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In this thesis, the space-frequency (SF) and space-time-frequency (STF) precoding
schemes that can be eificiently implemented for use in multiband UWB-MIMO systems has
been presented. These proposed codes are constructed based on the multi-dimensional
constellation precoding so that the rotated version of the information symbaols are spread
across adjacent subcarriers and sent over M, transmit antennas and M, time perods,
allowing effective exploitation of space, time and frequency diversity. According to the
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flat fading channel
frequency-selective fading channel
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spectral efficiency

simulation

fading

precoder matrix

space-frequency code (SF)
space-time code (ST)
space-time-frequency code (STF)
space-time trellis coding (STTC)
space-time block coding (STBC)
realization

multiband OFDM (MB-OFDM)
Wireless Personal Area Network (WPAN)
Ultra Wideband (UWB)
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Multiple-Input Multiple-Output (MIMO)
spread spectrum
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ANHOUCIANIZIBINITUUIINIA I

A

> LIAN

519 2.1 AUANHIZNITNIZANENAIIUIBIA YU DIWIIT

ANLULANANTBNA Ty Ud S-V

ADUEYINNUTA IEEE 802.15.3a la1/funlasunuuanasstesdnyoyin SV

1 v 1
W nuNzanTUNAN1INAAe9E4lY Taaa1ALn13AANTUIANAAINIAD AN LAATNNIINARD

[

Fadtyrynnuase uanasaue WLiuuuuanaesdesdtyuiifianyinanianGaua NNty
2AUNARIHNIINTLAIEAANTRTNAT ALLLINTUANLANLIEA (Rayleigh  distribution) 1y

a KR a . . . d’j va o o
LULNNTULANIAYaaN1TNNLanG (log=normal distribution) u’ﬂﬂ@qﬂuvlﬂﬂﬂ’]ﬁ‘ﬂﬁﬂ@ﬂﬂmxﬂ’]ﬁ‘

&
1 o

nezaney N d109d0seAnadeddnyryans (channel - coefficient) AnLAN ULLLANAEY

1 % a

daadryrynnd S-V ﬁLm\aé’fmm@"ﬁmumsﬁ@mmxﬁﬂﬁ?LLf«mmeﬂgﬂ (uniform distribution)

=

uut99 [0,27) wauidupsuauassiiiyuiawiaiy 17 nafiAiasandiazidluduan

WraAALINAY HuARMINNANTNENNa TN an Az Bauaauiun AL aTes

o a

&ryounnudnwadununuadsaInnraziauLuialadinmsn

WUUAA9TedA e MU UNINENNIATEIW IEEE  802.15.5G3a  @1A

17

wnAneguudeanuRgIuINguATy NN (cluster) uaziduisAnialungudnyoyio

WiAD (ray) Hmonsfludasysefua@aiifAuuy iid. (identical independent distribution)
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Trauuuataastasdynnilsznaudisnanauauasdunad lsaiilaanianan (discrete
time impulse response) G1YINAANTUNIANMNANAUTUDINAFALAUBIBNAALTAIATY LY
Aua1lseas (delay) i 1 saunnsUsngilugy (realization) wudrANdNRLELTUAS

ANN9N (2.1)

K

L 1)
)=X2

1=1

2, S(t-T, -7, ) (2.1)

=~

M

1

£Y
Y o a

Taeluidaafuaz liA1a A aANAINII HIRasUNe A 1A fatl

A o a ] o | o dl = v a
X AR AATNUYNLLTINIUNAUBNTRNALY TN L‘]J‘L![ﬂ')LLﬁTﬁN%QNﬂW?ﬂ?Z@WE@M@NUWL°]]\‘]

atALLLNTWANWAIaanTsNNUnF uAe 201og10( X ) oc ANTUANKASLITNG (O,US)

L Ae S1u9ueangNATy s mniin

o

K, Ao fmnuduisdnmelunqudnygnamiandoi | e 1< <L

a,, P2 AulsrAnBans 2818 1edAnyaINgan (multipath gain coefficient) fidiug

TueaAlseneudtyny 1amyRn (multipath component)’ ST k nelungudnyeyning

S
.
|

a o
D/IAUN

D)

T A2 282NaA0nuwsn NANA N ANAIA LN | AUNINHITINNNASY
| a I5A%~ q

=

7, P2 1vaNlsvlsredesAlsznaudny 1 nneanaAunN k NdNRusiuszaznannan

wan UNQNATYUWIRNRIALN | LRUNNSHNDN

ANANNN (2.1) wazanAIRiaraNilessuazlfan T, =0 uaz 7, =0

o

Wi 1< <L, davniansasanasasdnynnudasiad 190 nusnseazna Aty onnmg

No

A0u1DgnATURNNTRAnLasANaziduluutlagd (Poisson arrival process) #neens

NNTUDN (arrival rate) WNAU A hay A SRANNIT (2.2) LAZANNNTN (2.3) AINAF

p(TI |TI—1) = Aexp [_A (TI _Tl—l)]’ >0 (2.2)

fa))}

1 5 o = o yo . - o =
wnea duidnalungudoyyomsa wieunasnsldAdesdssnaudtyannmg’
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b

p(ﬂ,k ‘T(H)Yk ) = ﬂ,exp[—ﬁ,(r,]k ~ Tk )}, k>0 (2.3)

a [ %

T uway T, Ae szazatidnusnungudnyoinwyinaisud | uazaiaun 1-1

AUNNNIDNNIATURANNANAL

A a . aa o [ dl dl % o o
T, WAT 7, AR WaTssisresasAtsznandynunyanaiiui k nduiuan

1
o A

allad { aa o o dl o a =2 o
ixﬂmmmaLLiﬂIun@mﬁmmﬁmwmmm un | azaraun 1 -1 1eaUnI1NEInINIATUY

ANNANAL
A A8 8R9IN1INDBINANATYUIRNIAN (cluster arrival rate)
A Aa §r9nsuniva e uiaane lunguAtnyin (ray arrival rate)

IilgnuAnduilszanavasdesdynand o, AUFLULUAIA8INIATTIY

IEEE 802.15.3a iusaanniai (2.4)

a = pl,kérlﬂl,k (2.4)

A o

Ha p,, Ao Faudsduuuulisieriias (discrete random variable) FaiiApAdntnaziflunay
4

X
Wy +1 windu sulnaa nuazasn1sazaunauni liinadlantalasull 7 19Reu

[

Amiusauds & uar B, wensdaranwnelungudnyniunyinadiun | uazianees

Y o a0 o all 1 o aa o o dl o o dl ¥ =KX a
AUTNRAAAUN K mﬂun@gmm&lmﬁmwmmmmum | AHAAL TIUINAINONULINTRINIG

¥

HANWAIABNIINNUSNA” azamsnlauaNnisi (2.4) Iiluangduuussl

2010910(& 3, ) o Msuanuasisnd (u4,,07 + o3 ) (2.5)

‘glﬁl,k‘ = 10(#I'k+n1+n2)/20 (2.6)

2 Q. - o ¥ = =
win X fusiudsguisinnsuanuassni faiu exp(X) AzfinsuAnuataen 3NN
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AnsuAnuadLlInFmuaNngT (2.5) HA@ALLANTL e, MAzAMNULTLTIMNALNATINAN

| %

NM3UN3N (fluctuation) 1aeNsNATUILAUNGNATYIUIWIAD N, UAZAINITUNTITBINITNA

q
v
%

n, oc N3uanuAsen (0,07 ) AuAAL 1is

o

m
lusgAnduiadnnelungudygoumyad n, Iae@l 0 o suanuasilan@ (0,07) uae
Unmuald n, uay n, fanauTRnouaasy

AU IEIAT

TIUAINITDLAASA NH UL LAN I ZADINIINUN ARSI ULLLLATTAAIA
9¥A1U (exponential power decay profile) @MFLKLILANADITAIATY Y LD LNANeEINe Tu

A7 lAsaaNNN9 (2.7)

E[léglﬁl,kr}zgo eXp(_T| /F)exp(—z]’k/;/) (2.7)

o

A rd‘ U aa
I Ao uwAmesiaennesaedngndeyslanian (cluster decay factor)

= P Y o= e aa
y AR LLWﬂLm@?L@@Nﬂ@ﬂﬂ@QLﬁu?ﬂ@ﬂqﬂiuﬂ@N EUEUIUNRIN (ray decay factor)

A o o dl ¥ o A 1 o/ aa o Qi
Qo ﬂ‘ﬂﬂ’]@\‘i\‘ﬂum@ﬂ‘ﬂ@\?L@uﬁ‘ﬂ@LLﬁ‘ﬂﬂ’]ﬁlIMﬂ@N EUEUNTUNIINRN 1N 1

TnaanedeAafanisuanuasilsngluannisi (2.5)-(2.7) winvianisdngyl

TdienAede g, AENUINHAIAIEANNITH (2.8)

10In(Q,)-10T,/T-107,, /y (o7 +03)In(10)
In(10) B 20

Hix = (2.8)

wazive ldulUmungreeindsanu Asiuindanusaneen dunwmin &4, Tuus
azsaumstanngilugtlazdesgninldiduussiing uiseue fusalad (normalized) Ineifipn
Winfu 1 Laxe TuRe

Ko

ZL: & ﬂlk\ =1 (2.9)

1=1 k=1

ANANNIIN (2.1) Amnsnulasnanavauesaniaddesdtyninliad lugluanauaueaids

%

ANNDUIRST Ay lAFadNNN9T (2.10)

v o
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L Koy

H(f)=>> e, exp(-j2zf (T +7,)) (2.10)

1=1 k=1

Tnenmuald j2 -1

A5 2.1 ADUANEIUTUATN TN AT UBILLLIANABT R Fryrynnuunundnss [4]

INUNNHIB9A AN LY CM A" cM2° | cM3’ | cm 4
ULILRNABTANARY Y0

Mean excess delay (nsec) (z,,) 5.05 10.38 14.18

RMS delay (nsec) (7,.) 5.28 8.03 14.28 25

N 35

NP (85%) 24 36.1 61.54
WNIN AR TTANATYRIN0

A (1/nsec) 0.0233 0.4 0.0667 | 0.0667

A (1/nsec) 35 1 3 3

r o 5.2 14.00 24.00

5 6.5067 8.5 12

o, (dB) 3.3941 3.3941 3.3941 3.3941

o, (dB) 3.3941 3.3941 3.3941 3.3941
GRTGIbEIS N faT AT AN

Mean excess delay (nsec) (7;) ©.5 9.2 14.9 26.3

RMS delay (nsec) (7, ) 6 8 14 25

NP ous 14.9 22.0 31.7 43.8

NP (85%) 234 35.7 60.8 115.5

" UURNARNE U T LT mﬁmﬁﬁl,é?umﬂm (line of sight ¥38 LOS) luszaiznig 0-4 wms

Ay
? Luuanaesduiutesdynnns NLOS nalussaznig 0-4 lums
° LuuRNastesdnyoynnd NLOS nnelussasnig 4-10 lwms

" luuANaesTesdtynns NLOS ag19miniidi (extreme NLOS)
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o 1 a

TunsanaenuAnEurastasdy A IndiRssAudesdnynias

dunisanundnazldnisfwedinesinsma uiaznandannmimesuans Ae

® Aadnllszianatdlauiu (Mean excess delay) Aa Aedgreanattseaeiduly s

IIUNATDINARALAUBITAIATY (U UNAIAN LA TUAT R Aalsedednngn 6

ANNN9N (2.11)

A7/ 7 ™ (2.11)

ngl P(7,) Aa Andszedayanndludunied k

o Anrunuuulsrianatasifued (RMS delay spread) WlunsQimafanAtyndana
FRANITNULIBIUNARANT Faranlduanaa InsuanuLlszianatnyan u

g o, M LR S AN . .
srULReAINUNTRNBAY8RINAGAsINN I Taya liaendndaunduaadpAINITwNLLIL
dsAananenfiduearedasndiunumnundanianan welddnyaldiunanes
wmpaluuIy (flat fading) vaaldudasdaycunniunuuwAL (narrowband channel) duay

! Y o dl o A [ ] 1 = dl ] o
dena iy ranniadumdeniuniademnilsznis usanaazdauiafiuansieiull

IPERINIDTEUAINNTRELLLLTEA99818 58N A LH AagNN1TN (2.12)

o, =\(7*)+(z) (2.12)

=b_

1ngl

(TZ)Z[ZP(Tk)TkZ}/l:ZP(Tk)} (2.13)
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3001 -

250

Occurrences
N
o
?

i

3]

o
T

501 \

Il _

.
8.5 1 i[5 22 2'5, o LR 4 4.5 5 55
Amplitude Gain 3

%

suU# 2.2 Falnunandnaene@inrestesdoyeyin CM1

[

1
=

\HaNININASAEA LN INE RNV LTI TUIAVBITAIATYTYIU CM1 Aagi7

2.2 wuqdnn WU AFUN9LaN BAa N3N NLTN R

3 |
MAMH || 1| .u . L L L L

25 3 BI5' 4 4.5 5
Time [s] x10°

Power [\/2]

51N 2.3 ANEULIANITIBININUNAIAFNUANULLINAITRIATY By 10U CM1

x10°

1.5

i i
0.5r B
£
©
A
8
20 ||'|'
a
£
<

-0.5 ~
-1 —
s ‘ ‘ ‘ ‘ ‘

0 0.5 1 1.5 2 2.5 3

Time [s] 7

x10

519 2.4 nasavanesdniad liseiliewmiaaaimuuuuaaestesdtyyns CM1
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x10*°

3] o
I I

Power [VZ]
N
L

1t i
0 l‘ Il‘ | T T T ) .
0.5 i 15 2 43 3 5

0 3 3.5 4 4.5
Time [s] x10°

51U 2.5 ANEULIANIZIBININUNAI AN TUANNULLANAITRIATYEY 10 CM2

-4
4x 10

N

=

Amplitude Gain
o

s

l"l L
k

3k i

; , \ \ , .
40 0.5 1. 15 2 25 3
Time [s] x10”

519 2.6 naRaUALEIBNAAS lFaLNeINNRAIRINLL LA A 0T aIATy Bl CM2

PINANANTUIANBULLANIZTBINTITUUINNIRINIUATN UL LI 8

dadnynyins CM2 lugilil 2.5 WiFIANNANIUAIER (strong peak) BEYiNuNanaNgx A

o o a o o

k1l
o [ L 1 :I/ é’ { [ a o o ' aa dj
NIAWNTUUBENAN leiuﬁ’]ﬂ’m\‘i\‘i’]uQ\‘iZﬂﬂﬁJl"ﬂL@uN@ﬂ’]ﬂULL?ﬂﬂ’]ﬂiMﬂQN@ﬂgﬂg’]MWﬁ’]ﬂ §IN

| o

unndnsaieiiallaesednynin NLOS IRAINAT191 4L 19N 989400011 tus e 9960

T o g

3
D

1
o o o 1 o o = o

A9-F051 HURLANTNIANILGIGANNIANNATLIRAANNAL TUAIN ATINUAZIAAN919ER

q

a v a a

o S a = o a = o >
LIQN élu%mmnﬁ\‘mL’&HLL?T’W]Lﬂu‘V]'Nll’m\iﬂ’]ﬂﬁ‘llLﬂWQ’]ﬂﬂﬁﬁ‘VIt@@ﬂﬂWﬂ’]%ﬁ Talmeialuudn

I
a a 1 o ¥

Ay uINEgRIUAN AT AN AN IAANAUNANIUNINNI ATy QU a AL

v o
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350

2501 M b

100t
50¢
g 4
o

sU# 2.7 Falnunandnnaen @i nrestesdnioyn CM4

[

10
45210 ‘ ‘ : ; ‘
e . ‘
% 05 1

15 2 25 3
Time [s] x10”

Occurrences
N
o
o
T

i
3]
=]

6 8 . 1_0 12 14 16
Amplitude Gain x10°

Power [Vz]

51N 2.8 ANEULANIZIBININUNAIFNIUANNBLLIN A TRIATY R0 CM4

l.SX 10°

0.5

o
I

Amplitude Gain

-0.5

15 I I I I I
0 05 1 15 2 25 3

Time [s] x107

519 2.9 naReaUaLeIENRAL lFeLlamRAEINLLLANA BT a9ATy Y0 CM4

W97 2.8 wuduiLANaestesdynI CM4 - Gailudesdtyonnu

NLOS  ®&N9MuILUL HT99n19nTvaan1a9anis (time  dispersion) ALRIBTIERRLK

1 o

TRy A UUALNI N ULILR
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22 AASIEUANTIOULURITTULLAUNANGEN (Performance Analysis) [7]

o o L k74

gadayadyansnlidsiautidaiuequsarufaniviniy N azgnasuu

o o

pAUNNAeiRe (subcarrier) 1aauAazdudanunilawndn Fagannisn (2.14)

D=[d(0) d(¥) - d(N-1)T (2.14)
nninesfaya D azgnuefunaladiidunuluusazaaunvitesivindu 1 anerdufe
E|of: J=N (2.14)

Toed ||, unuAIWstiigauada (Frobenius norm)’ dvnnauudlidinasidrsiasanriu

J 4

(jointly encoded) TeMINTALDYA

k1l

[ %

uanenianuen S &nuaneniuasninisdauuAaunIg

v D

Y v

tag S ANND Ml 1< SN Avdwanmeddaya D aziinannisizassianiaesoniaes

Tayatiauaiuiu P =| N /S | 53 fsannisn (2.15)

T
D:[Dg DI D{P—l) O(NfPS)x1:| (2.15)

|
=

Tnef Dp:[dp(o) d, (1) - dp(S—l)]T fartinmunld d,(s)=d(pS+s) L

|
o 6 A

p=01,...,P-1 uaz 0, wWilNyINdAudaUIn mxn WHasaInusaznaasiayatat

= o a o o° (% I all ' [ o :j/ =X a ¥
Dp u@mmummmLﬂu@m:ﬂummum p Iﬂ"] NEINNU muummm?mmﬂwwwmﬂm

wazaznuaReulanisuasina ladniasnuduiuusazainuan p Al
2
E([D,], =5 (2.16)

ANNTUANARIINNNTRaLNy NG AT TR Aunssuddlatanmian Taelu

niatiazNaI?euanI L s LA E RN UIUA HANNNARIFAINBIUANERINVATUYINGTL 1 Fa 1

v o = o = e o o A @ o =
@Ziﬂ’)’] UUNTUNANERINIATUUUARNUNTUERERAIALN N SERESFYalebr (2.17)

y(n):\/E—Sd(n)H(n)+z(n) (2.17)

m n
2 2 4
U A s (matrices) 1518 MX N o Bealor ”A”F = E E ‘aij‘ = trace(AA”) e A" unudage
i1 j1

o = a
anuLasu (conjugate transpose) UBILNNTN A
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Wa E, unuA1efann1aseungasa 1 Anuanunl LarnanaudauediiAunaag

] o

dl 6 1 o [ dl | [ tﬂl
TANATULUNULUARUNINLRLATIALN N uAdunNIIm (2.18)

'_

» lakle p(—j2mnaf (T, +7,,)) (2.18)

1=0 k=0

1l
o

ANTINUTVAITELLUNLNI UL LUVAN LA L mmﬁ%amuuﬁugmmm

ET

WULAAR9TeAye s SV agiansinnNtnaziiuteaAulana1n@niLe (the

1
o g o

. . Vi A [ % o A o = '
pairwise error probability) NHANNANAUSAUAILT 2 F2 A ARTINITHIDIUDINQH

o a

% aa o =2 ¥ o a 1 a [ dIS./ =X
EUTUNTUNYID A LL@Z@[F]?’]ﬂ%?ll’m\‘ﬂ.lﬂx‘iL@u?ﬂﬁﬂ’]ﬂluﬂ@‘N@ﬂJﬂJWMWHQﬂ A aananenglu

[

Wadiah 2.1 TaaEnannaasudyannnadllugluiisyandfsannisi (2.19)

Y, =\E.X(D,)H,+Z, (2.19)

e X( ) dlag(d (0),d, (1), ...,dp(S—l)) Wuiandnuesyuaun SxS dausa

o

p
LLﬂﬁ"ﬂ‘LA”‘] Lu wnmeddyanuiu Y, , wnneinanauaueadianunrestesdn)in

o/

H, uazinmefdtyeyinsunau Z ) saisauamiaiu S x1

o 1

I ! ¥
N1AFuaNAELATRIT LT INITTag U UN LT 1UB9A NN TIUATIgIqA (the

a

v
o o

maximum-likelihood criterion %38 ML) Aasiuagideisnassinisfinaulalisadaunii (2.20)

,—E.X(D,)H H (2.20)

nAdeluenansdned [7] immmiwmquwgummwuwvmuslum?mm

, =arg m|n

mwmwmmmmmmu 2 wqa:rgmmm@mmLmnm\mum\m

= =i Nay A ] o ] Y o o ca v < o |
'VII]HQ‘LWI‘VI'I ﬂ?mcl’]llllilﬂ']?lfﬂq?'ﬂ@?zﬂqq\‘iﬁmsﬂﬂﬂﬂ AN ULTINTRAUAININTITAILU

u

AAUWNRIBEFNIY | WudnANeRBAINEnAzTusIAaNANA Al e TTuAIANNIIT

(2.21)

/2 . -1
p_1 j (1+L\d—d 2) de (2.21)
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AMNANNIN (2.21) FUNAIAI1ANITOULLRATTLLLALNASEIUU LA LILOL

k%3

Aay i~ Y o v o o ca X o o = o aa
V’]Q’]Nﬂcﬂimﬁ\lﬂq?mq?u@mﬂmﬂ fy@ﬂEMLﬁ\?sﬁ@quvLNmuﬂUﬂm?’]ﬂqﬁ‘uqﬂﬂmﬂqmﬁyﬁy’]mwnqa

u

waz T AUAUA N UL AN ZTBINTUUNAANNY AU TN I NANARIAN TN UL AILA A

Tugi# 210 wudansanssnuzaedssuLLIUNISEImNaUAUTTULLALLALNAINIY

] o/ 67z

dasdtycynouadanga

o c

5191 2.10 anzsnurwesTUY MB-UWB natui lidinnadnswassuinendoyadtydnenl

a v
NG R

]
aal o U o e

NOHYUNN 2 nItNNINgdnsvidszndnstadayadoyaneniidedauinuou S dnyanwnl

Q) o

FININITAILLAAUNIAIBEIAN9AY WL ANLTZ N AN HNA T WIaIANE ANA AL

Aludeannisi (2.22)

1

. ;
H(u’?—vggeigs(R)) do (2.22)

o

Wa R = E{HpHpT} UNULNYITNEaNANNUS (correlation matrix) Aa9tNIABTTAIFTY U

o/ 6

H “Teefacldduaneal T unusasiiiunisaefimaumming uay eig, (R) uwnuen

1AN¥A9IAUNYIINTE R 99 s e s=1,2,...,S WalaN1nLaniuysnd R au1m Sx S

189ann19N (2.23)

- ‘ . (2.23)
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uwazlinivunadzes R(s') dwin s'=12,...,5 -1 1ifsaunish (2.24)

volp e
R(s")=Q, L ! (2.24)

le g(a,s’)2a+ j2zs'Af

v [ %

519 2.11 ansTnurIeITLY MB-UWB nstiiiinniadinsiaszudinsgadayadtydnesnl

1 1
% e =X a

\Fefauatuau 2 doyanenl asuvAdUNIeas 2 Aud

2.3 iﬁﬂﬂ?gﬁ-ﬂ’:’lﬂﬁ universal [31]

