
US007729436B2 

(12) United States Patent 
Helard et a]. 

US 7,729,436 B2 
Jun. 1, 2010 

(10) Patent N0.: 
(45) Date of Patent: 

(54) 

(75) 

(73) 

(*) 

(21) 

(22) 

(86) 

(87) 

(65) 

(30) 
Sep. 1, 2003 

(51) 

(52) 
(58) 

RECEIVER AND METHOD FOR DECODING 
A CODED SIGNAL WITH THE AID OF A 
SPACE-TIME CODING MATRIX 

Inventors: Maryline Helard, Rennes (FR); 
Rodolphe Le Gouable, Cesson Sevigne 
(FR); Pierre-Jean Bouvet, Rennes (FR); 
Vincent Le Nir, Rennes (FR) 

Assignee: France Telecom, Paris (FR) 

Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 808 days. 

Appl. No.: 10/568,942 

PCT Filed: Mar. 5, 2004 

PCT No.: 

§ 371 (0X1)’ 
(2), (4) Date: 

PCT/FR2004/000538 

Dec. 27, 2006 

PCT Pub. No.: WO2005/029757 

PCT Pub. Date: Mar. 31, 2005 

Prior Publication Data 

US 2007/0140370 A1 Jun. 21, 2007 

Foreign Application Priority Data 

(FR) ................................. .. 03 10360 

Int. Cl. 
H04L 1/02 (2006.01) 
US. Cl. ...................... .. 375/267; 375/340; 375/316 

Field of Classi?cation Search ............... .. 375/340, 

375/316, 267 
See application ?le for complete search history. 

8% BS 

(56) References Cited 

U.S. PATENT DOCUMENTS 

5,856,980 A * 
5,859,875 A * 

l/l999 Doyle ....................... .. 714/704 

l/l999 Kato et al. ................ .. 375/267 

FOREIGN PATENT DOCUMENTS 

EP 1 133 071 A2 9/2001 

OTHER PUBLICATIONS 

Meixia Tao et al., “Low Complexity Post-Ordered Iterative Decoding 
for Generalized Layered Space-Time Systems,” IEEE 2001, pp. 
1 137-1 141 . 

Jaeyoung Kwak et al., “A Blind Space-Time Adaptive Multiuser 
Detector for DS-CDMA Communication Systems,” IEEE 1998, pp. 
1069-1073. 

(Continued) 
Primary ExamineriShuwang Liu 
Assistant ExamineriMichael R Neff 
(74) Attorney, Agent, or F irmiWestman, Champlin & Kelly, 
P.A.; David D. Brush 

(57) ABSTRACT 

The disclosure relates to a method for decoding a received 
signal comprising symbols which are distributed in space and 
time with the aid of a space-time coding matrix, comprising a 
space-time decoding stage and at least two iterations, each of 
which comprising the following sub-stages: diversity pre 
decoding, the opposite of diversity pre-decoding carried out 
when the signal is emitted, providing precoded data; estima 
tion of symbols forming said signal on the basis of said 
pre-decoded data, providing estimated symbols; diversity 
preceding identical to diversity preceding carried out during 
emission, applied to the estimated symbols in order to provide 
an estimated signal. 

17 Claims, 18 Drawing Sheets 

Space-X?- “I r 
5 Pre- > ' . lnterlacmg ->( "T18 

encodan code - 

En n" n 

83f 

Space" MMSE 
time - - 

decoding 

84 as 

Module ile p 
( Al ) 



US 7,729,436 B2 
Page 2 

OTHER PUBLICATIONS 

H. Yang et al., “Performance of Space-Time Trellis Codes in Fre 
quency Selective WCDMA Systems,” IEEE 2002, pp. 233-237. 
G. Bauch et al., “Reduced-Complexity Space-Time Turbo-Equaliza 
tion for Frequency-Selective MIMO Channels, ” IEEE Transactions 
on Wireless Comm., vol. I, No. 4, Oct. 2002 pp. 819-828. 
H. Jafarkhani, “A Quasi-Orthogonal Space-Time Block Code,” IEEE 
Transaction on Comm., vol. 49, No. 1, Jan. 2001, pp .l-4. 
V. Le Nir et al., “Reduced-Complexity Space-Time Block Coding 
and Decoding Schemes With Block Linear Precoding ” Electronics 
Letters, vol. 39 No. 14, Jul. 10, 2003, pp. 1066-1068. 
D. Tujkovic, “Recursive Space-Time Trellis Codes for Turbo Coded 
Modulation,” IEEE Globecom, vol. 2, 2000, pp. 1010-1015. 
SK. Jayaweera et al., “Turbo (Iterative) Decoding of a Unitary 
Space-Time Code With a Convolutional Code,” IEEE VTC Spring 
2002, vol. 2, pp. 1020-1024. 

