminal performing discrete
cosine transform (DCT) of the channel feedback data. At step 715, the method 700 includes
the user terminal quantising the DCT channel feedback data. At step 720, the method 700
includes the user terminal transferring the quantised DCT channel feedback data to the access
point. At step 725, the method 700 includes the access point performing inverse discrete
cosine transform (IDCT) of the quantised DCT channel feedback data to obtain channel
feedback data. It will be appreciated that the access point can then transfer data wirelessly

using the channel feedback data.

[0107] By utilising DCT for channel feedback compression for a MU-MIMO-OFDM system,
substantial efficiency can be achieved over the currently implemented DFT channel feedback

compression method, as will be discussed in more detail below.

[0108] Referring to Figure 7B there is shown another example method 750 of obtaining
channel state feedback in a MU-MIMO-OFDM system. The channel state feedback is
discussed as being indicative of the channel coefficients that are determined by channel
estimation. However, it will be appreciated that the channel state feedback may be indicative
of additional information and thus is not only limited to channel coefficients. In one particular
embodiment, the channel state feedback can be indicative of channel coefficients determined
using locally consecutive pilot sub-carriers arrangement as discussed above and as will be

exemplified later within this document.
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[0109] At step 755, the method 750 includes a user terminal obtaining estimated frequency
domain channel coefficients at sub-carriers. In particular, this step includes obtaining

estimated frequency domain channel coefficients at izth sub-carriers, ir =1, 2, ..., Np.

[0110] At step 760, the method 750 includes the user terminal performing DCT of the
estimated frequency domain channel coefficients to obtain DCT coefficients s, In particular,

this step is performed as:

€))

(10)

where:
1
—_—, i,=1
. VNb
W(ZD): 2
—., 2<i,<N,
ND
and where:

i is the DCT coefficient index; and

¢is the total number of DCT coefficients.
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[0111] At step 765, the method 750 includes the user terminal quantising the DCT channel
coefficients. In particular, the quantisation can be performed by uniform scalar quantization on
real and imaginary parts of the DCT channel coefficients. DCT channel coefficients

associated to the real and imaginary parts of frequency response channel coefficients are

quantised independently with LBNEW (iD)/ZJ bits, where Bnew(ip) is obtained, for example,

by reverse water filling. The quantised channel coefficients are given as dgg. . (iD) and

dE,Im,Q (ZD )

[0112] At step 770, the method 750 includes the user terminal transferring the quantised DCT
channel coefficients to the access point. In particular, this step is performed by encoding the
quantised coefficients as information data and send back from the user terminal to the access
point. Spectrum efficiency improvement of MU-MIMO-OFDM uplink should be utilised to
minimise the time for all required user terminals to send the channel coefficients information

back to access point. Lossless transmission is assumed in the mathematical descriptions.

[0113] At step 775, the method 750 includes the access point performing IDCT of the
quantised DCT channel coefficients to obtain frequency domain channel coefficients ¥&. In

particular, this step is performed as:

1D

(12)
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[0114] The complex frequency domain channel coefficients restored at the access point is

given by:

H, (iF):HR,Re (iF)+jHR,Im (ZF) (13)

[0115] Computer simulations have been conducted to compare the performance of DCT based
channel compression against DFT based channel compression. The computer simulation was
conducted using an OFDM system with 3,456 sub-carriers with sub-carrier spacing of 3.90625
kHz (i.e. 8 MHz / 2048). The 3,456 sub-carriers are grouped in 54 groups, termed sub-

channels, each having 64 consecutive sub-carriers.

[0116] Channel compression was firstly performed for each sub-channel by performing DCT.
The channel compression was then performed for each sub-channel by performing DFT,
specifically inverse Fast Fourier Transform (IFFT). The simulation was performed by the
following steps for DCT:

1) channel frequency response coefficients are estimated by conventional least-square
method using known training sequence at 64 consecutive sub-carriers;

2) DCT is performed on the real (or imaginary) values of the channel frequency
response coefficients;

3) E largest amplitude coefficients are selected with remaining coefficients being made
ZEr0s;

4) E coefficients are quantised with resolution of B bits;

5) IDCT is performed using the quantised coefficients; and

6) original channel frequency response coefficients and restored channel frequency

response coefficients are compared to derive the mean square error of the channel feedback.

[0117] Here E is the number of effective coefficients and B is the number of bits per effective
coefficient (total of 2B bits are used for describing real and imaginary values of one complex

coefficient).
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[0118] The simulation was performed for DFT using the same steps disclosed above for DCT
except step 2 was replaced by performing IFFT on the complex channel frequency response
coefficients, and step 5 was replaced by performing FFT using the quantised coefficients. The

receiver SNR was set to 25 dB as an example for both simulations.

[0119] More specifically, modern wireless communication systems, such as LTE and IEEE
802.16m uses orthogonal frequency division multiple access (OFDMA), where different user
terminals use different groups of sub-carriers. The group of sub-carriers is called sub-channel.
In this case, the channel state information is fed back to the access point on a sub-channel by
sub-channel basis. The comparison is performed using 54 sub-channels, each occupying
consecutive 64 sub-carriers, as an example. Channel compression is performed for each sub-
channel by performing DCT or DFT (specifically IFFT). In this case, the single-transmitter-

single-receiver OFDM link at irth sub-carrier in isth sub-channel is given by:
R(iq,is) = H (igis ) X (ipois )+ N (s l5) (14)

[0120] The estimated channel coefficients transformed by DFT for isth sub-channel for is

given by:

Neer i —1)(i. -1
hE(iT,iS):Nl > HE(iF,iS)exp[jZJt(lTN)#] (15)

FFFT ip=1 F,FFT

[0121] The estimated channel coefficients transformed by DCT for isth sub-channel is

similarly defined.

[0122] Two types of computer simulation were performed, in particular:
e Type 1: The number of channel coefficients to be quantised for conventional and

proposed methods, Nq.con (i.e. conventional DFT) and Ngnew (i.e. DCT), respectively,
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and the number bits for quantisation, Beon(ip) (i.e. conventional = DFT) and Bxew(ip)
(i.e. DCT), are specified. The remaining channel coefficients are allocated with O bit
and AP assumes that the values of those coefficients to be zero.

Type 2: The number of total bits to be used per sub-channel is specified. Bit allocation
based on the maximum channel coefficient amplitudes (maximum among different

sub-channels) for each coefficient is used.

VErr (lT - i II%aXN ’h (ZT’ZS )| (16)
Voer (l ) max (z rlnzax |dE~Re (iD’ ' ’is=1n,12£}§Ns |dE'Im (iD,iS )|) (a7

[0123] The simulation for Type 1 for conventional method was performed by the following

steps;

1)

2)

3)

4)

5)
6)

channel frequency response coefficients are estimated by conventional least-square
method using known training sequence at 64 consecutive sub-carriers, each for 54 sub-
channels.

IDFT is performed on the 64 complex channel frequency response coefficients, each
for 54 sub-channels.

Nocon largest amplitude coefficients, herein called active coefficients, are selected
with remaining coefficients being made zeros.

Nocon active coefficients are quantised with the resolution of Bgcon bits per
coefficient. (Uniform bit allocation over Nq con active coefficients.)

DFT is performed using the quantised coefficients.

original channel frequency response coefficients and restored channel frequency
response coefficients are compared to derive the mean square error of the channel

feedback.

[0124] The simulation for Type 2 and/or for proposed method was similarly defined.

Receiver SNR was set to 25 dB as an example.
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[0125] Figures 8 and 9 shows example channel feedback error results using DCT and DFT
channel compression methods respectively with uniform bit allocation (Type 1). It can be
seen that the channel information can be accurately fed-back to AP by using 4 or 8 bit per
dimension per coefficients and 5 or 6 coefficients using DCT compression method. The
higher index coefficients are dominated by the noise and by removing these, the effects of
noise can be reduced. The results do not reach zero error at using all 64 coefficients because

of the channel estimation error due to receiver noise (arising from the specified 25 dB SNR).

[0126] Referring to Figures 10 and 11 there is shown example channel feedback error results
using DCT and DFT channel compression methods respectively and the bit allocation method
based on maximum amplitude of coefficients (Type 2 simulation). The results show that
approximately only 60 bits are needed for the DCT channel compression to describe an
OFDM channel with 64 sub-carriers for the given channel characteristics and sub-carrier

spacing.

[0127] Figures 8 and 10 clearly show the advantage of DCT based channel feedback as
discussed above when compared to Figures 9 and 11 which use DFT based channel feedback.
DCT based channel feedback can lead to significant efficiency for an MU-MIMO-OFDM

system can be achieved.