1uﬁq%’@§@:ﬂ@iﬁqﬁaﬂﬂi@ﬂﬂmeﬁmﬂ?gﬁ-mmﬁmu universal AlANERET
avdnydnenlfanislddasdnimurinnu M, wazlddrlanefimiiuwindy LM M, uu
T84 ”ngaammv\lmﬁumuLﬁfaﬂmmﬁzﬁwi"m:uwmﬂmmmmmzﬁwmﬂmm’]mm% e
M, uaz M, ARUILAIEENIARSUAZATUIUANIAINATUAINAIAY L ABITWIUNIID

VDNHANALALAITAIATYEYNDM

2.3.1 Tﬂiﬂﬂ%’ﬁﬁiﬁ’ﬂﬂ?gﬁ-m’mﬁ universal

[ %

udanaun NM, x1 dstlsznavlildaadayadydnenl S gnutsuazriuhl

u

faudandasatuou P uden udazudentdas S, 2w M,Kx1 e i=12,...,P axgn

Wnswadsgi-aonudlimiduunindudanaisades B, aunn KxM, §adalu
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@NA1381984 [31]  loduadnmasniuue K = ol09(MY)] =& sBamuLengns [24] Tnei?

nuua wvsndasiadeiau C auia N x M, iludsannisn (2.25)
T
c=[B] B, - Bi] (2.25)

e P=N/K uaz K=N N, Tag@l N, =2"%" ugz N, =2/""1 yislanndariun
\avdiunn liatunsonaulédn K> ML uaz K ifludiindenes 4 anevin L>1 uay
M, >1 lnatnfuds N> K uaz N lupiannndsnas 2 (N waas FFT) fatiu P aadu

AMUIHHLAND

\Hesanyn vdenAisviades B, Hlassaiwnisdnsdamidieniu dariiag

AzaaNANTAEN 1 URaNANITEEas B, sedusindauna K xM, uazanunsoideils
Fagunnah (2.26)
5 1 L ¥ T
B =X X - X ] (2.26)
Sewvand X aun N, x M, Wuseasinasd (2.27) Tned m=12,...,N, uaz N, =M,
Xm,l(l) ¢Xm,2(1) ¢Mrlxm,rv|[ (1)
Y Ng-1 Mt M, -2
Xm_ ¢ Xm,Nq N_+1 Xm,l(z) ¢ Xm,M,—l(z)
q
e
2 q
¢Xm2(Mt) ¢ XmS(Mt) [ ¢ X M (Mt
m,[l{N—‘J]Mﬁl
I NgxM,
(2.27)

Xon (§) We j=12,...,M, #n1s9n9daluuuimnuasdrduduil n sesunsnd X, 1le

m,n

n=12,...,N, Bausadeauavisnd X, lugdunnnnmes|ffauntsi (2.28)

Xon =[Xon (1) Xp0(2) - X0 (M,)] (2.28)
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F0aEi1aN1997198 TuluNUENANALTUA N aswvisng X wansaegiin 2.12 Tnadiadl

fgsrannindmes m ves X, (j)

23

(n) (1) (m)

N W NP
w s~ = DN
N P N W
N WA
w A =D
NP N W
= N w B

5191 2.12 neesnluunueddudu e (N) M, =2 (1) M, =3 () M, =4

SvUALYENGuTRTNg © 21m N x N fsaunisd (2.29) uia N = N, M,
© =Fldiag(10,....0" ") (2.29)

e Foouniayiandg DFT' auin NxN uaz © unudegadedeueauvindaduinlasy

o [ = [ ar a tzl‘dl a a o A a o o dgj
mmumivﬂ?ﬂumaunmmﬂ?{]u-mmammualmwmuwumzL@@ﬂmi’muﬂ'ﬂ U
® /=e"" M =2L=2K=4N,=2N, =2 uaz ¢=6"

v 1
FatiuyNdURENAITAtias UL 4x 2 [WeulAFeaNnNgh (2.30)

X 9%

740 | % (2.30)
X3 %

PXg X,

R [X% % %] =05, 5,8, 8,] uaz [ %, % %] =0[s,s,8,5,]

4 o . = o X
LHNTND DFT UETNANL F~ =

1
NI

il a):exp(— jZE/N)
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UANANNHAZIRLNAILNNVIINTURANAITAsIREIIUNA 8% 2 TunTaiNiAan

& o

WITVHIADT A9

® 9=¢/" M =2 L=3K=8 N,=2 N, =4 uaz ¢ = 6"

(2.31)

24  svalEnR-Aaud repetition [21]

Twiadetiaznanafisnisaenuuusiasni-aaunuuy repetition Taiiunis
pauassiaiEnd-nanunldundesdnyunnnuansuuuaanaud e lildanlawnesas

Wiy LM M, e M, waz M, A8871U0uan 88N IA4ILaraIuauaIaaIniAiy

AANAIALLAY L ABRIUIUNYRDI8NHARUANBNTaNAI s uivietgtluuunisunilAn

U

1 v
saazinldiianisnisgyidadnsnasdryansniiiesaininsdeteyadayaneniiandiuy

Qi o

P ] a @
pauNMitanveslalennidy
241 TAseas19sHALEYN-A D repetition

TngeaFaesiadsgi-naand repetition Usznevldaasiaini-atuaznig

waldeganenl ¢ vniuuanneesiadigi-nanle awin 1xM, uaziaenauauin

1 v 1
I e 1< <L asdunmaunddyanenl £ deudsannisi (2.32)

gr:(g1 gZ'“th)_)lrxl(gl gz"'th) (2.32)

e 1., unuwvenduiauin Tx1 Ashuavsnduadnsaunn TxM, Aldainnisul

foydnenfRusidleuiunisinduunnieed (g, g, -+ gy, ) S T Al
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Muuedn TM, dawaldifusiuousaunivideeasslaenwmen N was k
uanuusnAninganaanedasiutauls KIM, <N uazlil G unwwvisndaanain
o 3 o a o o A o a =3 a 1 o
Fodnsiatigi-nan (@ mdulunstlsialBni-nauuuuden G iAAINNIsaiuees

uaanA1IiaLEH-1an) AeiuaiaBna-audaun N x M, {udsaunisi (2.33)

G
C= (©) (2.33)
O(N—kFM‘)xMI
WAL
é/r(G):[lkMt ®ll'><1]G (2.34)

Wa 1, uwnuwsnfiandneniaung kxk war @ ununagulaswines (Kronecker

o 1 tal L % a ¢ o o dl dl 1 1 a
product) &unAINNITLNKAUE TN INeNENTATaluaNNIN (2.33) audladndigi-
AMD C Hawiawiany N xM, uenainiifianesuddn [21] §eigatian winswalsni-
nauuuuaen G A lanasEnfiuludesdyn1nunlafe LLLLAS84DR (quasi static
flat fading channel) WAR3ALBR-AINDTIAAINNTUNLAyAnHniaziAdRsaenela
weftReteesindy min{MM,,NM,} e 1<T <L adaevinldudadn N 2 1M,

cAaa A [ %

A min{TMM_,NM_ | &Adidsenanuilanef@areAdnmaaialnnestnggn

Winiy LM M,

o o = o o a dldl a a 3 A
QWM?UﬂW?Lﬂ?ﬂULWﬂUﬂU?V@ﬂ?‘QN—ﬂ’J’]NO‘W ualuananinusaziaan G

\{ugiaiBna-10a1 Alamouti WiIL 2 A8 INARIAIANNI9N (2.35)
X
G { Xl f} (2.35)
=X X

o E/ a T & o % 1 % a dl B IS Y o dl
muummﬂsﬁmmm@mmmmmmﬂ?‘qu—mmn repetition 1WA 4 x2 Lﬂﬂuiﬂﬂﬂ@&lﬂ’]ﬁﬂ

(2.36)

<
N

(2.36)

RN s
x
nS

RO O
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25  sWalSpR-Aad rate-1 [22]

Twiadatiaznanafianisaanuuusials)-aunuuy rate-1 NNAERIIAS

o 6 1

Fuanenlienislddesdymyinurindu 1 pou wagldanlanaf@afumindy LMM, uu

o

TRy U N AR ULILLABNANND ANMTLIZTL LA AN ERINARIUANLANAINASTL 11D

7

M, uaz M, AeAUILATYAINIARNLAZATUIBANEAINIATUATNAIAD L ADRNWIUNI{aD

VAINANDLRUAITAIATY Y0
251 TAseasesnaLsnN-AND rate-1

wiEndansiia C auin NxM,  iAneannisseiuresuing G, iile

C=|G[ G, “ Gl 0oy ] (2.36)

e P:LN/(IMI)J dunadanaivsAudgdnainawyisndaisialuaunisi (2.36) wels

'
A o

lunsainanuundunvieas N ldidudiuamminaes TM, wazninfansmunusasiuyiznd

G, Tiuawiiy TM, xM, wudiilanaiumvilaniudmiu p=12,...,P faunis

7 (2.37)

G, =M diag(X,, X,,.... X, ) (2.37)

e diag(X,, X,...., X, ) unupdenivisndnuecyx

T -
Xi=[x(i4)r+1 x(i_l)m---xir} : 1=12,..., M, (2.38)

1
cAa v =

Amiunn x, We k=12,...,I'M, unudydnsalidefeundullnsngresindsanuiy

' ]
a [ o

M,
2 ) % a ] o
Aa E[Z|xk| j:I"Mt WANAUUA P AsfiAvtlsaz gy ansnliiedaunsazsialumm
k=1
a c = % [ 6 o 1 a g a g dll = [~ a
ind G, HAnudniusiu uswvsnd G, waziuviand G, Wa p, = p, IAnuidudase
anfiu Tunstinaznisfiansnin cyclic prefix 1aslaenbidunudndnsdedoyadyanwnd

Wiy PIM, /N dstiuminanuoupduniiites N ifusiuauminass TM, wdaazlaan

o [ 6 1 o

o % ' o dll o 1 1@ o '

DRTIAILDH AN AN B UNINY 1 WANINATUIUARUNVIERE N VLNL‘]JM@WH’JHLVI’]“II@\T FMt
% Y1 o 74 o o Y 1

LL@"J@Ziﬂﬂ’]'ﬂﬁlﬁ‘W@ﬂJ@N@ AN UUAEININ 1

a
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BNIMAGIGATBINARTIITEZINNUREA  (Maximizing the minimum
product distance) lin13UFugununisdnanepeuaaady (constellation) uu K 7 tne
Tuillasdiuazaaniuuannadmes K =TM, dwiunnmasiia X =[x X, --- X ]

[ %3 6

wazionmefdnyansnl S =[s, s, s, | Auiuazléan

@

X=S0 (2.39)

o @ wussndnisuasewin K xK fiinlfidnsusnsigaeesmanniszazinias
gaanaluganmeiAisia X Gavannsuladannnuam (Hadamard  transform) Az
fananewawyang (Vandermonde matrix) lagnianeluanndan (341, [46] iileadn
wi3nd © wazuuaRmieafuillagninld i lusialigi-nawuundent i lane s
WNAY N 1AaY [47] el adua s e i anana W uy3ndauln KxK

synaudaesiauls 6,6;,...,0, a1 (2.40)

1 1 e 1
7 7 TN/
V(6,6,....6)2| ! )\ .S (2.40)
0K—1 eK—l eK—l
I 2 K

AmTHmasdmFunsulasas ANz ngaligniaualueudde [(46] Tasutivaan’s

il 2 nguasil

1)t K =2° uag s>1 udonisudasdslimmuncngadusiaunisi (2.41) uay

(2.42)

©=—V(6,0,,...,6) (2.41)

=b_

1ngl

0, :exp(j4 nj a1y k=1,2,...,K (2.42)

2) 1 K=3-2° uaz >0 udonisutlasialipmunzngaiilusaannisi (2.41) uaz

(2.43)
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0, :exp(j%n), Ay k=12,...,K (2.43)

AnFunisifsauimauiusialini-aoudnaua luinaninugaziaan
wvisnduAanANIiAtias 1AL N-AMD rate-1 1WA 4x 2 W ['=2, M, =2 Ay

X =[x % X Xx]uszgluiuufenasiadisudusiaunisi (2.44)

X

o O

2

X

2.44
Z (2.44)
0

X, |
26  sWalSpR-AwA HR Hadamard (High Rate Hadamard) [24]

Sluﬁﬁ@ﬁ%ﬂm'uﬁqm@@@ﬂLLumﬁmﬂ?qﬁ—mmﬁ'Lmu HR Hadamard i3
Ardnsasduanenidanislddasdypinivnny M, uazldanlatasimfumaiu
LM.M, uuﬁ@qzﬁvcytyﬁmmmﬁqm_n_lLﬁ@ﬂmmﬁlz%wi“mwumwmammﬂz@'wmﬂ
anee1nAsy e M, uay M, A8AIUINAIEAINIARILAZANUINANIANNATLATNAT AL

L ABSIUIUNYRDTI8IHARDLANNTaNATYR0s

26.1 Taseas19sWa3ni-aaad HR Hadamard

Y T T T T 1 =3 ¥
NLRATIDYA S:[Sl S, - SNMt] azgnutveaniiuuaandeya

doe S, At P = N/K ‘ufendeannisi (21465) @l 1<i <P iy K = 2/°%M
T
S=[S] .S, - Si] (2.45)
Tnefiusazudandayataagninuuassaunia (2.46)

T
Si:|:s(i—1)KM1+1 S(i—l)KM‘+2 SiKMtj| (2.46)

uaandayatian S, azgnidsiasasuilinamvsnduilanion © aailudsannisi (2.47)
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16 6 - oMt
2 KM, -1
®- I\/llK 16 & - & (2.47)
K| P
1 ‘9KM, ‘9|§M, T ‘gKKr\’)l/llt N

le 6, =exp j4
“ 2KM

72'], iU k=12,...,KM, Uazionmastiadnsainnisdngmia
t

ANTNIUAIENN1IN (2.48)

X, =08, (2.48)
AINULAIIINsUunEes X, :[x1 X, xKMI] 11n KM, x1 Tiifluavisnd G,
1A KxM, Fagunna (2.49)

G; :[91 g, - gMJ (2.49)

i T a 1 o a Y
Tem g, :[x(i_l)K+l S, SiK} aavneazldwvisndeasrasialigi-anud

i-1)K+2

WULUAAN HR Hadamard A4@uni3n (2.50)
G =G, o(Hpp ®1y) (2.50)

e ® ununspmulATiunediias o yuNaARULILIEIAYEIA, H, , uiunsidenanmed

v
o o

wuasiale IRandBstaINsEndNiuaIen M,  wamefaInduunnme e a
nnmefIesEanalyEIndIune axa laeh a=2"%"1 1 = unuonmesuuaseid

a o/ U o/ 'dj
QNI FaWnuuiluas b = K/a

naulFauaLseud sz UL Isia3na-A9 8D HR - Hadamard fiuswa

i R-Aounniaualidneniinug azinenwvisndufenataiatesaasaial&igi-nnd HR

a

Hadamard #u1m 4x2 e M, =2 asiu K=4, a=2 uaz b=2 gaveasldgiuuy

UAANANTWAFIANNNTN (2.51)

Relve
mx U"><

(2.51)

XX X
I |
X X
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27  sWal5pf-Awd HR (High Rate) [25]

[ % ]

Turidataznanafanisaanuuusiasgi-rmnuduul HR - ARAERINAS

o o c

anenlfenisldtasdynyinaniaiu 2 pecu  wazldanlanefEaANminGy 4M, U

ouNARSLLLIAeNANDLEE M, =2 uay L=2

==
8]
Lo

g
o
=

271 Taseafresvial3pi-anad HR

a1delneainsesudendeyatiosifupaaiuaia HR Hadamard luiiade

2.6 AatiuazanenfnateaINaunin (2.49) lnenaandwimiimes M, =2 Ay

i
(ax
1

(2]

(2.51)

@)
Il

C o
N

~ (99
(= = [
~

o)

e 1<i <P unuanuauuaanAsviatas
o 1 dl A -
AIREINN 1 Waan @ = exp( 125/32)

° T ne v a ¢ & '
o rwua [u, u, Uy U] =0,[s, s, s; 8] Ieeldivanduilondes ©, wuu DFT

wyBnFETuAnaNE lugNN13T (2.29) TiuAe @, = F/diag (1 ¢ ¢6)
o ruun [u, U, Uy U] =O,[s, s, s 5] Taeld @, =Fldiag(1 4 ¢° ¢7)
Fhathefi2  den ¢ =exp( j27/32)
o v [u U, Uy U] =0,[s s, 8 5] laeld ©, =Fdiag(1 ¢° ¢* ¢°)
o rwun [u, U, U U] =0,[s, s, s, 5] Teld ©,=F[diag(1 ¢* ¢ ¢')
fhetnafi3  (den ¢=exp(j2r/32)
o fwunfu u, u, 4] =0,[s s, s, 5] Teeld ©, =F/diag (1 ¢ ¢ ¢6)

o rwun [u, u, U U] =0,[s, s, 55 5] Tneld @, =Fdiag(1 ¢ ¢° 4')
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ANTNUAINIIIRADTIANNNTN (2.51) A1Nid 3 nFERFnasanuInas e

'
) v oA

a = a 2 o
Tawafiawiniusenansigailluiuiss [25]

28  SEULLIUNINEUULRAIEUALANE (Multiband UWB w38 MB-UWB)
2.8.1 msniiadas MB-UWB

MﬁﬂﬂW??J@Q?ZUULLE]‘]_IT']%’]\'@QLL‘LIUW@WEILLmJﬂ%qﬁdaﬁh\‘mqﬂﬁ‘xﬂuLLﬂUﬂ%’N@Q
dl F7% a dl 4 . = ¥
nlmatAn1nszlamdaglaan (Time Hopping UWB 438 TH-UWB) LWasssuukaundng

gaildnsutianmFuuuuanAumnas (Direct Sequence UWB %178 DS-UWB) luwdi i lfids

a

”cytyﬂmﬂuﬁm{Tmﬂﬁuaummﬁlﬁwm 7.5 GHz 2099 UULALNA ARG 3.1-10.6
GHz ‘WgﬂLL‘LiflﬂfrJﬂLﬂuLLﬂUﬁ‘JWNﬁIﬂ@E%\‘]ﬁLLG‘LIWJ’W?]ILVI'Wﬁ/‘LI 528 MHz WazNIn1sdetaya
vasfldvarzaulaendemaiioniadnsiauuniaat-naand (time-frequency code) Lngas
LOUANN AL AN TN AN F LA AN FaTimaTiagananaifisanunsnan
NansTNLAINNsNIutusEdnaLnuAaadesldlne laifiesld notch filter uazinlldAn

lAnafEANIIAINND AT

nsgdedayauuIEULLAUNTNEIULLUANLUILAINABNAINATALTA

fayaluwsgnuiaidunguees nquas K dn aanAInduius K =log, L e L Ae

q

nurudyansniivinaniiullly gadeyanqueastiazgnudaailuuiuaunuinetin 4

u q

[ a [~3 % o

NHAuAeNNANATYAN

o o Le

s dldy v a -8
nerodaunn N duanend nglunilazaaunuaignislmes

o

v
% [ 6 o KX a

QRIOTIY
{do,...,dm,...,dM} de-d. Aadyansnifauisiidulllidann L dyaneal antduusas

[

1 v
X = o o

TINAUANTAUBIANNAIRINU

q

AryanwndazgnuesaniuadunitiasNusazAnNd T
o @ ° . = = el A o
ANKInTgIurasiaendy nafiuessariianNnNf1aIRaUNERA ARLYINTL
Af =1/T, e T, rearudtyaneainaslaenaldy wanannidlfinadasinanau (guard
interval) 1iatlasiunaaaanisrunauiusznaedyansad (inter—symbol interference 38
1)) Asuaudnydnsaliaenmdnsnaainty T =T, +T, uazdnaasdaydnenigegn
Winiu Ry =N/T =N/(T, + T, ) Tnavialdudamanuantrestoanaianazidtszunn

20-30% aespudtyanenilalenmdnson T duiudeyanialudasnaiguaziiunismin
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AnndayaludouinavesdnydnealleenbiduuarGandeyaludesiidn cyclic prefix I9ay

dqglunszuaunisdalasluddyuniiniaiy

282 A[ARINYHIN MB-UWB

A
¥ ¥

luadatlazninisanaasuuudynyine MB-UWB tnaldansugadayaniid

wunluunaauau 256 dadviuusazdydneallaenwsiay R PN BT ¥ e
1) mw?{mmm?{umﬁﬂfaﬂ fp =NGH|A 1 2) mm'ﬁélumﬂmuﬂ'ﬁa f. =100GHz, 3) AU
Ffuanunilalanmien T, = 242.4 ns, 4) 199N29L6N cyclic prefix T, =60.6ns, 5) 4291981
AN T, =70.1ns uaY 6) SuaupduNIftion N =128 pRuni HANINaeLdryn

MB-UWB A21u819 1 A udtansaliansiagili 2.13

OFDM Signal
0.1l i Cyclic Prefix _i | ]
2 0.05
(]
©
2 0
.(_;l
E 005
-0.1+ 4
0 0.5 1 35 2 25 3
_ Times [Sec] x 10"
i 3x 10 Power Spectral Density
2
2
[a)]
©
g1 :
o
0
E | | ") | [ | | | | |
§ % 1 2 3 4 5 6 7 8 9 10
Frequency [Hz] % 10°
51% 218 Aryay1aw MB-UWB annueng 1 paudngdnsad (n) slduanalunieoan

(1) ANNAUWURNNALTIALU NATHURIREU TN

v o

2.8.3  AATITUAMNUNUILUUANAUTIFIUNATN (power spectral density #3a PSD)
ARINYEY10u MB-UWB

1%

1) &oysyrow OFDM_1 HAmudneouzdsl andugedeysnndrduwuuluuizaun 128
iim, N =4, f =1 GHz, f, =50 GHz, T; =50 ns, T /=0 ns uaz T, =100 ns

v o =2 A , A ) = o | = o
ANUUAINTZUCUNNINAMUDTEUINNARUNIUEREILNINL 10 MHZ LL@:Luﬂ\‘]mﬂ%



=
a

o

Power Spectral Density WZIHZ]
o

[\S]
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v

AAUNIFEBLRNUIU 4 PAUNIT A9lFANANNNF9IaILR LA ND A a1 ERa N e
WAL 40 MHz [anuaudtyanenl OFDM  wianuawingy 16 dyaneniuazldfinng

AN cyclic prefix

x

[N

o,
©

10°

=

L .

