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1
METHOD OF DETECTING SPACE-TIME
CODE IN MOBILE COMMUNICATION
SYSTEM WITH 4 TX ANTENNA

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Korean Patent Application No. 10-2006-0123915 filed in the
Korean Intellectual Property Office on Dec. 7, 2006, the
entire contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

(a) Field of the Invention

The present invention relates to a mobile communication
system, and more particularly, to a method of detecting a
space-time code.

(b) Description of the Related Art

In general, WiBro, which is a field of a mobile communi-
cation system, means a portable Internet system that has two
meanings of “wireless” and “wideband”. A Wibro system has
been defined as a system that satisfies the standard established
by IEEE 802.16 and five performance criteria, by the Ministry
of Information and Communication on Jul, 29, 2004. Here,
the five performance criteria include that 1 when a mobile
terminal moves ata speed of 60 km/h, a data transmission rate
ofatleast 512 kbps during a downlink and a data transmission
rate of at least 128 kbps during an uplink are ensured at cell
interfaces, 2 a channel bandwidth is 9 MHz or more, 3 a
roaming process of communication equipment needs to be
performed between service providers, 4 a frequency reuse
coefficient is 1, and 5 a TDD method is used to minimize
interference between frequencies, while transmitting/receiv-
ing time slots synchronize with each other.

In the IEEE 802.16e, when there are four transmitting
antennas in a system, three usable space-time codes are
defined. The three space-time codes are represented by three
matrices A, B, and C, respectively, and each space-time code
has a different symbol transmission rate and diversity gain.
Among them, particularly, the space-time code B has a supe-
rior trade-off performance for the symbol transmission rate
and the diversity gain, as follows.

S = 5385 =55
525156 = Sg

53 — 545755

54535856

In this case, the vertical axis indicates an antenna. It can be
understood that four symbols are simultaneously transmitted
from four antennas. The horizontal axis indicates time or a
carrier frequency.

When symbols are transmitted by using the given space-
time code, the symbols are simultaneously received by a
receiving terminal. Thus, the entire performance of a system
depends on an efficient detection method in the receiving
terminal. Among detection methods that have been proposed
in the related art, a maximum likelihood (ML) detection
method is most superior in terms of performance.

However, the ML detection method is very complicated. In
particular, in the case of when a magnitude of a constellation
increases (e.g., in the case of 16-QAM or 64-QAM), since
complexity of the system is increased, it is not possible to
perform the ML detection in real time.
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2

In order to provide optimal ML performance while the
complexity of the system is reduced, a sphere decoding
scheme has been proposed. In the sphere decoding scheme,
since a test is performed on constellation points that exist near
the received signals, complexity is alleviated as compared
with the case of the simple ML detection method according to
the related art.

However, when considering a downlink, the size of a
mobile terminal is generally restricted. Therefore, it is diffi-
cult for a plurality of receiving antennas to be located at one
mobile terminal. Actually, in the WiBro system, even though
two or more receiving antennas are defined in one mobile
terminal, a plurality of mobile terminals have a number of
receiving antennas that is smaller than a number of transmit-
ting terminals.

In particular, a scheme that is entitled “A new approach for
fast generalized sphere decoding in MIMO systems” that was
proposed by Z. Yang, C. Liu and J. He and disclosed in IEEE
Signal Processing Letters, has been known as the fastest
sphere decoding scheme when the number of receiving anten-
nas is smaller than the number of transmitting antennas. How-
ever, as in the WiBro system, in the case where four transmit-
ting antennas exist and the magnitude of the constellation is
large, an algorithm is very complex. As a result, it is difficult
to use the scheme in the system.

Examples of a method of reducing the complexity of a
system and providing suboptimal performance include ZF
(Zero-Forcing), MMSE (Minimum Mean Squared Error),
SIC (ZF with Successive Interference Cancellation), MMSE
with SIC, and the like. However, since these methods cannot
provide the ML performance, they are inferior to the sphere
decoding scheme that can ensure the ML performance.