[0128] The efficiency achieved via use of DCT has been found to be extremely surprising,
particularly in relation to the area of wireless communication. This is due to the fact that the
channel frequency response and time domain impulse response are directly related to each
other by the DFT, while the physical concept of performing DCT (or other variants thereof) on
frequency response does not appear to have a direct bearing of physical meaning.
Nevertheless, the use of DCT for the purpose of channel compression has been surprisingly
found to outperform that of the DFT based channel compression as previously accepted in

industry, which can therefore provide a more efficient MU-MIMO-OFDM system.
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[0129] Figures 12 and 13 disclose methods to interpolate elements of a channel inverse
directly. Before constructing the channel inverse at selected pilot sub-carriers, the user
specific phase slope due to OFDM frame timing offset is removed. This is applicable to both
uplink and downlink. Interpolation of the channel inverse is performed on the phase slope
compensated channel inverse. For the uplink, the phase slope is restored after user symbols
are extracted by the zero-forcing operation. For downlink, phase slope is restored by having

pre-coded reference symbol, typically preceding the pre-coded data symbols.

[0130] Referring to Figure 12 there is shown a method 1200 performed by an access point of a
MU-MIMO-OFDM system for uplink signal processing. In particular, at step 1210, the
method includes the access point determining, using a OFDM training symbol received from a
user terminal, estimated uplink channel coefficients for the user terminal to obtain estimated

uplink channel coefficients at channel inverse sub-carrier.

[0131] At step 1220, the method includes the access point performing channel inversion at the

channel inverse sub-carrier.

[0132] At step 1230, the method includes the access point performing interpolation of channel
inverse by directly interpolating elements thereof, wherein the OFDM data symbols received
from the user terminal are reconstructable by the access point using the interpolated channel

inverse.

[0133] Referring to Figure 13 there is shown a method 1300 performed by an access point of a
MU-MIMO-OFDM system for downlink signal processing. At step 1310, the method includes
the access point receiving estimated downlink channel coefficients from a user terminal,
wherein an estimated phase slope has been removed from the estimated downlink channel

coefficients.

[0134] At step 1320, the method includes the access point obtaining estimated downlink

channel coefficients at channel inverse sub-carrier.



WO 2017/008121 PCT/AU2016/050619

-30 -

[0135] At step 1330, the method includes the access point performing channel inversion at

channel inverse sub-carrier.

[0136] At step 1340, the method includes the access point performing interpolation of channel
inverse by directly interpolating elements thereof, wherein the OFDM data symbols
transmitted to the user terminal are precoded with the channel inverse such that the user

terminal can reconstruct the OFDM data symbols.

[0137] A method of uplink signal processing will now be described in relation to an example
of a comb-pilot sub-carrier arrangement with locally consecutive pilot sub-carriers as shown
in Figure 14. In particular, in this embodiment, the uplink packet from the user terminal
includes channel training OFDM symbols and data symbols. The channel training symbols
are specifically used for estimation of the uplink channel. This is commonly known as block
type channel training. It will be appreciated that this channel inverse interpolation method is
equally applicable to comb type channel training where one OFDM symbol contains both the

channel training sub-carrier symbols and data sub-carrier symbols.

[0138] Referring more specifically to Figure 14 the comb-pilot sub-carrier arrangement with
locally consecutive pilot sub-carriers is for four user terminals using the total of 64 OFDM
sub-carriers. This type of arrangement is referred as FDMA channel training since different
user terminals are distinguished by using different sub-carrier frequencies. Channel training
sub-carrier symbols are sent at sub-carrier indices of 1, 5,9, 13, 17, 20, 21, 22, 25, 33, 37, 41,
45, 53, 57, and 61 in the case of UT1, and so on. In particular, each user terminal occupies 16
sub-carriers with the interpolation factor of 64 / 16 = 4. The number of user terminals can be

extended by using a larger interpolation factor and/or combining CDMA channel training.

[0139] Channel coefficients are estimated at each comb-pilot sub-carrier location by known

conventional pilot-aided channel estimation techniques, such as least square error method.
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Once the channel coefficients are estimated at locally consecutive pilot sub-carriers, phase
slope can be estimated for each user terminal, as discussed above. For example, the phase
slope for UT; should be estimated by using the channel estimates at sub-carriers 20, 21, and

22.

[0140] Once the phase slope is removed from the estimated channel coefficient values,
interpolation can be performed to obtain the estimates of the channel coefficient at sub-carriers
common to all user terminals. These common sub-carriers at which the channel coefficients
are to be estimated by the interpolation for all user terminals are referred as channel inversion
sub-carriers. An example of the selection of the channel inversion sub-carriers is shown in
Figure 14. In this case, sub-carrier indices 1, 5, 9, 13, 17, 21, 25, 29, 33, 37, 41, 45, 49, 53,
57, 61, and 64 are selected. Sub-carrier indices 1 to 61 have uniform interval of 4. Sub-

carrier index 64 is also selected to remove errors due to extrapolation of channel inverse.

[0141] Channel inversion is then performed at the channel inversion sub-carriers.
Conventional channel inversion algorithms can be used to obtain the inverse of the estimated

channel matrix at those sub-carriers.

[0142] Different from conventional methods, the channel inverse at remaining sub-carriers (2,
3,4,6,7,8,10, 11, 12, 14, 15, 16, 18, 19, 20, 22, 23, 24, 26, 27, 28, 30 31, 32, 34, 45, 46, 38,
39, 40, 42, 43, 44, 46, 47, 48, 50, 51, 52, 54, 55, 56, 58, 59, 60, 62, and 63) are obtained by
direct interpolation of the elements of the channel inverse. Conventional interpolation

methods such as linear, polar linear, polynomial, spline, etc. can be used.

[0143] Referring to Figure 15 there is shown a flowchart representing an example method of
uplink signal processing including estimating channel coefficients and calculating the channel
inversion for a MU-MIMO-OFDM system. The method 1500 will be described with reference
to the comb-pilot sub-carrier arrangement with locally consecutive pilot sub-carriers described

in relation to Figure 14.
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[0144] In particular, at step 1505, the method 1500 includes the user terminal transmitting

channel training OFDM symbols to the access point.

[0145] At step 1510, the method 1500 includes the access point estimating frequency domain
channel coefficients at the comb-pilot sub-carriers. For example, the frequency domain
channel coefficients can be estimated by a conventional pilot-aided channel estimation method
at sub-carrier indices of 1, 5, 9, 13, 17, 20, 21, 22, 25, 33, 37, 41, 45, 53, 57, and 61 for UT1.
Channels between all active user terminal transmitters and access point receivers can be

estimated.

[0146] At step 1515, the method 1500 includes the access point estimating phase slope for
each user terminal using the estimated channel coefficients obtained for locally consecutive
pilot sub-carriers. In this example, the phase slope can be estimated by using the estimated
channel coefficient values at sub-carrier indices of 20, 21, and 22 for UT1. Phase slope can be
obtained for each UT for each sub-channel. When one user terminal occupies multiple sub-
channels, the estimated phase slope values for different sub-channels occupied by the UT may
be utilised to obtain a single phase slope estimation value for the user terminal by, for

example, weighted average.

[0147] At step 1520, the method 1500 includes the access point removing the phase slope

from estimated channel coefficient values.

[0148] At step 1525, the method 1500 includes the access point interpolating estimated
channel coefficients along the frequency to obtain estimated channel coefficients at channel

inverse sub-carrier by a conventional interpolation method.

[0149] At step 1530, the method 1500 includes the access point performing channel inverse at

the channel inverse sub-carriers by a conventional channel inversion algorithm.
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[0150] At step 1535, the method 1500 includes the access point performing interpolation of
channel inverse by directly interpolating the elements of channel inverse by a conventional

interpolation method.

[0151] At step 1540, the method 1500 includes the user terminal transmitting data OFDM

symbols to the access point.

[0152] At step 1545, the method 1500 includes the access point performing zero-forcing

detection using the interpolated channel inverse at each sub-carrier.

[0153] At step 1550, the method 1500 includes the access point applying user specific phase

slope on the reconstructed transmitted symbols.

[0154] A method of downlink signal processing will now be described in relation to Figure 16
which shows an example downlink comb-pilot sub-carrier and locally consecutive pilot sub-
carrier arrangement for four user terminals. The same sub-channel and sub-carrier
arrangement with the previous example of the uplink discussed in relation to Figures 14 and
15, and in particular, 54 sub-channels, each supporting 64 OFDM sub-carriers, with the total
of 3,456 OFDM sub-carriers are defined.

[0155] Different from the uplink channel training arrangement discussed in relation to Figure
14 where the locally consecutive pilot sub-carriers are defined for each sub-channel, only one
group of locally consecutive pilot sub-carriers is needed for the entire frequency bandwidth,

since all OFDM sub-carriers are generated from the access point.

[0156] In the example shown in Figure 16, sub-carrier indices 817 to 821 are allocated as
locally consecutive pilot-sub-carriers for UT1, and so on. Another group of locally

consecutive pilot sub-carriers can be defined, for example, from 2605 to 2636 (pilot
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arrangement from 2605 to 2636 are the same as that of 813 to 848), to take advantage of

frequency diversity.

