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1
STRUCTURED SPACE-TIME CODE
ACHIEVING THE FULL DIVERSITY AND
FULL RATE AND GENERATING METHOD
THEREOF, AND MULTI-INPUT
MULTI-OUTPUT SYSTEM

TECHNICAL FIELD

The present invention relates to a multi-input multi-output
(MIMO) system, and particularly to a structured space-time
code designed to simultaneously achieve full diversity even
under full spatial multiplexing rate by using multiples anten-
nas at both the transmitter and receiver sides, and a method for
generating the same, and a MIMO system capable of enhanc-
ing reliability and/or increasing the transmission capacity by
using the space-time code in a wireless communication envi-
ronment.

BACKGROUND ART

Recently, the generalization of telecommunication ser-
vices, and the emergence of various multimedia and high-
quality services have resulted in the increase of demands to
communication services. To actively copy with these trends,
the capacity of a communication system should be increased
in a wireless communication environment rather than in a
wired communication environment. This is because in the
wireless environment, available frequency spectrum is
extremely limited and should be shared, and the need for
wireless communication services gets increasing fastly by its
inherent unthetheredness.

The capacity of wireless communication systems can be
increased by allocating a greater bandwidth and enhancing
the efficiency of a given radio resource.

Various methods to increase the efficiency of the given
radio resource have been developed, Among them, a space-
time coding method has attracted considerable attention in
the wireless communication environment since it can
improve the reliability of data transmission in a wireless
communication system by using additionally the spatial
dimension for resource utilization without bandwidth expan-
sion and/or increase transmission capacity through parallel
transmission using spatial multiplexing.

In a like manner, transmission capacity of wireless com-
munication systems may be remarkably increased by
employing MIMO techniques.

A space-time block coding method proposed by Alamouti
(entitled “A simple transmit diversity technique for wireless
communications”, IEEE JSAC, vol. 16, no. 8, October 1998)
is a representative transmit diversity technique that over-
comes multipath fading over wireless channels by using mul-
tiple antennas both at the transmitter and receiver. The above
space-time block coding method uses only two transmit
antennas and can achieve the full diversity by providing the
diversity order corresponding to a product of the number of
transmit antennas and the number of receive antennas. How-
ever, the above methods can transmit only two data symbols
during two time slots through two transmit antennas, thus
resulting in a transmission rate of 1, and no spatial multiplex-
ing gain is achieved irrespective of the number of receive
antennas. Furthermore, this method cannot be applied to the
case of more than three transmit antennas.

Bell Lab’s V-BLAST (Vertical Bell Laboratories Layered
Space-Time) system (entitled “Detection algorithm and ini-
tial laboratory results using V-BLAST space-time communi-
cation architecture”, IEEE, Vol. 35, No. 1, pp. 14-16, 1999) is
a representative method for achieving a spatial multiplexing
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gain. In the V-BLAST system, each transmit antenna trans-
mits a different signal with the same transmission power and
data rate, and a receiver performs the three consecutive pro-
cesses of detection ordering, interference nulling, and inter-
ference cancellation to remove undesired interference sig-
nals, thereby to increase a signal-to-noise ratio (SNR) when
the receiver detects the transmitted signal. In the V-BLAST
system, the full spatial multiplexing gain is maintained since
independent data signals corresponding to the number of
transmit antennas can be simultaneously transmitted if the
number of transmit antennas is equal to or greater than the
number of receive antennas. However, this method requires
the number of receive antennas to be equal to or greater than
the number of transmit antennas and achieves the full multi-
plexing gain with no diversity gain. Moreover, once a data
symbol is restored with error, the erroneous data is propa-
gated to the following signal detection processes thereby
resulting in severe performance degradation.

Meanwhile, a tilted Quadrature Amplitude Modulation
(QAM) code proposed by Yao and Wornell (entitled “Struc-
tured space-time block codes with optimal diversity-multi-
plexing tradeoff and minimum delay.” Globecom, pp. 1941-
1945, 2003) is a space-time code for providing full diversity
and full rate (FDFR) that achieves an optimal diversity-mul-
tiplexing tradeoff proposed by Zhang and Tse. The tilted
QAM code is a short space-time block code with code length
of two for a system with two transmit antennas and two
receive antennas, and the rotation of QAM constellations is
used to obtain the full diversity gain while preserving the full
multiplexing gain. However, this algorithm cannot obtain a
full coding gain because it uses simple rotation of a signal,
and may be exploited only with a two transmit antenna and
two receive antenna system. The information disclosed in this
Background of the Invention section is only for enhancement
of understanding of the background of the invention, and
therefore, unless explicitly described to the contrary, it should
not be taken as an acknowledgement or any form of sugges-
tion that this information forms the prior art that is already
known in this country to a person of ordinary skill in the art.

DISCLOSURE

Technical Problem

The present invention has been made in an effort to provide
a structured space-time code and a method for generating the
structured space-time code, and a multi-input multi-output
system having advantages of achieving full diversity and full
rate (FDFR) transmissions using the space-time code.

Technical Solution

In one aspect of the present invention, a space-time code is
used for a transmitter to transmit a plurality of data symbols
from a transmitter to a receiver in a multi-input multi-output
(MIMO) system having multiple transmit antennas and mul-
tiple receive antennas. The space-time code includes a square
code word matrix for transmitting an amount of data symbols
corresponding to a product of the number of transmit anten-
nas and a spatial multiplexing rate during one code block
period, a row index of the code word matrix indicating com-
bined signals transmitted through different transmit antennas
and a column index of the code word matrix indicating time
slots.

