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OFDM (orthogonal frequency division multiplexing) AlZ®lo]A AZE
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e CP A FAANA ICI AEE Zo}7] Y&l M2 MMSE (mimum mean-square error) 531719 €58 (ordering)
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Abstract

For orthogonal frequency division multiplexing (OFDM), cyclic prefix (CP) should be longer than the length of channel
impulse response, resulting in a loss of bandwidth efficiency. In this letter, the CP reconstruction (CPR) technique is first
applied to a multi-input multi~output (MIMO)-OFDM system with insufficient CP. The intercarrier interference (ICI) from
multiple transmit antennas is so large for MIMO system that it can not be sufficiently suppressed with the conventional
CPR procedure used in single-input single-output (SISO) system. A new minimum mean-square error (MMSE)
equalization and ordering process is proposed for MIMO system to suppress the ICI during the CPR procedure. By
applying the proposed CPR algorithm to MIMO-OFDM system, we can obtain both the benefits of multiplexing gain and

spectral efficiency gain.
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(@) A coded MIMO-OFDM transmitter structure. {b) MIMO-OFDM receiver structure with CP reconstruction.

gt

(X W0, p=1,-, Mp& i W5 OFDM A%
TN p WA AF AEHUE T AFHE AE A
A (sequence) & YEMATE N-point IFFT (inverse
fast Fourier transformation)s st AF A& Al
= X7, hoe B Az 949 A
{2 o & asg

22

N—-1
1 nk

2 =—= Y XP W™ 0 < k<N, (L
K F—NHZ:]O, v

=7
AN p=1, -, My olz WiF=¢ ~ V ot}
GY AHolg & CP/F {28, HZ! <ol dsid #

OFDM A &2 Ad& T3} ALt o] of AdL L-
241 FIR (finite impulse response) FE (filter) & 24 8

- =™, AWGN (additive white Gaussian noise)°] £ 3

(260)

o 28a Ade Hox 3hve] OFDM A& Feh
staticol®, X719l MMSE A4 A7) (MMSE
channel estimator)E ¥3 ME RS < vz 7F
A3zl am ¢ AR OFDM A2 F3ellA g WA 441
Qtevte] Al AldAE ohed) 2ol RHET



12 EEE% CPE ZE MIMO-OFDM AlAH TET

S
Q
+
o

\g

WP o,

3
I
-

MxL

L

p), P

+ Ti—1,(k—1+ )y

Il

hi®
1U=G+k+1
—G£k<L—G

p
qg
”.i,k_ﬁ +TLZk,

My L

Ezh(qp)xp D)y

p=1lU=
L +nzlk,L

—G< k<N,
2

$l Aol (k)y € k modulo N&| HelRlelz, n?,

£ B A8 2 AWGNelT, h{oP) & g dA ¢
Al ety p MR 41 dElY Abel9) CIRo(H.

B =2dMe HE 5319 o]AE 47] A8 ARd
Hol e} (interleaving)& Zty A% H3& o
£} i%‘% OFDM Al2dejl A&, 18
(= =99 OFDM A299) 249 T28 nojz
o}, 43‘3—‘%}4]*1 AR HE A2 (e AT

o 2gE HE Af2 (@ g9 2ES] &4 &
29 BoA FAHE A& A 3 4 £59
Eoll all-zeros HY A|E2E ZE feedforward 13H
Agdn a8la UM 399 HE Adx {2)E

2= Jdgey HAol su8

AN

d

m

i

2

oI. MIMO—OFDM A|ARIE 2|5t CP Jdd
a9 l(b)l‘* Aot"kl CP A 71HE °]%3}‘E
A F2E Yepdo, FAddAE A
CPE AlA O]'J_i N-point FFTE 534170
A d F AR 9 G= L O]E}EE ’\1%3‘—
2 7H4 (interfernece)oll ¢
vrh 2%x goW A (L-G)
&L uA "ok CP AL S8
A& FPsted, A AA DA(tal
cancellation)¥ ©|d A& F3 #E o] &3o, & +
A ANz ISI (intersymbol interference)& #|A 5}
HAolct. tg DAl(cyclic reconstruction)=
12 374 3S ol & 4 439 FIU14&
N7l #HRo2 HE FARRFFH T g ¢33
olgidt BA-L o A7} o] XHRATL