The above information disclosed in this Background sec-
tion is only for enhancement of understanding of the back-
ground of the invention and therefore it may contain infor-
mation that does not form the prior art that is already known
in this country to a person of ordinary skill in the art.

SUMMARY OF THE INVENTION

The present invention has been made in an effort to provide
a method of detecting a space-time code, having advantages
of detecting the space-time code in a mobile communication
system where a plurality of transmitting antennas are pro-
vided.

An exemplary embodiment of the present invention pro-
vides a method of detecting a space-time code for a plurality
of transmitting antennas. The method includes receiving sig-
nals transmitted from the plurality of transmitting antennas
and determining channel statuses of the received signals for
the transmitting antennas to determine a detection order of
symbol groups, the received signals being divided into a first
symbol group and a second symbol group each of which
includes a pair of a first symbol and a second symbol, each
symbol including imaginary and real parts each having one or
more bits; calculating an ML (maximum likelihood) metric
for the first symbol group if a detection on the first symbol
group is determined according to the channel statuses; per-
forming sphere decoding on the calculated ML metric and
sequentially detecting an imaginary part of one bit and a real
part of one bit for the first symbol and the second symbol of
the first symbol group; and detecting the second symbol
group as a single symbol on the basis of the detected first
symbol group.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11s a schematic diagram illustrating a system accord-
ing to an exemplary embodiment of the present invention.
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FIG. 2 is a flowchart illustrating a detection method
according to an exemplary embodiment of the present inven-
tion.

FIG. 3 is an exemplary view illustrating comparison results
between running times in a 4-QAM method according to an
exemplary embodiment of the present invention and a method
according to the related art.

FIG. 4is an exemplary view illustrating comparison results
between CPU clocks in a 4-QAM method according to an
exemplary embodiment ofthe present invention and a method
according to the related art.

FIG. Sisan exemplary view illustrating comparison results
between running times in a 16-QAM method according to an
exemplary embodiment ofthe present invention and a method
according to the related art.

FIG. 6 is an exemplary view illustrating comparison results
between CPU clocks in a 16-QAM method according to an
exemplary embodiment ofthe present invention and a method
according to the related art.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

In the following detailed description, only certain exem-
plary embodiments of the present invention have been shown
and described, simply by way of illustration. As those skilled
in the art would realize, the described embodiments may be
modified in various different ways, all without departing from
the spirit or scope of the present invention. Accordingly, the
drawings and description are to be regarded as illustrative in
nature and not restrictive. Like reference numerals designate
like elements throughout the specification.

In addition, unless explicitly described to the contrary, the
word “comprise” and variations such as “comprises” or
“comprising” will be understood to imply the inclusion of
stated elements but not the exclusion of any other elements.

Before describing an exemplary embodiment of the
present invention, an assumption about a space-time code B
will be described.

A space-time code B is composed of a 4x4 matrix. But
symbols that are completely different from symbols that are
transmitted in first and second columns are transmitted in
third and fourth columns, and a receiving terminal receives a
space-time code at a different time slot or frequency. Thus, it
1s assumed that space-time codes are generated only in con-
sideration of the first and second columns, as represented by
Equation 1.

X1 — X5 (Equation 1)

XpX]

X3 — X4

X4X5

On the assumption, a space-time codes detecting system
according to an exemplary embodiment of the present inven-
tion will be described with reference to FIG. 1.

FIG. 1 is a schematic diagram illustrating a wireless com-
munication system according to an exemplary embodiment
of the present invention.

As shown in FIG. 1, the wireless communication system
comprises a transmitter with 4 transmitting antenna and a
receiver with ny receiving antenna. The receiver has a detec-
tor.
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4

In an exemplary embodiment of the present invention, a
case that the number of receiving antennas is one will be
described, then a case that the number of receiving antennas
is ng will be described.