In a code block, an average number of data symbols allo-
cated to each transmit antenna at every time slot is equal to the
spatial multiplexing rate and at every time slot, the data sym-



US 7,903,753 B2

3

bols allocated for each transmit antenna are combined
together and simultaneously transmitted through the corre-
sponding transmit antenna, and each transmit antenna trans-
mits a different set of data symbols from atime slot to another.

In addition, when setting a code word matrix to transmit a
plurality of data symbols that correspond to a product of the
number of transmit antennas and the spatial multiplexing rate
during one code block period, every data symbols to be trans-
mitted in the code block period is allocated at least once to all
fransmit antennas.

When the average number of data symbols that corre-
sponds to the spatial multiplexing rate is allocated to each
transmit antenna at every time slot of the code word matrix,
different sets of data symbols are allocated to the respective
transmit antennas for transmission.

When the data symbols allocated to each transmit antenna
are combined together and simultaneously transmitted
through the corresponding transmit antenna, the data symbols
allocated to each transmit antenna are combined together
with a set of combining coefficients from a transmit antenna
to another.

In addition, the code word matrix is determined to control
the time slot when allocating a set of data symbols to each
transmit antenna, the data symbols are controlled to be rota-
tionally moved from one transmit antenna to another and
allocated to an adjacent transmit antenna.

In another aspect of the present invention, a method for
generating a space-time code used for transmitting a plurality
of data symbols from a transmitting unit of a multi-input
multi-output (MIMO) system to a receiver is provided. The
method includes a) setting columns and rows of a codeword
matrix determining the space-time code to match with the
number of antennas at the transmitting unit, the row corre-
sponding to the number of antennas of the receiving unit and
the column corresponding to the number of time slots for one
code block period; b) determining an average number of data
symbols to be transmitted during the code block period by a
product of the number of antennas at the transmitting side and
aspatial multiplexing rate; ¢) selecting a given row in the code
word matrix, and allocating the average number of data sym-
bols that corresponds to the spatial multiplexing rate among
the data symbols determined in b); d) allocating a combining
coefficient corresponding to the average number of data sym-
bols allocated in ¢) to each data symbol and combining each
by using the combining coefficient; and e) iteratively per-
forming ¢) and d) on other rows, excluding the row selected in
¢) and d) while allocating different data symbols in the
respective rows and columns of the code word matrix and, at
the same time, allocating a different combining coefficient to
each symbol allocated to the respective rows.

In e), when allocating a data symbol to each column of a
row that is adjacent to the selected row, data symbols allo-
cated to columns of the selected row are controlled to be
rotationally moved with respect to the selected row and allo-
cated to the adjacent row.

In addition, after e), the method further includes selecting
combining coefficients allocated to the respective symbols to
equalize mean powers of the data symbols allocated to the
respective columns of the selected row of the code word
matrix, average transmit power of the selected row, or average
transmit power allocated to the respective data symbols.

In another aspect of the present invention, a multi-input
multi-output (MIMO) system includes a transmitting unit and
a receiving unit. The transmitting unit generates space-time
codes for data symbols that correspond to a product of the
number of transmit antennas and a spatial multiplexing rate
within one code block period, and transmits the space-time
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4

codes through a plurality of transmit antennas. The receiving
unit receives signals transmitted to the transmitting unit using
a plurality of receive antennas, decodes the signals, and
restoring data symbols corresponding to the signals. The
space-time codes are formed in a code word matrix that
corresponding to the number of the transmit antennas, rows of
the code matrix indicating time slots that correspond to the
number of transmit antennas and columns of the codeword
matrix representing the number of time slots corresponding to
the number of receive antennas. In the codeword matrix, an
average number of data symbols allocated to the respective
receive antennas for transmission corresponds to the spatial
multiplexing rate. The data symbols are combined together
by different combining coefficients, respectively, and syn-
chronously transmitted to the corresponding transmit
antenna, and the respective antennas in each time slot are
allocated with different sets of data symbols.

Advantageous Effects

Accordingly, the present invention is proposed to provide a
space-time code and a method of generating the same, and a
multi-input multi-output (MIMO) system using the space-
time code. The space-time code has a minimum delay while
simultaneously achieving the full diversity gain and the full
multiplexing gain, and the multi-input multi-output (MIMO)
system transmits simultaneously data symbols through a plu-
rality of transmit antennas by using the space-time code.

DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram of a MIMO system that uses a
structured space-time code to obtain the full diversity gain
and the full multiplexing gain according to an embodiment of
the present invention.

FIG. 2 exemplarily illustrates an example of a space-time
codeword matrix in the MIMO system with two transmit
antennas and the spatial multiplexing rate 2 of FIG. 1.

FIG. 3 exemplarily illustrates an example of a space-time
codeword matrix in the MIMO system with three transmit
antennas and the spatial multiplexing rate 1 of FIG. 1.

FIG. 4 exemplarily illustrates an example of a space-time
codeword matrix in the MIMO system with three transmit
antennas and the spatial multiplexing rate 2 of FIG. 1.

FIG. 5 exemplarily illustrates an example of a space-time
codeword matrix in the MIMO system with four transmit
antennas and the spatial multiplexing rate 1 of FIG. 1.

FIG. 6 exemplarily illustrates an example of a space-time
codeword matrix in the MIMO system with four transmit
antennas and the spatial multiplexing rate 2 of FIG. 1.