[0157] Referring to Figure 17 there is shown a flowchart representing an example method of
downlink signal processing including estimating channel coefficients, compressing the
estimate channel coefficients using DCT and calculating the channel inversion for a MU-
MIMO-OFDM system. The method 500 will be described with reference to the downlink
comb-pilot sub-carrier and locally consecutive pilot sub-carrier arrangement discussed in

relation to Figure 16.

[0158] In particular, at step 1705, the method includes the access point transmitting channel
training OFDM symbols to each user terminal. The channel training OFDM symbols include
comb-pilot sub-carriers and locally consecutive pilot sub-carriers as discussed in relation to
Figures 3 to 6. In addition, the channel training OFDM symbols may be extended with
orthogonal codes to combine CDMA channel training. In the example, interpolation factor of

4 with Walsh code of length 8 are used to differentiate 32 AP transmitters.

[0159] At step 1710, the method 1700 includes each user terminal estimating frequency
domain channel coefficients at comb-pilot sub-carriers. The channel estimation should be
made at least at the sub-channels that are assigned to the respective user terminal and at the

locally consecutive pilot sub-carriers.

[0160] At step 1715, the method 1700 includes each user terminal estimating phase slope
from the estimated frequency domain channel coefficients at the locally consecutive pilot sub-
carriers. Only one phase slope estimate representative of the all access point transmitters shall
be determined for each user terminal. The representative phase slope value may be derived,
for example, by weighted average of phase slope estimates corresponding to a different access

point transmitter.
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[0161] At step 1720, the method 1700 includes each user terminal removing the phase slope
from the frequency domain channel coefficients at comb-pilot sub-carriers for all access point

transmitters.

[0162] At step 1725, the method 1700 includes each user terminal performing interpolation of
channel coefficients to compensate the channel estimates at sub-carriers used for phase slope
estimation for all access point transmitters. A conventional interpolation method such as
linear, polar linear, polynomial, etc. can be used. In the example discussed in relation to
Figure 4, for UT1 the channel coefficients should be derived by interpolation at 829, 837, and
845 (and at 2,621, 2,629, and 2,637, if another group of locally consecutive pilot sub-carriers
are defined from 2605 to 2636). This will result in estimated channel coefficients value every

4th sub-carrier for all user terminals.

[0163] At step 1730, the method 1700 includes each user terminal, for sub-channels assigned
to UT, performing DCT compression to produce reduced number of DCT coefficients, each
for real and imaginary component. In this example, each of 54 sub-channels has 64 sub-
carriers, resulting in the total of 3,456 sub-carriers. Each sub-channel has the total of 16
comb-pilot sub-carriers. DCT is performed twice, first on 16 real components of the channel
coefficients and the second on 16 imaginary components of the channel coefficients. Only the

first six DCT coefficients are retained. The 7th to 16th coefficients are regarded as zeros.

[0164] At step 1735, the method 1700 includes each user terminal performing DCT
coefficient quantisation for each sub-channel assigned to the respective user terminal.
Normalisation is performed once for all Nsc(iur) X 6 x 2 DCT coefficients so that quantisation
does not cause clipping while maximising the dynamic range of the quantisation, where
Nsc(iyt) 1s the number of sub-channel allocated to iyrth UT. An example quantisation, which
uses 44 bits for real components and 44 bits for imaginary components per sub-channel, is
performed as follows:

a. 1st DCT coefficient, real or imaginary: 12 bits signed 2’s complement
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b. 2nd DCT coefficient, real or imaginary: divide by 2, and then allocate 9 bits of
2’s complement

c. 3rd DCT coefficient, real or imaginary: divide by 2, and then allocate 8 bits of
2’s complement

d. 4th DCT coefficient, real or imaginary: divide by 4, and then allocate 6 bits of
2’s complement.

e. 5Sth DCT coefficient, real or imaginary: divide by 4, and then allocate 4 bits of
2’s complement.

f.  6th DCT coefficient, real or imaginary: divide by 8, and then allocate 4 bits of

2’s complement.

[0165] At step 1740, the method 1700 includes providing feedback quantised DCT
coefficients from each user terminal to the access point by embedding these in uplink data
symbols. Feedback includes only the DCT coefficients associated to the sub-channel assigned

to the respective user terminal.

[0166] At step 1745, the method 1700 includes, for each sub-channel, and for each active user
terminal assigned to the sub-channel, performing IDCT to restore frequency domain channel

coefficients for each of access point transmitter at comb-pilot sub-carriers.

[0167] At step 1750, the method includes performing interpolation on frequency domain
channel coefficients to obtain channel matrix estimates at channel inverse sub-carriers. A

conventional interpolation/extrapolation method can be used.

[0168] At step 1755, the method includes performing channel inversion at channel inverse

sub-carriers. A conventional matrix inversion algorithm can be used.

[0169] At step 1760, the method includes performing interpolation of channel inverse to

produce channel inverse at all sub-carriers. A conventional interpolation method can be used.
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[0170] At step 1765, the method includes the access point transmitting, to the user terminal,
channel training OFDM symbol pre-coded by the channel inverse. The channel training

OFDM symbol can be a conventional channel training symbols using all OFDM sub-carriers.

[0171] At step 1770, the method includes the user terminal performing channel estimation
using the pre-coded channel training OFDM symbol. A conventional pilot-aided channel
estimation method can be used. Estimated channel using the pre-coded channel training

OFDM symbol is referred to as an estimated pre-coded channel.

[0172] At step 1775, the method includes the access point transmitting, to the user terminal,

data OFDM symbols pre-coded by the channel inverse.

[0173] At step 1780, the method includes performing zero-forcing detection (single

coefficient at each sub-carrier) using the estimated pre-coded channel.

[0174] Referring to Figure 18 there is shown results of a simulation of a MU-MIMO-OFDM
downlink of a MU-MIMO-OFDM system wherein the above mentioned methods of
estimating channel coefficients, compressing the estimate channel coefficients using DCT and
calculating the channel inversion for a MU-MIMO-OFDM system were utilised in

combination.

[0175] In particular, the simulation was performed using the following parameters of the MU-
MIMO-OFDM system:

e 32 AP transmitters, 16 UT receivers.

e 3,456 OFDM sub-carriers with 8 MHz / 2048 = 3.90625 kHz sub-carrier spacing.

e 54 sub-channels each with 64 OFDM sub-carriers.

e Each UT is allocated with the full 54 sub-channels.
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Channel training pilot sub-carriers as defined above using two sets of locally
consecutive pilot sub-carriers. The channel training symbols are extended by Walsh
code with length 8 to support 32 AP transmitters. (Channel estimation requires 8
channel training OFDM symbols.)

DCT compression is performed for each sub-channel, using 6 real and 6 imaginary
coefficients with the bit allocation. Total number of bits per user to be feedback for 32
AP transmitter and 54 sub-channels is 44 x 2 x 54 x 32 = 152,064 bits. This amounts
to 9 data OFDM symbols for channel feedback, if 64QAM and 5/6 FEC are used, and
to 22 data OFDM symbols if 16QAM and 1/2 FEC are used.

Uncorrelated exponentially decaying multipath channel.

64QAM for data OFDM symbols. Performance is measured on un-coded (without

using FEC) bit error probability, also known as channel bit error probability.

[0176] Figure 18 shows the computer simulation results. Figure 18 also shows “perfect”

results for comparison to the simulated results, wherein “perfect results” refer to:

1.

Estimation of the channel is perfect without being deteriorated by receiver noise or
signal processing error (such as interpolation error),

Feedback of the channel is perfect without being degraded by channel compression
and/or quantisation, and

Calculation of the channel inverse is perfect without having interpolation error.

[0177] The combined use of the methods were found to produce the results close to those of

the perfect channel estimation, feedback, and channel inverse calculation, approximately only

1 dB away as shown by Figure 18.

[0178] Figures 19A and 19B collectively form a schematic block diagram of a general

purpose electronic device 1901 including embedded components which are suitable for use as

the access point and/or the receiving device. In particular embodiments, the electronic device

801 may be implemented in dedicated hardware such as one or more integrated circuits
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performing the above-mentioned functions. Such dedicated hardware may include graphic
processors, digital signal processors, or one or more microprocessors and associated

memories.

[0179] As seen in Figure 19A, the electronic device 1901 comprises an embedded controller
1902. Accordingly, the electronic device 1901 may be referred to as an "embedded device." In
the present example, the controller 1902 has a processing unit (or processor) 1905 which is bi-
directionally coupled to an internal storage module 1909. The storage module 1909 may be
formed from non-volatile semiconductor read only memory (ROM) 1960 and semiconductor
random access memory (RAM) 1970, as seen in Figure 19B. The RAM 1970 may be volatile,

non-volatile or a combination of volatile and non-volatile memory.