[o=)

©

0.95 1.05 0.95 1.05

1 1
Frequency [Hz] %10 Frequency [Hz] x 10

(n)

(1)

gﬂﬁ 2.14 PSD 289&tyry10s OFDM_1 1fle N =4 (n) Luuidadis (1) uuuaanisiu

2) Atyoynnd OFDM_2 @uAnvuanianilimesiviaw OFDM_1 uadfuan N =32 uas

LANANALTA

¥ ¥

ARHAUL

a

il g aun g 1,024 Os sufalunsaii i lsamnau

o o =R

£INUBIANLA YA NS

o

aa o
ALUNNA

1 4
AINNTDAIADUNNI NN ulanfelugaAL

v
Y o

duanenlviniauuaslidiaundwaesinuaunnaes IEieNaAWnGL 320 MHz

N
s

w 3*10 10°

I

=28 10

g 2r o |

a PPt

— 1.5¢ 10 |

g >

t; o

o 1f Q 1 &

& 10}

5 0.5

% Y h n 10'18 L L . . .

o 87 o8 09 1 11 12 13 07 08 09 1 11 12 13
Frequency [Hz] x10° Frequency [HZz] % 10°

(1)

(n)
gﬂ‘?‘i 2.15 PSD 2194&tysynae OFDM_2 1ila N =32 (n) wuuadu (1) wuuannisiy

3) Aryeyrad MB-UWB i lunnmsgu IEEE02.15.TG3a nvuagadeyanidanuam

it
4,096 1m, N =128, fp =3.432 GHz, f =50 GHz, T, =70.1ns, Tp = 60.6 ns
waz T, =242.4 ns W@anldAimnuinansii 3.432 GHz TnailAn Af = 4.1254 MHz

wazunUAMNDTe iAW ARNNS9 528 MHz
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~N'8

<

26

2]

=

a

s’

3]

Q

a2

9]

g .

a0 3 32 34 36 38 4 10 3 32 34 36 38 4
Frequency [Hz] % 10° Frequency [Hz] x10°

(n) (1)

gﬂ‘?’i 2.16 PSD a4 ”tytyﬂm MB-UWB e N = 128 (N) wULETLEW (3) WULABNIINN

]
v v

4) &yryrnw MB-UWB _@193tszu g ldanunianniunanaai 39 luniazauumand

a
b3

gldauau 3 9a Ineazldnannosdsdoyimundasinumnuiseiuduiu g4

u

] til dl a dl o I ¥ ?.'/ dy
HANSTIE U UEUSLINTULNT LW@M@ﬂL@mﬁmmmmm’]mmmm:mﬁqtﬁmm MNU

o a - I < >y, o | o ! | e oA
1@L@‘ﬂﬂwq?qllLm@?m@ﬂﬁ/fyfquLTuLﬂﬂansLuﬁl@ 3) LWEANIUUAAN fp FINNUUUAR

v

f,, =3.432 GHz, f,, =3.960 GHz uay f , =4.488 GHz uananilanaaziaenld

|
= %

wallan1anszinallasuaaud (frequency-hopping)  WNadedtyutUaa LTS

AN D UULIIANFNST LA

@

@

=S

A

Power Spectral Density [\/Z/Hz]

NO

25 3 35 4 45 5 55
Frequency [Hz] 9

Frequency [Hz]

(n) (1)

51191 2.17 PSD 2894ty MB-UWB #1usLssuunigldanundaniiu 3 g

284 WOUANMNARIEITUTRITELL MB-UWB

iaNansnnANANTUSIzUdaANNRAUEINATY (center frequency) waz

AFULUANNDAzTIUFIRNNNN (2.52)
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4 . 2904 +528xn, n,=1..,4
AHDAULINATN (MHz) (2.51)
¥ 3168+528xn, n,=5,..,13

anduunuANdn 1-3 Mddmiueinsnflulua 1 visa mandatory mode
TuanenafuuauAuDi 1-3 uaz 6-9 ddmiuglnanllulum 2 vida optional mode dau

dadyaynuimaesgasivlidmiunisldeuan lueawian

AN519N 2.2 NIFULNULALANNA THNUTe97E LU MB-UWB [48]

fFLLOLAYLD ATNAEN ANMDFUENAN ALY
1 3168 MHz 3432 MHz 3696 MHz
2 3696 MHz 3960 MHz 4224 MHz
3 4224 MHz 4488 MHz 4752 MHz
4 4752 MHz 5016 MHz 5280 MHz
5 5544 MHz 5808 MHz 6072 MHz
6 6072 MHz 6336 MHz 6600 MHz
7 6600 MHz 6864 MHz 7128 MHz
8 7128 MHz 7392 MHz 7656 MHz
9 7656 MHz 7920 MHz 8184 MHz
10 8184 MHz 8448 MHz 8712 MHz
11 8712 MHz 8976 MHz 9240 MHz
12 9240 MHz 9504 MHz 9768 MHz
13 9768 MHz 10032 MHz 10296 MHz

2.9 TawawAL@u (Orthogonal Frequency Division Multiplexing #5a OFDM) [49]

1 Y dJ al < U d} al [~3 °I 1 v
winszuadays (data stream) Teiaauagailudagauuununuieilaauaaindiudo
dqliAupaunIetiasatuaunia Iaenianansnin lulAm U AINLIINIELIUNNAIN

Tgqga1aesusiardydnsnaiuinauasinldnansenuainadunaiainnilsaday s

PANNITURINTNAFLNANTLLLLLNAND LT

v
o

A a g A
paanviTalalanALlENAaNg

o

AN
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3

o o - Ao Yy ) ~ v = a .
aneaianas wananidelainislddaanaiauiieuiilom 1SI wazuininisisa cyclic

prefix — naludasnaiaudaiunisudilyuinisunnaanszudnanaud (Inter-carrier
Interference 1138 IC1) anang iesainiflunisinliusasaaunviteanniaiuianuaugn

ARLLAN 1 AU TUTY9U89N198UALNTAREIAIANNAIRINATWIUN N ATIAA1 AR SIS

2.9.1 Cyclic Prefix (CP)

2 ¥

Warsanasugadayand x[n]=x[0],..., x[N-1] mue1? N uas

U

TRty UNUARATANNNAV TSR NARE LALasRNWadAN A (finite impulse response Y98
FIR) flu h{n]=h[0],....h[x] eonuens w+1=T /T, @e T, Aedadailsnaes

oAt lunfsuanLaeduainod vnnanai cyclic prefix 184 x[n] Az

o S

dasdryrunnday T
=3

o o v

vanade ([N - u],..,x[N=1]} dudsgnevsasadrdugadayasndy x[n] dwam p
L ! 4 o = o o s Jg AT O8N o ¥ a o dl ° o
atiuanegaTinauaviaNn@asatauliuinasugadeyainn A3l 2.18 uaraAUge

Iy Ve =< = F.. Py a oo
'?.lﬂ?ﬂ@lﬁl] X[n] AINAIINEINLNTINL N+ﬂ bNA —,USnSN—l @m’m’]?mﬂmﬂmm

mwm“ﬁl (2.52)
X[—y],...,X[N —1]:>?[N —,u],...,)?[N —1],)?[0],...,7([N —1] (2.52)

ar Eo

cyclic prefix avugadayardinfngs N

x[N—y]x[N—,u+1]...x[N—1] x[O]x[l]...x[N—y—I] x[N—y]x[N—y+1]...x[N—1]‘
t |

Wndruannidtua u s lduihadugadeyaanidnimis

gﬂﬁ 2.18 cyclic prefix AINEN- 1

danmledn X[n]=x[n], e —u<n<N-1 Falnelendn X[n—k]=x[n—k], e

1%

—p<n—k<N-1 dwiudyanmeal x[n-k] wm [n-k] vegla N vizeeranaald

A
4 x[n—k], wunene x[n—k] lugduouidianuwindu N tdues

a =

TunanauaueBnadrestedy o uRarTAnINaY h{n] fwaunisi

o

Aeynyauiiinudesdoyyiad y[n] e 0<n<N-1 Anannisaaulig-
Fusening X[n]

(2.53)
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(2.53)

ANENNNITN (2.53) u3sian 3 Ialdn1saededamiaasednasiniune We 0<k < y—1 azl4
41 K[n-k]=x[n-k], dmiu 0<n<N -1 uazdydnunl ® luussinf 4 nunaenis
Nraulagfuideenad (circular convolution) A9 cyclic prefix Tirudtyaynnla
a @ 1 dl 1 1 1 o =S dl o o a 9 .
npdunaunazdaiutesdyarnaaiunisdasuainnisinaaulogiuidadu (inear
convolution) FaduiusiLAtyauaueanangdesdayans y[n] We 0<n<N-1 Miu
peulagfudeana dnlUaziasanisuasfsiesuuylisedles DFT Audayoyns y[n]

Tt aziaeNANTZNLAINRTY NI LNIWASENN1IN (2.54)

Y [i]=DFT {y[n]=x[n]®h[n]}

(2.54)
= X[i]H[i], 0<i<N-1

wazarsugadeyarnidn x[n] e 0<n< N -1 amimaiundupuldandnyainiean

andasdoynynd y[n] e 0<n<N -1 wngaA h[n] Asaunsi (2.55)

x[n]=IDFT{Y[i]/H[i]}

= |DFT{DFT{y[n]}/DFT{h[n]}} (2:59)

dl { o 1 o % [ % G Yo
Hesannguatedaiusy u fouwsnresdrgryans y[n] e y[-x]...., y[-1] 1¥5u
nansznuann 1SI uazdeyaludiutidunisdiaesdoyarndn x[n] 4w 4 fafuaindn

aaving dedulunszuaumeainedayaand x[n] nduAndmiu 0<n< N <1 Asa1unsn

azwaedeya y[-u]....,y[-1] ﬁié}’ﬁagﬂﬁ 2.19

CP  udandaya CP . udandaya CP , udenieya
PN (o) I P | PN I () I A | PR I (0] B A |

- - -
* L L4

M N

5191 2.19 ISI szndnsudendeyandnudesdyayins
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Ay A -

U9 cyclic prefix azldanusA1dnIdedyansniazanadnan

s

N/(x+N) wir ueananiidailunisduassindenuilesannnisdedayadnfou douly

a

nstinaBndyanealAgudludasiaiauuddnazdligodsnidsanulunisdeiaya

drydnwoludazgaudadnsdedydnwalidn N/(u+N) wiuazdeinliindeanu

|
o a

¥
doynyrousunauinanfoedadauinty (u+N)/N wirdas

AryAneniandui i
al g
[UANBUAIALUN i-1 ANTHETT 1 ATUATUANENY

ry
v

o A

— > 1987
!;—— '
i . NN
i AR NINAN TN
(m)
ANUATIEN DL
\—/ > 987
daanaan  Tanatiiiatsn
()
aTudrnansnd
| * -
¥ i
; - > LA"
"—"E -+ .
|

do9a AN TIaTRAITIN
(m)

o !

5191 2.20 drynyrnuds (n) laifidanaan (@) Msldunsndasnanau (p) nasldunsn

TUNANANTINAL cyclic prefix
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L g0 e = "
T ArydnunIaALN |
AryAneniandui i-1 ..
ANENT 1 ATUATYANED]

¢ al'y |
Ay IUNAEINT ;
/ - > 187
ATyryIns ) R
H - 1] ﬂ]l:h
| Mgnir=Ae AIUIATNNATEUN
(n)
ATLAIAN O]

s
L

£ , : » LR
'“..\. “.'

o ST TR PETR LR TRTE SV

{9) N .
ANURTIAN SO

» 1287

fgmlssi |
] ; : 1 CJD
doana1AN 19998 RS0
()

2.21 Ayaunaudu (n) Tdddaaaanau (@) nasldunsngdasnannu (A) nasldunsn

2al)
il
=)

TANANIINAL cyclic prefix

Angii 2.20-2.21 uansdryoynudsuasdnynnuiuiedeinudesdnyonns

[

[

EERERRG

o—

Mty 2 30 lunsdl (n) Wusuuldfdaanaiauszudedydnsnilaen
a @ dIQ o -] v o/ 6 ° o/ dl - Yar o 6 0 [ % dl - o v
AeunAatuN I yaneniandun i 1dfunanszny I1SI andyanealanauin i—1 il

a dy 1 dl g ] = ! ! o
mmmmLWﬂummgﬂé&ymﬁmhmwLmummﬁuum WAINANNT A UNINT9LIaN AN Ny
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n3gl (1) uaznvualitaanaiaNendAndalsnaestesdnyonnazainimadn 1S 1
atwanysniusazladunansenuain IC1H ludaeiunusoadunun uwazgavinalunsil () &
nsldunsndognanandniu cyclic prefix azufilymn 1SI uaz IC1 ludessiulfatiing

anysniitiasangilraudyonnmisaeslutaanainnatsouniansaiiuaiy

292 nszurunmstiiadyanalaianmid

’7 X[0] 0]
Acid

| .1-[ l] \[l] eyclic

|
] v~ | a8ral 1 iz, i f
data (A X | Serial 1o prefix xif) s 1)
g ™ paiel | IFFT and O, oy -

modulator

| convarer parallel r
| YN 1 v oap | e (271 1)
=l | x| COEy T
| [ ]‘ 'l ]~ COnvErter oE
L g 4 LA N
(n)
=7 = ] 0]
| : iy
Remeove ¥[1] 1]
= A e <refin » — Ly araliel N
st} x(t )l preti PR X gam |data
—*W"——{LPF # AD [+ and serial FFT to Serial [
T 1 — Damod
to-paraliel conmvarier
cos| 27 1) - x[N =1] X[N=1]
()

51# 2.22 uaanlaazunsnasinsznaunsdstayauuulaanmdn iia (n) nads

(1) AT

angln 222 nezuadayarndiazgnuagianuuy QAM  inlildnscua
doayadnydnunlidedon X antuazdiudynunldlddeiauwlasdnypimeynsuiy

wuuazladoynyrneeniduy X[0], X [1],..., X [N 1] 41uau N 5 iedeLnAALNAIT

1 o dl %’/ & a = dl v I
a8 UL N AND @’Wﬂuu‘ﬂﬂﬂﬂ?:ﬁﬂﬂ‘i_lWNﬂ?lﬁ]‘V]’Nﬂ'ﬂ’]llﬂ@:ﬁﬁq]ﬂLL‘]J@\?IM@F%IJELMVI’]\?LQ@’]I@H
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nszuaunsulasTiefundunuulisaiiies (inverse  DFT)  atnslsfimnumaiianlunng

o I'g o d‘d a a ] % o a A o
ﬂ’]uQMHW?LLﬂ@ﬂVﬁ‘LH?NﬂN‘LWIQJ‘]J‘?J‘ZZW]ﬁﬂ’]W@jﬂ@’]ﬁﬁ‘Uﬂ%‘ﬂ’]u‘JmmﬂL@‘llﬂ@ﬂ%‘LLﬂ@ﬂVﬁ‘LEl?

v
o o 1%

unuadiaiiaauin N weed Lagnuinnld dedudydnenilaenfdunldaady

]
=

asAsznanaeg x[0],x[1],...,x[N -1] a1uaun199 (2.52)

=z
LN

x[n]:i X [i]e" fla 0<n<N-1 (2.52)
N i

1l
o

WAIAINLEN cyclic prefix N lAlANgNARLINMINIRIAIANNTIT (2.53)

%[n]=%[-x]..... X[N~1]

XN =], X[O], XN 1] 259

nszusunisdinldazioniauasdnans  X[n] e nawwdueynsunieunaziawdnsn

N

uwilasradiaifluueuzdeniialidnlnaunuaaungiu (baseband) X(t) wdtAsutlaadu

AYNDAU (upconverted) Tlgiaanan f, Ididudoynanmeanainanaeinieds s(t)

Vtyﬂalﬁmﬁ@’m@’mﬂﬂﬁ‘ﬂ@gﬂugﬂLL‘]_I‘U y(t)=%(t)*h(t)+n(t) e h(t)

wunaRaUduesaNiaduastesdnnnn way n(t) wndynrsuniuuuuuansaandy

[

ArynruianaaniAfuazgnulasiuaa nfas (downconverted) HluAtynuunuAND

aa o

~ Y = o A | Y o @
37U X(t) LL@’J@\?Qﬂﬂ?@\‘iL"ElW’]ZﬁLLﬂ‘LIﬂ’)’]QJﬂﬁ]qﬂ@um’ﬁzm’luw’mqLLﬂ@\iLL‘ﬂuﬁﬂ‘ﬂﬂLﬂuﬂ"Wlﬂ

welilddeyeyins y[n]=K[n]*h[n]+z[n] e —u<n<N-1 duneudaliazingndas

b

v
prefix dudungusnegnednuan p fusnaesdoynyins y[n] eenld AuiuAavaengs
sinaeedauy N da Aeglugtuuy Y[i]=H[i] X[i] Sazgnudasdmynineynsud
?:/ =K o 'y 1 @ s v 1 o
1uANTAGIIMsulaTesetinaiin N negsiascusnulasdeya e

auNINUAY QAM Anagiamaimnarfu e lilAdnyanideyasumiafidenn
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<b.

un

b.

FEUUNLAUD

Havn il e9FuaeIUn Az 1ena1 nen NN BMLILIAN 84T UL (System
model) dutsenaudaaiunindA1sia (codeword matrix), LniAasIaI&YUN4 (channel
vector) WAZINIARSATYUNUNA18aINIATL (receive signal vector) annulaznaaig
stnuuwnIndAnsiauazandudeulunasauinaasdanasnulunsdazszuusialil
o o o ¥ o 1 v dl Y o o 43" 1 3| !
auFusadnsassutind i unLuAaaasrUuntdueasiiaanitlu 2 dezinn wazluus

avdssinnsatlsznau@ae 2 wuLaL A9t
1. sWAE)H-ANAULILILASN (Space-Frequency block codes 138 SFBC)
1.1 s9aQH-ANALULIURNTILALBULILILNWA 1 (SFBC-1)
1.2 WA H-ANNALULILRNTILAUBULILILNUD 2 (SFBC-2)
2. satBni-1nan-AuDLULLAaN (Space-Time-Frequency block codes 7@ STFBC)
v - - - — o
2.1 9ainH-1na1-ANDLULILAANAARALULIUNWD 1 (STFBC-1)

2.2 $WAENH-19871-A I NAUULILIRONTIAUBLLILILNWT 2 (STFBC-2)

31 wuusraesszuulagldsndlEgR-anudiuuuaaniidua (SFBC)

N

s

gadeyadydanwalazgnidisiadesdynyinuulnmuaciuningende

2

@ a e 1 all a = a @ 2’/ =3 o o
NNINAAMNANT UL LWL NAYINDITsANaNNviTa AW A La @’]ﬂuu@\ﬁ’]’m’]ﬁ"éﬁﬂﬁﬂgﬂﬂﬂfuﬁﬂL'ﬂ‘V\I

¥
AlNNUAIEaINAdIRIUIL M, drsanie ludessuaglilieuadnadedydnenise

[ %

nslddesdtyynnd (pcu) Aail
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dl A o ¥ o o 1 [~3 all v o a ai N o di s
LB NS ARANUIRTBHAATL ﬂHmm@U@@ﬂWLﬂlqﬁ‘ﬁ@ﬂ?‘ﬂmm-ﬁ']'}ﬂﬂLL@$N ARITUIUAAUNTU

dagaas 1 dyansnilaennidy Tnaaruisouaasuvisndaisianun Nx M, THdsannis

7l (3.2)
C= [cl c, ch]
¢ (0) c,(0) cy (0)]
| G 1) cz. (1) Cy, (1) 32)
_Q(N—n %(N—Q ":Cm(N_”_
e c, =[c(0) ¢ (@) - c(N —1)]T WNANIABSANITA (codeword vector) Tidrnm

i f
o o A o o o ol

AN29INAGIAIAUN | AL i =12,.., M, Wsidunalddngadayadydansaiitdiunig

a

dsiadudnuwdsdanuasianmasaigia ¢, 39iA N9 N azgnaeuunauniiites

] % o @ o

weswsiazdrydnsnilownnidn duiu n=0,1..,N -1 walfiullaungresindeanu

AIUUNNANUIINTLHTIBN DA 91T A093T AL N-A MDA N x M, azgnuaiunslad

Faannnsf (3.3)
E[C[: = NM, (3.3)

Toed ||| wnuenIWsdilgauads’ (Frobenius norm) wavannsunszLaunisulasfiad
unfuatinaiaaun N wassl waziiis cyclic prefix il Tudagnanauuds Tunszuaunig
gavingainnsaednydneallalenmdnanuan M, dydnsalituaigainiAdanianiv

AU M, A288NA- AN TWLLLAIG 899U LFLR 3.1

m n
> ‘aij
i=1j=1l >

2
dl a 5 =
‘ Walwvisnd A Hauim mxn

1 . = X a o X
Frobenius norm 38 Euclidean normilenuasil ([ A = =
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=0 SE S ] [T FFT
encoder o Add Remove
- - X SF G % :.' 'i Prefix Prefix
— Block encoder SlCl Wi ML -
Data I Decoder
gl1 1| IFFT FIT
Al
X SF 6| YR Add Remove [~
—P i 1 . .
MM =1 encader i | Prefix Prefix
i

expl 2o 8 expl j2mf it

59 3.1 wwnmuuusnassszuulngdeiasgi-rntuuuudeniiaue

nafullsgnausmaanaainiAiuaual M, anaainid msudtyoyioi
wiarangainiAiuazilsznaulldaanisiudan (superposition) aa9&tyryIUAIUIY M,
dl 1 o dldyo % ] 6 o [
EUN9NA19AY TUNUN KA LA setAlIZNaLLaIaIAL (array element) TENANEANNA
AIAZRNEANNIATUN TT UGN NN N AR 9T YN 19818 B N AR LAT AR N AT
wiazgdaszaniu  aelfdeannadiinisgelasludanysn (perfect synchronization)

a

FEUINNIARILAZNATL

A8 NNATILARZA8 e NIA LA TURANTENUANNA Ty s UNaWNdda19

WULIUAN (additive white Gaussian noise 128 AWGN) BAIa NTHUATY 1 U LNIUNAIN T

WLUENRALAZ9AT Ll adlanzaa il uAAnea (A/D  converter) WARANAL cyclic  prefix

aanhlieunazindoynmiullanagian (demodulate) tagondeanszuaunisutlaswfies
1 @ . A 3'/ d” = o o dl 1

a£iN919 (Fast Fourier Transform %98 FFT) MNHad1701@eudny oy i uLUARUNiIRE

o o -dl ° o/ o/ o o dl . Y o dl
APUN N duFugnsanniaduansui | ldsaannisi (3.4)

4y (1) = £-Sen)H,, (0)+ 2, (n) 6

t i=1

Waunanas /ML M@ nFunstlfutvidnAtedasnaaaudy o sadtyynnisunau
t

(signal to noise ratio %78 SNR) NumazaraaniAsulfidusdszainnisudsAnanuan

| 1%

a18e1nAge daunisdiines H, (n) ununanauaueddeaudresteasdoyniuuy

' '
a o

AAUNEREANALA N AUTUABRINARIANALT | WaTaN8eINIATLAIALA | 1uAe

H. (n)=) a(l)exp(-j2zng, /T) (3.5)
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FINANYNAUAIUNAUURINARIIANN DA

Wa T =7Af unupudyanenilaanmidy
7 (3.4) Tugtuuunmaslis

AALNVEIREANAUNFATU WANAINRETIRINITDIALUANNT

aunn3T (3.6)
(3.6)

Y, =/p/M,DH, +Z,

e D unwwvsnddayaauin N x NM, Gaifinainnisudaswviandansia C 1e99ia
ddaya D hsa

u

13nH-a1ud Tngaznanisluseaz@aadnll Aeliainso@summsn

@Nﬂ’]ﬁ“ﬁl (3.7)
(3.7)

D:[Dl DN DMt]
Taef D, unuiunIndnug91e9iayan19ianndIunansain1Adaanduy i 1ie

i=12,...,M, salulsugunnai (3.8)