BEST MODE

In the following detailed description, only the preferred
embodiment of the invention has been shown and described,
simply by way of illustration of the best mode contemplated
by the inventor(s) of carrying out the invention. As will be
realized, the invention is capable of modification in various
obvious respects, all without departing from the invention.
Accordingly, the drawings and description are to be regarded
as illustrative in nature, and not restrictive. A method for
generating a structured space-time code for the full diversity
gain and the full multiplexing gain according to an embodi-
ment of the present invention will hereinafter be described
with reference to the accompanying drawings.

FIG.11s a block diagram of a MIMO system that employs
structured space-time coding designed for achieving the full
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diversity gain and the full multiplexing gain according to an
embodiment of the present invention.

As shown in FIG. 1, the MIMO system includes a trans-
mitter 100 that encodes input data symbols according to the
structured space-time code and transmits the encoded data
input through N, transmit antennas, and a receiver 200 that
receives signals through N, receive antennas and decodes the
signals by using some decoding rule based on the structured
time-space code.

The transmitter 100 includes a space-time encoder 110 and
a plurality of transmit antennas 120_1-120_N,.

The space-time encoder 110 generates encoded symbols
using the proposed space-time code (to be described later)
from input data symbols, and transmits the space-time coded
symbols to the receiver 200 through a plurality of transmit
antennas 120_1-120_N,.

The receiver 200 includes a plurality of receive antennas
210_1-210_N, and a space-time decoder 220.

The space-time decoder 220 restores the data symbol trans-
mitted from the transmitter 100 by decoding signals received
through the plurality of receive antennas 210_1-210_N, using
some decoding rule based on the space-time code.

The space-time encoder 110 of the transmitter 100 and the
space-time decoder 220 of the receiver 200 respectively
encode data symbols and decode the received signals using
some decoding rule based on the space-time code according
to the embodiment of the present invention. Throughout the
specification, a structure of the space-time code and an encod-
ing algorithm will be described, but adecoding algorithm will
not be further described since it is well-known to those skilled
in the art.

A space-time code is a block code that is defined by a
square matrix corresponding to a product of the number of
transmit antennas and the number of time slots for a code
block. Rows of the matrix indicate combined signals respec-
tively transmitted through different transmit antennas and
columns of the matrix indicate time slots indicates the time
slots according to an embodiment of the present invention.

When the number of transmit antennas is set to be N,, the
number of receive antennas is set to be N, and a spatial
multiplexing rate is set to be r, the combined signal that is
actually transmitted through N, transmit antennas during N,
time slots may be defined by [Math Figure 1]. Herein, basi-
cally min(N,, N,) should be set to be equal to or greater than
r to obtain the spatial multiplexing rate r, and the signals
transmitted through the corresponding transmit antennas at
every time slot are determined by combining all data symbols
transmitted in a code block period with different sets of com-
plex weights.

VI =CLISL+CLaSa+ oo+ CLN SN, [Math Figure 1]

Y2 = 02,151 + €2,252 +...+ C2,I\’,-r5N,r

YNpN; = ONpNg 151+ CNpN 252 F oo+ ONENg NprSNpr
i CL1 C1,2 CLN,r
Y2 €21 €22 C2Npr
V. . .
INp-Ng CNeNpL CpNg2 CN,NeNpr

[
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-continued

SNy

where S, is an n-th data symbol, and y,, is a combined
signal actually transmitted through the transmit antenna.
Herein, c, ; is a combining coefficient given as a complex
number.

A space-time codeword matrix C can be defined by [Math
Figure 2].

VI INAL T YN(NDL [Math Figure 2]
Y2 INA2 T YNN-D2

c=| . .
YN, VN2 YNg-Ny

The number of rows in matrix C set to be equal to the
number of transmit antennas N,, for minimum delay.

The space-time code is designed to simultaneously trans-
mit N,xr data symbols during one code block period. Thus,
the number of data symbols corresponding to the spatial
multiplexing rate y is allocated to each transmit antenna at a
time slot within the code block period. The data symbols
allocated to each antenna are combined with different com-
plex weights and simultaneously transmitted.

The same set of data symbols corresponding to the spatial
multiplexing rate r is repeated at every time slot in the code
block period, but transmitted through different transmit
antennas with different sets of complex weights.

When allocating the data symbols to each transmit anten-
nas, a random data symbol is allocated only ornce to a specific
transmit antenna, and is allocated to each transmit antenna at
least once to all transmit antennas during one code block
period according to an embodiment of the present invention.

A set of data symbols allocated to each transmit antenna
may be variously formatted at every time slot, and the data
symbols are transmitted through the corresponding transmit
antenna with a different set of complex weights at every time
slot. A combining coeflicient C, , that combines data symbols
of the respective rows is preferably set to be “0,” excluding r
number of combining coefficients allocated to each transmit
antennas. Further, it is preferred to set a value of the combin-
ing coeflicient C, ; to be approptiate such that each data sym-
bol is transmitted at least once and only once through all
transmit antennas during one code block period when allo-
cating data symbols per antenna at every time slot during the
code block period.

For simplicity in concept and design as shown in [Math
Figure 3], sets of data symbols allocated to each transmit
antenna at every time slot are rotationally shifted by one
transmit antenna to another and allocated to adjacent anten-
nas, respectively. The data symbols allocated to the adjacent
antennas are combined together with different complex
weights and then transmitted.
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SRCTIE E C5 1Sl o FC5 82,

1 1 2 2
CrySrel + . C2,52r C3,152r+1 +... +03,r53-r

1 1 2 2
CN,,ISf(Nﬁl)H +...+ CN,,VSNg-r CL181 +...+ CLSr

In [Math Figure 3], a combining coefficient ¢, / denotes a
complex weight for combining a j-th data symbol transmitted
through an i-th antenna at a t-th time slot. The definition of a
complex weight will hereinafter be varied for simple descrip-
tion as necessary.