A. Fabregas et al., “Analysis and Design of Natural and Threaded 
Space-Time Codes With Iterative Decoding,” Conference on Signals, 
Systems and Computers, vol. I, 2002 pp. 279-283. 
A. Boariu et al., “A Class of Nonorthogonal Rate-One Space-Time 
Block Codes With Controlled Interference,” IEEE Transacations on 
Wireless Comm., vol. 2, No. 2, Mar. 2003, pp. 270-276. 
0. Tirkkonen et al., “Minimal Non-Orthogonality Rate 1 Space-Time 
Block Code for 3+ TX Antennas,” IEEE 6”“ Int. Symp. On Spread 
Spectrum Tech. & Appli., Sep. 2000, pp. 429-432. 
S. Alamouti, A Simple Transmit Diversity Technique for Wireless 
Communications, IEEE Journal on Select Areas in Communications, 
vol. 16, No. 8, Oct. 1998, pp. 1451-1458. 
V. Tarokh et al., “Space-Time Block Coding for Wireless Communi 
cations: Performance Results,” IEEE Journal of Selected Areas in 
Communications, vol. 17., No. 3, Mar. 1999, pp. 451-460. 

* cited by examiner 



US. Patent Jun. 1, 2010 Sheet 1 0f 18 US 7,729,436 B2 

E1 
5 """ "13 h, 

i “WW ____ __’E1_'Z‘2‘X§;’§L_§15225354 
: I \ R1 I: _ : 1 ML : S1,SZ,SS,S4:Space-1 h2 lSpace : i I 

——'| time :EB/VLQD—J, tlme lr—>Eequalizationl—> 
{encodin jynpngmam?decoding; : E a h, ------ --------- " 

a :J 
Fig.1 

21 

space' MMSE Module ite1 §<°> 
time > . . > . , _ > 

decoding equalization (diagonahzatlon) 

23 24 1‘ Module ite2 §<11 
r (Al) 

Y T V 

g ; 22p \ 
E E \ 222 

Module ite p 5“? 
X (Al) 

Fig.2 1 



US. Patent Jun. 1, 2010 Sheet 2 0f 18 US 7,729,436 B2 

Diagonalization 

x gm) Symbol §(O) 
—> (I) —> —> 

estimation 

31 _ 32 

HQ. 

411 
Interference 
cancellation 

i """"""""" 41 

§(p-1)i ("'1 :/ 
—:—>i J4 , ' 

: l_____: i 42 

X i _ 5 gm) Symbol gm) 
: +> ~() i > estimation, —> 
i Xp l decision 

412 





US. Patent Jun. 1, 2010 Sheet 4 0f 18 US 7,729,436 B2 

?—u- lte1 

~v--Jv-- ML 

-<>--<>- AWGN 

-+--+- optimum 

MISO 8x1,1.5 bits/Hz H "‘52 

3E-02 

2E-02 

1E-02 ____________ M I 

75-03 ------------------------- < 

55-03 

3E-03 

LU 

'13 1E-03 7E-04 . ............ ,. 

55-04 ------------------- If“ --------- -- ‘ 

\ 
\ 
\ 

1.0E-04 \ 

-2.0dB OdB 5dB 10dB 15dB 

Ebu/No [dB] 

Fig. 6 



US. Patent Jun. 1, 2010 Sheet 5 0f 18 US 7,729,436 B2 

MlSO8x1,1bits/Hz H "92 

2.0E-01 
1E-01 ------------------------- - 

7E-02 ~ - - - ~ - - - - l - - - ‘ - - - - ‘ - 

55-02 \ _ ......................... __ 

1 E'02 _:::::::::::: """"""" " 

7E-03 \ ‘ 

5E-03 \ ........... .. 