In case that one receiving antenna exists in a receiver,
signals that are received in first and second time slots in the
receiver are represented by Equation 2.

r1=h X HhoXothyxythx4n,

F2==h X X F=haX S Xy B, (Equation 2)

In this case, h, indicates a channel gain between a j-th
transmitting antenna and a receiving antenna. In addition, n,
indicates white noise in an i-th time slot. In this case, ML
(maximum likelihood) detection is performed as represented

by Equation 3.

(opt opt _opt i

ST (Equation 3)

opt .
,X{ )=arg min
x1x2,x3.x4€$

In this case, S indicates a constellation, and an ML metric
is given by Equation 4.

M=lr=h % ~hoxo=haxs—huxa P+ b *hox %+

hyxa by (Equation 4)

From Equation 4, the ML metric can be represented in
Equation 5, which is an equation that is newly derived accord-
ing to the exemplary embodiment of the present invention. In
Equation 5, a matrix operation can be briefly performed by
reducing the number of variables that are included in respec-
tive terms at the right side.

M=jog=D X | P+HBO-Dp. X (Equation 5)

A variety of vectors and matrices in Equation 5 are defined
as follows.

a0 = [Rleo, Ian]]”

fo = [R[Bo], I
Rlan] - Il JR[os] - Tos]R[a4] - Oas] }
Ila[R[e [9(as R [a3]9]0s JR[24)

Dy = [R[ﬁ’:] —VIBIR[A] - V15 1R[Ba] - VA4 }
"TL SIBIRIBPISRIBPIAIRIA]

A=

A
1R al =y I+ P
A
X Jlx] = rihy + sy
. 4| | Rl 0 o
=L [ o) iy 2 il b
x5 Bl Heh K ok
+
NN od o 1Lt Ry
X6 a
b =
| Rlx] Pr=a
o Il = Vlhzﬂ— rihy
3| | R ?
Xp = = 3 h;h3 -h /’lz
217 o) fo=
xf z["“] Hyhy + B
y [x4] 1=
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Further, the ML, metric of Equation 5 can be represented by
Equation 6.

M=|F, A(pA_XA)H2+HFB(pB_)(B)H2 (Equation 6)

In this case, the conditions p,~D," DD, "a, and
p, =Dy (DzD5") "B, are satisfied.

Further, the two matrices F, and F; are obtained by apply-
ing the normalized Cholesky decomposition to the two matri-
ces G ,~(D ™D, and Gz=(D,)"D;. Further, Equation 6 can
be represented as Equation 7.

2 (Equation 7)
Z FB(? - 8)

J=i

S

J=i

)

i=1

D)

i=1

2 2

6
+ Z Fiipf -2 +
=

2

A _ A
7D

6
= Z FlAj(pJ
A

5 2

I

=1

6

Z zJ(PJ - X )

j=2

o] =D +

Here, pj indicates the j-th element of p P andF indicates
the (i, j)-th element of F ;. In this way, p, Zand F are defined.

In order to apply sphere decoding, the given ML metric M
is restricted to be smaller than a constant C that is defined in
advance. In this case, two necessary conditions are repre-
sented by Equations 8 and 9, respectively.

2 (Equation 8)

o} = %)

(Equation 9)
B

In the exemplary embodiment of the present invention, two
dependent sphere decoding numerical formulas exist. In the
exemplary embodiment of the present invention, itis assumed
that x, and x, are detected and then x1 and x2 are detected.
Further, it is assumed that each symbol has a 4-PSK constel-
lation. That is, each symbol may have any one of four values
of {1, -1, 3, -j}.

Thus, each of xAj and x? ' has a value of either +1 or -1. A
sphere decoding scheme that is represented by Equation 8§
will now be described.