[0180] As seen in Figure 19A, the electronic device 1901 also comprises a portable memory
interface 1906, which is coupled to the processor 1905 via a connection 1919. The portable
memory interface 1906 allows a complementary portable memory device 1925 to be coupled
to the electronic device 1901 to act as a source or destination of data or to supplement the
internal storage module 1909. Examples of such interfaces permit coupling with portable
memory devices such as Universal Serial Bus (USB) memory devices, Secure Digital (SD)
cards, Personal Computer Memory Card International Association (PCMIA) cards, optical

disks and magnetic disks.

[0181] The electronic device 1901 also has a communications interface 1908 to permit
coupling of the electronic device 1901 to a computer or communications network 1920 via a
connection 1921. The connection 1921 may be wired or wireless. For example, the connection
1921 may be radio frequency or optical. An example of a wired connection includes Ethernet.
Further, an example of wireless connection includes Bluetooth type local interconnection, Wi-
Fi (including protocols based on the standards of the IEEE 802.11 family), Infrared Data
Association (IrDa) and the like.
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[0182] The methods of Figures 4, 6, 7, 12, 13, 15 and/or 17 may be implemented as one or
more software application programs 833 executable within the embedded controller 802 or a
plurality of embedded controllers 802 in a distributed manner. In particular, with reference to
Figure 19B, the steps of the described method are effected by instructions in the software 1933
that are carried out within the embedded controller 1902. The software instructions may be

formed as one or more code modules, each for performing one or more particular tasks.

[0183] The software 1933 of the embedded controller 1902 is typically stored in the
nonvolatile ROM 1960 of the internal storage module 1909. The software 1933 stored in the
ROM 1960 can be updated when required from a computer readable medium. The software
1933 can be loaded into and executed by the processor 1905. In some instances, the processor
1905 may execute software instructions that are located in RAM 1970. Software instructions
may be loaded into the RAM 1970 by the processor 1905 initiating a copy of one or more
code modules from ROM 1960 into RAM 1970. Alternatively, the software instructions of one
or more code modules may be pre-installed in a non-volatile region of RAM 1970 by a
manufacturer. After one or more code modules have been located in RAM 1970, the processor

1905 may execute software instructions of the one or more code modules.

[0184] The application program 1933 is typically pre-installed and stored in the ROM 1960 by
a manufacturer, prior to distribution of the electronic device 1901. However, in some
instances, the application programs 1933 may be supplied to the user encoded on one or more
computer readable storage media 1925 and read via the portable memory interface 1906 of
Figure 19A prior to storage in the internal storage module 1909. In another alternative, the
software application program 1933 may be read by the processor 1905 from the network 1920.
Computer readable storage media refers to any non-transitory, tangible storage medium that
participates in providing instructions and/or data to the embedded controller 1902 for
execution and or processing. Examples of such storage media include floppy disks, magnetic
tape, CD-ROM, a hard disk drive, a ROM or integrated circuit, USB memory, a magneto-

optical disk, flash memory, or a computer readable card such as a PCMCIA card and the like,
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whether or not such devices are internal or external of the electronic device 1901. Examples of
computer readable transmission media that may also participate in the provision of software,
application programs, instructions and/or data to the electronic device 1901 include radio or
infra-red transmission channels as well as a network connection to another computer or
networked device, and the Internet or Intranets including e-mail transmissions and information
recorded on Websites and the like. A computer readable medium having such software or

computer program recorded on it is a computer program product.

[0185] Figure 19B illustrates in detail the embedded controller 1902 having the processor
1905 for executing the application programs 1933 and the internal storage 1909. The internal
storage 1909 comprises read only memory (ROM) 1960 and random access memory (RAM)
1970. The processor 1905 is able to execute the application programs 1933 stored in one or
both of the connected memories 1960 and 1970. When the electronic device 1901 is initially
powered up, a system program resident in the ROM 860 is executed. The application program
1933 permanently stored in the ROM 1960 is sometimes referred to as "firmware". Execution
of the firmware by the processor 1905 may fulfil various functions, including processor
management, memory management, device management, storage management and user

interface.

[0186] The processor 1905 typically includes a number of functional modules including a
control unit (CU) 1951, an arithmetic logic unit (ALU) 1952 and a local or internal memory
comprising a set of registers 1954 which typically contain atomic data elements 1956, 1957,
along with internal buffer or cache memory 1955. One or more internal buses 1959
interconnect these functional modules. The processor 1905 typically also has one or more
interfaces 1958 for communicating with external devices via system bus 1981, using a

connection 1961.

[0187] The application program 1933 includes a sequence of instructions 1962 though 1963

that may include conditional branch and loop instructions. The program 1933 may also
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include data, which is used in execution of the program 1933. This data may be stored as part

of the instruction or in a separate location 1964 within the ROM 1960 or RAM 1970.

[0188] In general, the processor 1905 is given a set of instructions, which are executed
therein. This set of instructions may be organised into blocks, which perform specific tasks or
handle specific events that occur in the electronic device 1901. Typically, the application
program 1933 waits for events and subsequently executes the block of code associated with
that event. Events may be triggered in response to input from a user, via the user input devices
1913 of Figure 19A, as detected by the processor 1905. Events may also be triggered in

response to other sensors and interfaces in the electronic device 1901.

[0189] The execution of a set of the instructions may require numeric variables to be read and
modified. Such numeric variables are stored in the RAM 1970. The disclosed method uses
input variables 1971 that are stored in known locations 1972, 1973 in the memory 1970. The
input variables 1971 are processed to produce output variables 1977 that are stored in known
locations 1978, 1979 in the memory 1970. Intermediate variables 1974 may be stored in
additional memory locations in locations 1975, 1976 of the memory 1970. Alternatively, some

intermediate variables may only exist in the registers 1954 of the processor 1905.

[0190] The execution of a sequence of instructions is achieved in the processor 1905 by
repeated application of a fetch-execute cycle. The control unit 1951 of the processor 1905
maintains a register called the program counter, which contains the address in ROM 1960 or
RAM 1970 of the next instruction to be executed. At the start of the fetch execute cycle, the
contents of the memory address indexed by the program counter is loaded into the control unit
1951. The instruction thus loaded controls the subsequent operation of the processor 1905,
causing for example, data to be loaded from ROM memory 1960 into processor registers
1954, the contents of a register to be arithmetically combined with the contents of another
register, the contents of a register to be written to the location stored in another register and so

on. At the end of the fetch execute cycle the program counter is updated to point to the next
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instruction in the system program code. Depending on the instruction just executed this may
involve incrementing the address contained in the program counter or loading the program

counter with a new address in order to achieve a branch operation.

[0191] Each step or sub-process in the method of Figures 4, 6, 7, 12, 13, 15 and/or 17 is
associated with one or more segments of the application program 833, and is performed by
repeated execution of a fetch-execute cycle in the processor 805 or similar programmatic

operation of other independent processor blocks in the electronic device 801.

[0192] The arrangements describes are applicable to the wireless communication industries.

[0193] Many modifications will be apparent to those skilled in the art without departing from

the scope of the present invention.

[0194] Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise", and variations such as "comprises" or "comprising"”, will be
understood to imply the inclusion of a stated integer or step or group of integers or steps but

not the exclusion of any other integer or step or group of integers or steps.
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Claims

1. A method including:

estimating, by a receiving device, channel coefficients of locally consecutive pilot sub-
carriers for a multi-user multiple-input multiple-output orthogonal frequency division
multiplexing (MU-MIMO OFDM) system;

estimating, by the receiving device, a phase slope by using the estimated channel
coefficients at the locally consecutive pilot sub-carriers;

removing, by the receiving device, the phase slope from the estimated channel
coefficients at the locally consecutive pilot sub-carriers to obtain phase slope removed channel
coefficients;

determining, by the receiving device, phase slope removed channel coefficients of
remaining sub-carriers by interpolating the phase slope removed channel coefficients; and

applying, by the receiving device, the phase slope to the phase slope removed channel
coefficients at the locally consecutive pilot sub-carriers and the remaining sub-carriers to

obtain a plurality of channel coefficients.

2. The method according to claim 1, wherein the receiving device is able to estimate the
phase slope without ambiguity up to N /2, where N is a number of base band samples per

OFDM frame for the MU-MIMO OFDM system.

3. The method according to claim 1 or 2, wherein the phase slope is calculated according

to Equation 3.

4. The method according to any one of claims 1 to 3, wherein removing the phase slope
from the estimated channel coefficients at the locally consecutive pilot sub-carriers is

performed according to Equation 6.
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5. The method according to any one of claims 1 to 4, wherein interpolating the phase

slope removed estimated channel coefficients includes linear interpolation.

6. The method according to claim 5, wherein the linear interpolation is performed

according to Equation 7.

7. The method according to any one of claims 1 to 6, wherein applying the phase slope to
the plurality of channel coefficients at the locally consecutive pilot sub-carriers and the

remaining sub-carriers is performed according to Equation §.

8. The method according to any one of claims 1 to 7, wherein the receiving device is a

user terminal.

9. The method according to any one of claims 1 to 7, wherein the receiving device is an

access point.