(BE-03 ----------- ‘ 

2E-O3 
[C 
m 
“0 1E-03 

7E-O4 ____________ __ 

55-04 . . . . . . . . _ . . . _ _ . . , . _ . . . . ..‘ ....................................... .. 

3E-04 

2E-04 

1.0E-O4 \ 

-2.0dB OdB 5dB 10dB 15dB 

Ebu/No [dB] 

Fig. 7 



US. Patent Jun. 1, 2010 Sheet 6 0f 18 US 7,729,436 B2 

81 82 

Space- j?» R1 
3 Pre 
——> . ~ lnterlacing _ time : 

encodmg code , 

En hn n 

86 

SPace' A MMSE X A Modufeite1 §Q 
t'me. ' equalization ' (diagonalization) 

decodlng 

84 85 4’ ModuieiteZ 5‘1}; 
*7 (AI) 

\ 
1 , 

87KB, -<p-1) 

L, W 
Module ite p §li 

(Al ) 

Fig. 8 j' 



US. Patent Jun- 1, 2010 Sheet 7 0f 18 US 7,729,436 B2 

92 93 94 

Diagonalization / / / 
x, Pre- ‘ Symbol Pre- go) 

(1) » en°°din9- V estimation enwding —* 

\ gm) 
91 Fig. 9 

1011 
Interference 
cancellation 

' ____________ "/101 
gun-1):, l 
'——i‘> J4 } 

E - z A 102 
I : (P) 

X l | S k Pre- / . V I _1 

l ; encoding 

"""""" ‘“ 1 103 

Symbol / 
estimation 1013 1012 l 

104 _-(P) 
\ Prej ‘ S encoding 





U-S- Patth Jun. 1, 2010 Sheet 9 0f 18 US 7,729,436 B2 

E1 

121 123‘ \ OFDM —Y 
\ 122 Modulation 

(IFFT) “1 

Spread- \ E spectrum OFDM j 
5 operation Space- Modulation E; R1 r 
—> (by CDMA > time = (IFFT) ; 

code) on code : : 
set of : hn n 
k users 123 En 

2 OFDM j 124 
125 123" /\ Modulation 

OFDM (IFFT) 
Demod. < 

(FFT) 128 

Space MMSE X Module ite 1 §(0) 
—> time — I. t. > _ _ I : 

decoding equa 'Za '0" (diagonalizatlon) 

126 127 = Module ite 2 s"; 
= (Al) 

Y i Y 
: : 129p 

E E 1292 
I {gm-1) 

Module ite p 5% 
(Al) 

Fig. 12 l 



US. Patent Jun. 1, 2010 Sheet 10 0f 18 US 7,729,436 B2 

132 
131 

/ 93 
Diagona 
lization CDMA CDMA 

despread spread _(0) 
L, (I) r operation AV Symbm __> operation ‘ 3 

according estimation according 
to set of to set of 

\lsw) codes used codes used 

91 Fig. 13 

interference 
cancellation 

' """"""""" "f 101 

goof l 
1 J4 E CDMA 141 

l l despread / X E _ l @lP) operation 
9. f\|f E - according 

l 326’); to set of 
E : codes used 
I _ — _ * _ _ _ _ _ ? _ _ _ _ —-I if 

103 

Symbol / 
estimation 

142 ‘ 

X CDMA 
spread §(p) 

operation l-__-> 
according 

_ to set of 

Flg. 14 codes used 



US. Patent Jun. 1, 2010 Sheet 11 0f 18 US 7,729,436 B2 

MISO 4x1 Jafarkhani, CDMA (Lc=16, half—load), nu=2 bits/s/Hz 

2.0E-01 

1 EM “‘ ..... .. 

7E-02 ‘ ..... _. 

5E-02 

(BE-02 “ “ \ ----- - 

2E-02 ‘ ‘ 

1 E-O2 

7E 

5E-03 ---- - 

3E-03 

2E-O3 

EB 
*— 1E-03 ----------------------------------------------- - 

75-04 

5E-04 

35-04 ------------------- - 

2E-04 ------------------ - 

1.0E-O4 
-2.0dB OdB 5dB 10dB 15dB 20dB 

Ebu/No 

Fig. 15 



US. Patent Jun. 1, 2010 Sheet 12 0f 18 US 7,729,436 B2 

161 162 

\ \ E 
1\ Channel - E2 

__> % lnterlacm 

encoding g 1?; R1 
Space- : r 
time ; 