6 6 6

Z ./p! F?jx;‘ Z 2./p!+VC

= =3 =

(Equation 10)

If solving Equation 1 by applying a method that has been
proposed by Z. Yang, x*; can be estimated as represented by

Equation 11.
x1e{-1,1}N[LB£LUB (Equation 11)

However, when F*, . is a positive number,

5
04-VC =23 |}
Bl
’ sl
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6

-continued

QA+\/E_

UBY =
|F3el

Further, when I,  is a negative number,

+VC
LB} = e A\/— +1
|F2l
5
04-VC -2) IFf)
j=2
UBY = - J +1

|F3el

Inthe same method, if solving Equation 9, the condition for
xZ can be obtained as follows.

A_ By
X mxg Syl

Thus, the condition for an imaginary part of x,, is given by

Equation 12.
S[x4le{-1,1}N[max{LB¢1,LB%),min(UB;LUBSP)|  (Equation 12)

If repeating the above-described method, the condition for
%% can be obtained as follows.

Xste{-1,1}N[LB5*,UBs"]

When 4, 5 is a positive number,

4
0A-+C —22 F} - 2m)
=2

LBY = -1

IF3s|

. 0a+VC -
UBf= =5 1
17351

When I, 5 is a negative number,

Q, +VC -t
_— +1

LB = -
’ 2l
4
QA-VC =2} IF}| -2
A =2
UB; = - v +1.
[Ffs]

In the same method, if calculating Equation 9, the condi-
tion for x, can be obtained, and the condition for a real part
of x, is given by Equation 13, similar to Equation 12.

R [x,Jef-1,1}N[max(LB;? LB;%) min(UBs" UB,%)] (Equation 13)

Inthis way, the conditions for imaginary and real parts ofx,
can be obtained as represented by Equations 14 and 15.

B(x;1e{-1,1}N[max(LB,*,LB,2),min(UB,AUB,®)] (Equation 14)

R [x,]e{-1,1}N[max(LB,* LB,%),min(UB#,UB,?)| (Equation 15)

In order to display estimated values for imaginary and real
parts of symbols that are calculated by using Equations 12 to
15, a bar - is displayed above each symbol. Finally, the esti-
mated values for x; and x, are represented by Equation 16.
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RS X X N
- 7 2 uation
e o M = [0 - Bl + [y - D (Havanon 21
Xg= x4 3] (Equation 16)
. . where
As described above, after detecting x, and x,,, x; and x,, are

detected as follows. In the exemplary embodiment of the
present invention, different from a general method, an Alam-
outi decoding scheme instead of the sphere decoding scheme
is applied to two remaining symbols.

