wo 2014/194465 A1 | I 01N 0O OO O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/194465 A1l

11 December 2014 (11.12.2014) WIPO | PCT
(51) International Patent Classification: (72) Inventors; and
HO04L 27/26 (2006.01) (71) Applicants (for US only): XIAQO, Yue [CN/CN]; 1-D-2-
. e i 0823 Chengdian Huayuan, No.35 Taoyuan Street, Cheng-
(21) International Application Number: PCT/CN2013/07668 du, Sichuan 610051 (CN). ZHANG, Jian [CN/CN]; Mail-
box 615, Youyixi Road, Xi'an, Shaanxi 710072 (CN).
(22) International Filing Date: FANG, Jun [CN/CN]; 127 Youyi Xilu, Xi'an, Shaanxi
4 June 2013 (04.06.2013) 710072 (CN).

(25) Filing Language: English (74) Agent: BEIJING SANYOU INTELLECTUAL PROP-
L. . ERTY AGENCY LTD.; 16th Fl1, Block A, Corporate

(26) Publication Language: English Square, No.35 Jinrong Street, Beijing 100033 (CN).
(71) Applicant: EMPIRE  TECHNOLOGY DEVELOP- (81) Designated States (uniess otherwise indicated, for every

MENT LLC [US/US]; 2711 Centerville Road Suite 400,
Wilmington, Delaware 19808 (US).

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,

[Continued on next page]

(54) Title: SIGNAL PROCESSING IN WIRELESS COMMUNICATION SYSTEM

300 \

(57) Abstract: Embodiments of the present disclosure may generally

301
|~

divide response matrix into clusters,
where m=0

303

estimate data transmitted from a first set é
of transmit antennas through at least
two subcarrier associated with m/2 th
indexed cluster

305

modify receive vector based on data
estimated in step 303

l

estimate data transmitted from a second
set of transmit antennas through at leas}/|
two subcarrier associated with m/2 th
indexed cluster

madify receive vector based on data
estimated in step 307

307

Pt 309

FIG. 3A

relate to methods for processing a response matrix of a communication
system. One example method may comprise dividing the response mat-
rix into a plurality of clusters. The number of the clusters is associated
with the number of subcarriers of the communication system, and the
clusters are indexed in sequence as even-indexed clusters and odd-in-
dexed clusters. The method may further comprise estimating data trans-
mitted by a first set of transmit antennas of the communication system
through a first subcarrier and a second subcarrier of the subcarriers as-
sociated with a first even- indexed cluster. The method may further
comprise modifying a first receive vector of the communication system
based on the estimated data transmitted by the first set of transmit an-
tennas as a second receive vector of the communication system.
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SIGNAL PROCESSING IN WIRELESS COMMUNICATION SYSTEM
BACKGROUND OF THE DISCLOSURE

Orthogonal frequency division multiplexing (OFDM) is a method of encoding
digital data on multiple subcarrier frequencies. In OFDM, the subcarriers overlap
and orthogonal to each other. Synchronizations in frequency and time among
subcarriers are important to maintain the orthogonality. With the frequency
deviations, the subcarriers may not longer be orthogonal and thus an inter-carrier
interference occurs. Some equalization approaches were proposed to address the
inter-carrier interference issues, such as linear minimum mean-square-error or
minimum mean-square-error. However, those approaches have adoption issues on

a multiple-input multiple-output system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a structure of a response matrix of a communication system

when the subcarriers of the communication system are orthogonal to each other;

FIG. 2A shows a structure of a response matrix of a communication system
when some of the subcarriers of the communication system are no longer

orthogonal to each other;

FIG. 2B shows a structure of a m/2-th cluster of the response matrix shown in

FIG. 2A, wherein m is an even number;

FIG. 2C shows a structure of the m/2-th cluster shown in FIG. 2B after being

processed, wherein m is an even number;

FIGs. 3A-3B illustrate a flow chart of a method for processing a response

matrix of a communication system;

FIG. 4 shows a block diagram illustrating a computer program product that is

arranged for processing a response matrix of a communication system; and
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Fig. 5 shows a block diagram of an illustrative embodiment of a computing
device that is arranged for processing a response matrix of a communication system;

all arranged in accordance with some embodiments of the present disclosure.
SUMMARY

Some embodiments of the present disclosure may generally relate to
methods for processing a response matrix of a communication system. One
example method may comprise dividing the response matrix into a plurality of
clusters. The number of the clusters is associated with the number of subcarriers of
the communication system, and the clusters are indexed in sequence as even-
indexed clusters and odd-indexed clusters. The method may further comprise
estimating data transmitted by a first set of transmit antennas of the communication
system through a first subcarrier and a second subcarrier of the subcarriers
associated with a first even-indexed cluster. The method may further comprise
modifying a first receive vector of the communication system based on the estimated
data transmitted by the first set of transmit antennas as a second receive vector of

the communication system.