St
>
E

,_»-\
?r

7=
O »—n
o,
r[n

>

rulH
ﬂ!lﬂ

|

rSL' JFE rBL

a r& X rlr

I?ubtract layer j ., ]¢—
!

r ISt removal ‘

Selectthe
¥ detection layer / ,
[ FFT | with I-CMOS
X 3

Decouple layer J,
with I-MMSE

BLAST signal
processing with @
I-MMSE and I-CMOS

1 -1
_,[ iterziter+1 J Ip —l

i
rCyclicity restoration J [ Decode iaye' J, ]
¥
[ FFT ] ¢j_,,
: !
BLAST signal {X }v -1
processing with l Update [y
1-MMSE and I-CMOS$

p=p+i

No

> <G>t

Yes 7
es

(_Ed )

3% 2. MIMO-OFDM A|AEIE 23t CP MM4A HXt
(Ve CP MYMof gt pts J+E LiEHd

ct)

Fig. 2. CP reconstruction procedure for a MIMO~-OFDM
system (/V; is the number of iteration for CPR).

Rk
‘“-Q
II

My L
2 (;E hz(q’p)ivg— Lk—1+G)y
p= Th+l
My L
+ 2: h(q,p
PINDN O 3

0<k<L—-G

98 e HAe F83t= MIMO-OFDM Al & Elo
3 CP AN dAg 2 2 oA BejFa Qi

1. CP M4y 7| o|8& MIMO-OFDM
NAEE 9§t Bi=X0l IC1 AX|

EZ£83 CPE zE MIMO-OFDM Al2"& s
A% tHUZHE e CAI (contenna Interference)
wk ol g} ICISH ISIo) 98 S et ICI=
()3 Zo] ISIE AMAT Fo CP A HA A
Brog AR £ HA HARAE A
MIMO Al&#lol glojA ICI Ad&o] wj$- A4 SISO
Nzgd 49 7129 CP A4 AAE ol 4ixE
MIMO AlagolA 2Ashe ICIE 83| AAL

o> ME



2006 39 TXBEs =X M 43HETCH A 3 &

i h(()q,p) 0 0
H,E?(ip) =F hiq,p) héq,p)
0
|0 o nler)
[0 ... 0 P
Y <7
|0
sict. oleldt #AE A3 A CAI ¥ ofvz}
ICIZ 37 183 A2 MMSE §31719 o939 =
A& Akttt (3)oll A ISI AA7F gt argsid,
giA A el A Fog o BEELS g3 2

o] ¥ A}
R /= FFT{r {}
=H (q'l)X .1 +...+Hi(ili;Mr)XiMT

Z’LCZ

9 AolA H &P)o H 42) = 247} desired 2139}
ICIo dig A YBolxn, 4 B)% O)F FFFh 4
@A XPet poe 2zt {XP Y 0e {rd
£ 922 Z= ¥EE Yehdg,

agln F = FFT #olth #7140 249 ¥, 4
WA OFDM AE9 niA AEAe M 54
HR,,=[R B, R]" et 2| 24
g,

7
il
al

(262)

13

h’_([fbp) h’(lq’p) 1
h"([,q’p)
-1
0 F
0 5)
hé‘“’) ]
2 0 0
hiq,p) et
0
(6)
0 0 0
R-i,n =H i,nX in G in (X iwn )Tz,n) (7)
- C i,n+ N ,n
A AN X, =X, X7, Xiv]" R,
=[X! X2 - XM |Te 2zt A43} B (mean)
AEE e 4 (DelA
» s M.
("), (1), .
Hi,, = z .
(ngml))nn (HEZR,MT))ML
®
( (1=1)) ( (1, MT))
Hi ici H1 et )
Gi,n =
( (NRJ)) ( (NRJWT))
H; H; i
)
C,2 A oW 4 (0ez FFAY. A