According to a first exemplarily embodiment of the present
invention, if N,=2 and r=2, a space-time codeword is realized
as a combination of data symbols defined by [Math Figure 4].

VI = €181 + €. [Math Figure 4]
Y3 = €553 +CeSa

Y2 = €353 +C454,

Y4 =751 +Cgsy

Y1 g o 0 05
» 0 0 ¢ cafs2
3 100 e e ss
y4 7 g 00 My

In [Math Figure 4], a code matrix may be variously for-
matted depending on a combination of data symbols for the
corresponding transmit antenna. However, a basic concept is
that at one time slot, two data symbols in each transmit
antenna are combined together with complex weights and
transmitted, and during the other time slot, a different set of
data symbols is allocated to the corresponding transmit
antenna.

The space-time code of [Math Figure 4] may be realized as
a space-time codeword matrix C of [Math Figure 5], and a
MIMO system that uses such a codeword matrix is shown in
FIG. 2.

[Math Figure 3]

C (M )’3] (01514'6‘252 €583 +C6S4
Y2 4

€383 +C454 €151 +Cgs5h

According to a second exemplarily embodiment of the
present invention, if N, =3 and r=1, a space-time codeword is
realized as a combination of data symbols defined by [Math
Figure 6].
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[Math Figure 3]

T T
CNp 1SHNg=D+L F e+ Clyy (Shpr

disirovcls

T T
COCNLISHN 2L Oy S

[Math Figure 6]

Y1 = €151,

Y4 = €452,

Y7 =0753,

Y2 = €252,

Y5 = 0553,

Y = (851,

Y3 = 0353,

Y6 = C651,

Y9 = €9S).

Y1 a 00

2 0 ¢ O

V3 0 0 ¢

V4 0 ¢ 0 s
ys|=1 0 0 ¢ |fs
Ve g 0 0 fiss
V7 0 0

g cg 00

Yo 0 ¢ 0

In [Math Figure 6], a code matrix may be variously for-
matted depending on a combination of signals for the corre-
sponding antenna, and a space-time code of [Math Figure 6]
may be realized as a codeword matrix C of [Math Figure 7].
FIG. 3 shows a MIMO system that uses such a codeword
matrix.

VI Y4 V7 C1S| €457 €153 [Math Figure 7]
C=|y2 ys Yg|=|c2s2 ¢553 ¢s351
Y3 Y6 Yo €383 C6S1 C9S52

According to a third exemplarily embodiment of the
present invention, if N =3 and r=2, a space-time codeword is
realized as a combination of data symbols defined by [Math
Figure 8].

Y1 =c151 282, [Math Figure 8]
Y4 =C783 +CgSy,

Y1 =C1355 +C1456

Y2 = €353 +Ca54,

Y5 = €985 +C1056,

Yg = C1551 +C1652
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-continued
Y3 =585 + C6S6,

Y6 = C1181 + C1252,

Yo = €1753 + C1854

N cg ¢ 0 0 0 0

» 0 0 ¢ ¢ 0 0 )

5
S A

52
V4 0 0 ¢ ¢cg 0 0

53
ys{=] 0 0 0 0 ¢ cpo

S4
Y6 cp ez 00 0 0

s
1 00 0 0 ooyl

S6
s cs ¢ 00 0 0 ’
Yo 0 0 ¢y eg 0 0

A code matrix of [Math Figure 8] may be variously for-
matted depending on a combination of data symbols for the
corresponding antenna, and a space-time code of [Math Fig-
ure 8] may be realized as a codeword matrix C of [Math
Figure 9]. FIG. 4 shows a MIMO system that uses such a
codeword matrix.

Y oYa ¥ [Math Figure 9]
Y2 Y5 Vs

Y3 Y6 Y9

C=

CLS1 + €25y €753+ €854 Ci385 + C1456
= €353 + 454 CyS5 +C1086  C1581 +C1652

€585+ CeS6 C1151 +C1252 C1753 +C1854

According to a fourth exemplarily embodiment of the
present invention, if N, =4 and r=1, a space-time codeword is
realized as a combination of data symbols defined by [Math
Figure 10].

Y1 =cis, [Math Figure 10]

Y5 =C552,
Y9 =953,
Y13 =C1354,
Y2 =252,
Y6 = C653,
Y10 = C1054,
Y14 =C1451,
Y3 =353,
Y7 =154,
Y11 = C11S1s
Y15 = C15525
Y4 = C454,
Y§ =851,
Y12 =252,

Y16 = C1653,
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-continued

Y1 g 00 0
V2 0 e 00
s 0 0 ¢ 0
Vi D0 0 ¢
Vs D e 0O 0
Y6 D0 ¢ O
v D0 0 ¢ 51
Vg cg 0 0 0 i)
wl o 0 o ofls
Y10 0 0 0 cro|\ss
yu cr 00 0
2 D ep 0 O
Yis 00 0 e
yu g 00 0
Yis D es 00
Y16 D 0 c¢¢ O

A code matrix of [Math Figure 10] may be variously for-
matted depending on a combination of data symbols for the
corresponding antenna, and a space-time code may be repre-
sented as a codeword matrix C defined by [Math Figure 11].
FIG. 5 shows a MIMO system that uses such a codeword
matrix.