o = [Rlef"). 9lf. ... , RIi], Iy

Bo = RIAM. JA. ..., RIBYY, 918

First, if substituting the estimated values for x, and x,, given Rlot"] - 9af"IR[a4"] -
by Equation 16 for Equation 2, Equation 17 is obtained. 10 IR - T[]
Fy=hyx g, I Rle{" 13t 1R5"101eS R[4 ]
P2==hy Xy " thyx 4+, o " () (1)
s Rley"1- [y |R[a5" ] -
Fi=r1=h3X3=hyx, J[ag”r) }R[aglr) - J[wgnr) ]
. 2120 130 TR [ 1340 1] 8
Po=rothaXy *~hXy. (Equation 17) Il IR[ay [9[o )]R[a3 Joad™ R[a4 )]
Equation 17 shows a received signal in the case where an
Alamouti decoding scheme is applied once. Thus, extremely 5 ) b
simple detection can be performed, and the results that are RIB1-918 RIA -
obtained by detecting X, and X, are as follows. SBMRIA - 918
IV IRIA OB IRIA OB IR A )
¥l = sign(hy) (Equation 18) 55 Ds=|*
1 ol 87 TRl _
Xy =sign(ty) RIA] J[ ! ]R[ﬁg ]
3(g™ [R[g | — 5[ g™
o B R 3[4k
= - REE7 15T 470 TRI 470 15T 47 TR g
L Il B IRIA oA IR ol R[4
Fihs + 30
X =—F7.
T of =\l + 1o
w(/() _ Frl h:,l + rlt,2hl<,2
In Equation 18, the sign means a signum function. o o
From Equation 18, the estimated values for real and imagi- . .
fx, and x, can be simply calculated as follows. 0 - Hhalies +heahiy
nary parts of x; and x, can be simply calculated as follows. oy = =
RE-R() 1
a{{() _ hlt,lhx,4 + hk,lhlt,S
R af’
40 © _ ®
R iR ) frma
i Tkl =k
R (Equation 19) 0 %
Finally, estimated values for real and imaginary parts of X , o _ Meahis — g
and X are obtained. In the description below, in order to 45 : Ao
indicate the estimated values, a bar - is additionally displayed. . .
s . . ) hk.zhk,4 + hk,lhk 3
By using the estimated values that are calculated above, C' is B = T
calculated as represented by Equation 20. 2
C'=Jorg=D TP +Bo=DpTal (Equation 20) 50
If the condition C'>C is satisfied, it means that there is no and k indicates an index of a receiving antenna.
constellation point in a given radius C, like the existing sphere In this case, if a constant 7 is defined as Z=min(2n,, 6), the
coding scheme. Thus, the C value is increased by a predeter- ML metric is given as follows.
mined method. However, if the condition C'<C is satisfied, a
constellation point exists. 55

Thus, first, Equation 7 is restricted to be smaller than or z 2
equal to the constant C. As a result, the two necessary condi- M= Z
tions are derived. Then, the constant C is converted into the P
constant C'. The above-described processes are repeated until
the constellation point is not discovered. In this case, the 60
finally discovered constellation point becomes an ML esti-
mated value.

The description has been given on the assumption that the
number of receiving antennas is one. The description will be
made on the assumptionthatn, receiving antennas exist. First, 65
the ML metric, which has been represented by Equation 5, is
represented by Equation 21.

6

D Fel-x

=1

Y4 6
B, B B

=l | =L

Z-1 2 2

+

6
> Rt -

i=1

6
> Fiel =xh
=4

i=1

2 Z-1

6
D -

=

2 2
+

5
Z Ffj(ﬂf —Xf)
z

6
D, Fiitef =
=z

i=1
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If the given numerical formula is solved by the above-
described method, XAj(j=3. 4, 5, and 6) is estimated as rep-
resented by Equation 22.

xe{-1,1}N[LB,UB/"]

734,56 (Equation 22)

IfF4,, is a positive number,

6
2

f=ym)

i-1
Q. -V =23 IF7 -2
=4

-1

LBY =
J FZA,S

6
pa+vC -2y @
k=j+1
UB?: —Aﬁ—l.
12,1

IfF* 7 1s a negative number,

5
QA+\/E—22 af

4 k=j+l
LB} =~ FA
IFZ,|
i-1 6
0A-VC -2) I 1-2 ) uf
=Z k=j+1
UB} = - d AR

IF2;1

In the same method, X? (73,4, 5,and 6) is estimated, and
estimate values for imaginary and real parts of x, and x,, can
be calculated by using Equations 12 to 15. The following
processes are the same as those in the case in which one
receiving antenna exists.

The description has been given to the case of 4-QAM.
However, the result that is obtained above can be generalized
to the case of arbitrary M-QAM. First, for better comprehen-
sion and ease of description, a case of 16-QAM is exempli-
fied. In this case, as a value of each of xAj and x” ' any one of
{-3, -1, 1,3} is selected.

First, if estimating xAj, the following conversion is per-
formed as proposed by 7. Yang, C. Liu, and J. He. If a value
of F4, ,1sapositive numbet, with respect to XA]- corresponding
1o j, the following conversion is performed.

Ifa value of 4, 18 a negative number, with respect to x“‘j
corresponding to j, the following conversion is performed.