Additional embodiments of the present disclosure may generally relate to a
computer-readable medium containing instructions for processing a response matrix
of a communication system. One example computer-readable medium may contain
instructions, which when executed by a computing device, causes the computing
device to divide the response matrix into a plurality of clusters, wherein the number
of the clusters is associated with the number of subcarriers of the communication
system, and the clusters are indexed in sequence as even-indexed clusters and
odd-indexed clusters, estimate data transmitted by a first set of transmit antennas of
the communication system through a first subcarrier and a second subcarrier of the
subcarriers associated with a first even-indexed cluster; and modify a first receive
vector of the communication system based on the estimated data transmitted by the
first set of transmit antennas as a second receive vector of the communication

system.
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Other embodiments of the present disclosure may generally relate to a
computing device configured to process a response matrix of a communication
system. One example computing device includes a processing unit. The
processing unit is configured to divide the response matrix into a plurality of clusters
wherein the number of the clusters is associated with the number of subcarriers of
the communication system, and the clusters are indexed in sequence as even-
indexed clusters and odd-indexed clusters, estimate data transmitted by a first set of
transmit antennas of the communication system through a first subcarrier and a
second subcarrier of the subcarriers associated with a first even-indexed cluster,
and modify a first receive vector of the communication system based on the
estimated data transmitted by the first set of transmit antennas as a second receive

vector of the communication system.

The foregoing summary is illustrative only and is not intended to be in any
way limiting. In addition to the illustrative aspects, embodiments, and features
described above, further aspects, embodiments, and features will become apparent

by reference to the drawings and the following detailed description.
DETAILED DESCRIPTION

In the following detailed description, reference is made to the accompanying
drawings, which form a part hereof. In the drawings, similar symbols typically
identify similar components, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings, and claims are not
meant to be limiting. Other embodiments may be utilized, and other changes may
be made, without departing from the spirit or scope of the subject matter presented
here. It will be readily understood that the aspects of the present disclosure, as
generally described herein, and illustrated in the figures, can be arranged,
substituted, combined, and designed in a wide variety of different configurations, all

of which are explicitly contemplated and make part of this disclosure.

This disclosure is drawn, inter alia, to methods, apparatus, computer

programs, and systems of processing a response matrix of a communication system.
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In this disclosure, a wireless communication system may be a multiple input
and multiple output (MIMO) system. A MIMO system includes a transmitter with
multiple transmit antennas and a receiver with multiple receive antennas. In some
embodiments, OFDM is used in the MIMO system. The MIMO system may have Nr

5 receive antennas and Nt transmit antennas and Nr is not less than Nt. The

relationship between transmit signals and receive signals may be expressed as:
Y=HX+W (1)

where Y=[Y(0)', Y(1)",...Y(N-1)"] " is the receive vector of the MIMO system
which denotes receive data received on all subcarriers and from all receive
10  antennas, X=[X(0), X(1)",...X(N-1)"] " is the transmit vector of the MIMO system
which denotes transmit data transmitted on all subcarriers and by all transmit
antennas and N is the number of subcarriers in the MIMO system, W denotes the
additive white Gaussian noise, and H is the response matrix. Y(k)=[Y1(k),
Ya(k),...Yni(k)] T denotes receive data received on subcarrier k, and k is from 0 to (N-
15 1), X@=[Xa(i), X2(i),... Xni()] T denotes transmit data on subcarrier i, and i is from 0 to

(N-1). The response matrix H may be expressed as:

H(0,0) @Ol -  HON-1
H(1,0) HL) -  HLN-I

H(N-10) H(N-Ll) - H(N-LN-1)

HY (ki)  HY (ki) - H" (ki)
HZ,I . HZ,Z . . HZ,Nt .

where H(k,i)= :(k ! :(k ! . :(k’ ) (3)
HNr,l (k, l) HNV,Z (k, l) . HNV,NI (k, l)

represents a response of subcarriers from subcarrier / to subcarrier k.

20 FIG. 1 illustrates a structure of the response matrix H when the subcarriers of
a communication system are orthogonal to each other. The shaded region of FIG. 1
refers to non-zeros elements of the response matrix H. The blank region of FIG. 1

refers to zero elements of the response matrix H. The orthogonality makes the
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cross-talk between the subcarriers is eliminated and there is no inter-carrier
interference. Therefore, as shown FIG. 1, there is no inter-carrier interference from

other subcarriers for any H(k,j).