10. The method according to claim 8, wherein the method includes:

performing, by the user terminal, a discrete cosine transform (DCT) of the plurality of
channel coefficients to obtain DCT channel coefficients;

quantising, by the user terminal, the DCT channel coefficients to obtain quantised
DCT channel coefficients;

transferring, from the user terminal to an access point, the quantised DCT channel
coefficients; and

performing, by the access point, an inverse discrete cosine transform (IDCT) of the
quantised DCT channel coefficients to obtain the plurality of channel coefficients in the

frequency domain.
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11. The method according to claim 10, wherein the DCT channel coefficients include real
DCT channel coefficients determined according to Equation 9 and imaginary DCT channel

coefficients determined according to Equation 10.

12. The method according to claim 11, wherein quantising the DCT channel coefficients to
obtain quantised DCT channel coefficients is performed by uniform scalar quantization on the

real and imaginary parts of the DCT channel coefficients.

13.  The method according to claim 12, wherein performing the IDCT of the quantised
DCT channel coefficients includes performing the IDCT upon the quantized real part of the
DCT channel coefficients according to Equation 11 and performing the IDCT upon the
quantized imaginary part of the DCT channel coefficients according to Equation 12 such that
the plurality of channel coefficients in the frequency domain is restored according to Equation

13.

14. The method according to claim 9, wherein the method includes:

determining, using a OFDM training symbol received from a user terminal, wherein
the plurality of channel coefficients are uplink channel coefficients for the user terminal to
obtain estimated uplink channel coefficients at channel inverse sub-carrier;

performing channel inversion at the channel inverse sub-carrier; and

performing interpolation of channel inverse by directly interpolating elements thereof;

wherein OFDM data symbols received from the user terminal are reconstructable by

the access point using the interpolated channel inverse.

15. The method according to claim 9, wherein the method includes:

receiving, at the access point from a user terminal, the plurality of coefficients,
wherein the plurality of coefficients are estimated downlink channel coefficients;

obtaining, at the access point, estimated downlink channel coefficients at channel

inverse sub-carrier;
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performing, at the access point, channel inversion at channel inverse sub-carrier; and
performing interpolation of channel inverse by directly interpolating elements thereof;
wherein OFDM data symbols transmitted to the user terminal are precoded with the

channel inverse such that the user terminal can reconstruct the OFDM data symbols.

16. A receiving device configured to:

estimate channel coefficients of locally consecutive pilot sub-carriers for a multi-user
multiple-input multiple-output orthogonal frequency division multiplexing (MU-MIMO
OFDM) system;

estimate a phase slope by using the estimated channel coefficients at the locally
consecutive pilot sub-carriers;

remove the phase slope from the estimated channel coefficients at the locally
consecutive pilot sub-carriers to obtain phase slope removed channel coefficients;

determine phase slope removed channel coefficients of remaining sub-carriers by
interpolating the phase slope removed channel coefficients; and

apply the phase slope to the phase slope removed channel coefficients at the locally
consecutive pilot sub-carriers and the remaining sub-carriers to obtain a plurality of channel

coefficients.

17. The receiving device of claim 16, wherein the receiving device is configured to
estimate the phase slope without ambiguity up to N / 2, where N is a number of base band

samples per OFDM frame for the MU-MIMO OFDM system.

18. The receiving device according to claim 16 or 17, wherein the receiving device is

configured to calculate the phase slope according to Equation 3.

19. The receiving device according to any one of claims 16 to 18, wherein the receiving
device is configured to remove the phase slope from the estimated channel coefficients of the

locally consecutive pilot sub-carriers according to Equation 6.
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20. The receiving device according to any one of claims 16 to 19, wherein the receiving
device is configured to interpolate the phase slope removed channel coefficients at the locally

consecutive pilot sub-carriers using linear interpolation.

21. The receiving device according to claim 20, wherein the receiving device is configured

to perform linear interpolation according to Equation 7.

22.  The receiving device according to any one of claims 16 to 21, wherein the receiving
device is configured to apply the phase slope to the plurality of channel coefficients at the
locally consecutive pilot sub-carriers and the remaining sub-carriers is performed according to

Equation 8..

23. The receiving device according to any one of claims 16 to 22, wherein the receiving

device is a user terminal.

24. The receiving device according to any one of claims 16 to 22, wherein the receiving

device is an access point.

25. The receiving device according to claim 23, wherein the receiving device is configured
to:

perform a discrete cosine transform (DCT) of the plurality of channel coefficients to
obtain DCT channel coefficients;

quantise the DCT channel coefficients to obtain quantised DCT channel coefficients;
and

transfer, to an access point, the quantised DCT channel coefficients such that the
access point is able to perform an inverse discrete cosine transform (IDCT) of the quantised
DCT channel coefficients to obtain the plurality of channel coefficients in the frequency

domain.
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26. The receiving device according to claim 25, wherein the DCT channel coefficients
include real DCT channel coefficients determined according to Equation 9 and imaginary

DCT channel coefficients determined according to Equation 10.

27. The receiving device according to claim 26, wherein the receiving device is configured
to quantize the DCT channel coefficients to obtain quantised DCT channel coefficients by
performing uniform scalar quantization on the real and imaginary parts of the DCT channel

coefficients.

28. A system including:

the receiving device according to claim 27; and

an access device configured to perform an inverse discrete cosine transform (IDCT) of
the quantised DCT channel coefficients to obtain the plurality of channel coefficients in the

frequency domain.

29. The system according to claim 28, wherein the access device is configured to perform
the IDCT of the quantised DCT channel coefficients by performing the IDCT upon the
quantized real part of the DCT channel coefficients according to Equation 11 and performing
the IDCT upon the quantized imaginary part of the DCT channel coefficients according to
Equation 12 such that the plurality of channel coefficients in the frequency domain is restored

according to Equation 13.

30. The receiving device according to claim 24, wherein the receiving device is configured
to:

determine, using a OFDM training symbol received from a user terminal, the plurality
of channel coefficients, wherein the plurality of channel coefficients are uplink channel
coefficients for the user terminal to obtain estimated uplink channel coefficients at channel

inverse sub-carrier;
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performing channel inversion at the channel inverse sub-carrier; and
performing interpolation of channel inverse by directly interpolating elements thereof;
wherein OFDM data symbols received from the user terminal are reconstructable by

the receiving device using the interpolated channel inverse.

31. The receiving device according to claim 24, wherein the receiving device is configured
to:

receive, from a user terminal, the plurality of coefficients, wherein the plurality of
coefficients are estimated downlink channel coefficients;

obtain estimated downlink channel coefficients at channel inverse sub-carrier;

perform channel inversion at channel inverse sub-carrier; and

perform interpolation of channel inverse by directly interpolating elements thereof;

wherein OFDM data symbols transmitted to the user terminal are precoded with the

channel inverse such that the user terminal can reconstruct the OFDM data symbols.

32. A method of performing channel feedback compression in a multi-user multiple-input
multiple-output orthogonal frequency division multiplexing (MU-MIMO OFDM) system,
wherein the method includes:

performing, by a user terminal, a discrete cosine transform (DCT) of a plurality of
channel coefficients to obtain DCT channel coefficients;

quantizing, by the user terminal, the DCT channel coefficients to obtain quantised
DCT channel coefficients;

transferring, from the user terminal to an access point, the quantised DCT channel
coefficients;

performing, by the access point, an inverse discrete cosine transform (IDCT) of the
quantised DCT channel coefficients to obtain the plurality of channel coefficients in the

frequency domain.
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33. The method according to claim 32, wherein the DCT channel coefficients include real
DCT channel coefficients determined according to Equation 9 and imaginary DCT channel

coefficients determined according to Equation 10.

34. The method according to claim 33, wherein quantising the DCT channel coefficients to
obtain quantised DCT channel coefficients is performed by uniform scalar quantization on the

real and imaginary parts of the DCT channel coefficients.

35.  The method according to claim 34, wherein performing the IDCT of the quantised
DCT channel coefficients includes performing the IDCT upon the quantized real part of the
DCT channel coefficients according to Equation 11 and performing the IDCT upon the
quantized imaginary part of the DCT channel coefficients according to Equation 12 such that
the plurality of channel coefficients in the frequency domain is restored according to Equation

13.

36. A multi-user multiple-input multiple-output orthogonal frequency division
multiplexing (MU-MIMO OFDM) system configured to perform channel feedback
compression, wherein the system includes:
a plurality of user terminals, wherein each user terminal is configured to:
perform a discrete cosine transform (DCT) of a plurality of channel coefficients
to obtain DCT channel coefficients;
quantize the DCT channel coefficients to obtain quantised DCT channel
coefficients;
transfer to an access point, the quantised DCT channel coefficients;
the access point configured to:
receive the quantised DCT channel coefficients from each user terminal;
perform, upon the quantised DCT channel coefficients received from each

terminal, an inverse discrete cosine transform (IDCT) of the quantised DCT channel
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coefficients to obtain the plurality of channel coefficients in the frequency domain for

the respective user terminal.