If representing the value of xAj in a form of a binary num-
ber, it is as follows.

bA=2b, A+by

4
by e{0,1}
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If using the numerical formula, an estimated value for xAj
can be calculated as follows.

5
0= VC -6 IF - 4lFs]

=2
2IF4l

Qa+ Vo
2R3l

Bye €40, 13N

In this way, an estimated value for b® ', can be calculated as
follows.

5
05 - VC -6 |FE| - 4Pl

=
27|

s+ VC
2AF|

Bsei0, 11N

1If FAz,6 andF? »,6have the same code, X4, and X®; have the
same value. As a result, b, and b®; have the same value.

Thus, the conditions bAOﬁZbB 0¢and b* mibB 1,6 are satisfied.

However, if FA2,6 and F? »,6 have different codes, respec-
tively, the conditions b”, ¢=b%; ¢ and b*; ;=b”| ¢ are not sat-
isfied. For example, when it is assumed that F, ; is a positive
number and F”, ; is a negative number, the following numeri-
cal formula is satisfied.

Here, any one of {0, 1, 2, 3} is selected as a value of each
of the constants b, and b?,. Accordingly, b, can be consid-
ered as a complement of 1 with respect to b?. Thus, using
b4y s and % 0.6» Do can be estimated as represented by Equa-
tion 23.

ifsign(Fye) = sign(F) (Equation 23)

otherwise

_ {%‘,6 Nbgs ...
0.6 °=
bis Mg, ...

In this case, a dot * indicates a complement of 1.

In the same method, b, 5 can be estimated as follows.

_ bl N2, ... ifsign(Fye) = sign(Ffg) (Equation 24)
1,6 1=
bis N b‘ﬁG, ... otherwise
In Equation 24,

5
04 =VC =63 111 - 2o elFil

I

Beel, 1N 4lFl '
Q4 +VC ~2by 6l F]

AFLl
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If FAz’6 and F# »,6 have the same code,

5
05 =VC =6 IFE| = 2boslFsl

=)
4FEs]

0z +VC —250,6|F€5|
4FE|

seid, 1N

If FAZ,6 and F? 2.6 have different codes, respectively, in a
numerical formula for b, 5, the value of b, ¢ needs to be
changed to a complement of 1. An imaginary part for X, is
estimated as represented by Equation 25.

S[xAT=sign(#" z,sA)(2(2E1,6+Eo,ﬁ)—3) (Equation 25)

In the same method, a real part of X, and imaginary and
real parts of X; can be estimated. That is, imaginary and real
parts of X, and imaginary and real parts of X ; are sequentially
estimated. At this time, imaginary and real parts, each of
which is composed of a plurality of bits, are estimated in an
order from the LSB (least significant bit) to the MSB (most
significant bit).

Then, x", and X", are estimated by using Equations 17 and
18.Inorderto obtainx”, andx”, that are ML estimated values,
points that are close to X", and x",, are selected from among
all points in a constellation.

The case of 16-QAM has been described. The case of
M-QAM will now be described.

In the case of M-QAM. as a value of each of X* and X? ,
any one of {-——VM+1, -VM+3,....-1,1,... ,VM-3,VM-1}
is selected. In this case, if a value of %, ;is apositive number,
a conversion like Equation 26 is performed on X, that cor-
responds to j.

(Equation 26)

A:\/M —1+xj"

i 2

If a value of FAZJ. is a negative number, a conversion like
Equation 27 is performed on XA]. that corresponds to j.

(Equation 27)

A detection method, which is executed after the conversion
is performed, is the same as the method thatis described in the
16-QAM.

Finally, in order to improve detection performance, detec-
tion ordering is performed. In the above-described method, x,
and x,, are estimated and then x, and x, are estimated. Accord-
ing to this method, when a channel through which x5 and x,,
pass is superior to a channel through which x, and x, pass,
superior performance is obtained. However, when the chan-
nel through which x5 and x, pass is inferior to the channel
through which x, and x, pass, superior performance cannotbe
obtained due to error propagation.