D, =diag{c, (0),c; (1), ¢ (N-1)} (3.8)
UAZIINLAATTASATY YT H; 2u1a NM, x1 ludadunteg (3.9)
Hy=[H Hj - H;!'j]T (3.9)

= = o
H. (N —1)] RINANNIN (3.6) 1NLEAFAYTYIUY

Tnefl H,; =[H,;(0) H;(1)
SuRgeenAFUANSLN | Haua N x1 uazdeulfsaannns (3.10)
Y, =[y;(0) - y,(N-1)T (3.10)

i
4‘ 2 o/ o s =
TIWNUABATYANE Z; NIUIA

b

[ %

At fATy (I UNAUNANLaINATUAIALN |
77 Wsaunsd (3.10) - Imenflusaannish

i
Winue e SA U i LUN a e IN 1 ASUR AL

(3.11)
.
Z,=[z;(0) - z;(N-1)] (3.11)
Auun e 1 seunisdsngiuglresdnyaunapsdinansznunaeai
1 1% o a & dl o Yo | o e
1991981 1 nanwailatenpidy Wan1afuiAanuetasdnyny1uanysnl (perfect

channel state information) ImgenAtLATRFLNN N RYLUNUTIMBeA NULTUAT
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>

ganazdindulalaaandudeyanliannanmesdyyiniuaiuou M, ga vi9laiunem

D 2.

b

=2

gnaiNIsAnaula lAsadaNnI9 (3.12)

Y, - [2-DH,
M, .
M T
N /P //0
=argmin » tr||Y.— [—DH. Y. — |[—DH, 3.12
g D ; [ J Mt JJL J Mt JJ ( )

dl ¥ o 1 4 v o < o a dld [
Luﬂ\‘]@’]ﬂﬂ”lﬁ‘L“]J’Wﬁ“W&@QQMHW%QQ‘Q@%@H@K@@HHWWH 1 uaﬂmmﬂ?gm—mmnumﬁmﬂu

2

MT
D =arg min
gmi JZl]

fasvsanulusyAuLARNANIYAtiaEaN WL P Udan 415U P=N/K Tpef 1<K <N
way 1< p< P Astiugunisd (3.12) Asannnsaiansaunirsesfuniinausiag uunuguzes

Antiuaiegegalusyitudanansiation liAsauniem (3.13)

¢ i
2 N P P
Dp=argrr|;|pn;tr [Yjp_ M_DPH;)J [Yjp_ M_DpH?N (3.13)

t t

DP =diag{c,((p-1)K).c ((p-1)K+1), - c(pK-1)},  1<i<M,



aoy ¥ @ a a =l [ al al
3.2 ﬂ'\‘i’ﬂ’ﬂﬂLL‘].IU?S‘LI‘].IVIi‘H’iVIﬂﬂ?QN-ﬂQ']NﬂLL‘IJ‘LI‘LI@'ﬂﬂ‘VILﬂu'ﬂLL‘UULLNuVI 1
(SFBC-1)
X[se G170 [eer YRy FFT
encodet S Add @ AV 9 Remove [
- X g 6| £ |} |Prefix] , A o | Prefix
= Block ™ encoder = g Eci W o wpliafifl/ Goexplilafitl ML
Data I i Decoder
% i P IFFT . R =y . FF1
X SF G U :‘ ;I; Add a @ Remove
MM <l [ encoder [T V| Prefix Prefix
. ) L'J A" expl J2af ) exp| j2x f f)
N o W, ] \"W._L orthogonal S 4
[y »| precoder —3 reshape » -
M E Eowdd

519 3.2 wnnanuuuanaesszuulngldsia SFBC-1 Niaua

1%

N9LNUNATYNUNARZNANTUILU AN LA NN ATULHUANWLL LA AB9TZ LU

ianaluglil 3.2 musIAudlnauaal

AI o v a v = ¥ dl a v ai 1 ¥ o ] o
L:mmﬂmmuumm@g@iumm’um (SN’E!’W@?JLfluUM?JEN@VINWUT]W?L‘LI’]?MZW]@Q EUeUEU

u

1)

=

vraaaay ldlfdnsfadesdiyayrninim) daunsiinsduadil (gray mapping) tag

1

MeAuauau 2° geluu

va 1

PR

o =R

pdayaluwidaiuon b dase 1 dyansal welilddydnwafmedgduuumduly 1y

o

¥

v
nasaniuanfudeyadoyanenl (information sequence symbol) X azgnutiilugae

k1l

WeNIN13uLlaq (transform)  wazdnBFesluudanaisia C augluuuaessiazn-
AuDnnAl] Seazdunalidiaruandeysdnyanenigigadviuusazufanaisia
C wihiu NM, Aryaneal Ineiilunsiay 1 udanAieia C azdsznausaaudanAngng

elatl (sub-block) G, AW P uden e 1< p< P 1iasanyns uaenAsiatias

p

= 1% 3 o A o i// ?:/ =2 a = [ o o '
Gp AlasaenIsdn AN aRiu AviAsazIaNaNTUNiNes 1 LAanANTiAsias Gp

[ %

AL

17

ayadryanmal X deznavlddaugeansudeys

20
=2e

1 fryanmadedasauin M Kx1

Auau P ga laafl P=N/K  uwaz 1<K <N dupeaiuisolisugaaisudays

fouanwnldesadlugd X, X,,..., X,
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! o o ¥ o o/ e 1 T dl
winzgaanAuTayadtyanenitas sz[x(pfl)MtK+1 X otk 52 xpM‘K} Tnen

1<p<P  azgnidnswaanentin (pre-encode)  Tnadnidnswalini-aaand (SF

encoder) uazlflainnreudenAsiaten G, aum KxM,

dl = o ¥ o a d‘ o ¥ ! 1
LN@‘W“’W?M’]LﬂquﬂﬁﬁlluLLNuﬂ’]Wﬁl"JLﬂqﬁﬁﬁﬂ?ﬂ”ﬂ-ﬂ'}’\ﬂﬂ fulsznauran 3 {N'Juﬂﬂﬁl”l

o ¥

& o 1 v [ 3 a KR -dl ¥ o o o a '
AR AIINTNAAINIUN (precoder), AANAINNN A UFUU LU ALNTING (reshape) Las

(39

s9@F9aN (orthogonal code) &MSUAALENsHaa N MaueaziduunInduilamiae
(unitary matrix) ©@ VeguningiuresiamenamnuyEndIuIn MK x MK Teuans

1FRagunIn (3.14)

1 1
sl OB (3.14)
M. K
GUKT MK MK
1 2 MK
winnvassadnsvisasuti Aenimed W, duiullniuannisi (3.15)
W, =0xX, (3.15)

8

daldaziinisudasonieed W, s MK <1 idwavEnd W, fdlaun

K xM, fsaunisii(3.16) lneardadanasnunlddmsutliiauiaiuviand

W, =W, W, - W, (3.16)

! T
= ~ .
e W, :[W(i_l)K+1 w WiK} way I<i <My

(i-1)K+2

daviasanunguiunnme i luwing W, Tnglwinainudaiuiliaus
206 ¥ o 2’/ -dl o/ a2 3 ! o -&l o 1
Il svidseanmindainanaumuvninduuiawiany KxK = 5iHesanuiniian
'a“:?;l;‘:ﬁ/]’]\?l,%m@@umﬁ’]@m (minimum product distance) Nl FaLIEUAY WUIKHANIS
waslngdainaneunuyTnd AT aenIUTNNaRA1gAgININTsuasannninly
naii K =2° e s>1 wudiAinisutlasmsnzign (optimum transform) léannnas

iAan 6, ANEaNNIN (3.17)

) =exp(j4 ;zj de k=12,...,K (3.17)
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patlsnBndUABNA13TAtiae A TluAIdNN19N (3.18)

G, =W, oVDM(6,6,,...6,) (3.18)

M,

Wadydnwal o UNUNAAMLLLAIANIA (Hadamard  product)”  uazdtyanmod

v
A o

VDM(8,,6,,...6), ~ wnunisaeninninaiuuadicla nlaniRseinsendieiu
U M, lnmefainatuuenwaiivin K unineftesiamauauaimying

1m Kx K nelddeula K> M,

8) ufanAmia C (inaannistviandudenmisviades G, T uaIwL P

ufan e 1< p<P awaunash (3.19)

cz[G! &} - G| (3.19)

i ' a _a d < i i
33 N152nuuUsTUUNlEsUaUTAN-AINILULURANNLAUAULLILAUN 2

(SFBC-2)

NFLUIUNITTIUNARZNANTUILULALN AN D LT WLAEIA L SFBC-1 L&

¥
AAUUTINY UATALANFI9IEI919 SFBC-1 WAL SFBC-2 ARNIYLNUNNTUUAdLNNEndAN99i4

% o L8 o

2199 SFBC-2 uavdayadyansnimsiauluszaudiuilsznail (component) aa9&tyansnl

a

wiazunulanifludasza N LAz ABLUNINTUHU (rotational matrix) $9NAUNNIANUA

HNEFNEU (initial angle) DINTTNHU

2 = = . Y =
AnNA I A:{ai j} wz B :{bi j} wuanEnd auia MX N fusaguuuaaiaeees A uaz B fiew
o &
Al
al,lbl,l a1,2 b1,2 o al,nbl,n
AoB=| : : :
am,lbm,l a‘m,2bm,2 am,nbm,n
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Imaginary axis Imaginary auds
& -
-
T4 \—w
- 6
L\ <9
i Ly »Real axis —i# — @ Real axis
. f L
(n) (1)

19 3.3 NN INUAYNINBIENAULDINIUYUEMTUTIE SFBC-2 (n) guluuininguay]

doyanuniuuy R-QPSK (1) suuuunisusndayaneniiuy R-BPSK

gﬂﬁ' 3.3 Laadgtlutiunnsanaenandsyansad (constellation) 189n13N8A
\ARLLL QPSK WAz BPSK Tiaudnsdeiusugmaulihiuagm 0 wifeu uaz ¢ ndiausnu
AL ‘Emﬂlﬁwmﬁwuﬁﬁ%mﬁmgﬂLmumﬂmﬂﬁm&lﬁﬂmﬁmmLmuﬁfi’] R-QPSK ua
R-BPSK AIua1AL éwa*um:mumﬁu-m%’mﬂ@%wumLﬂuﬂ"\iLLmumWLLuué”mmixuuﬁ

1 v &
wnalugiln 3.4 muanduduneunal

E,L SF i [T YR T
encoder - I'.: Add DA (X ‘\I\(.-* &%) Remove [—»]
X X [/ SF % .= i Prefix | o ‘_,f\\ * Prefix
—_— Block encoder 5 IO Wxld o mR(F2EfE] 0 GexplfiafiR) ML —»
[Yata AR ! iy 1 llllllll < Decoder
) W i * FFT
X SF © :, ,:‘; Add @ a Remove —
NI w1 encoder V| prefix Prefix
I '-.: exp(jaafid] expl jixf £l
X | Separate complex Mapping to iS5
M Fxl symbols Codeword Matrices | | gy s
U, | 20 K=l W, | MExl
v
Ratational W .| Merge to complex
matrices precoder D xlv symbuols

519 3.4 wunnuuusaesszuulagldia SFBC-2 Niaua

1) Buanasuladeyaluuizanda @eenaazifulindeyaniciunisdnsiadesdyonn

a

A My v o 1 o < 1 o g a ya v =
iraanaazlalAdnsiadesdynynifiany) dunisinstuadihinaldindeyaluuns
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1 1 v
o

Auu b dase 1 dyanmal inaliladydnenfmslgduuumidulllFvisdusuou 2°

o

suuuy

ummnuummm@mmm@ﬂwm X ’Q“’ﬂﬂLL‘]_I\iL UIA° LW@VI’mWﬁ‘LLﬂZ\]\?LL@”@ﬂLﬁ‘ﬂﬂﬁlu

< o

ufenAsiia C augduuueeesiaiigi-panuinnimuals Sesdunalidisuo

6

pyadyanealgegadmiuuiaruaanansia C winiu NM, dydnsal dmiuusias

o q

=2

ufanAsia C azilsznaudiaudanAiatdes G, 41U P uden e 1< p<P
d‘ < o o 1 = % v o =) % ?:/ ?:/ =2
Wasannyne udenAtsiades G, flassafanisdnavamileuiy  Auluasazee

a = <3 o o 1
NANTUIUNEN 1 LRANANTNREDE Gp

o ¥

udeyadyaneal X asznaulilsdegaardudeysdyansniiasauin MK x1

Do

Ml P ga taeil P=N/K  usr 1<K <N dupasainisndsugaaisudeys

Do

Fouanwadeas e gl X, X, ..., X,

4 o o e 1 T d'
wiazgaf1Audeyadyansnitas Xp:[x(pfl)MlK+1 X otk s2 xthK} Tned
1< p<P  azgnidsviagnarilngsadnsialsni-aand wazlfesnanauaenan

widtes G, 1u1a KxM,

a o/ 7 o a dl dl ¥ ! 1 A
WQW?M’]L’QW’]ZﬂWﬂIMLLNHﬂ’]Wﬁ]QLﬂW?M@L@ﬂ”N-ﬂ’JWNﬂ F91l9znaueag 4 @QHH@EI"I AR

o [ o o ¥

5. 1)~?Jwﬂfaumil,l,m°m@’mummg@ Al NEnieiaeTNTel (separate complex symbols)

) [ 7 o/

mm”ﬂuﬁumﬂuumﬁimmmmm@g@ wanenltes X, Suiuwaninafaiuau

Fadeu azgnuaneaniiudoulszneuasuardoulsznauaunnan feannisi

(3.20)
U, =[Real(X) Imag (X} )] < ile 1<p <P (3.20)

Matlenallgunnpesdiudsznavsas U, 2um 2M,K x1 Tuannnsi (3.20) 19

@g’lugﬂLLuum:“LL@ﬂmeuﬂizﬂﬂwmimmmmmi‘w (3.21)

Real Imag
. u(

U =|u

p (p-11 Yipgyez " Ypemk YUip-gemsn Yipayemsz = Yiponpeamk (3.21)
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5.2) dumaunisdisiaaseuinlagldiuvisndusu (rotational matrix precoder) %1013

Aninvianduyu M au1n 2M K x2M K daannineddiulsznautdes U 6

ANN199 (3.22)

W,=M-U, (3.22)

'
A o

%’/ d” A ¥ a c a L2 o e al
weillaenlfuninduyun e ludainisliewegadulamesingign na

1
=

BNANTENBINNILLAT [50] ANANNIIN (3.23)

m,, m,, ml,ZMlK
m m m
M = 1 2.1 ; 2,2 .2,2M1K (3.23)
M, K :
mZM!K,l mZM[K,Z sz,K,zM,K

e mij:cos[ £ (4i—1)(2j—1)j 43U 1<i, j <2M,K Favfuanimes
’ K

t

dourlsznevtesunmyu W, luauniai (3.22) Asildnmnuzlasaiaduineaiy

wNwasdoulssnasiag U, FAANANTN (3.24)

.
Real Imag

Wp - W(p—l)+1 W(p—1)+2 W(p—1)+M‘K W(p—1)+M‘K+1 W(p—1)+l\/|lK+2 W(p—1)+2MIK (3.24)

5.3)  dumaunismudoulsznauanitazdiulsenauaunniwiiudyanendddan

(merge to complex symbols) azldlaswsianines \/~Vp 110 M K x1 paannis

1
=

7 (3.25)
W( p-1)+1 + W( p—1)+MK+1 \Kf]’;
3 W W W
W, =| e ez || W (3.25)
Wt FWogiome | [ W |

[ g

5.4)  dupaunisunddyanenddsdawduiuvindasia (mapping to  codeword

matrix) IAENINITUSUTUNAINLEAST \/~Vp 211n M Kx1 Tiiwsnindudanan

iatioe G, 2u1n K xM, f3aunisi (3.26)
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- et . (M -1)K+1
W:rli Wy p
72 ~K+2 ~(M-1)K+2
G, = Wo Wo W (3.26)
~K ~2K . ~ MK
_Wp Wy Wp i

6) ufenAmia C aannsdviandudenAiaiades G, TR UAIUL P

URen e 1< p< P asdunisi (3.27)

c=[6! G} G| (3.27)

o i) & o Y a a =3 a
34 ﬂ'3']N’ﬁu‘ﬂ'ﬂumﬂ\i‘iguum"ﬁﬂ"l?L‘ll']i“ﬂﬂ%ﬁN'ﬂ'J”INﬂLLUUUﬂﬂﬂ'ﬂLﬂu’ﬂ

= A

o/ % o’ a U o 3| o dJ dl a

ANTUTauTasdanasnan klunisaruenauiladanilanazfansmn
A QI/ v dl b Y, 1 2% Y o a KR dl
uantlaainaxnssnuzaedsziy Inevialiludaszuunliiiianssnuzqedansiasldaanasnum

= o Y 2 o o Y o 2 o O 1
Haududeugesnlilsog n1sdpasududeuanadnliainnisiuauaunaall (flops te
H191n floating point operations) YI91IN129U AN MR UsTiaananans (CPU) 284

dl a dl IS 1 [ 41{ 1o

irsaamaNiamafldlunisiscnnana Seanaazdauansneniullavegiuaniinanssuaes
fia CPU  uazunanWefnuedipsedaeniianesiing deiuluina inudaiutaseiuly
nsiusuuael - siiaanldnieede aNaRuasAUINTINTaIFIANTUNITANT J. L.
Hennessy way D. A. Patterson Laue 13 luendns81989uuneLae [51] Na19A8 N17UINKse
naanld 1 Waelseanisaniunimiinis uaznisms’ld 4 Wasdsenisaniiunianilansy
luriadai 3.4 Haziinisaruauandutavvessyiun dsiaigi-anaiuuuudanig
uu 1 dysneallalennidu ilsznaumapdaunaidesatuau N auduasidanaainid

A9a1uaY M, @1881n0A ANUTLIALARNAIIAALATL N x M, Laganududaun

Aunladtminendunaeilsevdan (flops/block)

3.4.1 ANNTUTUARITZULNLESIAE SFBC-1
®  ANNTUTAUURINIAZN

O dumeunisutsardudeyadyansnl X auin NM, x1 iugaadudeys

% o Ly

Aryanmnleian X 111a M K x1 MU P 10

o
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L ludumauitliddnisandiunig e A

[ [ %

O dumaunizpiNnIntd1siaasun @ auin MK xM K fugadansiy

¥ o o & 1 o :j/ ?:/ dglo [ A
ragadyaneadtiey X, 1uin M Kx1 At ludunauBdniunsings
dayadtydnwniasa (11U BPSK rate-2) lfn1suandanuau 2M K (MK -1)

o ° 2 %
AT uaznTnsaIUaL 2(M,K) A
.. ANT Ut uiIrN e lduaawdl (n96l BPSK rate-2)

= ANNFUERUAINNITLIN + AYINFUFRUAINNTAN
=2M K (MK ~1)+2(M,K)” Wasd
= 4(MK)’ ~2M K waeyl (3.28)

IHA99INN19A AU WA D UABNAI WU IEN9ANTUNNIAIIR U 4 AT

% o Le

v v 1
LAZNIFLINANUIY 2 AT ﬁqﬁuiumzﬁﬁm‘*’ﬁmﬂmm@ﬂwmlﬁqsﬁ@u (b

QPSK rate-1) linnsuanauan 4K? - 2K afs waznisanianuau 4K A

. AN AN A luTuRawT (N95 QPSK rate-1)

=4K? —2K +4K? Aaail

=8K?*=2K wani (3.29)

O dumeunisudasionined W, fdlaun MK x1 iuwvisnd W, fiflaun
K xM;
2 ludupeniliinisaudiunislatinav
O dumauNITUINALTIRARIRINTWIA K x1 7Uau M, 1A 11a1Liunng
AruuLLaAmafLAma e lumEnd W
. o Y i’/ :J/ dgj =
. P NFuteuianua luduneauil (N9l BPSK rate-2)

= peNdudauainnisuan + Avndudeuainnisan

=2M,K +4M K wan1l
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=6M K vasi (3.30)

v v ¥
. ANdUEa N ludumnawl (96 QPSK rate-1)

= AaududauaInnisuan + mmsﬁue”ﬁfamfmmi@m

= 2K +{2MK + 2K} vlaadl

=4K +2M K wagail (3.31)

O TURAUNITUILNTINTLADNANTVAL ALl G, Y1FeaAauauL P udan

O

WeakuunInduaanaisia C Hedandadntiunsmuannisi (3.28)
WAZ (3.30) ¥3ANNITN (3.29) LAy (3.31) anuu P A%

‘. poadudeutann g une il (N3e1 BPSK rate-2)
=P[4(MK)' =2M K +6M K | viao1

= 4P[(MK) + MK | vige] (3.32)
. AN LSRN A lLdUAaLE (N95 QPSK rate-1)

=P[8K’” - 2K +4K +2M K | a1l

= P[8K’ +2M,K +2K | #iao1l (3.33)

Qe

upaunsulassiefaarsanndulaelddanasnu IFFT  1uin N wass

=2

o

ng Y o ¥ a o Y o 4 a o dl
IRz i ANLa TR 1BIANNTLTD UL UNNTANUITUANNLENANTBINBIRIALN

ﬁge

[52] Tunstinendedanasnu radix-4 wuandnisafiunsiiunisgaiuy
= y.2 "3 % o =

G AT Eralalaby PRI R R gN [(log, N)-2] A3 uazinisaniiiunis
o - L v
Mfluntsuanuuuidadeunsdu Nlog, N A Tnasesrianisulas IFFT

o 1%

211n N waeld Iiiudryan#niaedanaainIAgaIuan M, 1an

[

v v v
. ANTUTauiands ludunaul

3
= Mt{gN [(log, N)-2]+Nlog, N} Waal
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NM. (11
=—L1 =log, N -3 | Waadl (3.34)
4 2
O dumauniaiiu cyclic prefix iailasiunisunnaanszninedyansnd
. ludumauiliddnisanfiuniglanadiu
FOTUANNTUERUAINNAUDIN VAR IUDI T L LLAUBLLILILNTA 1
(N9l BPSK rate-2)
NM, (11
=4P[(MtK)2+MtK}+ : ‘(?IogzN—S) Waail (3.35)
(ﬂ'a‘t‘ﬁ QPSK rate-1)
NM
:P[8K2+2MtK+2K]+ ) t(1—21Iog2N—3j Naail (3.36)
ANTUFAUIRINIATL

O dumauN919m cyclic prefix

. ludumauildinisanmiunig e adiu

v
o

O dumannisuilasiesnansnlaalddanasyiu FFT  2uin N wassflunng

AalneenAedanesniy radix-4 Tdnsamunismidunisgniuigeiau
y 23 Y Yy o o~ | a

WranINYUINATINEN §N [(Iog2 N)—Z] Afyuazldnsantiunns iy

NTUANULILIESTRUISAY N log, N A Tnaifiasniiniaulas FFT auim N

waef WnudnansniuesazeiniAiuanuin M, @1 uwsiazTaanaidy

afaRAUIL M, adas TuRafasinn1sullas FFT isnun MM, A3

v ¥ v
. Anududauian e ludunau

= MtMr{gN [(log,N)—-2]+Nlog, N} Waail

:w[l—zllog2 N —3] Naai (3.37)
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O duRBUNIINIINELINNANTTBIAINTIRTLLLLAINUNTUATIgean Rt At