Yo Ys [Math Figure 11]
Y2 Vs
y3 yr

Y4 Yg

Yo
Y10
yu
Yz

Y13
Y14
Yis
Yie

CiS1 €552 CoS3  Ci3S4

C28) €653 Cl054 Cl4S1

€353 €754 Cl151 C1552

C454 €851 Ci282 C1653

According to afifth exemplarily embodiment of the present
invention, if N,=4 and r=2, a space-time codeword is realized
as a combination of data symbols defined by [Math Figure
12].

Y1 = €151 + 252, [Math Figure 12]
V5 = CyS3 +C1oSa,
Yo = C1755 + C1856,
Y13 = €2587 + 2658,
Yo = €383 +C454,
Y6 = C1155 + C1256,
Y10 = €1957 +€2058,
Y14 = C2751 +€2852,
Y3 =585 +C656,
Y7 = C1387 + C14S8,
Yi1 = €215 + €52,

Y15 = €2953 +C3054,
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-continued
Y4 = €757 +C8Sg,

Vg = C1551 + C1652,
Y12 = €2383 +C2454,

Yi6 = €315 +C3256.

b cg o 0O 0 0 0 0 O
¥2 0 0 ¢ ¢4 0 0 0 0
)3 0 0 D 0 ¢ ¢ 0 O
Ya 0 0 D 0 0 0 c¢7 cg
¥s 0 0 ¢ ¢o O 0 0 0 S|
Y6 0 0 D 0 ¢y ep 0 0O A
7 0 0 0 0 0 0 c3 cal|ss
Vg ;5 g 00 0 0 0 0 S4
| l0o 0 0 0 exoes 0 0ffss
Yo 0 0 D 0 0 0 cro0 c0]]ss
Y carcx 00 0 0 0 0[fs
yiz 0 0 ¢3¢ 0 0 0 0 53
i3 0 0 0 0 0 0 c5 ¢
Yi4 7 3 00 0 0 0 0
yis 0 0 9 o 0 0 0 0
yi6 0 0 D 0 ¢33 e 0 0

A code matrix of [Math Figure 12] may be variously for-
matted depending on a combination of data symbols for the
corresponding antenna, and a space-time code may be repre-
sented as a codeword matrix C defined by [Math Figure 13].
FIG. 6 shows a MIMO system that uses such a codeword
matrix.

1 [Math Figure 13]
Y2
Y3

Y4

Ys
Y6
Y
Y8

Yo Vi3
Yo Y4
Y Yis
Y1z Yie

C151 + 252 C9s3 +CloS4  C1755 T Cr8S¢ C2557 +Co6S8

€353 +Ca54 C11S5 +C1256 C1957 +C2058 €751 +Cogs5y

Cs55 +C6S6  C1357 T Crasg C2151 +C2252 €293 +C3053

€757 +CgSs  C1551 +C1652 €2353 +C2454 C3155 +C3256

One of design criteria for determining a combining coeffi-
cient c;; to generate a space-time code is to maintain an
average transmit power of a signal transmitted from each
transmit antenna at every time slot to be equal, according to an
embodiment of the present invention.

lewil® +leia +...+ |cler_,|2 =P'/N, [Math Figure 14]

2 2 2 _pl
lea1l™ +leanl™ +... +lean,. "= P [N

len 1P +lew, 2 + ...+ Loy, n, o2 = PN,
) > s
lemei1 P +lew12F + .+ lowpen ol =

PN

2 2 2
Nl F e, 2l + ot leww np T =

PN,
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In [Math Figure 14], P’ (t=1, 2, . . ., T(=N,)) denotes a
transmit power allocated to at-th time slot withina code block
period. T is the number of time slots in a code block period.

Second one of design criteria is to maintain an average
transmit power of all transmit signals at every time slot to be
equal, as given in [Math Figure 15].

pi=p>=. . =pT [Math Figure 15]

where P denotes a total signal power transmitted through
all transmit antennas at one slot time.

Third one is to maintain total average transmit powers
allocated to the respective data symbols during a code block
period to be equal since one data symbol is transmitted over
several time slots in the code block period. This may be
defined by [Math Figure 16].

lep® +lez il + ...+ lew,wy | = P [Math Figure 16]

2 2 2
leral® +leaol” + oo + lew,w, 21 = P

2 2 2
legw, RIT +lean, l™ + .+ lewn vy = = P

In [Math Figure 16], P is a value obtained by dividing a
total average transmit power (P,,,;_1,..) transmitted over T
time slots during one code block period by T. In other words,

P:Ptotal—blocA/T'

In the following examples, the average transmit power
design criteria as shown in [Math Figure 14] to [Math Figure
16] are applied to the above-mentioned five codeword
examples corresponding to the number of transmit antennas
and the spatial multiplexing rate, where the combining coef-
ficients can be determined optimally.