FIG. 2A illustrates a structure of the response matrix H when some of the
subcarriers of a communication system are no longer orthogonal to each other. The
shaded region of FIG. 2A refers to non-zeros elements of the response matrix H.
The blank region of FIG. 2A refers to zero elements of the response matrix H. Any
of H(k,i) in FIG. 2A, where k and i are integers and both from 0 to (N-1), has Nt
columns and Nr rows. In the Nt transmit antennas, R transmit antennas are moving
toward to or away from Nr receive antennas and the rest (Nt-R) transmit antennas
are relatively still relative to the Nr receive antennas while the data is transmitting.

In some embodiments, the Doppler effect caused by the R transmit antennas may
affect the orthogonality between the subcarriers and makes the data detection of the
communication system more complicated. The response matrix H may be divided
into a plurality of clusters for further processing to minimize the inter-carrier
interference. The clusters may be indexed as even-indexed clusters and odd-
indexed clusters in sequence along the main diagonal of the response matrix H as
shown in FIG. 2A. In some embodiments, a cluster may include four H(k,i)s. The
subcarriers associated with a first cluster may not be overlapped by the subcarriers

associated with a second cluster.

FIG. 2B illustrates a structure of a m/2-th cluster of the response matrix H
shown in FIG. 2A, wherein m is an even number. In some embodiments, m is an
integer and from O to (N-1). For the m/2-th cluster, the equivalent subcarriers are (m,
m+1). FIG. 2C illustrates a structure of a processed m-th cluster and will be further

discussed below.

FIGs. 3A-3B illustrate a flow chart of an illustrative embodiment of a method
300 for processing a response matrix (e.g., the response matrix H set forth above) of
a communication system. In block 301, the response matrix is divided into a
plurality of clusters. In some embodiments, the number of the clusters is associated
with the number of subcarriers of the communication system, the maximum Doppler

frequency, and the sampling rate. For example, the number of the clusters may be
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N/ (fsNT_s)+13, where N is the number of subcarriers, fq is the maximum Doppler
frequency , T_s is the sampling rate and {.] means Cedling funchtion. In some
example communication systems, { (f4qNT_s)+11is 2. The clusters may be indexed
in sequence as even-indexed clusters and odd-indexed clusters. In some

embodiments, the first cluster is indexed as zero.

For the m-th cluster, the relationship between the receiver and the transmitter

of the communication system may be expressed as:

Y(m) | | H(m,m) H(m,m+1) X (m) . W (m)
Yon+ D) | | Hm+1,m) Hm+Lm+1)|| X(m+1)| | W(@m+1)

Iet?:|: Y(m) :| ,

Y(m+1)

- H(m,m) H(m,m+1)
- H(m+1,m) Hm+1,m+1)|

— [ X(m) |
X = and
| X(m+1) |
— | w ]
W = (m) , equation (4) may be rewritten as:
| W(m+1) |
Y=H X+W (5)

Detecting data in even-indexed clusters

The method 300 continues in block 303. In block 303, the data transmitted
from a first set of moving transmit antennas through two subcarriers (e.g., first
subcarrier and second subcarrier) associated with the current cluster (e.g., first
even-indexed cluster) is estimated. In some embodiments, the first set of moving

transmit antennas contributes the Doppler effect in the communication system.
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In some embodiments, the data transmitted from the first set of moving
transmit antennas through the two subcarriers (e.g., first subcarrier and second

subcarrier) is estimated by linear minimum mean-square-error equalization:

X(1:R)=(H(,1: R)(HA" +°1,,)"'Y ,

X(1+N,:R+N)=(HGI1+N,:R+N,)" (HA" + 071, )'Y (6)

where )?(1 :R)and 5((1+N, : R+ N,) denote the estimated data transmitted
from antenna 1 to antenna R of the two subcarriers (e.g., first subcarrier and second
subcarrier) associated with the current cluster (e.g., first even-indexed cluster),

respectively, H(:,a : B)is the sub-matrix of H from column ato g, ois the power

of W and I is an identity matrix with dimension of 2N;.

The method 300 continues in block 305. In block 305, the receive vector Y is
modified based on the X(1:R)and 5((1+Nt :R+N,) estimated in equation (6). In

some embodiments, the receive vector Y is modified to remove elements associated
with the transmit antenna 1 to transmit antenna R in order to cancel the inter-

channel interference. The receive vector Y may be modified as:
Y=Y-H(,1:RX(1:R)-H(,1+N,: R+ N)X(1+N, : R+N,) (7)

After the receive vector Y is modified, setting non-zeros elements associated

with the antenna 1 to antenna R in H as zeros. In some embodiments, the structure
of H is illustrated in FIG. 2C. In FIG. 2C, HCJ1:R)=0and H(:,N,+1: N, +R)=0.

As shown in FIG. 2C, H(m,m) and H(m+1,m+1) are separated by zero elements and
thus there is no inter-channel interference between the subcarrier m and the

subcarrier (m+1).