37. The MU-MIMO OFDM system according to claim 36, wherein the respective DCT
channel coefficients obtained by each user terminal include real DCT channel coefficients
determined according to Equation 9 and imaginary DCT channel coefficients determined

according to Equation 10.

38.  The MU-MIMO OFDM system according to claim 37, wherein each user terminal is
configured to quantize the respective DCT channel coefficients to obtain the quantized
respective DCT channel coefficients using uniform scalar quantization on the real and

imaginary parts of the respective DCT channel coefficients.

39. The MU-MIMO OFDM system according to claim 38, wherein the access device is
configured to perform the IDCT of each set of quantised DCT channel coefficients by
performing the IDCT upon the respective quantized real part of each set of DCT channel
coefficients according to Equation 11 and by performing the IDCT upon the respective
quantized imaginary part of each set of DCT channel coefficients according to Equation 12
such that the plurality of channel coefficients in the frequency domain for each user terminal is

restored according to Equation 13.
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Supplemental Box

Continuation of: Box III

This International Application does not comply with the requirements of unity of invention because it does not relate to one

invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims into distinct

groups:

¢  (laims 1-31 relate to a method and/or a receiving device. The features of the method and/or the receiving device to
estimate channel coefficients of locally consecutive pilot sub-carriers for a multi-user multiple-input multiple-output
orthogonal frequency division multiplexing (MU-MIMO OFDM) system, estimate a phase slope by using the estimated
channel coefficients at the locally consecutive pilot sub-carriers, remove the phase slope from the estimated channel
coefficients at the locally consecutive pilot sub-carriers to obtain phase slope removed channel coefficients, determine
phase slope removed channel coefficients of remaining sub-carriers by interpolating the phase slope removed channel
coefficients and apply the phase slope to the phase slope removed channel coefficients at the locally consecutive pilot sub-
carriers and the remaining sub-carriers to obtain a plurality of channel coefficients are specific to this group of claims.

¢ Claims 32-39 relate to a method of performing channel feedback compression in a multi-user multiple-input multiple-
output orthogonal frequency division multiplexing (MU-MIMO OFDM) system and/or a MU-MIMO OFDM system. The
feature of the method of performing channel feedback compression and/or the MU-MIMO OFDM system including a
plurality of user terminals, wherein each user terminal is configured to perform a discrete cosine transform (DCT) of a
plurality of channel coefficients to obtain DCT channel coefficients, quantize the DCT channel coefficients to obtain
quantised DCT channel coefficients, transfer to an access point, the quantised DCT channel coefficients and the access
point configured to receive the quantised DCT channel coefficients from each user terminal, perform, upon the quantised
DCT channel coefficients received from each terminal, an inverse discrete cosine transform (IDCT) of the quantised DCT
channel coefficients to obtain the plurality of channel coefficients in the frequency domain for the respective user terminal
are specific to this group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship among the
claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule 13.2, second sentence,

defines a special technical feature as a feature which makes a contribution over the prior art.
When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art but are not
common to all the claimed inventions and therefore cannot provide the required technical relationship. Therefore there is no special
technical feature common to all the claimed inventions and the requirements for unity of invention are consequently not satisfied @

priori.
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EP 2150005 B1
EP 2166688 A2
EP 2256978 Al

07 Oct 2015
27 Jul 2005
11 Jul 2012
27 Jul 2005
16 Mar 2016
27 Jul 2005
05 Jun 2013
27 Jul 2005
27 Jul 2005
21 Sep 2011
27 Jul 2005
01 May 2013
27 Jul 2005
08 Jun 2016
27 Jul 2005
03 Aug 2005
03 Apr 2013
03 Aug 2005
11 Mar 2009
05 Oct 2005
03 Feb 2010
05 Oct 2005
21 Sep 2011
11 Jan 2006
18 Nov 2009
25 Jan 2006
23 Nov 2011
24 Oct 2007
13 Aug 2008
16 Jan 2013
20 May 2009
20 Nov 2013
03 Feb 2010
02 May 2012
24 Mar 2010
01 Dec 2010
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EP 2256978 B1 26 Aug 2015
EP 2262149 A2 15 Dec 2010
EP 2267926 A2 29 Dec 2010
EP 2267927 A2 29 Dec 2010
EP 2267927 Bl 12 Mar 2014
EP 2278728 A2 26 Jan 2011
EP 2278731 A2 26 Jan 2011
EP 2282436 A2 09 Feb 2011
EP 2282438 A2 09 Feb 2011
EP 2337292 A2 22 Jun 2011
EP 2337292 Bl 08 May 2013
EP 2357769 A2 17 Aug 2011
EP 2363970 A2 07 Sep 2011
EP 2363970 B1 20 Nov 2013
EP 2378695 A2 19 Oct 2011
EP 2378726 A2 19 Oct 2011
EP 2400694 A2 28 Dec 2011
HK 1084266 Al 24 Dec 2008
HK 1086123 Al 17 Feb 2012
HK 1086125 Al 09 Oct 2009
HK 1086401 Al 04 Mar 2011
HK 1086681 Al 10 Aug 2012
HK 1091615 Al 02 Jul 2010
HK 1091618 Al 03 Aug 2012
HK 1121899 Al 06 Sep 2013
HK 1125758 Al 11 Oct 2013
HK 1139250 Al 04 Oct 2013
HK 1150709 Al 21 Mar 2014
HK 1156164 Al 11 Apr 2014
IL 167378 A 30 Nov 2010
IL 167554 A 28 Apr 2011
IL 167570 A 30 Nov 2010
IL 167572 A 31 Mar 2011
IL 167574 A 30 Nov 2010
1L 203959 A 31 Dec 2013
1L 203960 A 27 Jun 2013
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IL 204412 A 31 Oct 2012
JP 2006504338 A 02 Feb 2006
JP 4509793 B2 21 Jul 2010
JP 2006504370 A 02 Feb 2006
JP 4657918 B2 23 Mar 2011
JP 2006504366 A 02 Feb 2006
JP 4739952 B2 03 Aug 2011
JP 2008530834 A 07 Aug 2008
JP 4773461 B2 14 Sep 2011
JP 2006504339 A 02 Feb 2006
JP 4860924 B2 25 Jan 2012
JP 2006504341 A 02 Feb 2006
JP 4860925 B2 25 Jan 2012
JP 2006504367 A 02 Feb 2006
JP 4913406 B2 11 Apr 2012
JP 2006504335 A 02 Feb 2006
JP 4943654 B2 30 May 2012
JP 2006504342 A 02 Feb 2006
JP 4981253 B2 18 Jul 2012
JP 2010226736 A 07 Oct 2010
JP 5043979 B2 10 Oct 2012
JP 2006504372 A 02 Feb 2006
JP 5068945 B2 07 Nov 2012
JP 2010183580 A 19 Aug 2010
JP 5096508 B2 12 Dec 2012
JP 2011030262 A 10 Feb 2011
JP 5199324 B2 15 May 2013
JP 2010193468 A 02 Sep 2010
JP 5221579 B2 26 Jun 2013
JP 2012105278 A 31 May 2012
JP 5221743 B2 26 Jun 2013
JP 2006504340 A 02 Feb 2006
JP 5247976 B2 24 Jul 2013
JP 2012142953 A 26 Jul 2012
JP 5296232 B2 25 Sep 2013
JP 2010213309 A 24 Sep 2010
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JP 5307070 B2 02 Oct 2013
JP 2011109658 A 02 Jun 2011
JP 5341052 B2 13 Nov 2013
JP 2010193477 A 02 Sep 2010
JP 5528867 B2 25 Jun 2014
JP 2010119110 A 27 May 2010
JP 5642382 B2 17 Dec 2014
JP 2013219778 A 24 Oct 2013
JP 5755679 B2 29 Jul 2015
JP 2006504336 A 02 Feb 2006
JP 2006517759 A 27 Jul 2006
JP 2011050063 A 10 Mar 2011
JP 2011234361 A 17 Nov 2011
JP 2012016037 A 19 Jan 2012
KR 20070107073 A 06 Nov 2007
KR 100958957 B1 20 May 2010
KR 20050071620 A 07 Jul 2005
KR 100965347 B1 22 Jun 2010
KR 20050091072 A 14 Sep 2005
KR 100978453 B1 26 Aug 2010
KR 20050070087 A 05 Jul 2005
KR 100990683 B1 29 Oct 2010
KR 20050065628 A 29 Jun 2005
KR 101014502 B1 14 Feb 2011
KR 20050071576 A 07 Jul 2005
KR 101035765 B1 20 May 2011
KR 20050059302 A 17 Jun 2005
KR 101041290 B1 14 Jun 2011
KR 20050061536 A 22 Jun 2005
KR 101041334 BI 14 Jun 2011
KR 20050061559 A 22 Jun 2005
KR 101046824 B1 06 Jul 2011
KR 20050060105 A 21 Jun 2005
KR 101060412 B1 29 Aug 2011
KR 20050053787 A 08 Jun 2005
KR 101064012 B1 08 Sep 2011
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KR 20050072767 A 12 Jul 2005
KR 101073331 BI 12 Oct 2011
KR 20050070085 A 05 Jul 2005
KR 101149096 B1 20 Sep 2012
KR 20120031091 A 29 Mar 2012
KR 101236306 B1 22 Feb 2013
KR 20100025593 A 09 Mar 2010
MX PA05004194 A 08 Jun 2005
MX PA05004311 A 03 Aug 2005
MX PA05004312 A 03 Aug 2005
MX PA(05004318 A 26 Aug 2005
MX PA05004325 A 02 Aug 2005
MX PA05004391 A 26 Jul 2005
MX PA05004393 A 26 Jul 2005
MX PA(05004394 A 26 Jul 2005
MX PA05004396 A 26 Jul 2005
MX PA05004398 A 26 Jul 2005
MX PA05004401 A 23 Nov 2005
MX PA(05007428 A 12 Sep 2005
RU 2005115854 A 10 Oct 2005
RU 2005115861 A 10 Oct 2005
RU 2005115873 A 20 Jan 2006
RU 2005115862 A 20 Jan 2006
RU 2005115874 A 20 Jan 2006
RU 2005115857 A 20 Jan 2006
RU 2005115877 A 10 Oct 2005
RU 2005115869 A 10 Oct 2005
RU 2005115849 A 10 Oct 2005
RU 2005125045 A 27 Jan 2006
RU 2005115879 A 20 Jan 2006
RU 2009106288 A 27 Aug 2010
RU 2007132195 A 10 Mar 2009
RU 2009106289 A 27 Aug 2010
RU 2009134903 A 10 Apr 2011
RU 2008106482 A 27 Aug 2009
RU 2008106942 A 27 Aug 2009

