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ABSTRACT

In this paper, we present a scheme to overcome the worst case complexity of the sphere decoder. If the
number of visited nodes reaches the threshold, the detected symbol vector is determined between two candidate
symbol vectors. One candidate symbol vector is obtained from the demodulated output of ZF receiver which is
initial stage of the sphere decoder. The other candidate symbol vector consists of two sub-symbol vectors. The
first sub-symbol vector consists of lately visited nodes running from the most upper layer. The second one
contains corresponding demodulated outputs of ZF receiver. Between these two candidate symbol vectors, the one
with smaller euclidean distance to the received symbol vector is chosen as detected symbol vector. In addition,
we show the upper bound of symbol error rate performance for the sphere decoder using the proposed scheme.
In the simulation, the proposed scheme shows the significant reduction of the worst case complexity while

having negligible SER performance degradation.

I.M 2 Ha ANl wel Ad gl iz Zo15t

o] z &&x il olEF ZvkE A seks

o5 ghElLE A|4EH] (MIMO)= 541 k2] Z18k7] 2184 zero-forcing(ZF), minimum mean
* AAejeh A7 KR o] 554l 9dF-A(youngmil2 @ yonsei.ac.kr)

=iH 3 L KICS2008-01-030, %j wdz} 20084 19 159, FHE=F-Aedz) 20084 59 19Y¢

ST



L EA18H3] 52| '08-06 Vol. 33 No. 6

square error(MMSE), maximum likelyhood(ML) ~L
2]1 V-BLASTS} & #HE dbye] Al”M=EHch
MLe] H|E 25758 FHdA 7} F2 A5E 7l
A, e $Al el sl digte] Ao
B ke EAAe] sl old AIE A
#1354 E. Viterbo and J. Boutros= sphere decoder
SD)E Akslddl?,  spE T 2] wd
o+ FH S| 3510y Finke-Phost &iz|&E o]
el BgFeR Addez Fu AE a4 ¥
o] AAdd] ket ol s =2 AE o
AHS- B)(SNR) <39 o)X polynomial B3 EE 7}4]
= Aol sich a8y e EAlEe IARL F
o 23t== MLe AZske A7F sdck AE7t
A G EAEE Fol7] A B A7) olFe
A ko), Hd BAEE Fol7] 7 72 v
g Aotk

B =7olx= SDE Hdl EREE Zol7] AT
EA% Ag SDE ARl Akl SD= AHEe
Z7] A ol&=le ZF #HE: g o]8dk)
2l Z4AE 98] :S(node) H FFol| AgHA|
(threshold) S AT} vk SDO] kTt HT 3
7 ARAE Qe AL, Aae WET HArs) 9
AW (serch level)dlA vlX|2 AT =7} Qi &
A AR x=g § AlE #HE{(sub-symbol
vector) & T8t WA A&l WaiXe ZF H=
e ol8dle] A 1 FH AE HEE A 2
2l ZFe A& AlZE A 2 FX AE HelE 7
& % F Fu AR Ay FoA A Alse} §
Zel= At AL A% HE ARE AR

=3t AR AdAe| wet SER Adse] d3iAE
€ #Elsp] HsiA AR Balke Alg SDe A
gkx] Ao o2 SER A58 AMl(upper bound)
£ Byck A4k AF A3, At b 20dB
o]4e] F& SNR dgelx= #Hdl 0.5dBAH =] A
5 g3l e, B BAEE Eeli, 53 F
Ealwel glojd 453 e S g3 #
A%t

=29 AL o5 ok A6l = MIMO
Azl mdz Sp dxE|ES AuEm [AA
= AR BAx A SDE 4AN3E VA=
Agrz] Ao ukE kgt SD| SER A2 A
AE A%l VAl A4 ARE da938tv
vpRjeto 2 Vel ZA&S dech

o
_{I_w_

C

518

0. AIAH iR

2.1 MIMO A|lA" &l
MIMO A|zEll|x N, 7§e] 441 gl

N AL 441 bl Sk 7F9ARE Ade £
she S4 Alst thew) o] EdWr)

r =Mu +w, (1)

37| M & N, X N, Ad &4, u & N, X1 9
4 AzHE, 1 & N X1 94 4 As WE S
vebdich A " M 9] 7 e gio) 00ln

Balo] 19l B4 7H-Aql E.Hté Wolch 125
\;%B‘é o) 0 o]i B4 ]202'::1H 7]'-?""]?}

r=Mut+w (2)
7] 4]
r =[Re(r )* In(r )77, (3)
__PRe(l\’/'f 7' — (M )T]
M= e ) Re(M )T )
u =[Re(u )T In( )7, (5)
w =[Re(w )T Im(w T]T (6)
olty  Re{+}st mn{.}2 27 Apiel sHeRs
uehdct

2.2 Sphere Decoder &12|&F"
2N, = 2N, =n2lx 7IAE, A2 o3
Zol ANE = gick

lr —Mu |°?