¥ d‘ v 6 o/ o o v =3 dl
dayanldanunimasdyniniuaiuu M, g0 Inadnaleannisy (3.13)

M, f
D —argmin Y tr| | Y - |[L-DPH? | | Y - | L DPH?
b? =t M Mt

t

1) fumeuniswaa | YP - ZMLDDHJP WEINAAT0N b A9T
t

" dnqsgaiunind D” au1n KxMK duiunind H? auin
M K x1 a7uau 1 A3Y asldnisantiuntsiflunisuanuuuidetan
Auau 3M,K? —K A3 uaznisaniiunisfidlunisgnuuuuiddan

AUl 4M K2 piq

= NN9Ans ANAIE ML Aulavandauin Kx1 aquau 1 a3 ldnng

t

o a ai (= s Y ° zl/
mmumimLﬂumi@mmumw@ummu 2K P33

B AN9aULNNTNT YP aurm Kxl AULNNFNG ﬁDpHﬁ’ AU A
t

Kx1l a1 A3 dn1aaidiunisidunisunnuuudedan

AU 2K A%

o Anndudewisna ludunauil
=3M K? =K +4MK? + 2K +2K vlaedl
=7M,K’ +3K wlagay] (3.38)
2) duseuniandsyaiisianaasimvisndaduilasu (complex conjugate

transpose of a matrix) 71u1a K x1 ldn1saniiunisiilunisgmuanuau K Ak

v v v
.. A utauian e ludunau

=K Wani (3.39)
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3) dumeunisAnuNviIndIuIn IxK - duwvsndauin Kx1  l4n1s
o a dl [ a £ o i// o a dl (=1
ANRRNINLTUNTUANLULTENTa KAWL 4K —2 ATY LaznnsadiunfsiLly
a v o ?/
NITANLLLILINTDUAUAN 4K ATY

", ANFUTauRands ludunaul

=8K -2 wanil (3.40)

v

4) TUAAUNITUUNITULATLINANWIUTCTAUAUIW M, 69 Tdn1saTHiunIe
MdunisuanuuLdsiananuen 2(M, —1) A%

v ¥ 2
. ANt uRenNe ludynaul

=2(M, -1) Waal (3.41)

Y £ | a
5) Tunauniaiagulasl DP anmanuiluasegegaaes DP Tunne necl
dululFawowiedn 2% nal
v v
. ANTUTAURIUN A I UAAUNITATIA LTI A9 NLAAN AT Asias)

= 2MK [m’msﬁus’ﬁﬂu%umuﬁ 1) + Fumeud 2) + umeud 3) + Fumeui 4)]
= 2" [TMK? +3K + K +8K —2+2(M, -1) | lael

= 2"*[7M K* +12K +2M, -4 waodl (3.42)

AN LS LA AT29A AL LB T LILITIA LA LI LT 1
=M(1—21I0g2 N —3j+2MtK P[?MtKZ +12K + 2M, —4] Wael  (3.43)

[ ZJ/ o Y i’/ dl Y o a dl <3 -dl dl =
ﬂﬁuuﬁqqmsﬁusﬁ@uVNﬁﬂJﬂﬂ@ﬂ?ﬂiﬂﬂﬂlﬁ?ﬂ@ﬂ?ﬂuﬂ-ﬂqqﬂﬂLL‘].I‘].I‘].I@?JTW]L@H@LL‘]_I‘]_ILLNLWI 1 (N9

BPSK rate-2)

= ANTUTAUNIVN ATBINTIAGS + ANNTUTRUININNATRINIATL
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:4P[(MtK)2+MtK}+ Nz/lt (1—21I092 N —3)

Naad (3.44)
. NMM,

11 M, K 2
7’ (ElogzN—3]+2 P[7MK?+12K +2M, —4]

[ ?:/ o Y ZI/ dl Y o a dl <3 dl dl =
@Quuﬂqqmsﬁueﬁ‘ﬂu%ﬂﬁiﬂﬂﬂﬂﬂ?%ﬂﬂﬂl‘ﬁ?ﬁ@ﬂ?gﬂ-ﬂ’mNﬂLL‘]_I‘]_I‘]_I@‘ﬂﬂ‘VIL’&uﬂLL‘]_I‘]_ILLNLWI 1 (n9ud

QPSK rate-1)

= ANTUTAUNINN ATBINTIAEN + ANNTLUABLAIUNATRINIATL

NM, (11
=P[8K’ +2M,K +2K |+ - ‘(Elogz N —sj

NMM. (11 Naai (3.45)
+#(?Iogz N —3)+2MrK P[7MK? +12K +2M, 4]

342 Anududaurasszuuinldsa SFBC-2
* anududaureinings
0 %umumﬂmm"qﬁm”mﬂ@z?fyﬁﬂﬁmi X aun NM, x1 iflugpansudeyas
Aryanwndtas X

5 1110 M Kx1 a1uu P 99

L ludumauiliddnssiunig lainaai

v
O dumeunisulegraIALdeyadyaneniteaidiiauaanidudaulsznauas

LAZAIULTZNALAURNN

v v %
- Awdupeuiilidnigsantiuniglaineau

1
(7

0~ funsumardinsiagaamin Aauniunsiindedoyadydnsnd R-BPSK rate-2
ldn1suantaaninisaiiunInduyy M 1u1n 2M K x2M,K #ag
wnimefdauilsznautes U, 1uia 2M K x1 Mdnnssifiunisfiunig
wansman 4(MK)" —2M K AR memié’]LﬁumiﬁLﬂumi@mﬁmqu
A(MKY P

.. AN UdewiarN e ludunewil (g5l R-BPSK rate-2)

=4(MK)"=2M,K +4(M K )" vlaad



68

=8(M,K)* -2M,K waey (3.46)

Tunsiindedayadydnmnl R-QPSK rate-1 ldn1suanlneianispousviand
U M 2u1n M KxMK daginimaidiudseneudes U, auin
9 o a o ° 2 o
M, K x1 lgnsaniiunisiifunisuanauau (M K) =M K afs uaznis
o a | o 2 2
Adunsnidunsgauag (M K)™ A%

. ANT LR IrN A I uRawT (N9t R-QPSK rate-1)
=(M,K)* =M K +(M,K)” naa1

=2(M,K)" ~M,K waey (3.47)

v
o o

O dumauniraudiulsznavaisuazdivilsznavaunniwidudyansnl
a v
\TTRU

L ludumeuitlidniadiunig lanadi

v
o

O dumaunsunldnydnenddsiauiuursndansia
S ludumeuitldfinisafiunnslaniaau

O duURAUNITHINYIINTLANANTVIASI Al G, Y1FeaAafiuauL P udan

WNAAFNTENFURENA19%E C A9 NABIAIUNNTANNANNIIN (3.46)
YIRANNIN (3.47) A uau P A

S paNdUTeuaNaludunauil (N3l R-BPSK rate-2)

=P[8(MK)*~2MK | ao1 (3.48)

" pnudugauiannaludunanil (N9l R-QPSK rate-1)

=P[2(MK)"~M K | aet (3.49)
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O dusaunsulasBiesharsanndulnglddanasnu IFFT 2uia N wass §
dupaUNIIATUIMITWAEAA LT UAUNN UL A LISAAATANNHWTBINIAAS

A mFusialigi-aonuduuuudeniiiauauuiiwaui 1 luiade 3.4.1

", ANFUTauRands ludunaul

_ NM, [Elog2 N —3) Wanil (3.50)
4 (2

v
o o

O dumaunigiin cyclic prefix INailasnunisunInaanseni WAYANKNT

. ludumauilidnissdiuniglainadi

FATIIANFUFAUIAIN N ATBINIARIUDITZ UL NLAUB MU LLEYA 2 (NTEH R-

BPSK rate-2)

:P[S(MtK)Z—ZMtK}Nzﬂt(l—zllogzN—ZS) naail (3.51)
AT QUM ATBINNAGITEIIL LT AL LLILILELT 2 (N9 R-

QPSK rate-1)

NM, (11
:P[Z(MtK)Z_MtK}+ y (EIOQZN_sj Waail (3.52)

AN T UG RUUBINIATL
O RiuraunITATMIMEMULARAUNTAT IR s UL M s WA R-Ad WA LU

YaanN@uatLuLNui 1 luiada 3.4.1

FOTUANNT U UTINNATDINIATUARITLULNLAUD UL LML 2

_ NML;Mr.(l_Zlmgz N _3J+2M1K P[7MK? +12K +2M, -4 Wao1l  (3.53)
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v o o v 4 oy o a = & al ~
muummeﬁm@umwummmizuuﬂmmﬂ?gu-mmaLmuua@ﬂmmummmmuw 2 (N7l
R-BPSK rate-2)

= ANTUFAUNIUN ATDINTIARS + ANNFUERUAINNATRINIATL

- P[8(MtK)2 —2MtK}+ NZ"t (1—21Iogz N —3)

L NMM,
4

1 Naai (3.54)
(?Iogz N —3)+2MrK Pl 7MK? +12K +2M, 4]

o i’/ o Y 9:/ dl Y o a t:ll [-3 dl dl =
muumﬁmumumuummmazuuﬂmu@ﬁnﬂu-mmmLmum@ﬂmmummmmuw 2 (NTl
R-QPSK rate-1)

v v
= ANTUTAUNINN ATBINIAE + ARNNTLTDUNINNADINIATL

- P[Z(MtK)z —MtK}+ NZ"t (1—21|ogz N —3j

MM (1t Naail (3.55)

Jr#(—log2 N—3]+2M‘KP[7MtK2+12K+2Mr—4]
4 2

343 aglanududaurasusiazszuuinldasia SFBC-1 uazsWa SFBC-2

Twirdaiiazagiandudaunisnisaiiuaniaesusasscuui ldaia SFBC-1
o dl ¥ a o dl o dl o Y dl
wazsvia SFBC-2 @ linansounluindan 3.41-3.42 AtpN9199 3.1 uavazuanaANdudaun

NAAINNITLINYTENIIAL. WAZAIINTUTAUTINAAINNIAILBIUAATITULBBNANTY A

AN99N 3.2
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AN519N 3.1 ANNTLTAUNINIIANUIILFRZ I LN 1E99i & SFBC-1 Lavsiia SFBC-2

7914 SFBC

AaNTUdal (flops/block)

SFBC-1

(BPSK rate-2)

4P[(MK)' +MK |+ NZ/“ (1—21|og2 N —3)

VALY

i (l—zllogz N —3j+2MtK P[7MK® +12K +2M, 4]

SFBC-1
(QPSK rate-1)

P[sK +2M K+2K]

)

e (—IogzN =3 [+ 2"“P[TM K? +12K +2M, - 4]

SFBC-2
(BPSK rate-2)

J
ey

(EI g, N— 3J 2"KP[7TMK? +12K +2M, —4]

P|8(MK) ~2MK |

MM,

SFBC-2
(QPSK rate-1)

NM
P[Z(MtK)Z —MtK}+ ; ‘(?Iogz N —3)

L NMM,

(121| g, N —3j+2M‘KP[7MtK2+12K+2Mr—4]
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A5I9N 3.2 ANNTLTAUNINNIIANUI TN AAINNITLINUTANITAL LATAINTUTAUT

AAINNNIAIRILAAL Iz UL 1A SFBC-1 wazsia SFBC-2

VA ﬂﬁﬁ‘i_l')ﬂﬁdﬁ“ﬂﬂ’]?m_l NM7ALU
SFBC (flops/block) (flops/block)
SFBC-1 | P[2M,K (MK -1)+2MK ]| P[Z(MtK)2+4MtK}
(BPSK | +M,[Nlog, N]+M M [Nlog, N] 3
M, | =N (log, N)-2
rate-2) | +2"* [3M K2 —K +2K - t[8 [(tog. N) ]}
+4K=2+2(M, ~1)] +MtMr[§N[(IogzN)—2ﬂ
+2" [ AMK? + 2K + K +4K |
SFBC-1 | P[4K? —2K 42K | P[4K?+2M K +2K |
(QPSK | +M [N log, N]+ M M, [N log, N] +Mt[§N[(IogzN)_2ﬂ
rate-1) | +2"*[3MK? =K + 2K 8
3
+4K=2+2(M, -1) | +MtMr[§N[(logzN)—2ﬂ
+2" [ AMK? + 2K + K +4K |
SFBC-2 P[4(MtK)2—2MtK] P[4(MtK)2}
(BPSK
+M, [N log, N]+M M, [Nlog, N]| +Mt[§N[(|ogzN)_2ﬂ
rate-2) | 12" [3M,K? K +2K 8
3
+4K -2+2(M, -1) ] +MtMr[§N[(logzN)—2ﬂ
2K L AMK? + 2K + K +4K |
SFBC2 | PI(MK)’ =M ] PLMK)’]
(QPSK™ 17+ M, [N'log, N]+MM, [N'log, N]

rate-1)

+2"[3M,K? - K +2K
+4K-2+2(M, -1) ]

Jrl\/ltEN[(log2 N)—Zﬂ

+MtMr[§N[(Iogz N)—zﬂ

+2"¢ [4M K? + 2K + K +4K |
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A59N 3.3 ANNNTLTAUNINNATAINIAEIID972U LN 998 SFBC-1 La¥avia SFBC-2 a1

NTUNUATWIINHLADT
N . K =) SFBC-1 SFBC-1 SFBC-2 SFBC-2
(BPSK) (QPSK) (R-BPSK) (R-QPSK)
128 2 1 128 5,344 4,064 5,856 3,040
128 2 2 64 392 5,088 9,952 4,004
128 2 4 32 11,488 7,136 18,144 6,112
128 2 8 16 19,680 11,232 34,528 10,208
128 2 16 8 36,064 19,424 67,296 18,400
128 2 32 4 68,832 35,808 132,832 34,784
128 2 64 2 134,368 68,576 263,904 67,552
128 2 128 1 265,440 134,112 526,048 133,088
10° :

complexity in log scale (flops/block)

—+— SFBC-1 rate-2 BPSK
- SFBC-1 rate-1 QPSK
—& SFBC-2 rate-2 R-BPSK
—+—SFBC-2 rate-1 R-QPSK

8

16 32

block length, K

64 128

1% 3.5 A nduteuianunaesninderesszuunldaia SFBC-1 uazstia SFBC-2 a1nnn3

wilsAwisiwes K lunsdl M, =2 uaz N =128
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dayalumnseh 3.3 ldunainnisnanuaAiagn M, =2 uaz N =128 udn

asudsArnnafimad K Tnanivuald K =22 e Q=0,1...,7 uaziiadlfananda
¥ 6 1 72N o/ 0I 1 [ % gJ/ I =) o
dayadryanmalsianislddasdryoiamingt M,  peu  AiiuAn N/K 33a931198960
AMNPUIININITATUILATANNT LT UTIMNATRINIAEITRITZULUNAUBATNANN 15N
(3.35), (3.36), (3.51) A% (3.52) WA2NANAMNTLGaUN AU IAANNFULAAZATUINASRA
nameuiuAY K uuamna log-log Aagii 3.5 Inailanfzaumanainnisnimualiaiuau
dayadrydnwnisaudanansiaminiu d1mitlunsl rate-1 wudnszuui ldsiia SFBC-2 R-
QPSK HAududauniIanIsAIuamAIngnssLnldiia SFBC-1 QPSK maandasdoyad

Na7aun el ludnanan K <16 Naf199e199489n319 et uasinadmian wazinesialyl

¥

Y d ) An o it o o 1o o ~
LanaziaanAn K ‘V]LLNQQ'HHLW@@ﬂﬂqqﬂsﬁusﬁﬂuluﬂizﬂquﬂq?ﬂ@ﬂ?ﬁ@ LLW]@WM?UIuﬂ?m

o o 6

rate-2 wugNsLasuglILUNNIaRINgNAruAnHRiaan BPSK luui R-BPSK danali

o

o a 1% [ % c

ANAING LT UTRITT LN AR AR Hasanin1saliun s udeyadydnealdiday

Qi o

| '
= a

IpaNap19rEdIegaInsIlazAaud19pan ludqeenan K > 16 S9u1nNa1u1n A
1srAnsn N3l a1l n SR UN LI AN E U LN U N ATDINI AZIUR9TE L LN 19397 A 0

NN rate-2 axgannszuLn Idevia lungw rate-1 1axg

35  wuudaraasszuulagldsnalEai-nar-anuduuuuaaniidua (STFBC)

1pdayadnydneniazgnidnsiatesdtyyisuuunuannilasedumaila

v
% o

TawWAduaniuawnedsdyanenilaeiaidudiuaiaainiadeanuay M, a1aa1nia

dl o 1 1 a & [~3 -dla o .i/ % ya 1 o !
N aduniitetazdaga M, latanaenudannaniy wibessruay IiHauA1 R4
dryanealsianisldtesdiytyind (pcu) Aedunsi (3.56)
N

R=—= (3.56)
NM,

1
o [=3 IS4 o

Wa N, Aasuudeysdudnsnisaufanidisia STFBC Inaaiunsnuanmunsndansia

a

igH-nar-Anunawin N x MM, asaunisi (3.57)
c=|Ct C* ... C"] (3.57)

peMursnddouanenl CU auim N x M, WuaAagNn19n (3.58)
o t
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T ¢(0) (o) cw, (0)
| od c; (1) - e, (1) (3.58)
G (N-1) e (N=1) - o (N-D))

1
=

y T [ o < [~ o [
e ci“:[ci”(o) ¢'(1) - ci“(N—l)] wnonimasasialulawnduudanaisun

'
= ! 1

U AU u=12,...,M, IdeuanaanIadsatiun i 4wd i=12,.., M, videns

IFangadanadudaneniazanidiaia lfius o udsdaulazionnasaeia ¢ felaunn
q al o L1 ]

N x1 azpndsuundundeesanusazdruansnilaenaen dwsu n=0,1...,N -1 \ia

u

N Aedwiupdunidesaed 1 doyanwoilewensdy welidullnungreaiidsn
AIUUAN AN UIINTDUNNENGATTRTaSINALBINR-1a1-ANDIwA N x MM, azgnuas

waladFaanniat (3.59)
E|C[ =M,NM, (3.59)

ol |- wiurniWsdligauein vasandiunszuiunisulasiefunduadnaiiauns

6

N wagdanuuassnasuvisnddnansnl C* wazidn cyclic prefix nldludasinana

% [ % o

wdqlunszuaunigeiinaasianisdsdydnenilalenmdnauou M, dydnealiiu

o

o o 1

anganAdenianiuaIual M, araaniAdmitgesoat M, Taewaiduusan

LR A D FAN ST - - FFT
encoder H—» Add DA N/ Remave (|
X X[ g |6 g .‘I V| Prefix |, l_,-‘i.“ Prefix
—y Block T coder [ 5| 1€ madedg e mxpli2afit) SN ML,
Data § o ' _______ Decoder
B[d) (AFET] * FIT
X ETE |- Y- Add @ Remaove —w
MM < [ encoder [ Vi | prefix Prefix

exp| jAaf £ exp | jiof f

al ° Y o a A & P
:a:‘lJ‘VI 3.6 LLNuﬂW‘WLL‘LI‘LI"Q’]@@\‘]?S'LI‘LII@ﬂelfﬁﬁ‘ﬂ’&ﬂ?ﬂll-m@W-V‘WWNGLL‘LI‘].I‘].I'ZQ@T‘IVIL’&N@
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o o

nefulsznatdataisaInIAFuaIuI M, a1aainA dauiudnyoyno

=b_

] o

wiazanaaniAiuazilsznavllfaanisiudeunesdyyinaiuay M, dumnsisnanu

=

%
A o

AUN1MUA I LARZA4AL T2 NALLDNA ALIUBIRILAINAGILAZ AN AN ATLN 728 L U9NNA

a

TiaRsszudasaniAdsazaraanAfuLsazgadszanty nelddaanumdninig

Helasludanysalszuinanindanarniaiu

aneaNATILARZA188 NN AlA TuRANTENUANA Ty usuNaWNdaa19

WULLAN UASAINUUATY Y UTUHIUINATNIAIML LA WA Lazasul asuauzaantiu

o o o o

aa Y K . - ' dl a
AamaaLAnasal cyclic  prefix  eaanlddsufiaziadyyniulianagaalnaende

o o 1%

nszuaunsulasnBiefuniide ielatunsnimaudynniuuuAaunItiaaaAun n

v o

1
=

dufuanseniAsuatsun j ulewnAeNuaenatsun u lasedannisi (3.60)

V()= (3 () () 2 ) (360

4 e | P e e hredgy: Y E\W y e o
Waunpipas IR TfdnFunnslFsinvinAfeaana g uA N UFa AT I T LINAUN
t

uwAazarganAfulfidudszainnisuleianueuanaaIniAds dounnsdimad HY, (n)
WUNARALANATIAN NN Tesd i uuUp AN Welnaa1aun n TulalenWaduudan
AL U ANFLAILRINIARIASUN | LAZAIEBINIASUAIAUN | RS

L

H (n)=> e, (exp(-j2znz, /T) (3.61)

=il
1=0

[ o ]

dl o o = dj S ! o ' dl
Wa T =1/Af NUATLAEL nenilaenAaN BN AT LA UNALLAHAFNNANNDTAY
o o o o o a

ARUNERIRNALNAATUW Wananideaunrn@aud iy uiudiuiuanaeniASua AU

j IugﬂmeﬂLmﬂé’ﬁquiﬁ (3.62)
Y, =Jp/MDH, +Z,, j=12...,M, (3.62)

e D unwwvsnddagasuin M,N x M NM, dafinainnisutlasuyisndansia C a9
saEnH-1na1-Aud Iagaznanaislumeazidunta hluazainnsn@awuvsnddays D

16F9aun13 (3.63)

D=[D, D, - D] (3.63)
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Tae? D, unuunindnussrasdoyanisiaauin M,NxM, N F99naauuanaainiAgs

N AR i=12,...,M, FagunnaTi (3.64)
D, =diag(c;(0).¢,(1), - .¢(M,N-1)) (3.64)
UAZIINLAATTASATY YN0 H; 2u1n M NM, x1 ugaguni (3.65)

)
Hi=[H[j Hj Hy ] (3.65)

o T
e H :[Hil,j (0) Hij (1) Hij (N =1) -« H (0) Hp (1) -+ H{T (N _1)} Hae
ANANNIA (3.62) LNABFATY IS LNABaINIATUAIGLN | Hawin M N x1 411190

Qeulefagunii (3.66)

T T
(vi") ] (3.66)
e

y“j:[y;‘(O) y?(N—l)T, u=12,....,M, (3.67)

v
o

MadlanresdyninsuniunateaInIATuAELR | Sewnudedydnenl Z, Hauin
1 o 6 o o d‘ o o o dl a all 3| o dl
WindunnweasdyIniunateaniAiuatsun j luaunian (3.66) tnaiflussannisi

(3.68)

zi=[(@) () L2 (360
Thedi

2 =[24(0) = Z(NZDT, u=12...M, (3.69)

nuualiniaiuiraniuzdesdynyiuanysal winieadlsiddayaaniue
dasdrynyin IneenAeLpzesfuniinusiag uuuguraauUinduaageqauazianig

1
o Ay ¥

srdulalasardadayanldannnmasdyniniuaiuan M, 90 AtiuAsa 1NN

wnewsinisinanlalasaannisi (3.70)
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2

Mr
D =arg min
gmi ;

Y, - [-2-DH,
= M, .
< [p T | p
=argmin » tr||Y. - |[=—DH. Y — |—DH. 3.70
g D ; ( J Mt JJL ] Mt JJ ( )

dl ¥ o { 3 1 o [ <3 o a dld
WBANANNTINTIURAANUUIUBNTAUDY ALY NMndlu 1 m@m‘mﬁ?ﬁgu—mm—mmnmmm

JudaszsanuluszauudanaAisiagdasaiuow P uaan 4115y P=N/K Tneh
1<K <N uay 1< p <P Asiuannsy (3.70) asaunsnfiansnasasfunanusiag i

Wug’mmmmﬂmif]Lﬂu@?\iznggmlmxﬁuuﬁ@ﬂm"wﬁmﬂ@ﬂiﬁﬁmumiﬁ (3.71)

t t

M, :
b* ~argmi > t [Yf‘ MLD"HE’j [YF- MﬁD’)H?J 71
j=

fle D°=[D} D! - D} ]
D? =diag{c, ((p~1)M,K).c ((p-1)M,K+1), - G (pM,K-1)},
1<i< M,

Yj"=[yj((p—1)K) Vi ((p-YKH1) - yj(pK—l)]T
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36  nmseanuuuszuulgdsialigi-ar-anudiuuuaaniid@uanuunaui 1

(STFBC-1)
X =G, — DV 7 -
STI UV TFFT Yoo FFT
= 1 P A
engoder = ;.h Add 9 WS @ Remove
- b4 ST 16 2l v | Prefix | _.3“.\ & Prefix
. E =R . et FN . k
ata = R { coder
gt e e R N e
X s 16| CH—is Add X) X) Remove |
MM [ encoder [T I Prefix
R T expl| jAaf f) expl faoffi
X W W [ orthogonal G
= precoder » reshape == E] T
N A K« M R I
MM Kl Fowdd M i

........................................................................................