The method continues in block 307. In block 307, the data transmitted from a
second set of transmit antennas through the two subcarriers (e.g., first subcarrier
and second subcarrier) associated with the current cluster (e.g., first even-indexed

cluster) is estimated based on the receive vector modified in block 305. The second
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set of transmit antenna is relatively still with respect to the receiver of the

communication system while the data is transmitting.

Let ﬁzﬁ(l:Nr,RJrl:Nt), H=H(N, +1:2N,,N +R+1:2N,), where

H(a:b,c:d)is the submatrix of I from row a to b, and from column c to d,
then,
X(R+1:N)=(I"H+0°1, ) 'H"Y(1:N,) (8)
X(N,+R+1:2N)=(H"H+01, )"H"Y(N, +1:2N,) (9)

The method 300 goes back to block 303 and with m being set to (m+4), so
that the method 300 may include (a) estimating the data transmitted from the first set
of moving transmit antennas through another two subcarriers (e.g., third subcarrier
and fourth subcarrier) associated with another even-indexed cluster (e.g., second
even-indexed cluster); (b) modifying the receive vector Y based on the data
estimated in (a); (c) estimating the data transmitted from the second set of transmit
antennas through the two subcarriers (e.g., third subcarrier and fourth subcarrier)
associated with the current cluster (e.g., second even-indexed cluster) based on the

receive vector Y modified in (b); The method 300 continues until m=N.
Detecting data in odd-indexed clusters

When m=N, the method 300 sets m as 2 and continues in block 311 in FIG.
3B. In block 311, the data transmitted from the first set of moving transmit antennas
through another two subcarriers (e.g., fifth subcarrier and sixth subcarrier)
associated with an odd-indexed cluster (e.g., first odd-indexed cluster) is estimated.
In some embodiments, the first set of moving transmit antennas contributes the

Doppler effect in the communication system.

In some embodiments, the data transmitted from the first set of moving
transmit antennas through the two subcarriers (e.g., fifth subcarrier and sixth
subcarrier) associated with the current cluster (e.g., first odd-indexed cluster) is

estimated by linear minimum mean-square-error equalization:
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X(1:R)=(H(,1: R)"(HH" +5°1,,,)"'Y
X(1+N,:R+N)=(HG1+N, :R+ N, (HA" + 71, )'Y (11)

where X(1:R)and X(I + N, : R+ N,)denote the estimated data transmitted

from antenna 1 to antenna R through the two subcarriers (e.g., fifth subcarrier and
sixth subcarrier) in the current cluster (e.g., first odd-indexed cluster), respectively,
H(:,a: f)is the sub-matrix of 77 from column ato B, o’ is the power of 7 and I is

an identity matrix with dimension of 2N..

The method 300 continues in block 313. In block 313, the receive vector Y is
modified based on the X, (i) estimated in equation (11). In some embodiments, the

receive vector Y is modified to remove elements associated with the transmit
antenna 1 to transmit antenna R in order to cancel the inter-channel interference.

The receive vector Y may be modified as:
Y=Y-H(1:RX(1:R)-H(,1+ N, :R+ N)X(1+N,:R+N,) (12)

After the receive vector Y is modified, setting non-zeros elements associated
with the antenna 1 to antenna Rin A as zeros. In some embodiments, the

structure of H is illustrated in FIG. 2C. In FIG. 2C, I (;,l: R)=0 and

H(G,N, +1:N,+R)=0.

The method continues in block 315. In block 315, the data transmitted from
the second set of transmit antennas through the two subcarriers (e.g., fifth subcarrier
and sixth subcarrier) associated with the current cluster (e.g., first odd-indexed
cluster) is estimated based on the receive vector Y modified in block 313. The
second set of transmit antenna is relatively still with respect to the receiver of the

communication system while the data is transmitting.
Let H=H(1:N,,R+1:N,), H=H(N, +1:2N,,N +R+1:2N,)

then,
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X(R+1:N)=(H"H+0°1, ) 'H"Y(1:N,) (13)
X(N,+R+1:2N)=(H"H +0°I, ) 'H"Y(N, +1:2N,) (14)

The method 300 goes back to block 311 with m being set to (m+4), so that
the method 300 may include (a) estimating the data transmitted from the first set of
moving transmit antennas through another two subcarriers (e.g., seventh subcarrier
and eighth subcarrier) associated with another odd-indexed cluster (e.g., second
odd-indexed cluster); (b) modifying the receive vector Y based on the data estimated
in (a); and (c) estimating the data transmitted from the second set of transmit
antennas through the two subcarriers (e.g., seventh subcarrier and eighth subcarrier)
associated with the current cluster (e.g., second odd-indexed) based on the receive

vector Y modified in (b). The method 300 continues until m>N.