=¢(MM ¢ 7 —ERTR€I“||R£Y||2 7

- Safe+ 3 as ]--

j=i+1
o714

§=p—u, (8)
p=M7"'r, 9)
q;; :T?i: 1=1,...,n, (10)
qij:Tf_j/Tfis J=1+1,..,n (11)

ol3, R & M "M & Cholesky’s decomposition3}q



w5 ade] gagdia Hg 2A % 74 7(¥ 2 SER A #A4

deoizl AMEZbslE(upper triangular matrix) ©|th
SD= &7| ¥ C ool sl ARlEol dsirqt
2L stE FEEe A=)l OB & ARl
S-S 1A A" {E=ls A=z O b
W Al o e 24E SRl

{_ 1/_;;”;]@35{ -qT-JrsJ (12)

37141

S =p; + Z 91515 (13)

I=1+1

n n

2
1; =R’ — E fhz[fs"’ j;rl(bjfj) (14)

=741
olct. A (dd T &FH ZHol AHA
(recursive) 2.2, T3 =}
T._,=1T —q; (5; _ui)2 (15)

ek (15)4 A= el WA 7 7F S5
=54, A (12)F 53 98 & A= ol
oF 22 e ' HE o= 17 "ERE R
AR HEZd FEAN, A2 cdllA o 2
o] EolErh

d*=C"— T+ ¢, (5 — )’ (16)

23 A (169 WAF bl Qe ARFEE B
& 9 A(12-016)9] FHL 3 Wech olg) B
HHE Foi3l WAE ol o ol AR HElE
e 4 9 WAA S8k, A e %
& A% ey} #3402 229 A% WEold,

M. HoHE BET XNigt Sphere Decoder
= e

Baw Ag ShE AEg 29 g Ak
o024 FHu BALE ZQich qkef A @l )
A EF AT e 34t AR E 9e A%, 1A
71 Hel IR 28l i=2n004 i=x7}
Aol xe7b @N-A+1)x1 FAE WEeulE F
Agke}, gE|a g #Hdl i=x-104 i=17kx]¢

(-Dx1 ¥AE A2 4 2] ZF A% A
e 54 etk &

u?l()=Qp), i=x—1,..1 (17)

°lv, Q«)= WEATe wE BE P Fol
ot wllg wtE olgste] A WA R AR A
= o 2] derh

u, = [, @)1 (18)

78 1€ QPSK ®zols £41 ke vl 2
el oelrl k= AT ARKKE 549 AR
wl={+1,+1]7 o]u, & =HA] & Level 29}
Level 18] ==+ ZF & A2 2 AR}

T A Fw AlE weEls A (99 ZF FHE A
£S5 53 detk

w,(5)= Qp,), i=1,....2N, (19)
A% A% A2 deE A0 o3 419)9)
u, Sl 4 Aze} fFiTid Art A A

B wlg) 2 AAg}
a=argmin, _,,{ [ r—Mu, | }, (20)

u=u 21)

o

Level 4

Levei 3

Level 2

T
p ﬂ“}:ﬁe\!e! 1

s

2l 1. QPSK HE N, =20|9 xT AT Ag7} 591 A
2

78 = O(py)
Qp)

V. Higtel S&T Mgt Sphere decoder?]
&l 2FE(SER) d5 &4

Z ke A 3FEE noli k= AT ATAE
cely s AlE 5G5S o2y Atk

SER — min{P 1 P, ZF} (22)

A~

})1 — Hn S C)'Prr'f‘m'!{f? < () (23)
—I—P(n > C)R";'J‘()J'HN > ()

579



322 A18}F3] =7 A] *08-06 Vol. 33 No. 6

oL, P ZF AE71S AR 2FEI A @3)
AN Poroitn < = o X=AT 397} Xﬂﬁb‘]i
o} 2 2E o ’::—"‘L LF-Eolch weF &

A Favt ARk RBod 2 e o 211‘&%
4= A SDe] AE 2FES °4H&Z%91 SD<
A8 278 23, IR4E ML 9 A Z=tt

‘Pf'rror[(n <) PM’L (24)

Prrroritn> o2 T3] #3A, ®A SD7F B
= el disix U3 BHER WS W<
I 7L gk
A A el kEg vRHeR RS 3
He