In a like manner of the first codeword example, if N,=2 and
r=2, a combining coefficient C, (K=1, ..., 8) may be deter-
mined by [Math Figure 17] and [Math Figure 18] when [Math
Figure 14] is applied to maintain the average transmit power
of each signal transmitted through the corresponding transmit
antenna to be equal at every time slot, and [Math Figure 16] is
applied to maintain a total average transmit powers allocated
to the respective data symbols to be equal during one code
block period.

sl +]eaf? = g’ [Math Figure 17]
s +1ed? =
s +1ed? =
lesl* +lesl® = ;

2z 2
leyPle, PHles P+leg P=P

le3Ple, Prles P+lcgP=P [Math Figure 18]

If N,=3 and r=1 in a like manner of the second codeword
example, a combining coefficient C, (k=1, . . ., 9) may be
determined by [Math Figure 19] and [Math Figure 20] when
[Math Figure 15] is applied to maintain the total average
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transmit power to be equal at every time slot, and [Math
Figure 16] is applied to maintain the total average transmit
powers allocated to the respective data symbols to be equal
during one code block period.

‘Z

ley P+les P+ e3P =P

legP+les P+ cgl?=P

le;P+leg P+ col?=P [Math Figure 19]

le PHlegP+ cgP=P

lesPHle, P+ coP=P

lesP+les P+ e, P=P [Math Figure 20]

Similar to the third example, if N,=3 and r=2, a combining
coeflicient C, (K=1, . .., 18) may by determined by [Math
Figure 21] and [Math Figure 22] when [Math Figure 14] is
applied to maintain the average transmit power of a signal
transmitted through the corresponding transmit antenna at
every time slot, and [Math Figure 16] is applied to maintain
the total average transmit powers allocated to the respective
data symbols to be equal during one code block period.

el +leof? = P [Math Figure 21]
3

s +led =

s +lee =

ool +les =

o +lewol = 5

lew P + leraf? = g

legs? + loral? = g

leis? + le16l* = g

le P + leysl® = g

2 Math Fi 22
lesl? +len P +leisl = [Math Figure 22]

g NI R R ) ey o)

leal? + lera? + lewsl” =
lesl? +ler? +lewrl? =
leal® +lesl? + el =
lesl? + leol? +epsl? =

2 2 2
esl™ +lerol™ + lc1al =7

Similar to the fourth example, if N =4 and r=1, acombining
coeflicient C, (K=1, . . ., 16) may by determined by [Math
Figure 23] and [Math Figure 24] when [Math Figure 15] is
applied to maintain an total average transmit power at every
time slot to be equal, and [Math Figure 16] is applied to
maintain the total average transmit powers allocated to the
respective data symbols to be equal during one code block
period.

leyPHle, P+ o3 P+le, P=P

lesP+legP+ e P+legP=P
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PtlcolP+ley P+e, 2=P

leg

3P +le PHle s P+e o2 =P [Math Figure 23]
leyPrlegl+le, 1+le 4P =P
ley P+les P +le P +e s P=P
lesPHlegl*HlcgIP+le g2 =P
leaPle PHley o+l s P=P [Math Figure 24]

Similar to the fifth example, if N, =4 and r=2, a combining
coefficient C, (K=1, .. ., 32) may by determined by [Math
Figure 25], [Math Figure 26], and [Math Figure 27] when
[Math Figure 14] is applied to maintain the average transmit
power of a signal transmitted through the corresponding
transmit antenna at every time slot to be equal, [Math Figure
15] is applied to maintain the total average transmit power at
every time slot to be equal, and [Math Figure 16] is applied to
maintain the total average transmit powers allocated to the
respective data symbols to be equal during one code block
period.

s +]eaf? = g [Math Figure 25]
s +1ed? =
s +1ed? =
lerf? +lesl? = ;

P

2 2
col* +ciol? = =
legl* + 1ol 7

lewl® +lerf = ;
leis* +lewf = ;
legsl® +lessf = %)
leyg* +less = g
lerol® + leaol = ;
ezt +lexl = ;
leasl® +leas = ;
leas|* +lezs = ;
learl® +leas = ;
leasl* +lesof = ;
lestl? +les2fF = %)
ey PHles PHlcs PHley PHes gl 2+le P+ cg P=P

PrleioPtley PHle s 24le 3P Hle , 2Hle s+

le\gl?=P

ley

eI+l g PH1C g PHICog P ICy  PHley, P+, 2+

2_
leyul*=P
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leyP=P [Math Figure 26]

Math Figure 27
ler® +lews + lear* +leml* = [ ¢ }

leaf* +lessl + lenal +leasl” =
lesl® + leol” + lexs* + leagl =

leal® +letol + leaal® +lesol” =
les? +lew [+l P +lesi* =
lesl® + lera? + lewsl* +lesal? =

)
ler® +lews + lewol* +leas* =

Ol Pl Ll Rl oy DT uiy el

2 2 2 2
les|™ + leral™ + leaol™ +le26l” =

where P represents a transmit power allocated at every time
slot in the above five codeword examples.

The combining coefficients corresponding to the foregoing
five codeword examples according to the number of transmit
antennas and the spatial multiplexing rate are first deter-
mined, and such the combining coefficients are represented
by using complex numbers. The representation of the com-
bining coefficients will now be described in conjunction with
the above five codeword examples.

Similar to the first example, if N,=2 and r=2, combining
coeflicients {C,} (i=1, .. ., 8) are represented by using r,, r,
6, 0,, 05, 0,,05, 0 6, and B4 as shown in [Math Figure 28]
(r, andr, are real numbers greater than zero, and 0,,0,, 0, 0,,
85, 04, 0, and B are respectively defined between 0 and 21).