In this case, after estimating x; and X,, x5 and x, are esti-
mated. In general, when Equation 28 is satisfied, x, and x, are
first estimated. When Equation 28 is not satisfied, x5 and x,,
are first estimated.
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ny ny

(s P+ W2y = > (sl + D of?

k=1

(Equation 28)

k=1

The detection method will now be described in detail with
reference to FIG. 2.

FIG. 2 is a flowchart illustrating a detection method
according to an exemplary embodiment of the present inven-
tion.

As shown in FIG. 2, if receiving signals from n, receiving
antennas (Step S100), it is determined which channel is supe-
rior from among a plurality of channels through which the
signals are received (Step S110). In the exemplary embodi-
ment of the present invention, since the detection of the sig-
nals from four antennas is exemplified, it is determined
whether a channel from transmitting antennas 3 and 4 is
superior to a channel from transmitting antennas 1 and 2.

When it is determined that the channel from the transmit-
ting antennas 3 and 4 is superior to the channel from the
transmitting antennas 1 and 2, Cholesky decomposition is
performed in order to calculate F (in Equation 6, F , and F ) of
the ML metric that is generated for the purpose of performing
sphere decoding (Step S120). In this case, since the Cholesky
decomposition is already well-known, a detailed description
thereof will be omitted in the exemplary embodiment of the
present invention.

If the ML metric is calculated by performing the Cholesky
decomposition, x, and ¢, are detected by using two dependent
sphere decoders (Step S130). Since the method of detecting
X, and ¢, by using the sphere decoders is already well-known,
adetailed description thereof will be omitted in the exemplary
embodiment of the present invention.

Ifx, and c,, are detected, x, and x, are detected by a single
symbol detection method using Equation 17 (Step S140).
When detecting x, and X,. an Alamouti decoding scheme is
used.

Steps S120 to S140 are performed when the channel from
the transmitting antennas 3 and 4 is superior to the channel
from the transmitting antennas 1 and 2. Meanwhile, when the
channel from the transmitting antennas 1 and 2 is superior to
the channel from the transmitting antennas 3 and 4, after
Cholesky decomposition is performed (Step S160), x, and x,
are detected by using a sphere decoder (Step S170) and x5 and
x, are then detected by using the single symbol detection
method (Step S180).

As described above, after x|, x,, X5 and x,, are all detected,
the radius of a sphere decoder is updated (Step S150). The
detection method is repeatedly performed until only one con-
stellation point exists in the updated radius of the sphere
decoder.

Referring to FIGS. 3 to 6, the running times and the CPU
clocks when using the 4-QAM method and the 16-QAM
method according to the exemplary embodiment of the
present invention are compared with the running time and the
CPU clock when using the method according to the related
art.

FIGS. 3 and 4 are exemplary views illustrating the com-
parison result between a running time and the number of CPU
clocks when using a 4-QAM method according to an exem-
plary embodiment of the present invention and a running time
and the number of CPU clocks when using a method accord-
ing to the related art.

In this case, the scheme, which is proposed by Z. Yang, C.
Liu, and J. He, is called a “best known scheme”. FIG. 3 shows
a comparison result between running times when using a
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detection method according to an exemplary embodiment of
the present invention and when using the detection method
according to the best known scheme. As shown in FIG. 3, it
can be understood that the running time when using the detec-
tion method according to the exemplary embodiment of the
present invention is shorter than the running time when using
the detection method according to the best known scheme. In
particular, an improvement width is large in a region having a
low SNR (signal-to-noise ratio).

Asshown inFIG. 4, it can be understood that the number of
CPU clocks when using the 4-QAM method according to the
exemplary embodiment of the present invention is smaller
than the number of CPU clocks when using the method
according to the best known scheme. In this case, the number
of CPU clocks is in proportion to complexity of a system.
When the number of CPU clocks increases, the complexity of
the system increases.