Pld=k)=— (25)

olc}, 7|4 dv= kA HI x=o] =SS
7le]7le WY Weoly, k<meolch AR 53%E
AgE SD= uhR|g keolif AZEXE dS w, 7}
2 Fol] g 2 Wl g=2n,9X d=k7A]
o xE7b (2N —k+1)x1 FAE HE WME 74
stw, B @l g=k-1el4]  d=17pA9]
(k—1)x1 FAE Hejul7k A 9)9] ZF 3Z A
2e Ed doAmz u, =[w!)’, @) e A
2 OFEE ohew) R

(26)

errori (n > ()

k m—k
~ZF’(d k( Py +

—F Z’F)

o714 A7} 225 F d, e AR o8B
5o aAHoz MLY st ohn sFasich

Pln< O)=1—-P(n>C) (27)
olEE, A (23)< that o] A=t
=1=Pln>OF, ot < 0 (28)
+ Pn > C);_jlp(d:k (—E—Rw +ﬂPZF)
=P, +Pln>C)

4l k k—m
X d=k)|—P,,, +———m P .1—P
{E P k)( AL m ﬁ) _UL}

k=1

E{n}
_P”L-i— c
I k m_k
{EPd k( 111, m PZF_RUL}
k=1

o]7]4 wRA|T R-5%+= Markov’s inequality-&

o]-§3+ Ajolct
580

= % w4 dlo] m o SD7} &

Al akEurt 478el 75, W wA 160AM
o sl A4k A "“536'}93‘3]' EAEE vlas}
2T = APd AlM{channel use)™d TY3F F-54
2 od4leKfloating point operation)S ARSI
SD9] k= AT 4= I3 29 o] SNRY F
7Hl mel ReHoez ZA4dleE, ke A Alg
A& o1l SNROA2] Bt =& AT Fpol| v
g os ARk

-—f

1.
1

C= TE{n}lgyn (29)

A7 En}g,,o F1% SNRoX9 HF k=
A 3ol a, 7= vlE Alolct

28 3= AR Bak® AgF SDe) SER ASo]
ot == AT A= A 30)eA TE ¥
7vAaA] AAE 3k o] &4 AlA|(upper bound)E
galslr] fla A 23) AH-3lem, Pt Py
AL e Fall F3ck od 264 #ald &

1500 T T T T T I L { :
' ' || —— Expected # of visded nodes

n \‘I\E E i 1 1 ' [ 1 1
= \ ' ' ' ' ' ! ! '
o 1000 ----- A R AR e R A AR bl bbbt St .
§ \: E 1] 1 1 1] i 1 1]
2 N
2 N
b= i ™, . H H H . . H
& : N ; : : : ; ;
U 1 + + 1 1] L i 1 1]
2 SGB\\ ----- -
] ' 1 * ' ' ' 1 [ "
Ll : N ; . h H . ,
o Tl
: : : S S : :
: - - ' ! Sl :
i ' ' T e—— ]
o | | | 1 1 1 | | 1
93 2 4 6 8 10 12 14 16 18 20
Es/Mo[dB}

2%l 2. SD2] SNRel| v} I = AHT 34 (QPSK
WE N, =N =4)

10°

sD
Proposed (T=5)
Proposed (T=7)
Upper bound of Preposed (T= 5)
) Upp er bo und of P roposed (T_ 7)
10 0 2 4 6 8 10 12 14 16 18 20
Es/No[dB]

a2 3. Agkgt BAE Az SDo Algkx] AMdAe| ulE
SER Al&



2 (2ol tlareld A B4HE g 71y 2 SRR A% 4

SD

3500 . . . . . NRSD .
Proposed (T=7)
Proposed (T=5) .

Expected Complexity [flop/channet use]
3
(=
o

10 11 12 13 14 15 1 17 18 19 20
Es/No[dB]

J8 4. i B Bl

X 105
NRSD
Proposed {T=7)
Proposed {T=5)

P
4+ n

—_
w0

Maximum Complexity [flops]

ol
]

0- - s

1 11 12 13 14 15 16 17 18 19 20
Es/No[dB)

T8 5 HY BAke vl

e viel Feol i BAwe] sul, 7R AgHA]
£ AAT 7%, 15dB oldlolx= UukHal SDe}
Z Ael7}t glert, 20dB o4+ 739, SER A5l
Al Hd 0.5dB B Aot vhs AE 3] ¥ 5
At o9} L olf= Foizl v ZF94 AE
e F AE WEe] ARgsh=d, %2 SNRellA
ZF ZA=3re| 257-8°] ML H]Eﬂfq -‘37] wfz-o]
of. I¥ 49 I3 5= 47 d4bHQl sDe} (4]
A Alekstar gl NR