FIG. 4 shows a block diagram illustrating a computer program product that is
arranged for processing a response matrix of a communication system. The
computer program product 400 may include a signal bearing medium 404, which
may include one or more sets of executable instructions 402 that, when executed by,
for example, a processor of a computing device, may provide at least the

functionality described above and illustrated in FIGs. 3A-3B.

In some implementations, the signal bearing medium 404 may encompass a
non-transitory computer readable medium 408, such as, but not limited to, a hard
disk drive, a Compact Disc (CD), a Digital Versatile Disk (DVD), a digital tape,
memory, etc. In some implementations, the signal bearing medium 404 may
encompass a recordable medium 410, such as, but not limited to, memory,
read/write (R/W) CDs, R/W DVDs, etc. In some implementations, the signal bearing
medium 404 may encompass a communications medium 406, such as, but not
limited to, a digital and/or an analog communication medium (e.g., a fiber optic cable,
a waveguide, a wired communications link, a wireless communication link, etc.) The
computer program product 400 may also be recorded in the non-transitory computer

readable medium 408 or another similar recordable medium 410.

10
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FIG. 5 shows a block diagram of an illustrative embodiment of a computing
device that is arranged for processing a response matrix of a communication system.
In a very basic configuration 501, computing device 500 typically includes one or
more processors 510 and a system memory 520. A memory bus 530 may be used

for communicating between processor 510 and system memory 520.

Depending on the desired configuration, processor 510 may be of any type
including but not limited to a microprocessor (uP), a microcontroller (uC), a digital
signal processor (DSP), or any combination thereof. Processor 510 may include
one more levels of caching, such as a level one cache 511 and a level two cache
512, a processor core 513, and registers 514. An example processor core 513 may
include an arithmetic logic unit (ALU), a floating point unit (FPU), a digital signal
processing core (DSP Core), or any combination thereof. An example memory
controller 515 may also be used with processor 510, or in some implementations

memory controller 515 may be an internal part of processor 510.

Depending on the desired configuration, system memory 520 may be of any
type including but not limited to volatile memory (such as RAM), non-volatile
memory (such as ROM, flash memory, etc.) or any combination thereof. System
memory 520 may include an operating system 521, one or more applications 522,
and program data 524. In some embodiments, application 522 may include a matrix
processing algorithm 523 that is arranged to perform the functions as described
herein including those described with respect to the blocks 301, 303, 305, 307, 309,
311, 313 and 315 of the method 300 of FIGs. 3A and 3B. Program data 524 may
include communication system data 525 that may be useful for the operation of
matrix processing algorithm 523 as described herein. In some embodiments, the
communication system data 525 may include, without limitation, a response matrix
and a receive vector of the communication system. |n some embodiments,
application 522 may be arranged to operate with program data 524 on operating
system 521, such that implementations of processing the response matrix may be
provided as described herein. This described basic configuration 501 is illustrated in

FIG. 5 by those components within the inner dashed line.

11
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Computing device 500 may have additional features or functionality, and
additional interfaces to facilitate communications between basic configuration 501
and any required devices and interfaces. For example, a bus/interface controller
540 may be used to facilitate communications between basic configuration 501 and
one or more data storage devices 550 via a storage interface bus 541. Data storage
devices 550 may be removable storage devices 551, non-removable storage
devices 552, or a combination thereof. Examples of removable storage and non-
removable storage devices include magnetic disk devices such as flexible disk
drives and hard-disk drives (HDD), optical disk drives such as compact disk (CD)
drives or digital versatile disk (DVD) drives, solid state drives (SSD), and tape drives
to name a few. Example computer storage media may include volatile and
nonvolatile, removable and non-removable media implemented in any method or
technology for storage of information, such as computer readable instructions, data

structures, program modules, or other data.

System memory 520, removable storage devices 551 and non-removable
storage devices 552 are examples of computer storage media. Computer storage
media includes, but is not limited to, RAM, ROM, EEPROM, flash memory or other
memory technology, CD-ROM, digital versatile disks (DVD) or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which may be used to store the desired information
and which may be accessed by computing device 500. Any such computer storage

media may be part of computing device 500.

Computing device 500 may also include an interface bus 542 for facilitating
communication from various interface devices (e.g., output devices 560, peripheral
interfaces 570, and communication devices 580) to basic configuration 501 via
bus/interface controller 540. Example output devices 560 include a graphics
processing unit 561 and an audio processing unit 562, which may be configured to
communicate to various external devices such as a display or speakers via one or
more A/V ports 563. Example peripheral interfaces 570 include a serial interface
controller 571 or a parallel interface controller 572, which may be configured to
communicate with external devices such as input devices (e.g., keyboard, mouse,

pen, voice input device, touch input device, etc.) or other peripheral devices (e.g.,

12
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printer, scanner, etc.) via one or more I/O ports 573. An example communication
device 580 includes a network controller 581, which may be arranged to facilitate
communications with one or more other computing devices 590 over a network
communication link via one or more communication ports 582. In some
embodiments, the other computing devices 590 may include other applications,

which may be operated based on the results of the application 522.