5117l 3.7 unmnwiinisnaessznlagldeiia STFBC-1 flaue

[ %

v 1 i
NITUIUNITVIIVNAAENANTRIILULA Luummﬁ N LLNuﬂ’]WLLUU@”I@@Q?ﬂi‘U‘Uﬁ

aualugilin 3.7 AN R Ldun AUl

1
a ¥

1) S‘mqﬂzﬁqﬁuﬁm%’mﬂ@hm’?\mLﬁﬁ (@eaaaziiudndayanuiunindsvadesdnyoynon

k1l

isaenaazliilAidnsiadesdusyaniinam) dunisianstdunilth Inaldindeyaluuns
Auu b dase 1 dyanmal e iladyanenfislzlwuundullFvisduaiuou 2°

suuuy

|
% o

2) wasniusdudayadydnenl X azgnudailugad iieriinisudasuazdnizeely

o

[
aa o

udanAngia C augtunuaessialind-nan-aaunnnivuald deazdannleon
Anundeyadyansnigaandinivudazuaanansia C windu M,NM, dyanmnl
Inelundas 1 udenA1sia C avdszneusaaudanansviates G, 41w P uden
dll -dl (=3 o o ' = % ¥ ar A o g’/
e 1< p < P ilesanyn uAanAtsdades G, HlaAssdienisidisfdmvilauiu fe

Puagazaanansiie 1 udanansviatias) G,

3) avdudayadydnenl X dsznevlddqagaandudeyadydneaidesaunn
M,M K x1 3 P ga taedl P=N/K uaz 1<K <N tupeaiunmiaaugn

[ %

nealtiasntlugl X, X,,..., X,

20
i)
=

e
[wO)
e
>

R
o
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! o o Y o o o 1 T
WARSTARIALIBNAATY AN DL AE X (b-DMeMKs2 pM M K:|

3 =|:X(p MMk K

17

IﬂEI‘VI 1<p<LP mnmmﬁ‘mmwmimﬂmLmﬁa‘mﬂ?nm bIN- ﬂ'ﬁ’]&lﬂ LLZ\]JL@L@”I PR

PaLABNANITALIDE) G, 11n KxM M,

|
=

WanansuenizntalulnunInda i sialigi-1an-anud sudsenaudae 3
! 1 A o ¥ o 1 & o a R dl ¥ o o o a ¢ o z//

daugias] Ae fadniaatatn, danesnunlidmiudivswnwyisnd wazsviasiaann
dmiusadnsadaatiauedummEnduilonis @ Neguunugiuzesiamene

wvandauia MM KxM, M K Tuanelfasaunish (3.72)

1 1
[2) o o
GZW g \ i (3.72)
b 4 5 s :
t HleM‘KA eszMlel . Hhtlﬂbbl\l;/ltllffl

winpresiadnsiaacwiin Aennnad W, fuiullnusunish (3.73)

W, =©xX, (3.73)

dnliazinisudasonined W, adawn MM K x1 Widwwvind W, #iflaun

KxMM, fsannsi (3.74) Ingandeaanasnui ldaviussuauiaumsnd

W, =W, W, - W,, | (3.74)

t
- _ T
e W, = [w(mfl)m Wiz " meJ ez I<sm<M M,

isvassainuagaidunnefuwsen s lunind W, Ineluinaniinusaiviliaue
Tldsvassainniiuiamanaunmmindauinwiaiy M, K x M, K 1Hasainuiningn
a c: = o 1 o a 4

LU RARUAN AN WTHUMENAY Wudmansulasinadamaneiam g 1

ANTEENNTIHAAIANgAgININTTUuLlasaIa NI Tunsiil MK =2°  1ile s>1

WusANNsUl AN EAgaliaInnIsiaen 6, ANNENNI9N (3.75)

0k=exp(j4k_37rj, e k=12,...,M,K (3.75)

v 1
sathunvsnduaanmiasiasalusadanni (3.76)



81

G,=W, o{VDM(@l,Hz,...,HMhK) > [VDM] (3.76)

M, KxMth}

~
WA o LNUNAALLLAIATNIALAY VDM(gl’HZ’“"eMbK)Mt —>[VDM]KleMb Unu

nisrananmefuwlAtla NHaNTRARINTEHdNANaININ M, nnneasaInauau
NWAFLUIFAIINA M, K wnmadrasiamanauauvandgaun M, KxM, K 1ag
ARauledn M K > M, nasaintiuasiinisdivawiannmasauia M K x1 a1uai

M, wnwefifuuvindauin KxM, awu M, 90 fssaetinglugili 3.8

8) uRanAmia C insannisdnviandudendisiades G, WU FeaFeiUAIWl P

uRen e 1< p <P asdannisf (3.77)

.
C=[G] G, - Gi] (3.77)
M, =12
K=1 | 5
My=1 | M, =2
E=2 | 2|6 |.—,|(; »
| M, =1 | A, =2 |
K=3 317 b 1 Yookl 135 ]|7
k=4 | 4|8 K=112i345678 oo | 21468
1

gﬂﬁ 3.8 natlfuaunasiasivannlunstl M, K =4 uazr M, =2 (0) M, =2, K =4 uaz

M,=1() M, =2 K=1uaz M, =4 (n) M, =2, K=2 uax M, =2

37  msaansuuszuuldsdal3gi-nar-anuduuuusanid@uanuuwnud 2
(STFBC-2)

¥ 1 !
NIEUAUNNTINNNARENAN TN LULA LN‘HW"J’]Nﬁ mﬁuLﬁmﬁu STFBC-1 ﬁ LAUR

AAUUENT LATaWANFA19921I19 STFBC-1 Ay STFBC-2 AaNIrLaunsulatiunandAnsiia

% [ % g

289 STFBC-2 uasdayadydanunddsiauluseiuaiulsznaunesdydneniusdazunuuen

u

Husaszainiu uazenAuinyidnuyudaniunfsiinuayErausesntsuyuliiuygw 6
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o o 6

FREU UAY ¢ iR Amiugluuunisunddydnenizeinisneganuiy R-QPSK uaz R-

o

1 v

BPSK sInuan6L Inednedeniagily 3.3 Tuadian 3.3 A mdunszuaunisiu-asdayarianun

dufuauninuuusiaesssuuniaualugln 3.9 auadudunauisi

* D [T Y5 AY FFT
encoder _H—» Add X X Remove |-
x 2| f 1| Prefix | e | Prefix
= | HBlock Slici Nt it o mpli2efe) /) Nepliingie ML,
Data i i : Decoder
gl i [ IFFT | ¢ * FFT
~ e Add @ @ Remove —»|
LN w1 encoder | Prefix Prefix
T e "“__ V1T T/ expl jiaf £ expl j2mf el
!
I
X Senar } in® |G,
N ernla.te complex , Mz.lppm_, tn. :
MM Bl symbols Codeword Matrices | | fw i iif
U, |28 0 K xl W MM KR
h 4 i
Rotational W | Merge to complex |
matrices precodar MM E L _s\LnEu]k A
J

1)

51 3.9 ununnuuuaiaesszuulng 4@ STFBC-2 Niaue

1
a 17

Guanasuiiadayalupizuad Geetaaziuiindayandiunisdisiadesdnyoyin
isaanaazliliidnsiatesdymaninng enunisvinnsdundiineldiadeyaluuns

v
o

A b dssie 1 dydnwal e liladyanendmlzluuuidullFvisdusauou 2°
suuyy

|
o/ o g

o :’/ o o ¥ 1 3| A o o =
NANRMNUUATALLBYAATY AN LU X ’QZQﬂLL‘].I\iLﬂ‘IA?JW’I Wwaninisudasiazanizeslu

@

1
=

ufenAnsia C augdutuaessialigi-nar-aanuiniinuels feazdanmldin
Nundeyadyansnlgaandinivurazuaanansia C windu MNM,  dydnmal
dwiuusazufenAiia C azdszneumeaudanAisiates G, 49w P udan e
12 p <P \ilenannr] LRanAsiation G, Alassademadnsviamilauty KariAg

ArAIANANTUNEN 1 URBNANITRSIAS G,

¥ o o L % o o ¥ o o e 1
dayadyanenl X dsznavlddqagaaidudeyadydnealdanauin

Kx1amau P gn laafl P=N/K uar 1<K <N sdupaaiuisadiautn

'
o [ % 61 = 1

asudeyadnydanunitesdalugl X, X,,..., X,

u
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! o o Y o o o 1 T
4) WARSTARIALIBNAATY AN DL AE X =|:X(p _1)MM K +1 X(p MMz pM M K:|
4

IﬂEI‘VI 1<p<LP mnmmﬁ‘mmwmimﬂmLmﬁa‘mﬂ?nm bIN- ﬂ'ﬁ’]&lﬂ LLZ\]JL@L@”I PR

PaLABNANIALIDE G, 11n KxM M,

5) WarsueniznigluununwdadnsiaEg-nan-aonud delsynausiag 4 dueian]

A
AR

o

5.1) mumﬂuﬂfmmwmmmummm

a

AnwnidesnTedon duiuludunauilusazgn
o/ 'd!

anudeyadydnealtes X, dudunnmaidnuaudefauazgnuanaaniiuy

doutsrnauasauazdiuilsznauAUANIN F9ANNITN (3.78)

u, :[ReaI(XTp) Imag(XTp)]T, da1<p<p (3.78)

v
o

Matlanadewnninesdonlsznausias) Up 1un 2M M, K x1 Tugnnnsi (3.78)

De

Tiae Tugiuuunisuanuasdantlsznavtas lisaannisi (3.79)

Real
U, = Uipoapa Ypeayez = Yiponemm k
Imag T (3.79)
u(p—1)+|v|b|v|,|<+1 u(p—1)+MbM,K+2 u(p—l)+2MbM1K

5.2) dunaunisdnviaavatiiiagldwvisndvyy  BanisanavEnguyy M auin

2M M, K 2MM K datianinaddanlssnautias U, faaunisi (3.80)

W, =M-U (3.80)

p p

?/ dy A ¥ 2 '8 dld o a U o o Al
le‘luL'ZQ@ﬂsL"]]LNVI?ﬂ%VﬂJMVINMﬂIMLﬁ\?ﬂ’WIMﬂ’]ﬁJ‘ﬂ@L@‘Huiﬂm@ﬁ‘sﬁm@\‘]’sﬂﬂ ZMEN

q

BNANTENAIUNNELAT [50] AIRNNN9N (3.81)

m;, m,, My 5m, M,k

_ 1 m,, m,, My 2nm,m,K (3.81)
M,M.K| : : :

mZMbMtK,l mZMhMtK,Z mZMhMtK,ZMbM‘K
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il m, ; :cos( (4i—1)(2j—1)} g3y 1<i, j<2M M K i

8M, MK
& | N 2 Ao o
L’JﬂLW@?@QH‘U?%T‘I@UH@ELLUUV?}IH Wp eLu@Nﬂ’]?V] (3.80) @3N AITIANPXL LK

uRsRAUnmasdIulsynausias U, Fadun13N (3.82)

Real

Wip-p2 " Wip-)rmymik

Imag

W

(p-vyemmk 1 Wip-rpempmksz = W

(p-1)+2M,M K

[ %

5.3) dumaunisTugaulsznatasiuazdautlsznataunniwiiudydneniiieiau ay

Thesnmannned W, auim MM K x1 fsaunisi (3.83)

W( p-1)+1 + W( p-1)+M,MK+1 VNV;
» W, +W, W2
)2 1)+ MM K+2
WV e el A\ TN (3.83)
= M,M,K
_W(p~1)+MleK +W(p‘1)+2MhM‘K_ _pr o

5.4) dupaunisunddyansnidsiauilumnindAcsvia Inaniinisliuaumnnmeas
W, aua MM K x1 WiiluwviindudenAaiatas G, auin KxMM, 63

ANN197 (3.84)

), ~ K+l ~ (MpM,~1)K +1 ]
Wt Wp p
~2 ~K+2 ~(M,M;-1)K+2
G,= W W W (3.84)
~K ~ 2K ~ MM, K
_Wp Wy Wy 1

7) udanAaid C iipainnisinvisnudenAsiates G UNFENARAUAWIL P

uRen 1ia 1< p< P aAsaunish (3.85)

c=[e] G] - Gi| (3.85)
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38  Anududaurasszuunldsialigi-tnar-anaduuuuaaniiaua

381 ANNTUTauTasszUUNlEsid STFBC-1

® A NfudaureInIAgs
O dumeunisuthatsudeyadyansnl X auin M NM, x1 iugaansu
fayadryanunities X, 1110 MM K x1 9911 P g0

L ludumauitlidniganiiunng lan e

O dumauniapnianIndidniaaeuin @ 1uin MM, KxM M K fugn
andudeyadyanenides X, 1w MM K x1 deliludunauildwin
nsfundedayadnuan®niasy (1MW BPSK rate-2) ldnnsaifiunisuuuuan

San 2MM K (MM K ~1) At uaznisgousiuan 2(M,MK)* ads

.. AN UK e ldmnail (N96l BPSK rate-2)
= Anududatainnisuan + Aanududauainniseu

=2M, MK (M,M,K ~1)+2(M,M K)* a1l

= 4(M,M K)" =2M,M K waey (3.86)

\HaNAINNIIAIUAIRITITaRAR9 LARlTNA L HUNNIA AN 4 AR
LAZNATLANANUIY 2 AT ﬁqﬁu‘lumn‘iﬁzﬁﬁmﬂMﬁ“ﬂﬁﬂﬂﬂiﬁq%@u (1

QPSK rate-1) Mdnsuandnuau 4(M,K)" = 2M,K A% uazn1sgnisuam

v
o

4(M,K)* A%
. padudauiesn luduneu (N9e1 QPSK rate-1)
=4(MyK)* ~2MK +4(M;K)* wagnl

=8(M,K)"—2M,K wasil (3.87)

O dumeunsulasinined W, Aawia MM K x1 iluaiEdnd W, 7l

1n Kx MM,
. ludumauiliddnisadiunns ety
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O dumauniIstInmafiafIaInIuIn KxM,M, 119 1Hun1sanuuy
arunafunmesiiisnaluavsnd W

.. AN UdeiarNe luduneauil (n3el BPSK rate-2)
= poudutauaInnIsLan + Aududauainnisg s

=2M,M K +4M,M,K #aail

=6M, MK Waail (3.88)

. ANdudeuisnnaludunanil (n9dl QPSK rate-1)
= pududanainnisuan + Anududauainniseu

=[2M,K]+[2M MK +2M,K] laeLl

=4M,K +2M,M,K waey (3.89)

O dumaunsthivisnuAanAsviaties G WFeNAaT AU P uden Wi
A5 vEnduUaenA1sid C eI InAadn I iun1IINANNNN (3.86)-waz
(3.88) 11304NN137 (3.87)-Aa%(3.89) AU P A%

. pondudauaan luduneu (N9l BPSK rate-2)
- F>[4(|\/|b|\/|tr<)2 ~2M,M K +6MbMtK} waal

= P[4(M,MK)" +4M M K | iao) (3.90)

J. PN Utauie e A uReuil (N3l QPSK rate-1)
+ P[s(lvle)2 — 2M K +4M, K +2Mb|v|t|<} gl

= P[8(M,K)"+2M,K +2M,MK | tiae1) (3.91)

v
o

O dumeunsulasfBiefaarsnundulnelddanesia IFFT au1n N waes lu

nsAuInlngeAdanasnu radix-4  lin1satuns N9 AL

- vz 3 Y o =
\TetauTani sy anIay 3 N[(log, N)-2] A% uazldnnssuiiunis
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2
%

miunisuonuuui@stauriadu  Nlog, N A3 Inasasianisuilas IFFT
110 N waels AUy aneaiaedaneain1Agaanuon M, 161 921919
d91a1 M, lalanwaduudan

. Anududeuoin ludunewd
=M,M, {SN [(log, N)-2]+Nlog, N} Waayl

:W(l—;log2 N —3] Waal (3.92)

[ %

O dumaunisiia cyclic prefix iailasiunisunnaanszninedyansnd

. ludumauit lddnisadiuniglenadi

P AN N T U AUNINN AUBIN ARIUDITZL LN AW LLILILLNLT 1

(N95l BPSK rate-2)

= P[4(MbMtK)2 +4|V|b|\/|tK}+w(l—zllog2 N —3} Wael (3.9

(N951 QPSK rate-1)

=P8|\/|K2+2|\/| K+2M, M. K +M E|0 N-3|Wand (3.94)
b b bVl 4 2 g,

ANNNTUTALIDINATL
O dumaun914m cyclic prefix

C o lwdumauilldinizandinnig e At

v
o

O duneunisudawiesffanselnelddanesnn FFT auin N waaslunis
AulpeaAudanasny radix-4 Iinisanfiunisiiiunisguinuuideiou

v x 3 Y . = |
WTBN1IUH N ATIIRY gN [(log,N)-2] a3s uazldnizdniiunieiiiu

Y v v
nMTUANLULEITaUIeAY N log, N A Tnesiesnanisudas FFT auia N
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o/ o 6

wagd lnudansnirasatsainiAiuatuan M, 1@ Tuusazlalanwsiaw

@

afapanuIl M, adan seninedasnan M, Taewhiduuden diupasasin

t

v v
o

nsudas FFT laudm MM M, A%

", pNFUTauRanNe R a T

= MbMtM,{gN [(log, N)-2]+Nlog, N} Wanll

M, NM M (11
=—L L 1 "Z]og, N -3 | "aail (3.95)
4 2
O duMAUNITNIIRELUNIAUBIAINTIRTLINLL AN T UATNgegn e Arl
1 ai 1% o o o 1 a @ <3 o
dayanldannnimesdynnivludaanar M, Taedaduuden a1uou

M, 10 Inadnaneannisi (3.71)

)
M

N P P

Dp_argrrtl)lpn;tr X+ M—D"H}’ YP- M—D”Hﬁ’

t t

1) fumauniswial | YP - MAD"HJP weinwansaun 1HAeH
t
" fnnagnanviand DP awia M,KxM M K fuwmind H? aun
M,MKx1 amau 1 A% asldnisaniunisidunisuonuuy
a v ° 2 o °o A | o
dadaudneu 3M,(M,K) =M K At uaznisanisunisfiidu

a v ° 2 Y
mMaguLLTEstauauIu 4M, (M K) A%

" n1gAns ANand Mi nuwyisndauna M, K x1 a1 a3 14

t

o a dl 3| a v o :J/
nsatiunsndunisanluLEmatauauIl 2M K Afd

" mseuviand YP awin MK x1 fuwvisnd MLD"HE’ 1WA
t

M, Kx1 a1 a3 ldnisanifiunisiiilunisuanuuuidetan

v
U 2M, K A
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‘. nududeuanun luduneuil
=3M,(M,K)* =M,K +4M, (M,K)* +2M K +2M,K o1l

=7M, (M,K)* +3M,K waetl (3.96)

2) dupaunisndsyaidivienaasaysndaduilasuauwn M Kx1 14nns
atiunisiiiiunisgaiaiuan M K ms

. Audutawisun e ludun el

=M, K wanil (3.97)

3) dumaunIIgnaEvEndIuIn 1x M, K nuwvisnduwin M, K x1 1dn1s
[ a t:ll | a v o ?:/ o a Q}
AHUNTUNNFUINULLIENEaUAIMIN 4M K —2 ASY uazn1aniiiunisd
dunisgauutuiadauauon 4M, K A5

v v v
. AN UEaLaN A Tudun et

=8M, K -2 naail (3.98)

4) TUABLNITUNNITUATLINAIUITITBUAIUIU M| 5 Tdn19aniTiunng
Mdunisuanuuuidsdandiueun 2(M, 1) A

v v v
", ANdUtauiante lud R e

=2(M, ~1) vaedl (3.99)

5) Tunaunissingulapn D anautnduasegegaies DP Tuyne nenl

OMyMK

Al lFauauisAy N9

L AT UTawiaNa 11 duRa1n1TMIAa LIN9817ANNLABNAN TR At Rt

= 2MMK S [aududaudunaui 1) +9unaud 2) +Tunaui 3) +9unaun 4)]

=2 [TM, (MK ) +3M K + M, K +8M, K —2+2(M, 1) | viaey
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= 2"MK [7M, (MK ) +12M,K +2M, —4 ] viaen (3.100)

v v 1 1
FTIUANNFUF AUV ATRINIATUUDITELLMLAURLLILILNLN 1

_ M,NM,M, (Elog2 N —3)
4 2

4 OMoMK P[7Mt (l\/le)2 +12M, K +2M, —4}

Naayl (3.101)

[ %4 :j/ o £ :J/ -QII 3 s a dl [~3 dl dl
muummmm@ummmmq@zuuﬂmmﬂ?qm-wm-mmmLLUUU@@WLM@LLUULLNW 1
(N951l BPSK rate-2)

v v
= A NTUTAUNINNATDIN1AR + AINTUTAURIVNATBINATL

2 M,NM, (11
=P[4(M,MK) +4MbMtKJ+%[?IogZN—3j
+MbNMtMr(E|ngN—3J Naail (3.102)
4 |2
+2MbMIKP[7Mt(MbK)2+12|VIbK +2M,—4}

o ¥ o v y = o a Y @ = =
ﬁﬂuuﬂqqﬂsﬁusﬁﬂu‘ﬂ\‘m&lWII‘N?5UUV]1°H?‘VI&LE‘QN—LQ@’]-®Q’]NOLL‘]_I‘LI‘LIZQ‘ﬂﬂVlL@u@LL‘LI‘LILLNuVI 1
(N9 QPSK rate-1)

= A NTUTAUNINNATDINIAR + AINNTLTAUNIANATBINATU

M, NM, (11
- P[s(MbK)2 +2M,K +2MbMtKJ+%(?Iogz N —3)

N MbNZAtMr (1—21I092 N _3) naail (3.103)

+2MbM!K P|:7Mt (MbK)Z +12MbK +2Mr _4:|
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382 mAnududaurasszuuitldswa STFBC-2
* anududauseInNAg
o %umuﬂmLﬂm"’]ﬁu‘ﬁ@H@ fouanwad X 2w M NM, x1 dugaaidu
fayadrydnmunites X, 111a MM K x1 271w P 90
-, ludumeuillidnesiiunslaistu

v
O dumeunisuLivtnasudeyadtyanenitesiedauaaniudiulsnauas

kTl

kAazdIUUIZNAVRURNIN

. o Xy o a = X
.. Elmumuuvl,mmimLuumﬂmmmu

O dumaunisdnsiaaasuin Aniunsnindedeysadnydnenl R-BPSK rate-2
linsuantagnianisamiysnduyy M auin 2M, M, K x2M M K dagl
wnmefdeutlsznaudes U auin 2MM K x1 wudrldnisaniiiunisi
| ° 2 o °o a A o
dluntsuanaiwan 4(MMK) —2M,M K A%s uaznisaiiiunisiiu

0 2 2
NI 4(MM,K)" Af3

mmsﬁu%uﬁmmﬁlu%umuﬁ (N95 R-BPSK rate-2)
= 4(M,MK)* —2M MK +4(M,MK)* ae

=8(M,MK)* —2M MK was1l (3.104)

iuﬂiﬁﬁﬁdﬁ@g@ﬁmﬁﬂmﬁ R-QPSK rate-1 l#nsuanineinnisgnuuviznd
wyu M 111a MM Kx M MK sagininaidiuilsznattes U 2w
MM K x1 dnnssniunisiifiunisansnuou (MM, K)* =M M K
R LmzmirﬁmﬁumiﬁLﬂumi@mﬁmu (M,M,K )’ pss

" pnudugtauiannaludunanil (N9l R-QPSK rate-1)
=(M,M,K)*=M,M K +(M,M,K)* nlaadl

=2(M,MK)* =M,MK wan (3.105)



92

O dumaunissudiulsznauaiauazdautlsznauaunniwidudyansnl
ENGifa)!