14 CPE

=32

M. N—-1
szfli Zm:O,'nL#n

Ci,n =
@-A0elA (- ), = FEY ¢ HA P} 5 U &

HALE

9 ou et g5 A4 oreuUERE 9 ICT A
5 (3 (DA F dxle} Al WA dho] FAlol| &)
37] ml&o] MIMO-OFDM A)|~"lolA = ICI Mg o)
uf-¢- AZh wpekA o] d ICI A#°] MMSE $-3H7]
o oHd HANAM meFolok Fh}

One-tap MMSE 53871€ 4 48l R, o Abd
(a prior) AR {L()Q”n)}ﬁlrf:
E{|X},— X? P}& Hzxdgozd Asd HE
{)Qf’n}ﬁlq F32] {an}ﬁ’lrf: AxacH? a prior
AR {L(X? )T = ¢ ({Lp(d,) 1) 52 MAP
(maximum a posteriori) HYIZHZEEH AHFH}) o7
M AR pr WY AEHYB(interleaver)ot v

(mapper) & T4 Hth. a priori X {L(an)};”il%
e BE A X, = (X X7, - X)0)Te 9
F slvh. BPSKY 24 X7 & thed Zo] EHHD:
X7, = BlX7,]
= PP, =1) - (X}, =—1)
= tanh (Z(X7,)/2).

(1D

p BA Folol(ayend) g 1+ AAT AEE o}
o] 4 (12)sh o] Qojzic.

=

X ? (12)

> in

=

Y? =R, —H!

o714 Héng} f%nlﬁ: zzr Hi,n.g] p MA iz’,n
o p WA AAZFoZH Qo= YE7
£ 9mstt. A 9¥e] (orthogonal principle)E
FozM, A (MM R A 3 X ks
3HE one-tap MMSE 531719 7154 (weight)
g 953 2ol =T 4 gtk

St

e
g
ol

g}

(H

o83ty MSE

#HE MIMO-OFDM A28

(263)

(1, p)
i,8Ct

(NRr,p)
1,i¢h

A% 9
) (&xr,-XP,
) (xP,-XP) (10)
win=H P H+o3l)hi, (3

CERER

p T Dl(lg {P:n; Ty Pz‘%T})

1 P=q
q — 2
Pl’n_{l_'/Yz?n'Q » PFq
13994 hf = H, 9o pdA Feeoln
conjugate transposeE UERATH 4] (13)9] A
TdE 75 dEe 4 DM F WA A HA
£ ICI A& g 28 glo] dojxn}, o
o] A5 siggtt. MIMO-OFDM A
2" B¢, H (DY ZE ¥E5& 2% improved
MMSE (I-MMSE)¢] 7vgAl ¥Ee A (143 2o] o
SEIA=3

—H i,nQ i,nG {,{n+ G i,nQ i,nH fn
+D z,n—*_U?VI )_1 ¢

(14)

4714 D ;,=EC ,;,C }olx Q it P, =
1— X2, (for p=gq)ele P .9 598 9
Foltk. $3719 29 X7 & obde] Ao o8 A

R
o

RS
extrinsic AR L, (XF, ) F3A X2, & ol&8d

dAAN g priori AR {L(cfn }iv;(l):dfl
({Lp (A7) 1020 MAP Hzv2 s)=y
HE 331719 MAP tade 3ygy vES)



20064 38 MABES =X M 43 AHATCHAH 3 & 15
T (i e
SINR}?, =
’ O'NHW |2 : CMOS (16)
J
o iy (e gl (1 X))
SINR;” = 5
3 o . .
i I-CMOS  (17)
ME E BFO 0§ extrinsic RS ANSY 29 5 loos 1 +52R )
H HEY extrinsic AR LD(czn)% one-tap SINR é%uw —9 ~ 1. (18)
I-MMSE %-3719| a priori RE2 A}&HT}
74 ¥< SINR 7,8 2E doloi7t piA stage
2. CP Y42 o|gst= MIMO—-OFDM A|AHIE o] A ooz dgdr}
?e MME 203 7Y
BLASTE 7 J9dA A%4 244 AA (SIC: V. &8 &4t
successive interference cancellation) ¢18Z&E o] &
d0. SIC gndEE H4she HYAM OFDM/ A% A2 D1 A 6h AR AN-69F
horizontal-BLASTE #o]o{ €9 detection A& & 23 CP2 A3 B coded OFDM A =8& l?’:}
37 A8 2 #ole]e 57F SNR (signal-to-noise . constraint length7} 30191 #28h&ol 1241 A4
v 3 94 WEHYD )
ratio)= AlAE= CMOS (capacity mapping ordering T2el efs) 29d § QPSKE 2w CIRe| 2
ol 20 (L=20)olx XFHoF Tyt A