The network communication link may be one example of a communication
media. Communication media may typically be embodied by computer readable
instructions, data structures, program modules, or other data in a modulated data
signal, such as a carrier wave or other transport mechanism, and may include any
information delivery media. By way of example, and not limitation, communication
media may include wired media such as a wired network or direct-wired connection,
and wireless media such as acoustic, radio frequency (RF), microwave, infrared (IR)
and other wireless media. The term computer readable media as used herein may

include both storage media and communication media.

Computing device 500 may be implemented as a portion of a small-form
factor portable (or mobile) electronic device such as a cell phone, a personal data
assistant (PDA), a personal media player device, a wireless web-watch device, a
personal headset device, an application specific device, or a hybrid device that
include any of the above functions. Computing device 400 may also be
implemented as a personal computer including both laptop computer and non-laptop

computer configurations.

There is little distinction left between hardware and software implementations
of aspects of systems; the use of hardware or software is generally (but not always,
in that in certain contexts the choice between hardware and software can become
significant) a design choice representing cost versus efficiency tradeoffs. There are
various vehicles by which processes and/or systems and/or other technologies
described herein can be effected (e.g., hardware, software, and/or firmware), and
that the preferred vehicle will vary with the context in which the processes and/or
systems and/or other technologies are deployed. For example, if an implementer

determines that speed and accuracy are paramount, the implementer may opt for a
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mainly hardware and/or firmware vehicle; if flexibility is paramount, the implementer
may opt for a mainly software implementation; or, yet again alternatively, the

implementer may opt for some combination of hardware, software, and/or firmware.

The foregoing detailed description has set forth various embodiments of the
devices and/or processes via the use of block diagrams, flowcharts, and/or
examples. Insofar as such block diagrams, flowcharts, and/or examples contain one
or more functions and/or operations, it will be understood by those within the art that
each function and/or operation within such block diagrams, flowcharts, or examples
can be implemented, individually and/or collectively, by a wide range of hardware,
software, firmware, or virtually any combination thereof. In one embodiment, several
portions of the subject matter described herein may be implemented via Application
Specific Integrated Circuits (ASICs), Field Programmable Gate Arrays (FPGAS),
digital signal processors (DSPs), or other integrated formats. However, those skilled
in the art will recognize that some aspects of the embodiments disclosed herein, in
whole or in part, can be equivalently implemented in integrated circuits, as one or
more computer programs running on one or more computers (e.g., as one or more
programs running on one or more computer systems), as one or more programs
running on one or more processors (e.g., as one or more programs running on one
or more microprocessors), as firmware, or as virtually any combination thereof, and
that designing the circuitry and/or writing the code for the software and or firmware
would be well within the skill of one of skill in the art in light of this disclosure. In
addition, those skilled in the art will appreciate that the mechanisms of the subject
matter described herein are capable of being distributed as a program product in a
variety of forms, and that an illustrative embodiment of the subject matter described
herein applies regardless of the particular type of signal bearing medium used to
actually carry out the distribution. Examples of a signal bearing medium include, but
are not limited to, the following: a recordable type medium such as a floppy disk, a
hard disk drive, a Compact Disc (CD), a Digital Versatile Disk (DVD), a digital tape,
a computer memory, etc.; and a transmission type medium such as a digital and/or
an analog communication medium (e.g., a fiber optic cable, a waveguide, a wired

communications link, a wireless communication link, etc.).
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Those skilled in the art will recognize that it is common within the art to
describe devices and/or processes in the fashion set forth herein, and thereafter use
engineering practices to integrate such described devices and/or processes into
data processing systems. That is, at least a portion of the devices and/or processes
described herein can be integrated into a data processing system via a reasonable
amount of experimentation. Those having skill in the art will recognize that a typical
data processing system generally includes one or more of a system unit housing, a
video display device, a memory such as volatile and non-volatile memory,
processors such as microprocessors and digital signal processors, computational
entities such as operating systems, drivers, graphical user interfaces, and
applications programs, one or more interaction devices, such as a touch pad or
screen, and/or control systems including feedback loops and control motors (e.g.,
feedback for sensing position and/or velocity; control motors for moving and/or
adjusting components and/or quantities). A typical data processing system may be
implemented utilizing any suitable commercially available components, such as
those typically found in data computing/communication and/or network

computing/communication systems.