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2009)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/AU2016/050619

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date
RU 2008121015 A 10 Dec 2009
RU 2008121016 A 10 Dec 2009
RU 2009131564 A 27 Feb 2011
RU 2005115564 A 10 Nov 2005
RU 2008121067 A 10 Dec 2009
RU 2009122264 A 20 Dec 2010
SG 143245 Al 27 Jun 2008
SG 161317 Al 27 May 2010
TW 200421766 A 16 Oct 2004
TW 1324453 B 01 May 2010
TW 200420150 A 01 Oct 2004
TW 1330043 B 01 Sep 2010
TW 200425671 A 16 Nov 2004
TW 1335155 B 21 Dec 2010
TW 200417187 A 01 Sep 2004
TW 1337477 B 11 Feb 2011
TW 200420016 A 01 Oct 2004
TW 1337478 B 11 Feb 2011
TW 200419986 A 01 Oct 2004
TW 1339036 B 11 Mar 2011
TW 200417214 A 01 Sep 2004
TW 1339057 B 11 Mar 2011
TW 1341102 B 21 Apr 2011
TW 200419969 A 01 Oct 2004
TW 1343724 B 11 Jun 2011
TW 200420014 A 01 Oct 2004
TW 1357240 B 21 Jan 2012
TW 200419970 A 01 Oct 2004
TW 1358914 B 21 Feb 2012
TW 200417176 A 01 Sep 2004
TW 1363515 B 01 May 2012
TW 1371188 B 21 Aug 2012
TW 201112671 A 01 Apr 2011
TW 1436617 B 01 May 2014
TW 201025910 A 01 Jul 2010
TW 1467956 B 01 Jan 2015
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TW 201021462 A 01 Jun 2010
US 2004081073 Al 29 Apr 2004
US 7002900 B2 21 Feb 2006
US 2004087324 Al 06 May 2004
US 7151809 B2 19 Dec 2006
US 2004131007 Al 08 Jul 2004
US 7280467 B2 09 Oct 2007
US 2004146018 Al 29 Jul 2004
US 7324429 B2 29 Jan 2008
US 2007086536 A1l 19 Apr 2007
US 7653142 B2 26 Jan 2010
US 2004179627 A1l 16 Sep 2004
US 7986742 B2 26 Jul 2011
US 2008049857 A1l 28 Feb 2008
US 8145179 B2 27 Mar 2012
US 2004156328 A1 12 Aug 2004
US 8169944 B2 01 May 2012
US 2004137863 A1l 15 Jul 2004
US 8170513 B2 01 May 2012
US 2008069015 A1l 20 Mar 2008
US 8203978 B2 19 Jun 2012
US 2004136349 A1l 15 Jul 2004
US 8208364 B2 26 Jun 2012
US 2004120411 Al 24 Jun 2004
US 8218609 B2 10 Jul 2012
US 2004082356 A1 29 Apr 2004
US 8320301 B2 27 Nov 2012
US 2008267098 A1l 30 Oct 2008
US 8355313 B2 15 Jan 2013
US 2008285670 A1l 20 Nov 2008
US 8462643 B2 11 Jun 2013
US 2008267138 Al 30 Oct 2008
US 8483188 B2 09 Jul 2013
US 2005128953 A1 16 Jun 2005
US 8570988 B2 29 Oct 2013
US 2012140664 A1l 07 Jun 2012
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US 8711763 B2 29 Apr 2014
US 2012176928 Al 12 Jul 2012
US 8750151 B2 10 Jun 2014
US 2010208841 A1l 19 Aug 2010
US 8873365 B2 28 Oct 2014
US 2008285488 Al 20 Nov 2008
US 8913529 B2 16 Dec 2014
US 2006039275 Al 23 Feb 2006
US 8934329 B2 13 Jan 2015
US 2014348258 Al 27 Nov 2014
US 9013974 B2 21 Apr 2015
US 2010119001 A1 13 May 2010
US 9031097 B2 12 May 2015
US 2013235825 Al 12 Sep 2013
US 9048892 B2 02 Jun 2015
US 2013279614 A1l 24 Oct 2013
US 9154274 B2 06 Oct 2015
US 2008285669 A1 20 Nov 2008
US 9240871 B2 19 Jan 2016
US 2011235744 Al 29 Sep 2011
US 9312935 B2 12 Apr 2016
US 2004081131 A1l 29 Apr 2004
US 2015365147 A1l 17 Dec 2015
WO 2004038951 A2 06 May 2004
WO 2004038952 A2 06 May 2004
WO 2004038984 A2 06 May 2004
WO 2004038985 A2 06 May 2004
WO 2004038986 A2 06 May 2004
WO 2004038987 A2 06 May 2004
WO 2004038988 A2 06 May 2004
WO 2004038989 A2 06 May 2004
WO 2004039011 A2 06 May 2004
WO 2004039022 A2 06 May 2004
WO 2004039027 A2 06 May 2004
WO 2004064295 A2 29 Jul 2004
WO 2006081550 A2 03 Aug 2006
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US 2011/0003607 A1 06 January 2011 US 2011003607 Al 06 Jan 2011
AU 2005203336 Al 16 Feb 2006
AU 2005203336 B2 03 Mar 2011
AU 2008288890 A1l 26 Feb 2009
AU 2008288890 B2 14 Nov 2013
AU 2009202411 A1 08 Jul 2010
AU 2011323559 Al 06 Jun 2013
AU 2011323559 A2 13 Jun 2013
AU 2011323559 B2 26 May 2016
AU 2012308632 Al 27 Mar 2014
AU 2012308632 A2 31 Jul 2014
AU 2013256044 A1 27 Nov 2014
AU 2013262546 Al 20 Nov 2014
AU 2013327697 Al 09 Apr 2015
AU 2016219662 Al 15 Sep 2016
AU 2016219663 Al 15 Sep 2016
BR 112013010642 A2 09 Aug 2016
CA 2514383 Al 30 Jan 2006
CA 2539333 Al 20 Oct 2005
CA 2695799 Al 26 Feb 2009
CA 2816556 Al 10 May 2012
CA 2848355 Al 21 Mar 2013
CA 2856772 Al 30 Jan 2006
CA 2872502 Al 07 Nov 2013
CA 2873862 Al 21 Nov 2013
CA 2885817 Al 10 Apr 2014
CA 2937021 Al 26 Feb 2009
CN 1734972 A 15 Feb 2006
CN 1734972 B 25 Jan 2012
CN 101861718 A 13 Oct 2010
CN 101861718 B 09 Oct 2013
CN 103036839 A 10 Apr 2013
CN 103036839 B 30 Sep 2015
CN 103117975 A 22 May 2013
CN 103348608 A 09 Oct 2013
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CN 103501193 A 08 Jan 2014
CN 103797725 A 14 May 2014
CN 104322025 A 28 Jan 2015
CN 104603853 A 06 May 2015
EP 1622329 A1 01 Feb 2006
EP 1730867 A2 13 Dec 2006
EP 2183893 A1 12 May 2010
EP 2228959 A2 15 Sep 2010
EP 2256947 Al 01 Dec 2010
EP 2278764 A2 26 Jan 2011
EP 2636166 Al 11 Sep 2013
EP 2756608 A2 23 Jul 2014
EP 2845178 Al 11 Mar 2015
EP 2850796 Al 25 Mar 2015
EP 2904814 A1l 12 Aug 2015
HK 1087850 Al 05 Oct 2012
HK 1206503 Al 08 Jan 2016
HK 1209521 Al 01 Apr 2016
JP 2010537577 A 02 Dec 2010
JP 5449159 B2 19 Mar 2014
JP 2012151882 A 09 Aug 2012
JP 5613707 B2 29 Oct 2014
JP 2014222924 A 27 Nov 2014
JP 5777778 B2 09 Sep 2015
JP 2013543348 A 28 Nov 2013
JP 5957000 B2 27 Jul 2016
JP 2006081162 A 23 Mar 2006
JP 2007537623 A 20 Dec 2007
JP 2013251915 A 12 Dec 2013
JP 2014531813 A 27 Nov 2014