L ludumeuitliidnisandiunnglenadiv

v
o

0 dusaunisunddydneniidetaudumvandangia

L ludumeuitliddnisaniiuniglan el

O JURALNITUNNNINLABNATRAEIDE e U1 Fe9AaiUaIUL P Ufan Wi

AFUNTENTUAANANIYE C  1He9aInNsadaluNITAINANANTT  (3.104)

YIRANN19N (3.105) A P A5

. ANdUTeuisndaludunanil (03t R-BPSK rate-2)
:P[S(MbMtK)Z—ZMbMtK} waatl (3.106)

¥ ¥

.. ANNLTaLInN e ldunal (n95l R-QPSK rate-1)

= P[2(M,MK)"~M;MK | oot (3.107)

v
o

O duseunisutlawBiasnassaunduiaalddanasnia IFFT au1a N wass i
TUABUN1TANWINUT WAL UTUABUNNT LG SRAPTANN HUTR9N A

Au3tsaligi-nat-auiuuuLAenMIaNaLLULEWA 1 Tuinds 3.8.1
. . QJ 2 r X
. A NdUEauisE e Tudumeuil

=W(1—21Iog2 N —3) Naai (3.108)

v
o o

O dumauniaiiu cyclic prefix ivailasiunisunanaanszninedyansnd

. ludumauiliddnisetiunislanadi

v v 1 1
AR NFUEAUIINNATBINAZIIBITELLMAUBULILLEUA 2 (N96 R-

BPSK rate-2)
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= P[S(MbMtK)z —2MbMtK}+w(l—;Iogz N —3} wagd  (3.109)

v v ] 1
FaTIANNNTUEAUAINNAURINAZITDIFELLNAUBULILLEUA 2 (N90 R-

QPSK rate-1)

- F>[2(|v|b|v|t|<)2 —MbMtK}W(l—;logz N —3j Wael  (3.110)

® AnufutauInINIATL
O HiumaunlIaAIMEURLIAUNIATLABN LU I s A R-A WA kL

UAanTEUa LU ILNLn 1 luiada 3.8.1

FTIUANNNFUT AUV HNATBINASUUDITLULTLALALULILAUN 2

_ M,NM, M, (Elog2 N —3)
4 2

+ 2P 7M, (MK ) +12M K +2M, 4]

WNaail (3.111)

v 2 oy 2 gy o = = s o = =
muumwmusﬁ@ummmmmizuuﬂmmﬂ?qu-mmmLmum@ﬂmaummmmuw 2 (N

R-BPSK rate-2)

= A NTUFAUNINNATUDINARD + AINNTUFDURINN ATDINIATU

= P[8(M,MKY —2MbMtK}+WK1—;IogZ N —3)

+MbN2AtMr(l_21'°92N_3j ey (3.112)

4 OMMK |;,[7Mt(l\/le)2+12MbK+2Mr —4}

v 2 o 3y 2 gy o = = s o = =
muummeﬁusﬁ@ummmmmiwuﬂmmﬂ?gw-mmmLmum@ﬂmmummuu,mm 2 (N

R-QPSK rate-2)

= ANTUFAUTINNATDINIAR + AINTUFAUNIUNATBINATU
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. M,NM, (11
=P[2(M,MK) —MbMtK}%(ElogzN—sJ
+MbNMtM'(E|Og2N—3] Naail (3.113)
4 2
+2MbM‘KP|:7Mt(MbK)2+12MbK+2Mr_4:|

383 aglanududaurasusszszuuildstia STFBC-1 uazsWa STFBC-2

luadatlazagasindudaunisnisaiurnaeusazszuunnansoun lu

Padiad 3.81-3.82 F9m3197 3.4

A5 3.4 ANNTUFAUNINNITANUIDIIDI AR 2L LN 1F 398 STFBC-1

LAZIA STFBC-2

FOTA ANTULR1 (flops/block)

STFBC

STFBC- P[4(MbMtK)z+4MbMtK]+MbTM (ElogzN 3)

(BPSK) +W(l—glogz N —3)+2MbM*K P[?Mt(MbK)Z +12M, K +2M, —4}

STBC | p[g(M,K) +2M K + 2M MK |+ M(lzll g,N - 3}

(QPSK) +W(121| g;N -+ 3j+2MMKP[ M, K +12MbK+2Mr—4}
STFBC | pl8(M,MK ) ~2M MK | + MM, (1? N - 3}

2 (R-

apsk) | oMM, (1—21 og, N — 3j+2""MKP[?Mt(MbK)2+12MbK+2Mr—4}
STFBC 1 p[2(M,MK ) ~M MK |+ M, 4NM ( IogzN—BJ

2 (R-

apsiy | +LeNMM, (1—21 og, N — 3} 2P TM, (M K )’ +12M,K +2M, —4]
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AN519N 3.5 ANNTLTaURINNAUBINIARIURITe LN IE99ia STFBC-1 wavsiia STFBC-2

AIMNNITUNUANNIITNHLA DT

N K P M b STFBC-1 STFBC-1 STFBC-2 STFBC-2
(BPSK) (QPSK) (R-BPSK) (R-QPSK)
128 2 1 128 45,952 28,544 72,576 24,448
128 2 2 64 22,976 14,272 36,288 12,224
128 2 4 32 11,488 7,136 18,144 6,112
8x 10* ‘ ‘
—+—STFBC-1 rate-2 BPSK
Vi - STFBC-1 rate-1 QPSK
—=-STFBC-2 rate-2 R-BPSK
< 6r —+— STFBC-2 rate-1 R-QPSK |l
3
2
(2]
5}
=
8
o
€
3
O | |

2.5
block length, K

3

51l71 3.10 AruiUdauisiumTeanAdaRIszLLA I eWE STFBO-1 uazawia STFBC-2 a1n

msudsArwasadiwas K lunsdl M, K =4, M, =2 uaz N =128

dayalumnsen 3.5 lAniainnisiivuaAiasl MK =4, M, =2 uay

N =128 uanasuilsArnsidinas K Iaaniuuslid K =22 1Ha 0<Q <2 a1niiuaani

N13ATUILAIANNT LT DU VN ALRINAGITBITZLLNAUDATNANN 1IN (3.93), (3.94),

(3.109) WAZ (3.110) WAAtNAIANTUTAUN AU LA AN NS ULARZATHINRBANI WAL

A1 K uusinaidadudagn 3.10 lnavniivualieawiudeyadydnunideudenaisia
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windwluna rate-1 WuINgzuUN 4998 STFBC-2 R-QPSK HAMNNELEaUNINIAIUI0AT

nanszuunldsva STFBC-1 QPSK maandasdeyaniiansns usiduiulunsdl rate2 wuan

o/ o 6

nalasugluuunisdnaengudtyaneniain BPSK ifluutiy R-BPSK  danaliiAnmanu

o

|
o k% o/ o 6

dufaune9sruuN1Ad9g9al Wasandnisaiiunisiudeyadnydnealidedan Hamin

al 4

v
o

Na7NANUeL AN NN M AL nASUYINAUNLIN A NFLE UM ATRIN I AK IR

sruui daialungu rate-2 azgendnszuuildsialungu rate-1 wane viaidana ldanan

o

UFAUNINNIIAUINDST UL 1998 STFBC T9RNN3UENNGaNge (Huka M, JAu1n)

)}

FAN89NI72uuNF3978 STFBC FIRNNTUNNINIIAIAING1 Wana Nt alFennaunsaw

a

v
v o )

lugi 3.10  AunsaududeuisnuaresnIAduessruuildsia SFBC-1 uazeiia
SFBC-2 lugiln 3.5 wudalunsaifidn K =4 aoadudannaunldasiinmingu tufine

9@ SFBC iflunsillanigaassiia STFBC Niave e M, =1 1iules
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Nan1snAdal

X X =R o . . =
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Epaunamas iiadtpsziuazilFauiiauanssusaadszuuN 13 an snauaiussuun g
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nsaalin Tnananssnuzaesszuudtnnsndsziiuldainnananuduiusszudng
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ART1EIUTRIATNAIIUIRALARd AN OIAaA A N R L BAIUNATUNAII U
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sUNIUMTal s uInUAATyANE S E /N, fudAiAndiaziilugedmnuinnaia

o

1o

Ary
Fryannd (symbol error probability) viTaFengadnanaauianatndyanenl SER Ing

]
1% [ ] J

nsnfFauiaudydnsainsruntiuassada iudyansaiignaseanundnifianisianana
LAdydneniannauanieyadnydneningndsaanuiiviun uananidslinaani

a

HANTENLAINNIUALWANNATIHR R FAN] bUA NIgiNAWINaNeeINIATY,  nsdiu

o ar

WNATBILANAIV AL e Lagliudasaainsasdayadyaneallaanagu usw
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L

4.1 antuuAraInIsanaadnLulagldnaniainas

[ %

o [ a a T o dg’ 2 A bdi a o
Auduluaneunusaliun AR, f;lL@ﬂﬂlsﬁL\‘i’ﬂ‘lﬂ?.lLL@ZWW?WNLﬁ]@ﬂuﬂ’]?“W@@Q
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1. 9EN1TNAKAL: HANITANRBILLLNARFAATIA (Monte Carlo simulation) Iaaldllsunsu

Matlab Version 7.1.0.246 (R14) Service Pack 3

2. wuuaaastasd I aaNaRe: LU aesdasdtyyninnundnstisnialuanang CM1

dl a dl ' [ dl Yo o =l
was CM4 GﬁQﬁ’]ﬂWWW?mqVILLG"]@Z?@’WEI@WT‘I’]F]?UVIVLW?UN@ﬂ.l@\?@ﬂalﬂ&l'TM?Uﬂqumqﬁ@mq’lLLUU

o o

UaNWTa AWGN TagiAuaEaudaasdnioy usunau AWGN auatiiidasanusendneniay

109R U UAUNNAN ATy U NITLINAUYTE SNR  M9HNIANa9dtyndsUnauazivingy

o’ wefneuaFauduesdyyiusuniuivies amitainiatsssiuulnaldraniomes

noise
o v o o o/ dl 1 o dl o [ % o/ val 1 o
@:muum%mmm@mmaymmw welLl5F Lﬂ@aummmmmgﬁyﬁmmmulw ANLLENAINNU

1 1 v ¥
A3 SNR Mdasuly luidessuaziiensuai SNR 9t

EW G o5 (4.1)

SNR=—btb — Zb
NB, N, TN, b
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e E, Aandssueassain, W, Aadnsndsdaya (bits/sec), N, ABAINNUILUY
o o o A g dl ¥ A

alnafunaseuzesdyyinsunay, B, Asarundauauandlden (Hz), », Ae

ds@ninnnisldanlnaiu, E, Renduuedusediyanenl uay b Aeduiuiindeyasie

&ryanmnd (bits/symbol)
3. ANSEINSUARUUN: Usznasens)
1. 9@ BnH-ANALLILLASN (SFBC)

io T < « o
NAARUANIINUTIBITEULN M aTalinH-AoNduLLLAenMEua luun 3
Taannsanassuuulaeldaannamaiuazfsaumeuiuscuuinldsialsni-nauduuy
[~3 dl a o dl A L7 a 6 o dl Zj/ dgl dl Y o a
udenau] lumeenudae iwelaan MA1nN9Hnesiannen 4.1 viviliveliswal3nN-
dl <3 o a a 12 s ' o IS ' o
AINDLLLLARNYNT AalANlszAnEnannisldailnniuminfuuariA1indy 2

bits/sec/Hz

=l o a dl < dl ¥
A1919N 4.1 ?M@ﬂ?‘ﬂmw—ﬁ’]’]&mLLUUU@@ﬂVIi‘HW@@@U@N??ﬂuz

Uszinnawa SFBC | nN3nenian | I1InuaenANiatias | bits/sec/Hz | a1ALENsEs
Uncoded QPSK 4x2 2 -
Uncoded BPSK 4x2 2 -
HR Hadamard BPSK 4x2 2 [24]
HR BPSK 4x2 2 [25]
Universal BPSK 4x2 2 [31]
Repetition 16-PSK 4x2 2 [21]
rate-1 QPSK 4x2 2 [22]
Alamouti QPSK 4Ax2 2 [14]
SFBC-1 rate-1 QPSK 4x2 2 -
SFBC-1 rate-2 BPSK 4x2 2 -
SFBC-2 rate-1 R-QPSK 4x2 2 -
SFBC-2 rate-2 R-BPSK 4x2 2 -
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2. WaLinH-1an-audLLLUAeN (STFBC)
2.1 sWAEQH-19A-ANHNDLLLILRANAAUBULLILKNUA 1 (STFBC-1)

2.2 AN N-19A1-AHNDIWLLILIRNNAUBULLIUNULN 2 (STFBC-2)

6 o/

a 14 a A 1 a aglj
4. W']%"]NLEI@%“II’?NI@L?]V\'WIL@N: LABANATNITINLEIRTANL

Avua Af =4.125 MHz dufanisds 1 doyansnilaenfiduauin 128

1
v i o

pAUNiEReAr IHUALAINANHTNNININAL 528 MHz  AINNIATIINITULARANTLOL
nANETLULVANELOUAIND @UTudadian 1 Aauduanenilaenhidudeilninneng

7

winfiu 312.5 ns lAutailugoanainu 70.1 ns wazdasaailddedaya 242.4 ns Tneld

Aanesny IFFT/FFT 128 qa (128-point IFFT/FFT) lunisutlasdnuszudnelamunaniy

TALUAND

5. ATUIUALDINIAGI-FIBDINATL: 1 2 neclAe 1) natd M, =2 uay M, =1 uay 2)

nstl M, =2 waz M, =2

o o @ [

6. AMRALAAURUANEN (interleaver): W@anldn1saaua"

o

pudryansnduLgN (random

interleaving)

42  NANISNARALANSSOUSUDITTUUN LA IITUARINUN

o o d” = a 1 dg’ [ =
A FUIRan AN 1 RNUS lud oWl unA TN g U AN TN U ADITEUL
MIMO @4 lEFn N siaanantinitugia SFBC waraia STFBC sanlsminiaualuumy 3 fu

sl MIMO - Teldaadsiasaeniinuunau Tunnddanlanaanndessiu lAuwn 11uady

'
o A

Tuwenanssnedeanaud [21], [22], [24], [25], [31] way [14] iatlaznagavuilsz@nininaes
[ 1 o v al QJdI dl o Yo [ a a
srULLULLLAaasTasdty iy ndinundsBenaldRaulanivua lidesdy oy nanamed

AUAN Bz ATUWIIAABAALAIaSAT AN HATaIaNA LS
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421 HANSNARAUANTTOUZUDITLUUNLTSYA SFBC UULLILANAaITaIRuIn

LAUNINNEN

1 v
ey TudauilaznAgeLANITIUSR9TELL 2 A1881NTAdS 1 AN8e1nTATY

¥ 1

ndwvisndsialigi-aouiidudadnsiaseedmiuszuy MIMO-OFDM  Hededayariiu

a

desdtyny1nuunundnegs CM1 uay CM4 Inaluidesfuilas LanIHaRa LALaITIA MDD

addj = 1 4 o o rd‘ ] dl Lol a &
ELIQ.}I’]MWH']WNNN@ﬂ@ZVIUﬁl'ﬂ‘ﬂ’ﬂﬂsllﬂﬁﬁyﬂﬂﬂmmgﬂﬁﬁuuﬁﬂquﬁﬂﬂﬂsﬂ@\ﬂﬂL@V\IﬂL@JJ

[ %

AU 128 AAUNIT 99119 4.1

a

o
o
@

0.025¢
0.02¢
0.015j

0.01j

" |

0 16 32 48 64 80 96 112 128
order of sub-carriers

The channel frequency response

(n)

0.025
0.02r
0.015¢

0.01r

" Ll Tl

16 32 48 64 80 96 112 128
order of sub-carriers

The channel frequency response

">
5

(2)

519 4.1 HARALIALAITIANN DU TR Ty cyntuaLNANeEs (n) CM1 (1) CM4
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219 4.1 Wlun12 3R UNARALAWAUTIANNDURINARILIUTLULILD L

a

NANENANNLLLIANAEY CM1 UaZ CM4 TIUNULLILANA9TaId Y10 LOS WAZULILAIAAY

'
| o [ 1%

TadTy I NLOS  atianuuduniuatfy A lanatanitisudaluuny 2 1Aaaiuy

o o

HARALAURANAAS lAaLllamINaan199Taed Yy e CMT uaz CM4 Y9llNaRaLauas

@

%

= = a & o o = o @
ITSANNDIANATY U N ARSI UAAZ AN ALIRIA RN e e 1 1 @ﬂum@ﬂa‘mgmugﬂ%

[

ansnesue i iuresnailasu asrinindsnudanssindedeyadiuan N =128
zﬁ“tyzﬁ“ﬂwmiﬁmuu 1 ﬁmﬁnmﬁm@ﬂﬁﬁmﬁq@umﬁ (3.4) Tnelfufndanadnfani sl
Lmuﬂi:?;qLf;mm'ﬂé‘mLfammm‘mz@mﬂmﬁN@mz‘vmﬁi@mmiaummi:uumgﬁiﬁ@ﬂ?qﬁ-
mmﬁu‘%mﬁmﬂ?qﬁ-mm-mm'ﬁ'ﬂﬂ'wmﬂ ﬂﬂﬁfmf;ifmLﬁu@ﬂﬂ-ﬁj’@wiummqﬁ 2.1
MUUAH 7, = BNSEC WAY 7q,, = 25NSEC NUIUAININULLIANADTIATYYI0U CM1 &
AmsuriuLLlsyAanaiensisa eateeie ey WLURNABNTANATY Y10 CM4 Fawnsin
nsulasnanauanesdanadlifeiiiaminaniunaneuaueidenanuilagende
nszuaunsutlaiie funduednada nudalunsdfinanlssieediidanniden i

puwandydnsnilawnaly (Lealigan sty ulsedananfasegnialudoaiaun

v
1 =3 v o

Wwaadntloym 1)) azvaldailnaiunanisundeetnaia asiulanialunisfiamaan

ar

(deep fade) aznvsalliastupduNIidaaaIAURRaNuasLAazdyanEallaanmtuasd

% =2 ]

o oA A o N = 2l o aX
u@ﬂﬂ’)']l,ll‘ﬂLV]HUﬂUIUﬂ?mmLQZQ'TU??JQQ%@QQQNWWH@E ”’N@\‘]N@IV@N??QU%?@\??‘ZUU@%U

P

(nelideannigaudaniniuiAaniusdesdaysyinianysal) Wreanananaaniianiiedn

k1

o

AuiulunnamgedudodesdnyiniapaniAinIsusuLlssianatenfidnieagatien

@

1 1 v
WnARaRlaafiAnIauen (extrinsic diversity product) liiuszuuAesnsiianeius 16

v
%

XX mems X o . . d .y
waiviatiluntel jiRtesaney fuliniudeyaditaisrestesdyyrunniniusag @
Tnevialtudomunnnsgiu IEEE 802.15.5G3a azviansasnaenliuudydnmailaen

ALBNUTZHIDL 12 ARUNIFRAINRTUILBARUN LI DLITINNA 128 AAUNIIF

2N 4.2 LARNANIINUZIITLULULO LN BN ULUMATILAL AN A VFL

!
a

WLILANABNT8Y meqmmmfiwéq CM1 1‘71|Lﬁ@ﬂi%ﬂq@Lﬁq@ﬁmzﬁqquﬁﬁmeﬁmﬁ?ﬁgﬁ-mmn
de M, =2 uar M, =1 dwfulunsdizesssunidensiatigi-rauinguiidsne
Fryanundsanig i dtyoynnavingiu 2 WUGNENITIUZIBeITLLT A SFBC 4Mmam 3
wulfurissia SFBC-1 rate-2 BPSK fiiaiue, 917a SFBC-2 rate2 R-BPSK flauauazsiia

59 H-A218D universal  [31] HAMndlAesAunazAndnszuunldsva SFBC  uuvaus win
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1
a a

WargunAn E /N, windu 1x 107 wudszuuildsva SFBC-2 rate-2 R-BPSK Trinuun

a v a R Py
HULTHAUABINTUN L ¢ =0 N@N??muzmmﬁLN@MMH@HNL?NMWJNMWHH ¢ = 72'/4

9 Q

Uszn1ns 0.6 dB wanAa NI HaNIIOUTANT U UUANNENFAULRINIUNY ¢ = 7/16

< 4 =2 P QI 4 A 4 ! dl | 4
iantias AvtiuasanisnaglddnyuGususesnisuyy ¢ rastiAdeagawiniaziiuls

Walildrndnsaenesiagegn

_______
P, AR T, T T
< N
~~~~~~~~

~~~~~~
~~~~

oo
oo
S~
~,

%) Ss
~~~~~~
~ s

NN ~

—*— Uncoded QPSK
-<- Uncoded BPSK Re

SER

S~

-~ Repetition [21] ~

10 H -<#- Alamouti[14] = p---d--—— = AR

—©6—Rate-1 [22] N

—¥— SFBC-2 rate-1 R-QPSK

—&— Universal [31]