SD (New Reduced Sphere Decoder)®} NRSD¢|
Akt EAl Algke A83 399 Hd B3
o} Hf EAleg HoFw ok 2% 4 o 2® 5
N ERlE o gl vl Zo] AR npHe
T B4 SlojA 7B 2 AsE 7K, 3l
a1, o B qlofA €53 £2 g A
T 9le-& B 4 glvk 2y NRSDE d®bd SD
¢l SER A%g 7HEE, APE A4 35
% 304 #el3k uie} o] 20dB ©lAre] SNR
ddol4] FHll 0.5dB2] SER A% 437} qlch

VI. d 2

£ =% SDY Hd Exlx FAE FEsp
Al BA% Al SDE ARKIAE BAE A%
SD& ARHAE AAg F 2|9 ZFe A&
AT 2 o]Fojz] - AlE wlEje}l 71 o] M
g xx2 AR R AE WgE 3 A 1FR
AE AE wEE i) gEle ZF«] AE Az
2 A 2 FE AE WYE 3 F T R AR
HE] Sollx 4l Alse) fE8js A=) 22 A
S HAE AEE ZAA%} 283 Al Al
ule} SER Also] dsiAEE ERishr] ¢34 A
okgl Balx A|gk SD| Ak AdA e wE SER
A9 AHAE Byt A4 A Asp A’k qt
He 20dB o] 2 SNR Ao A4
05dB2] A5 d3p} sl By ERAEE E0]
31, 53] FHd BAlxe] gloiA 4Ed e S
gl & 5 sk

1

Ao
[k

(1) UFincke and MPohst “Improved methods for
calculating vectors of short length in a lattice,
including a complexity analysis” Math.Comput.,
Vol.44, pp.463-471, Apr.198s.

(2] E Viterbo and J. Boutros, “A universal lattice
code decoder for fading channels,” IEEE Trans.
Inf. Theory, Vol45, No.5 pp.1639-1642, huly
1999.

(3) BHassibi and HVikalo, “On the sphere decod-
ing algorithm. 1. Expected complexity,” IEEE
Trans.  Signal  Process., Vol.53, No.§,
pp.2806-2818, Aug. 2005.

(4) A Chan and 1. LEE, “A new reduced-complex-
ity sphere decoding for mmultiple antenna sys-
tems,” in Proc. ICC, Vol.l., pp.460-464. New
York, Apr.28-May 2 2002.

(5] M.O. Damen, H ElI Gamal and G. Caire, “On
maximum-likelihood detection and the search for
the closest lattice point”, IEEE Trans. Info.
Thoery, Vol.49,pp.2389-2402, Oct. 2003.

(6) CP. Schnorr and M. Eucherr, “Lattice basis re-
duction: improved practical algorithms and solv-
ing subset sum problems,” Mathematical

581



g2 A 8F3] 52| *08-06 Vol. 33 No. 6

Programming, vol 66, pp.181-191,1994.

(7)  Kai-Kit Wong, Paulraj. A, “On the decoding or-
der of MIMO maximum likelihood sphere de-
coder: Linear and non-linear receivers”, in Proc.
VIC, Vol2, pp.698-702., May. 2004.

(8) D.wubben, RBohnke, J. Finas, V. Kuhn and
K.D. Kammeyer,“Efficient Algorithm for decod-
ing Layered Space-time Codes,” IEE Electronics
Letters, Vol.37, pp.1348-1540, October 2001.

&M 2 M (Eun Sung Jeon) 3]
720053 29 AA AL K )=}

B33 (3
- 2007 29 AAHEE A7) A}
ek ()
20073 3Y~&A AAHE A
I QETEEEEAEE

Rt . <ZA)F-ol>  Sphere decoder,
MIMO iterative detection, OFDM based relaying
system, W-CDMA. |

582

2k & & (Jang Hoon Yang) 2314
- 199613 2 AAN st A=)t

- I FED
20013 U.S.C. Dept of Electrical
Engineering (3-F54h
20013 U.S.C. Dept of Electrical
_ Engineering (-5-3}¥Ah
o T 2001d~20061 AbRAL A9
A7
20063~ A dA|tstar Faefst A7 A A
T g
<A Fol> CDMA, OFDMA, MIMO, Relay, Cross
layer optimization, 7] g, A Ho]E

neural signal processing

¢

4
5

& & T (Dong Ku Kim) £
19831 2 =8} glEhsl 3
53t
1985%1 U.S.C. Dept. of Electrical
Engineering A}
19923 US.C. Dept. of Electrical
Engineering "}A}
19993~ A) M st Foh
g b bl ol o
<¥Aldol CDMA °]5-84l, A& 7ls, iz Y
Ad F-358 7w, 2ASYMACT S, ©
Wz WA Zle ¥ MIMOY|s,
UWB, Binary CDMA

4

P