scheme)g A&} 2 =Re|xE BLAST A3
gl @A (step)oll A I-CMOS (improved CMOS) &1t
YFE o]&3te] SICE Fysrt. F71420 =y~
ABAE o]-&3tE MIMO-OFDME H¥3 I-CMOS
dgFe [FTMMSE 531719 7HeA dEE 7o
2 3l9 ZZ(detection) £=AE ZAF I-CMOS ¢
Aiatz] s dzdd dojoj & siFste

& ¥={j, -, j,—1 & 32 [-CMOS
FueFe] HTAA FET @A stagelM dzFs
7190 7P g delol 4 (j, & ¥)& ke Rl
. 2} (1313 (142 ol&3h4, dolof j,9 n¥A Axn

FRejojol tHgt post SINRs (signal-to-interference-
plus—noise ratios)® Z+Zt 4 (16)3 (17N ZY. 4
ADAA Uf(j R 'ui??fno]i “i?{?n =(w )"

Al

A 163 UNE
dofxint.

(h Jp —
o) g5

B (L= X7 %)) el
57} SINRe] B53} 2ol

(264)

6-path Rayleigh #lol"d Ad mdo| Al&Eo]AT) <
2lg ALSe h=e /5 (1=0,4, -, 20)%
o] Aojdth

AN 1= 20/4/3°11 S, = Ele‘ 1/ oms
normalization factore|t. 18 32 f,NT, = 0.001¢]
MIMO-OFDM  A|&#lo| e A& o8& (SER:
symbol error rate)S EAEH 74 fpe HUY &=
29 Fy< olu T,= OFDM A& 9] MZ F7]olt},
AMEel delay spane OFDM AE F7+9] 31.3%o0|t},
Bl FEY CPel AL FIg ol& 588
238% "ol I¥ 302 RE & & I =2
E /N,oIA CP7F A8 AHEEA] %2 MIMO-OFDM
A" At CP A4 718& AHE-3HE,
CpPE Z&= ’\]Z\—Eéli‘;} T s 4
(4] A8 AEAFHELS MMSE PTEQ9] o8] Adso ]
Ad od Lo] Tkl met vmAs Bo] FErh o
T EFE% CP & zE PIEQ © & E/N,oA
CP& AHEE Al&glel] vla] 5o 43td S

-

L.

°]

CRukis

e



16 EER8 CPE Z= MIMO-OFDM AlAH e
E 1. MIMO-OFDMol et ®etel CP MM« 7|# I PTEQS S&EE
Table 1. Computational complexity of the proposed CPR and PTEQ for MIMO-OFDM.
Proposed CPR PTEQ (per-tone equalization)
Computing Weight NN+ 1N (3N+T) N} NN {(K}+ 1) (L+ 2K~ G+3)
Coefficients
+(L+ K- G+1)*(2L+3K-2G
and Equivalent SINRs | +6N2 + (V+2)N,+2) Computing Weight ( .

ISI & ICI Cancellation % I+ 1)NHL- GYL—-G+1)

Coefficients

+3)} + NK+1)2(K+N)
+ N {3(K+L—-G+1)*+ N+ G}

Computing Channel 1 NJQ Nog,N Comp'utmg Per-Tone 1 N.Q Nog,N
Frequency Response 2 Equalizer Inputs 2
i NIN(L-G) - ing Per—
~ Computing ICI channel EN( ) Comp.utmg er-Tone NaQ N(K+1)
Frequency Response (N+(L—-G+1)2) Equalizer Outputs
Total 12993216 Total 20681792

t The number of complex multiplications when Mp=

¥ K is the order of the per-tone equalizer.

-0- 4x4, 3 iterations, using (6} and (8], MIM
-0 4x4, 3 iterations, using (7) and (9), MIM
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