The herein described subject matter sometimes illustrates different
components contained within, or connected with, different other components. It is to
be understood that such depicted architectures are merely exemplary, and that in
fact many other architectures can be implemented which achieve the same
functionality. In a conceptual sense, any arrangement of components to achieve the
same functionality is effectively "associated” such that the desired functionality is
achieved. Hence, any two components herein combined to achieve a particular
functionality can be seen as "associated with" each other such that the desired
functionality is achieved, irrespective of architectures or intermedial
components. Likewise, any two components so associated can also be viewed as
being "operably connected", or "operably coupled”, to each other to achieve the
desired functionality, and any two components capable of being so associated can
also be viewed as being "operably couplable”, to each other to achieve the desired
functionality. Specific examples of operably couplable include but are not limited to

physically mateable and/or physically interacting components and/or wirelessly
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interactable and/or wirelessly interacting components and/or logically interacting

and/or logically interactable components.

With respect to the use of substantially any plural and/or singular terms herein,
those having skill in the art can translate from the plural to the singular and/or from
the singular to the plural as is appropriate to the context and/or application. The
various singular/plural permutations may be expressly set forth herein for sake of

clarity.

It will be understood by those within the art that, in general, terms used herein,
and especially in the appended claims (e.g., bodies of the appended claims) are
generally intended as "open” terms (e.g., the term "including” should be interpreted
as "including but not limited to," the term "having" should be interpreted as "having
at least,"” the term "includes"” should be interpreted as "includes but is not limited to,"
etc.). It will be further understood by those within the art that if a specific number of
an introduced claim recitation is intended, such an intent will be explicitly recited in
the claim, and in the absence of such recitation no such intent is present. For
example, as an aid to understanding, the following appended claims may contain
usage of the introductory phrases "at least one" and "one or more" to introduce

claim recitations. However, the use of such phrases should not be construed to

imply that the introduction of a claim recitation by the indefinite articles "a" or "an"
limits any particular claim containing such introduced claim recitation to disclosures
containing only one such recitation, even when the same claim includes the
introductory phrases "one or more" or "at least one" and indefinite articles such as
"a" or "an" (e.g., "a" and/or "an" should typically be interpreted to mean "at least one"
or "one or more"); the same holds true for the use of definite articles used to
introduce claim recitations. In addition, even if a specific number of an introduced
claim recitation is explicitly recited, those skilled in the art will recognize that such
recitation should typically be interpreted to mean at least the recited number (e.g.,
the bare recitation of "two recitations,” without other modifiers, typically means at
least two recitations, or two or more recitations). Furthermore, in those instances
where a convention analogous to "at least one of A, B, and C, etc." is used, in
general such a construction is intended in the sense one having skill in the art would

understand the convention (e.g., "a system having at least one of A, B, and C" would
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include but not be limited to systems that have A alone, B alone, C alone, A and B
together, A and C together, B and C together, and/or A, B, and C together, etc.). In
those instances where a convention analogous to "at least one of A, B, or C, etc." is
used, in general such a construction is intended in the sense one having skill in the
art would understand the convention (e.g., "a system having at least one of A, B, or
C" would include but not be limited to systems that have A alone, B alone, C alone,
A and B together, A and C together, B and C together, and/or A, B, and C together,
etc.). It will be further understood by those within the art that virtually any disjunctive
word and/or phrase presenting two or more alternative terms, whether in the
description, claims, or drawings, should be understood to contemplate the
possibilities of including one of the terms, either of the terms, or both terms. For
example, the phrase "A or B" will be understood to include the possibilities of "A" or
"B" or"A and B."

While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various
aspects and embodiments disclosed herein are for purposes of illustration and are
not intended to be limiting, with the true scope and spirit being indicated by the

following claims.
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We Claim

1.

A method for processing a response matrix of a communication system,

comprising:

dividing the response matrix into a plurality of clusters, wherein the number of
the clusters is associated with the number of subcarriers of the
communication system, and the clusters are indexed in sequence as
even-indexed clusters and odd-indexed clusters;

estimating data transmitted by a first set of transmit antennas of the
communication system through a first subcarrier and a second subcarrier
of the subcarriers associated with a first even-indexed cluster; and

modifying a first receive vector of the communication system based on the
estimated data transmitted by the first set of transmit antennas as a

second receive vector of the communication system.

The method of claim 1, wherein the number of the clusters is associated with
the number of the subcarriers and the maximum Doppler frequency in the

communication system.

The method of claim 1, wherein the number of the clusters is half of the number

of the subcarriers of the communication system.

The method of claim 1, wherein the first set of transmit antennas are moving
relatively to one or more receive antennas of the communication system when

the first set of transmit antennas transmits data.

The method of claim 1, wherein the first set of transmit antennas are associated

with a Doppler effect in the communication system.

The method of claim 1, further comprising estimating data transmitted by a
second set of transmit antennas of the communication system through the first
subcarrier and the second subcarrier of the subcarriers based on the second

receive vector.
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10.