FIGS. 5§ and 6 are exemplary views illustrating a compari-
son result between a running time and the number of CPU
clocks when using a 16-QAM method according to an exem-
plary embodiment of the present invention and a running time
and the number of CPU clocks when using a method accord-
ing to the related art.

As shown in FIGS. 5 and 6, it can be understood that the
detection method according to the exemplary embodiment of
the present invention using the 16-QAM method is superior to
the detection method according to the related art in terms of
the running time and the number of CPU clocks. This point is
the same as that of the 4-QAM method.

In this case, a program that realizes a function correspond-
ing to the structure according to the exemplary embodiment
of the present invention and a recording medium that has the
program recorded therein are within the range of the present
invention.

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.

According to the above-described exemplary embodiment,
when detecting the space-time code B for the four transmit-
ting antennas, as compared with the case of using the existing
sphere decoding scheme, it is possible to provide the same
ML performance with low complexity.

What is claimed is:

1. A method of detecting a space-time code for a plurality
of transmitting antennas, the method comprising:

receiving, by at least one receiving antenna, signals that are

transmitted from the plurality of transmitting antennas,
and determining channel statuses of the received signals
for the transmitting antennas to determine a detection
order of symbol groups, the received signals being
divided into a first symbol group and a second symbol
group each of which includes a pair of a first symbol and
a second symbol, each symbol including imaginary and
real parts each having one or more bits;

calculating a ML (maximum likelihood) metric for the first

symbol group if detection on the first symbol group is
determined according to the channel statuses;
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performing sphere decoding on the calculated ML metric
and sequentially detecting an imaginary part of one bit
and a real part of one bit for the first symbol and the
second symbol of the first symbol group; and

detecting, by a detector, the second symbol group as a

single symbol on the basis of the detected first symbol
group.

2. The method of claim 1, wherein the ML metric is calcu-
lated by an intersection of results that are obtained by per-
forming two sphere decoding schemes.

3. The method of claim 2, wherein the ML metric is
restricted to be smaller than a constant that is defined in
advance.

4. The method of claim 3, wherein, when one receiving
antenna exists, the ML metric is calculated using the received
signals and channel gains between the plurality of transmit-
ting antennas and the receiving antenna.

5. The method of claim 4, wherein, when a plurality of
receiving antennas exist, the ML metric is calculated using
the received signals in the plurality of receiving antennas and
channel gains between the plurality of transmitting antennas
and the plurality of receiving antennas.

6. The method of claim 1, wherein the second symbol
group is detected by a single symbol detection method.

7. The method of claim 6, wherein the single symbol detec-
tion method is an Alamouti decoding scheme.

8. The method of claim 1, wherein the imaginary and real
parts of the first and second symbols, which are composed of
two bits or more, are detected in an order from the LSB (least
significant bit) to the MSB (most significant bit).

9. The method of claim 8, wherein the imaginary part of the
second symbol is estimated using the following equations:

ifsign(Ffs) = sign(F2s)

otherwise,

B {b36 Nbg ...
0.6 =
bis N b, ...
~ bis MW, ... ifsign(Ffs) = sign(F5s)
16°=9 4 and
bR B, ..

otherwise,

3 [14] = sign(F{"G)(2(25175 + 5076) - 3)

10. The method of claim 1, wherein the ML metric is
calculated by performing Cholesky decomposition on the
first symbol group or the second symbol group.

11. The method of claim 10, further comprising detecting
the second symbol group as a single symbol and updating a
variable of the radius of a sphere decoder that becomes a
criterion when detecting the space-time code.

12. The method of claim 11, wherein, if each of detected
values for the first symbol group and the second symbol group
is larger than the radius of the sphere decoder, it is informed
that there is no constellation in the variable of the radius of the
sphere decoder.

13. The method of claim 12, wherein the detection order is
that a symbol group that passed through a superior channel is
first detected.