Modulation S > COde En hn n 

\ gm'm-Y 
163 

166 

StPace' _ MMSE X _ Module ite1 §l°l_ 
deggging equalization ' (diagonalization) 

‘64 165 = Module ite2 6"): 
> (Al) 

ii T 
1 ; 167p \ 
E E \ 1671 
l—> —( -1> Moduleitep Sp: 

(Al) 

Fig. 16 l 



US. Patent Jun. 1, 2010 Sheet 13 0f 18 US 7,729,436 B2 

172 173 174 
Diagona 
lization ) 

x - . -1 Channel 

—> (I) Demodulatlon T Interlacmg i decoding ‘\ 

R ’S‘(0) L 
171 lnterlacing > Modulation -—-> 

Fig. 17 175 176 

Interference 

. . -1 

Demodulatlon > Interlacmg V 

' """""""" '“ ‘1 

184 
\ Channel decoding W 

L lnterlacing AV Modulation—~—> 

Fig. 18 185 186 



US. Patent Jun. 1, 2010 Sheet 14 0f 18 US 7,729,436 B2 

191 192 

\ \ E1 
Channel . 

encoding 1 lnterlacmg J m 
E2 

193 Space-Xv R‘ r 
194 Modulation 195 time : 1 
\ 3 code 2 

\ / En hn n 
L Pre' lnterlacing > I 

encoding gin-i1) 

198 

‘ Space MM X ‘ Module ite 1 9(01 
decoding r equalization ' (diagonalization) ' 

196 197 = Module ite 2 eiii 
> (Al) ' 

‘1! Y 
: ; 199p 

l_, _ 1 
Module ite p 5“: 

(Al) 

Fig. 19 l 



US. Patent Jun. 1, 2010 Sheet 15 0f 18 US 7,729,436 B2 

201 

203 
202 204 

Diagona 
lization / 

X 

—> (I) —> Interlacing'1 —> me. -1—>Demodu|ation encodlng 
gm) 

205 206 207 

- -1 Channel . 
—> lnterlacm > > 9 decoding lnterlacmg 

208 209 210 
. Pre- _ - 

—> Modulatlon —> . V lnterlacmg -—> encodlng 

Fig. 20 



US. Patent Jun. 1, 2010 Sheet 16 0f 18 US 7,729,436 B2 

Interference 2113 

cancellation f I ' ' _ _ ” _ _ _ _ _ _ ' ' _ “"l 

§<P">E wzm 
—:_> J4 ' 

l v— : 
x i J l 

| + : 

2112 212 213 214 

—> lnterlacing-1—> Pre: '1 = Demodulation ’S‘(p) encodmg 

/215 216 217 
. -1 Channel . 

—> lnterlacmg V decoding V lnterlacmg 

218 219 2110 

. ‘ Pre- _ . 

—>Modulat|on V . V lnterlacmg -——> encodlng 

Fig. 21 



US. Patent Jun. 1, 2010 Sheet 17 0f 18 US 7,729,436 B2 

223 

Space- Module ite 1 
time_ > (diagonalization > 

decodlng + equalization) 

221 2 . 
' Module Ite2 

MMSE _ > 
» . . 7 (Al) equallzatlon 

J! 1 \ 
; ; 224p \ 
i i \ 2241 

222 ' ' 
X 

§(p-1) Module ite p > 
(Al) 

Fig. 22 

231 232 

Diagonalization Symbol 
+ equallzatlon gm estlmatlon 



US. Patent Jun. 1, 2010 Sheet 18 0f 18 US 7,729,436 B2 

191 192 

China \ E1 
encoding lnterlacmg j h1 

E2 

1}; 
194 L ’\/193 Space- - 2 Lgfir Modulation S time 2 

\ // COde En hn n 
Pre- _ . k j 

. V lnterlacmg V encodmg 

196 197 198 

SPaCe' MMSE Module ite1 §<°> 
t'me ; eQUalization = (dia onalization) = decoding 9 

= time ' equalization‘ ( Al ) 
decoding 

v + 
| | 1 99peneencoe 

I i S(P'1) \\ 
Space- MMSE Module ite p gm)‘ 
time ~ - - = (AI ) ' 

decoding equallzatlon 

Fig. 24 V 


