1 o [Math Figure 28]
¢ = ————e
2+

¥l io
J g —
V2 +rh)
3= ——— i
20+
r )
- 04
cy = e
V2AL+rD)
¥ .
5= 2 L%
V2L+3)
C = giQG
201+r3)
e = N e
2L+
1 .
g = ————¢/%
21 +rD)

Similar to the second example, if N,=3 and r=1, combining
coefficients {C;} (5=1,...,9) are represented by using 0, 0,
03, 0,, 05, 04, 0,, 04, and 6, as shown in [Math Figure 29] (8,
is defined to be between 0 and 27).
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o = Leﬁl [Math Figure 29]
\/?
o= %eigl
e = %ej93
o= %em
¢s = %ej%
c6 = %ej%
e = %em
g = %eﬁs
cg = %eﬁg

Similar to the fourth example, if N,=4 and r=1, combining
coefficients {C,} (k=1,...,16)is represented by using 8, 6,
B3, ..., and 8, as shown in [Math Figure 30] (8, to 8, are
defined to be between 0 and 2).

oo L [Math Figure 30]
iy
1 .
0 =—=e”
Va
L g
3= —e'3
i
1,
o4 = —eoi%
o
1,
cs = %
V4
-,
(] — 6
i
1,
¢ = —e&i1
V4
o,
Cg = — 8
A
1 .
09 = —=e/”
7
1 .
clo = —e/10
2
1,
o1 = — &1
2
1 .
cpp = g2

1,
o3 = — /i3

1.
ol = —e14
4
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-continued -continued
C15 = — s C13 =117 -e/n
Clg = 07 'Ejgx
1,
cl6 = W@’% 5 C25 = 1307 €%
cg = ricr-eh
Similar to the fifth example, if N=4 and r=2, combining cla = rycy el
coefficients {C,} (k=1, ..., 32) is represented by using r,, », » 0= rier e
r3s
0, 0,0, ergm b
0,,04,0,6,,0,0,6,,0,0,,6,,0,.0,0,6,6,0,0,0, NAL+)
L 0.0, 6, 0, and
0, (here, r, is a real number greater than zero, and 15
B, 05 05 A complex weight C, ; that is a combining coeflicient for
0,,05040,,0,0,0,0,0,,0,,0,,0,,0,,0,,0,0,0,,0,, the full diversity gain and the full spatial multiplexing gain
0,,0,0,0, 0, and according to an embodiment of the present invention is
0, are defined to be between 0 and 27). obtained by determining a weight Ci,j that maximizes a mini-

20 mum determinant of a space-time codeword matrix differ-
ence of [Math Figure 1] or [Math Figure 13] while satisfying

P 1 [Math Figure 31] criteria of [Math Figure 14], [Math Figure 15], and [Math
AL+ ) Figure 16], or maximizes an average determinant of differ-
. ence matrix of the space-time codeword matrix. The follow-

crs =ricy el 25

ing [Math Figure 32] is designed to maximize a minimum
oa1 = racy -el determinant, and [Math Figure 33] is designed to maximize

ey = racy € an average determinant.

= ey el

. 30 o 2 1 3
C16 = racy -7 max&r&a |det(Cy — Cy)| [Math Figure 32]
= el .
C2=ric)-e max avg |det(Cy = Ca)? [Math Figure 33]
L C1#Cy
Cg =%
VAL+3) 35
1 If [Math Figure 32] is applied to the example of determin-
03 = f —— . .. . .
[at+ 1) ing the combining coefficients by using r, and r, when N =2
v 3 . .
_ and r=2 as shown in [Math Figure 28], r, and r, may be
cg =ryc5-el 4 defined by [Math Figure 34].
Ca3 = F2C3 'Ejgw
20 = 1303 -9 1+Vs 145 Math Figure 34]
; r = or
¢4 = rycs-e% ! 2 2
c10 = rocs e’ 45 = 1+q\/5— or 1 J:\/g
VA <z
oy = ryc3- e
1 e . . . .
€30 = & —m—exs In addition, if [Math Figure 32] is applied to the example of
ML) determining the combinin; fficients by using 0, 0,, 0
50 g g coefficients by using 0, 0,, 6,
1 64,05, 05,0, 0,,and 0, values 06, 6,, 65, 0,, 65,0,,0,,and
s =ft——— .
(414 12) 04 may be defined by [Math Figure 35].
¢y =11l -et%
ey = racs el 55 B +0y=6s+6r +7, [Math Figure 35]
CSIZrSCS'EjGC O +06=0,+0s5 +x,
6 = rics-&f Oy +05 =
. n T
o1z = racs e O+ + = orly+05=0,+0 - =
50 2 2

g =rics e

If [Math Figure 32] is applied to the example of determin-

2
Hl+rs) ing the combining coefficients by using 6,, 6,, 85, 8,, 85, 6,
P L . 65 05, 05 and 6, when N.=3 and r=1 as shown in [Math Figure
4l+r3) 29], values of 0,, 0,, 05, 0, 05, 04, 0,, 05, and 0, may be

defined by [Math Figure 36].
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0 +0s+6g = [Math Figure 36]

6 +04+08+%=62 +06 +6; + 7,

0 +66+065=0,
T
02+64+09=§,
T
93 +65 +07=Z

The space-time code according to the foregoing embodi-
ment may be applied to various modulation systems such as
Quadrature Phase Shift Keying (QPSK), 16 Quadrature
Amplitude Modulation (QAM), and 64 QAM. In addition, a
bit error rate (BER) of a space-time code in an uncoded state
is comparatively lower than a conventional matrix B system
and the FDFR system as shown in FIG. 7, and BER perfor-
mance in a coded state is enhanced compared to the conven-
tional matrix B system.