JP 2015111849 A 18 Jun 2015
JP 2015216699 A 03 Dec 2015
JP 2015519018 A 06 Jul 2015
JP 2015526917 A 10 Sep 2015
KR 20060048988 A 18 May 2006
KR 101170336 B1 02 Aug 2012
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KR 20150018900 A 24 Feb 2015
KR 101598324 B1 26 Feb 2016
KR 20100057071 A 28 May 2010
KR 20130141568 A 26 Dec 2013
KR 20140093928 A 29 Jul 2014
KR 20150016299 A 11 Feb 2015
KR 20150022843 A 04 Mar 2015
KR 20150136548 A 07 Dec 2015
MX 2013004913 A 29 Aug 2013
MX 2014002900 A 30 Apr 2014
MX 2014013377 A 03 Jun 2015
MX 2014013795 A 24 Feb 2015
MX 2015003992 A 08 Oct 2015
NZ 610463 A 28 Aug 2015
RU 2010110620 A 27 Sep 2011
RU 2013125496 A 10 Dec 2014
RU 2011131822 A 10 Feb 2013
RU 2011131821 A 10 Feb 2013
RU 2014114486 A 20 Oct 2015
RU 2014148791 A 27 Jun 2016
RU 2014151216 A 10 Jul 2016
SG 189554 Al 31 May 2013
SG 10201508965P A 27 Nov 2015
SG 102016019535 A 28 Apr 2016
SG 11201400621T A 28 Apr 2014
SG 11201407160Y A 27 Nov 2014
SG 11201407381V A 30 Dec 2014
TW 1372541 B 11 Sep 2012
TW 201225563 A 16 Jun 2012
TW 201328264 A 01 Jul 2013
TW 201407987 A 16 Feb 2014
TW 201409963 A 01 Mar 2014
TW 201427318 A 01 Jul 2014
US 2006023803 Al 02 Feb 2006
US 7418053 B2 26 Aug 2008
US 2008130790 A1 05 Jun 2008
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US 7599420 B2 06 Oct 2009
US 2008118004 A1 22 May 2008
US 7633994 B2 15 Dec 2009
US 2008080631 Al 03 Apr 2008
US 7636381 B2 22 Dec 2009
US 2007025464 Al 01 Feb 2007
US 7711030 B2 04 May 2010
US 2005220207 Al 06 Oct 2005
US 7885354 B2 08 Feb 2011
US 2009067402 A1l 12 Mar 2009
US 8160121 B2 17 Apr 2012
US 2011002371 A1 06 Jan 2011
US 8170081 B2 01 May 2012
US 2010172309 A1 08 Jul 2010
US 8428162 B2 23 Apr 2013
US 2011044193 Al 24 Feb 2011
US 8542763 B2 24 Sep 2013
US 2010316163 Al 16 Dec 2010
US 8571086 B2 29 Oct 2013
US 8654815 Bl 18 Feb 2014
US 2013034130 A1 07 Feb 2013
US 8971380 B2 03 Mar 2015
US 2013039168 A1l 14 Feb 2013
US 8989155 B2 24 Mar 2015
US 2012314570 A1 13 Dec 2012
US 9312929 B2 12 Apr 2016
US 2014016499 A1 16 Jan 2014
US 9369888 B2 14 Jun 2016
US 2014133435 Al 15 May 2014
US 9386465 B2 05 Jul 2016
US 2011002410 A1 06 Jan 2011
US 2011002411 Al 06 Jan 2011
US 2011003606 A1l 06 Jan 2011
US 2011003608 A1l 06 Jan 2011
US 2012087430 A1 12 Apr 2012
US 2012093078 Al 19 Apr 2012
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US 2012314649 A1 13 Dec 2012
US 2016255618 Al 01 Sep 2016
WO 2005099159 A2 20 Oct 2005
WO 2007047906 A2 26 Apr 2007
WO 2009026400 Al 26 Feb 2009
WO 2012061325 Al 10 May 2012
WO 2013040089 A2 21 Mar 2013
WO 2013166464 Al 07 Nov 2013
WO 2013173809 Al 21 Nov 2013
WO 2014055294 Al 10 Apr 2014
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US 2012/0062421 Al 15 March 2012 US 2012062421 Al 15 Mar 2012
US 9007263 B2 14 Apr 2015
CN 103210592 A 17 Jul 2013
CN 103210592 B 06 Apr 2016
EP 2614595 Al 17 Jul 2013
EP 2614595 B1 10 Feb 2016
JP 2013538530 A 10 Oct 2013
JP 5599948 B2 01 Oct 2014
KR 20130053447 A 23 May 2013
KR 101533163 B1 22 Jul 2015
WO 2012033937 Al 15 Mar 2012
US 2012/0300864 Al 29 November 2012 US 2012300864 Al 29 Nov 2012
WO 2012161722 Al 29 Nov 2012
US 2009/0274220 Al 05 November 2009 US 2009274220 Al 05 Nov 2009
US 8121207 B2 21 Feb 2012
CN 101449516 A 03 Jun 2009
CN 101449516 B 23 Nov 2011
EP 1994681 A2 26 Nov 2008
JP 2009530899 A 27 Aug 2009
JP 4891389 B2 07 Mar 2012
KR 20090003248 A 09 Jan 2009
KR 101071840 B1 11 Oct 2011
KR 20070094424 A 20 Sep 2007
KR 20070107573 A 07 Nov 2007
TW 200805966 A 16 Jan 2008
TW 1410098 B 21 Sep 2013
WO 2007108624 A2 27 Sep 2007
US 8020075 B2 13 September 2011 US 2008229177 Al 18 Sep 2008
US 8020075 B2 13 Sep 2011
US 2012120823 Al 17 May 2012
US 8429506 B2 23 Apr 2013
US 2013230006 A1l 05 Sep 2013
US 9131506 B2 08 Sep 2015
US 2016043788 Al 11 Feb 2016
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US 2013/0177092 Al 11 July 2013 US 2013177092 A1 11 Jul 2013
US 8913676 B2 16 Dec 2014
CN 103283195 A 04 Sep 2013
CN 103283195 B 29 Jun 2016
EP 2628282 Al 21 Aug 2013
EP 2628282 B1 11 May 2016
FR 2966308 Al 20 Apr 2012
WO 2012049436 Al 19 Apr 2012
US 2013/0329645 Al 12 December 2013 US 2013329645 Al 12 Dec 2013
US 8792834 B2 29 Jul 2014
CN 101517951 A 26 Aug 2009
CN 101517951 B 05 Dec 2012
EP 1906577 Al 02 Apr 2008
EP 2276191 A2 19 Jan 2011
JP 2010504712 A 12 Feb 2010
JP 5039139 B2 03 Oct 2012
JP 2012199966 A 18 Oct 2012
JP 5481523 B2 23 Apr 2014
JP 2014140182 A 31 Jul 2014
JP 5788038 B2 30 Sep 2015
JP 2016006984 A 14 Jan 2016
US 2010015923 Al 21 Jan 2010
US 8265566 B2 11 Sep 2012
US 2013010623 Al 10 Jan 2013
US 8538344 B2 17 Sep 2013
US 2014334324 Al 13 Nov 2014
US 9258728 B2 09 Feb 2016
US 2016127940 Al 05 May 2016
WO 2008037317 Al 03 Apr 2008
WO 2014/171551 Al 23 October 2014 WO 2014171551 Al 23 Oct 2014
US 2009/0016425 Al 15 January 2009 US 2009016425 Al 15 Jan 2009
US 8213368 B2 03 Jul 2012
CN 101689969 A 31 Mar 2010
CN 101689969 B 19 Aug 2015
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EP 2168286 Al 31 Mar 2010
EP 2168286 Bl 20 Apr 2016
EP 3035578 Al 22 Jun 2016
JP 2010533420 A 21 Oct 2010
JP 5066609 B2 07 Nov 2012
RU 2010105047 A 20 Aug 2011
WO 2009011652 Al 22 Jan 2009
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