11.

12.

The method of claim 6, wherein the second set of transmit antennas are
relatively still with respect to one or more receive antennas of the
communication system when the second set of transmit antennas transmits

data.

The method of claim 6, further comprising modifying the second receive vector
based on the estimated data transmitted by the second set of transmit antennas
of the communication system through the first subcarrier and the second

subcarrier of the subcarriers as a third receive vector of the communication

system.

The method of claim 8, further comprising estimating data transmitted from the
first set of moving transmit antennas through a third subcarrier and a fourth

subcarrier of the subcarriers associated with a second even-indexed cluster.

The method of claim 9, further comprising modifying the third receive vector
based on the estimated data transmitted from the first set of moving transmit
antennas through the third subcarrier and the fourth subcarrier as a fourth
receive vector of the communication system and estimating data transmitted
from the second set of transmit antennas through the third subcarrier and the

fourth subcarrier based on the fourth receive vector.

The method of claim 10, further comprising estimating data transmitted by the
first set of transmit antennas of the communication system through a fifth
subcarrier and a sixth subcarrier of the subcarriers associated with a first odd-

indexed cluster.

A computing device configured to process a response matrix of a
communication system, comprising:
a processing unit configured to

divide the response matrix into a plurality of clusters; wherein the number of

the clusters is associated with the number of subcarriers of the
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13.

14.

15.

16.

17.

communication system and the clusters are indexed in sequence as even-
indexed clusters and odd-indexed clusters;

estimate data transmitted by a first set of transmit antennas of the
communication system through a first subcarrier and a second subcarrier
of the subcarriers associated with a first even-indexed cluster; and

modify a first receive vector of the communication system based on the
estimated data transmitted by the first set of transmit antennas as a

second receive vector of the communication system.

The computing device of claim 12, wherein the number of the clusters is
associated with the number of the subcarriers and the maximum Doppler

frequency in the communication system.

The computing device of claim 12, wherein the number of the clusters is half of

the number of the subcarriers of the communication system.

The computing device of claim 12, wherein the processing unit is further
configured to estimate data transmitted by a second set of transmit antennas of
the communication system through the first subcarrier and the second

subcarrier of the subcarriers based on the second receive vector.

The computing device of claim 15, wherein the processing unit is further
configured to modify the second receive vector based on the estimated data
transmitted by the second set of transmit antennas of the communication
system through the first subcarrier and the second subcarrier of the subcarriers

as a third receive vector of the communication system.

The computing device of claim 16, wherein the processing unit is further
configured to estimate data transmitted from the first set of moving transmit
antennas through a third subcarrier and a fourth subcarrier of the subcarriers

associated with a second even-indexed cluster.
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18.

19.

20.

The computing device of claim 17, wherein the processing unit is further
configured to modify the third receive vector based on the estimated data
transmitted from the first set of moving transmit antennas through the third
subcarrier and the fourth subcarrier as a fourth receive vector of the
communication system and estimate data transmitted from the second set of
transmit antennas through the third subcarrier and the fourth subcarrier based

on the fourth receive vector.

The computing device of claim 18, wherein the processing unit is further
configured to estimate data transmitted by the first set of transmit antennas of
the communication system through a fifth subcarrier and a sixth subcarrier of

the subcarriers associated with a first odd-indexed cluster.

A non-transitory computer-readable storage medium encoded with computer-

executable instructions for processing a response matrix of a communication

system, which when executed by a computing device, causes the computing

device to:

divide the response matrix into a plurality of clusters; wherein the number of the
clusters is associated with the number of subcarriers of the
communication system and the clusters are indexed in sequence as even-
indexed clusters and odd-indexed clusters;

estimate data transmitted by a first set of transmit antennas of the
communication system through a first subcarrier and a second subcarrier
of the subcarriers associated with a first even-indexed cluster; and

modify a first receive vector of the communication system based on the
estimated data transmitted by the first set of transmit antennas as a

second receive vector of the communication system.
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400 A computer program product

404 A signal bearing medium

402 at least one of

one or more instructions for dividing a response matrix of a
communication system into a plurality of clusters, wherein the
number of the clusters is associated with the number of subcarriers
of the communication system, and the clusters are indexed in
sequence as odd-indexed clusters and even-indexed clusters;

onhe or more instructions for estimating data transmitted by a first set
of transmit antennas of the communication system through a first
subcarrier and a second subcarrier of the subcarriers associated
with a first odd-indexed cluster; and/or

one or more instructions for modifying a first receive vector of the
communication system based on the estimated data transmitted by
the first set of transmit antennas as a second receive vector of the
communication system

408 a non-transitory
computer readable medium

406 a communication
medium

410 a recordable
medium
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