According to the present invention, the MIMO system that
uses multiple transmit antennas effectively responds to chan-
nel variation since the MIMO system uses a space-time code
designed to simultaneously obtain a full diversity gain and a
full spatial multiplexing gain with a minimum delay. In addi-
tion, a signal is generated from combinations of data symbols
ofeach antenna at every time slot, and therefore the Euclidean
distance of the data symbols increases, resulting in a high
encoding gain.

In addition, the space-time code may be applied to various
MIMO systems since the number of transmit/receive anten-
nas and the spatial multiplexing rate are regularly defined,
and thus a structure of the space-time code may be easily
modified depending on a channel condition. Further, the
space-time code may be designed to obtain the full diversity
and the coding gains when the spatial multiplexing rate is
determined, and thus capacity of the MIMO system may be
used fully.

While this invention has been described in connection with
what is presently considered to be practical exemplary
embodiments, it is to be understood that the invention is not
limited to the disclosed embodiments, but, on the contrary, is
intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims.

The invention claimed is:

1. A system having multiple transmit antennas, compris-

ing:

a transmitter configured to transmit a plurality of data
symbols to a receiver according to a space-time code
including a code word matrix,

wherein the transmitter is configured to transmit an amount
of data symbols corresponding to a product of the num-
ber of transmit antennas and a spatial multiplexing rate
during one code block period, a row index of the code
word matrix indicating combined signals transmitted
through different transmit antennas and a column index
of the code word matrix indicating time slots; and

wherein the average number of data symbols allocated to
each transmit antenna at every time slot is equal to the
spatial multiplexing rate, the data symbols allocated to
each transmit antenna at every time slot are combined
together using a set of combining coefficients and trans-
mitted through the corresponding transmit antenna, and
each transmit antenna transmits a different set of data
symbols from a time slot to another, the set of combining
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coefficients that combines the data symbols allocated to
each transmit antenna to be different for each time slot.

2. The system of claim 1, wherein when the average num-
ber of data symbols that corresponds to the spatial multiplex-
ing rateis allocated to each transmit antenna at every time slot
of the code word matrix, the same number of data symbols is
allocated to each transmit antenna for transmission.

3. The system of claim 1, wherein when the average num-
ber of data symbols that corresponds to the spatial multiplex-
ing rateis allocated to each transmit antenna at every time slot
of the code word matrix, a different number of data symbols
is allocated to each transmit antenna for transmission.

4. The system of claim 1, wherein when the average num-
ber of data symbols that corresponds to the spatial multiplex-
ing rate is allocated to each transmit antennaat every time slot
of the code word matrix, a portion of the data symbols is
duplicated to each transmit antenna in a code block period.

5. The system of claim 1, wherein when the average num-
ber of data symbols that corresponds to the spatial multiplex-
ing rate is allocated to each transmit antenna at every time slot
of the code word matrix, different sets of data symbols are
allocated to the respective transmit antennas for transmission.

6. The system of claim 1, wherein when the data symbols
allocated to each transmit antenna are combined together and
simultaneously transmitted through the corresponding trans-
mit antenna, the data symbols allocated to each transmit
antenna are combined together with a set of combining coef-
ficients from a transmit antenna to another.

7. The system of claim 6, wherein the data symbols allo-
cated to each transmit antenna are combined together using
only real-number coefficients.

8. The system of claim 6, wherein the data symbols allo-
cated to each transmit antenna are combined together using
complex-number coefficients.

9. The system of claim 8, wherein when combining the data
symbols using the complex-number coefficients at each trans-
mit antenna, only complex numbers with all having the same
magnitude are used to combine together the data symbols for
each transmit antenna.

10. The system of claim 1, wherein when each transmit
antenna transmits a different set of data symbols from a time
slot to another, the number of data symbols transmitted
through the corresponding transmit antenna is set to be equal
from a time slot to another.

11. The system of claim 1, wherein when each transmit
antenna transmits a different set of data symbols from a time
slot to another, the number of data symbols transmitted in a
time slot is set to be equal from a time slot to another.

12. The system of claim 1, wherein when each transmit
antenna transmits a different set of data symbols from a time
slot to another, the number of data symbols to be transmitted
in a time slot is set to be different from a time slot to another.

13. The system of claim 1, wherein when setting a code
word matrix to transmit a plurality of data symbols that cor-
responds to a product of the number of transmit antennas and
the spatial multiplexing rate during one code block period,
every data symbols to be transmitted in the code block is
allocated at least once to all transmit antennas during one
code block period.

14. A system, comprising:

a transmitter having multiple transmit antennas; and

a receiver having multiple receive antennas and configured

to decode a plurality of input data input through the
multiple receive antennas of the receiver according to a
decoding rule based on a space-time code,

wherein the space-time code comprises a square code word

matrix for transmitting an amount of data symbols cor-
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responding to a product of the number of transmit anten-
nas and a spatial multiplexing rate during one code block
period, a row index of the code word matrix indicating
combined signals transmitted through different transmit
antennas and a column index of the code word matrix
indicating time slots; and

wherein the average number of data symbols allocated to
each transmit antenna at every time slot is equal to the
spatial multiplexing rate, the data symbols allocated to
each transmit antenna at every time slot are combined

22

together using a set of combining coefficients and simul-
taneously transmitted through the corresponding trans-
mit antenna, and each transmit antenna transmits a dif-
ferent set of data symbols from a time slot to another, the
set of combining coefficients that combines the data
symbols allocated to each transmit antenna to be differ-
ent for each time slot.
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