10" —>— SFBC-1 rate-2 BPSK

—A— SFBC-2 rate-2 R-BPSK, ¢=n/4

-4c- SFBC-2 rate-2 R-BPSK, ¢=r/16
SFBC-2 rate-2 R-BPSK, ¢=0

-k SFBC-2 rate-2 R-BPSK, K=2

0 2 4 6 8 10 12 14 16 18 20
EN, (dB)

~~~~~
~
oo
~
~ D
~~~~~
~ )
o
~

10

519 4.2 anssnuzaesszuLN L9via SFBC lunstd M, =2 uar M, =1 uudesdayayins

LOLINA9EN CM1

1
% I a a Iy

Tutanansdneds [50] lAnanadauansenuannisiiiawamvsnguyy M

o o

feanaazagdninge iddadiniulunsdinen 2M K > 8- udagadeyadyansninlinisuilas

Q| 7

azlifurlseiuen d - geqe Aeiuaslivaaedliuanauinuvisndudanasiataaann

p,min

a e A = a " dl ] v Y = o o a ¢
WVTNGUUIA 4% 2 IUABLNEUNTIINTUUNA 2x 2 T9aIRa LERaIln1sUFua I wNyend

ufRanAsadatsia 1 dyansnilawnhiduauin 128 aauwiiain 32 udeniilu 64 udan

2 7
1% o A

Fogl MiatazaaEanIiaLs)N-a N uIN9a SFBC-2 rate-2, R-BPSK, K=2 L{an1muny
BuAuLaInIIuly ¢ =7/4 waznmualiudenaisiaiaAtdsz@ninmnisldannaix
WinfiL 2 bits/sec/Hz Maliwudnszuunldsia SFBC-2 rate-2, R-BPSK, K=2 #A1dnnaene

lawasinanasainszuun 4@ SFBC-2 rate-2, R-BPSK, ¢ =7/4 tasnud19z LAy Bud
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nsgayidaAnlanesansusdanliuen E, /N, Hgeiunnngn 10 dB S9iaannuaves

v
o a 6 [~3

NNTAAAUIANYINTURBNANTTAIRE RN AR FUTUIRILNTNTURAN AT At Bt AR
ANl LAZUINAANTUNT SER WINFTL 2x 107 WUAMNAAINANUANTINULARITLULNIADI UL

ALUsEHNL 1 dB

1
1 aA o o o

dl a = dl A o a dl s
mema?mﬂummmmi::uuwL@@ﬂmaﬂ?‘gm—mmm@umm&m EURN:IEY

sanislddasduounniwingy 1 dunmladiangsousuasszuuinldsia SFBC-2 rate-1 R-

v o

QPSK MiauauazsiaLEini-nanud rate-1 [22] AanlndAsarii wivnnifsauinauanssnue

o o/ o/ 6 1

o dl 13 o a dl 1 tsld b 73N %3 1 o 1
Auszuui Mavialini-andnguiidngndryanenidenisldresdnyoiaiviady 2 wudn
ooy o - 1 ' v v a o .
ANTINUTBAITTUUNIE9A SFBC  lunguilazseslundaasdalinFaudesia (coding
advantage) 2¢jt/3vuns 3 dB 71A7 SER WAL 3x 10 wanainiillaiansouni SER iy

5x 107 WUd19x UL 998 SFBC-2 rate-1 R-QPSK 7lauasiasn1sen E, /N, fA1ndngmi

1% [ %

Tinsuaguanuuy QPSK uaz BPSK  dsdayadnyansallngliniiunszuounisidnaia

al 7

a%411i1 (uncoded QPSK W@z uncoded BPSK) atit/sz3104 6.8 dB Waz 2.7 dB AINAIAL

patiuasagllda3Ennsaiindnsasns lanefinaesszuuanannldlaanszuounisidngia

Ld o/ o‘dj

fanfuszuinedeyadtyanualisasgndsunaaunivitesveslaonsidu

Qi o

10'2 ,,,,,,,,,,,,,,,,,, S S

—»— Uncoded QPSK

_3|| -~ Uncoded BPSK

W 10 p --%- Repetition [21]

-7~ Alamouti [14]

—©— Rate-1 [22]

0-47 —¥— SFBC-2 rate-1 R-QPSK

A —O— Universal [31]

-~ HR [25]

—— SFBC-1 rate-2 BPSK

10°ll =&— SFBC-2 rate-2 R-BPSK, ¢=n/4

--4x- SFBC-2 rate-2 R-BPSK, ¢=r/16
SFBC-2 rate-2 R-BPSK, ¢=0

--E+- SFBC-2 rate-2 R-BPSK, K=2

0 2 4 6 8 10
E/N, (dB)

10

gﬂﬁ 4.3 ANTINULARITEULN 999 SFBC lungtild M, =2 uaz M, =1 untesdoyeynn

LOLNAN9Ee CM4
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Tugiln 4.3 wassnisnfseunauanssnuzaesszuLn dsiaEi-aaunly

¥ ] o

NN Taeday AN BULLAA 9 Te Ty U IUULALNANEY  CM4 ANNNANITANABILLIL

u

Tnaldrauiamasnudnanssnuzaesssuuildsiatelidnadesdydneaisanisld

1 % '

de&TYUvInaL 2 A uau 4 Faldud 9%%a SFBC-1 rate-2 BPSK filaue, 3974 SFBC-2
rate-2 R-BPSK Tiduadainnumyudnsdaiusiu ¢ =0 i, 19ia SFBC-2 rate-2 R-BPSK
fuanaTarmuayudnededudiu ¢ = 7/16 iieu uwazsiadsgi-rud HR SArlndiAes
funazRndiszunildavia SFBC uu

=

= a 1 dl ] ] ¥ 1
T UINg AN IAUTIRITL LU I uN TN e de Ty Ak

a

wuLAaesTesdny iy nunungdnsde cM1 lugili 4.2 dulunstindsdadayaninuuiuanans

A o

dadtyryinaunundneie CmM4 lugili 4.3 wudiszuunldeia SFBC lunguiaidnsnds

o

[ % 6 1

fryanendsianisdesdyaauiniu 2 (rate2 peu) ddaldfsaudelanasdn (diversity

'
= ] o o 6 1

advantage) g9niszutinlisvia SFBC lunquiadansndsdnyansnisianislddasdnynyns

(- % [

WU 1 (rate-1 peu) Inedainalaainmanududiniaasns nanssauslneianasinag

o o o/ %

Audulunsingdededoyanulunaiaestesdryninuaundneis CM4 wugAtANd

T o

1
o [ A 1

Auinsaasnsmanssourgauadiaiinlidaidesn E /N, 11nndn 6 dB tiupessuunld
IWALTNN-AND lUNgu rate-2  wazssuLN AT N-AND lungy rate-1 HATNAKNS
ANTINUTEIqAUTIe 0<E /N, <20 dB Uutesdiyayininundnegs CM1 uay CM4

WAl 3.4 dBUAY 4.2 dB AANATAL

’Luﬂmiﬁv‘hmizdﬁ@uu@tjml,murifmwﬁmz@mwmmm%ﬁ@'q CM4 Wua"
Au99OUZ18 UL I A SFBC-2- rate2  R-BPSK fiauadsinuunyudnadeizusi
¢ = /4 e Andnssun T dswadsni-pannd universal Ustains 0.8 dB firn E, /N,
Wi 6x 10° LLﬁi%@"ﬁmﬂﬁmimﬂumﬁﬁﬁmﬁim%’@g@shuuuuﬁmmﬁmzﬁ“tytmmmu
ndnafls O Tugilil 4.2 ndumudnssunildsviadingfipanudl universal laussausiinda
szuUT e SFBC-2 rate2 R-BPSK Miawadermiunnsdnedadusiu ¢ = 7/4 wiau

Weiantiaelsznins 0.35 dB 7 E, /N, Wi 8x 107

angin 4.3 flunindanadiszuunldaialigi-aanunnldgluuunig
unilsiatigi-nan Alamouti Hanssouzsasndszuunldsia SFBC-2 rate-2, R-BPSK,

K=2 naandas 0<E /N, <20 dB tuRanIniiansauniiAn SER Wiy 2x 107 wudnen
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m@m'fmz@maﬁﬂuzmmizuua@jﬁﬂ?:mm 3 dB uﬂﬂ’mﬂ‘fiﬁﬂﬁﬁm??ﬂ%:ﬁﬂﬁlﬂ’iﬂﬁ‘tﬂﬂﬁi‘fﬂ@lw
39¥a SFBC Sutlsznevudansia SFBC-2 rate-1 R-QPSK fiidue LLmaﬁmﬂ?‘gﬁ-mmﬁ rate-1
721919199 6< E; /N, <20 dB Tnenflefiansninfiedn SER wirfu 2x 107 wudnAuasiig
AnsInuzaessTULRL sz 2 0B dwFussuufildnisuegianiuy BPSK uaz QPSK 4
Fayalaelaitunszuounisdnsviasaawiin uazszunfidaiainf-niud Repetiton §
qu9snuzsnsadlmuddy Tufenfiansantidn SER winiu 6x 10° anasnuzaesssuy

9 3 LUUARENINIANANIIIUYI4ALITEN104 8.3 dB, 10.1 dB kAT 11.1 dB ATNANAL

10 T T T . . . : -
| } | ; —E—rate-2, uncoded, BPSK, CM1 ||
! } ! } ——rate-2, uncoded, BPSK, CM4 [|
! ; ! ! —©—rate-1, uncoded, QPSK, CM1||
| | | | —*—rate-1, uncoded, QPSK, CM4
| | | | T T T g
| | | | I | |
e | | | | | | |
107, ol 4 Y i - = - L AL N — —
# l l l l l
| | | |
x ‘ l l l
L L. | | |
2] | | |
) I |
- | i |
10 p-----9----=~ mT T T === — i ] <% -
| | | I | 5 7
| | I | | |
| | I I | | =
| | ! | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
3 | | | ! ! | |
10 | | 1 | | L L
4 6 8 10 12 14 16 18 20
EJN, (dB)

519 4.4 anssnuzaesszuui ldnsdedeyadtydnmallag liniunssuaunisdnaiaaaamiin

a
| |

Tunstd M, =2 uaz M, =1 (Hadiulfaunindwefiesdnynns

=

Tunstindsdeyadrydnsaiuuadunidesvesdtydaneollownnduing

NUNTTLIUNNTENTHAANUEN a1nuan1sanaadiuine AN AR FNUINANTIOULAD

1Y

FTUL 2 AeeniAds 1 arganiaduidedayadiuuuuanassdesdnynyinunundnatiady

'
a v

T o ¥ Sy = ¥ o
mgﬂw 4.4 JUARANTTOULLRITLULUO LN B ML LnUAND N AN sdnsTadeya

a

v
o [ % o

sruddydnwaliisdauasllauiudnsnnisuifeaesdygiunninuas ldauiy
ANHULIANIZIBINTTUUNNIAN BBt asd Yy wanainiidsanuisniszidulfdnlu

nsfifiaeeinanvua liAnUss&nannnisldanaduwindu 2 bits/sec/Hz Fan1sunildaya
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]
KX a

Nl WL BPSK LumvisnduAanA1siatiaeaunn 4x 2 TNandsdyanenisanis

o o

3%
Tddasdynyinuiniu 2 ilusuuunudsidaliidTaudeniageandnisnisunildeya

a
o o o [ % 6 1

fryaneniuuy QPSK - asuumyiandufenAsidtasauin 4x 2 Telensaedyanenls

7

neldgesdnyeunndint 1 dezunns 3 dB f1AN SER windu 1x 10

10° P -

1072F - - - - 1 T S 3

--x-- Rate-1 [22], CM1
--©-SFBC-2 rate-1, CM1
-~ HR [25], CM1

10 —>—SFBC-1 rate-2, CM1
--b>- SFBC-2 rate-2, CM1
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O dumeunisulasanmesdydnenl S=[s, s,---s.] dunnedania

X=[x X%-x] eldanindnisulas @ 1uin KxK  deriulu
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o o = o e
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a

e

4(K) —2K n5a uaznsAnIsIUI 4(K )’ e

" V’]QWSJ%U%@H%\?MN@IM%MM@H%L
=4(K) 2K +4(K)’ vland

=8(K)"~2K wasy (2.6)

O dumaunisvumandudendsiates G, 1u1a KxM, unFasedu
AU P uaen ieadgwvisndasiaitian C auia N x M, Hasain
FANALWANTANNANNIN (9.6) 4111 P AT

T L T R T Yo
= P|8(K)’ ~2K | viaenl (4.7)

o ZJ/ o Y :// ‘dl Y o a t:ll
muummsﬁm@umummma‘zuuﬂ‘mmﬂ?‘ﬂmu—mma rate-1

NM, (11
= P[8(K)" -2k |+ . ‘(?Iogz N —3]

n NM4t-Mr (1_21|ng N _3j+2MlK P[?Mth +12K +2Mr _4:|

Naail (1.8)

4. anugudouvesszuuilystialSgi-nau@ HR

® AuTLTaUIRINIAGS

O dumeunIdigvaadutinnineideyates S, 4uin M Kx1 1y
wnwafagia X, Iaalduvsndnilanideeg @ 1w M KxM K a1niu

amnstiunnees X, auin MK x1 Wduwavind G, auia Kx M,

S Anududauisinn luduneuiinstindedayadtyanend BPSK
=2MK (MK ~1)+2(M,K)* Waa1l

=4(M,K)* —2MK vaa1l (2.9)
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O dumaunIsuINAaTIRaRIRINTWIA K x1 [7u0u M, 1A 11A1LHuNNg
AMULLE A NIATUNRafuasen e lumiend G,
S Anududauisine luduneuil

=2M,K vasi (2.10)

O dumaunistnuysndudenAlfviates G, wn@FeNAanuaIwL J udan

~ v a ¢ @ o o = v o a p
WWRATNINNINTLARNANTYA C  LUANANNAAIALLUNNTANTNANNITN (2.9)

WAL (1.10) AU P A5

", AN UTaniend e ludunanl

=P[4(MK)'~2M K +2M K | Waai

=4P(MK)" waatl (2.11)
ﬁqﬁummsﬁu%uﬁwummmsxuuﬁﬁaﬁmﬁqﬁ-mmﬁ HR
=4P(M,K)" + NZ/M (1—21Iogz N —3)
Naai (11.12)

L NMM, (1_21|ng N _3j+2MtK P[7MK?+12K +2M, 4]
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2 ray channel model, [0 5] psec, 2 bits/sec/Hz
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Awdulunsciin lewal5R-AanD universal  LutadtyeyiuniAINIsweuuLLEAanan
a9 TUAINA LA 1aN9IUTIBITLIUARAITTNN 0.8 dB A SER WL 3x 10”7

= o dl 4 4‘ 1 o v a g
Wraumauiuszuun Wanssnuzgegn daunnseanuanisdnassuuuingldaanames
Tugiln A.2 dounguaedsia SFBC ldanssnuzaasszuunsesallianuin 2 wuuldun
WA SFBC-2 rate-1 R-QPSK wazaWaisni-aanud rate-1 TnailanansouniiAn SER winiy
5x 107 WLNANTIOULIBNTTLILARLNINANANIINUEEIAnDLiLlsennny 1.5 dB uananuy
WUNANTIOUZaeNsTUUN IH9ia SFBC2 rate-2 R-BPSK ilauauaysvuud swaisgi-
AND HR HAnlndpesiulneianssnuzieandiA1anssnuegeqnilszains 4 dB 91A1 SER
Winiu 2x 107 douszuui i aiaisn-aansnnldgluuunisunilsiasni-1an Alamouti,
svuunldnisnegianuuy BPSK uaz QPSK dsdiayalagliniunszuaunisdnsiaasant

ai Y o a all . = o o uI/ A a

wazsruun dsiaani-manun Repetition Hanssauzsesaslininadiu dupeuinfiansn
1A SER WMl 6x 10 ANSINULABIILLLTN 4 WULADUNINANANIIOULEIqALITzN0L 2.5

dB, 8.3dB, 8.6 dB AT 9 dB ANAA1I

3. NANISVARAUANTTOULUDITSULNLESUE SFBC  LULULUINARY Cost207 TN
INUAUIDLYINAU 6 D

%
=

Wavnludauiiiun1mageuanssouseedszuy 2 A182INVARY 1

! 1
dGLSJ a ¢ o

argeniAfunldwnindaialsgi-aoaudidudaidisiasosudnuuiuuanang

dadeyayrnuianiet L =690 munnsgiuresssuuIngdnsiiaaeun GsM analuiies de

AN NLAASNNINILANENI AN UIBILFARZAD LUANT197 A, 1

ANV A1 WI9IHABTANUTLITaATUIN N Cost207 [53]

Path number 1 2 3 4 5 6

Relative Delay (us) 0 0.2 0.5 1.6 2.3 5.0

Average Power 0.189 0.379 0.239 0.095 0.061 0.037
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Quasi static flat fading channel model, 2 bits/sec/Hz

2: ——Uncoded QPSK - - N S ]
[| -~¢- Uncoded BPSK ™ & e Ny ]
[ --#%- Repetition [21]

[| -~ Alamouti [14]

[| —©— Rate-1 [22]

10'3j —¥— SFBC-2 rate-1 R-QPSK

F| —©— Universal [31]

H -~ HR [25]

t| =B HR Hadamard [24]

| —>— SFBC-1 rate-2 BPSK

- SFBC-2 rate-2 R-BPSK, ¢=0

I

I

|

|

: 5
0 2 4 6 8 10 12 14 16 18 20
E/N, (dB)

519 A.8 anssnuzaesssuLN s SFBC Lutesdtyiininnassnuuuuadneane

Tugi A.7 WaALAPNHARBLANEITIAY N DT9T AT Y AN ARSI

UULARNATA dinAdRanaUduanTiAND lAardyanEnllaenasululuusu s

Qi a [ o o/ a
azilasundasnuudaszainiudindyansailaanpids

Tugdn A8 Guflunisueuiauanssnuzaessruunldsia SFBC 1
1 o a % a 1 o a dl Y 1
dasdny ey N ARNIILLLLARNEATR  WUTIAUTN-AYND HR - Hadamard 1A
ANTINULVDNTLULIGIAR TIANG19z LN |45Wa SFBC-1 rate-2 BPSK Miauailszunn 0.2 dB
AaaaTaTNAT E, /N, Uszann 0-16 dB #1uiusia SFBC MIMaNIsnus18a9ssUuAT8aq
lilhasaiini-aaudnldaununisunilsiailingi-nan Alamouti Tagileaisainiien
SER Winfill 2x 107 WLGIANITAUEIBNTEULIRAENINAIANIIIUEGIAADLszu104 0.6 dB

o |

A mFunguanssia SFBC adldnandsdyanmalsdanislddesdrynyinuvintu 1 sutlsznauy
lulfnusvia SFBC-2  rate-1 R-QPSK  wazsiaisni-aaud rate-1 wudnianisgoyids
am319enIRALlsENIns 2 dB A SER WAL 3x 10 dauszuundsialigi-paud
universal WL41AZIiAN194 YA AN I0UE1099v LY IuudaavdnInaanasianas
[ A al dl 1 QI z dwv 1 dl Y o
dnsnaenelanefifien E /N, WnTW weanannifanudianssauzaadscunnldavia

SFBC-2 rate-2 R-BPSK #iauauazszuudidsiatingi-anud HR derlndinasiulned



141

2

ANTINULABANINANANTINULAIGALTENDL 7 dB A1 SER Wil 3x 107 vietiseuuv I

©

nMINBRIAALLL BPSK war QPSK dedeyalnsliiiunszusunisdnsiaaesnii uazsyuy
nldsaiEni-Aa1uD Repetition azlanssnuzsasatll duAsuIniatsuInAl SER Wiy
6x 107 ANTIOULVBNITLILIN 3 ULLIFRENINANANITOUTEIQALITzH0s 7 dB, 8 dB LAY 8.7

dB ANNANAL

5. WANISNAKALANTIOUSVDITZULN LGSUE SFBC  UULLLSINADITAIR U
a Ll
WWARSLLULTER

| o

HARAUALANTIAINDIANA Y N AW ARSUL LI AN UAAZ AR ALTD
pavnniitias TalanmenTugili .9 lHannsulasnana iauesaniaduasdasdnyonmy
add‘ o ad a v 1 ada ol ad a v 1
AnnIuATeIdRI 188 I TITT O ULARZANNNITUANLAMULIEHR downaludDiFedauus
avandnisuanuasiensduwea [0,27) tnaenAtnszudunisidasfFiesatnadauin 128

o/ dIQ o/

naed  AUNAIMNANDUAUAINTIAIND AU UAAUNIFHREA N AUNAARURNITLNT9aLNg

pFasuazdiaannanssnuanyaanaaiiiagls

0.035

o
o SR (=
o= (M 1D
Nt ot ] |
, :
‘ ‘ ‘

o

o

=

5
s

o

o °
S o
a B~

The channel frequency response

it mﬁﬁj it

0 16 32 48 64 80 96 112 128
order of sub-carriers

| —

(@]

'
= 1

519 A.9 HARBLANDATIANNDNTBITRIATY YN ARILLILLIER



142

Rayleigh fading channel, 2 bits/sec/Hz
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Abstract—This paper proposes a SF coding scheme that can
achieve rate-M; pcu in MIMO-Multiband UWB system. This
code is constructed based on the principle of unitary matrix
precoder so that information symbols are spread across adjacent
subcarriers, allowing effective exploitation of frequency diversity.
By using maximum likelihood decoder, the performance of this
SF code for two transmit antennas over the IEEE 802.15.SG3a
channel models is shown to outperform well known repetition
codes and full rate SF codes, which guarantee full diversity. In
addition, we devise a random interleaving to incorporate into the
proposed code and the simulation results show that further gains
can be achieved depending on the level of SNR. All SF codes
examined appear to perform well under extreme NLOS
multipath channel as compared to LOS lower delay spread
channel.

I. INTRODUCTION

Ultra-Wideband (UWB) is now considered as a promising
technology for short-range and high-throughput = wireless
communications. As to the Federal Communications
Commission (FCC) UWB is defined as transmission scheme
that occupies an instantaneous bandwidth of more than 20% of
its center frequency, or the spectral occupancy in excess of 500
MHz. Two major approaches being considered by IEEE
802.15.SG3a differ primary with regard to their allocation of
UWB spectrum: the first approach based on Impulse Radio
(IR) technology, and another one is multiband UWB system,
where the overall bandwidth from 3.1-10.6 GHz is split into
smaller subbands of bandwidth 528 MHz. Time-frequency
hopping on different subbands can be used to facilitate multiple
accesses.

The multiple-input multiple-output (MIMO) system is well
known for its potential of improving system performance
gaining both diversity and coding advantages under multipath
environment. In case of narrowband wireless communications,
where the fading channel is frequency-nonselective, space-time
(ST) coded MIMO systems [1] have been extensively applied
to exploit the spatial and temporal diversities. On the other
hand, in wideband environment where channel fading is
frequency-selective, space-frequency (SF) coded MIMO
systems are increasingly perceived as effective means to
achieve spatial and frequency diversities. Early work on SF
codes [2]-[3] applied a direct mapping of well known ST codes
as SF codes. However, these SF codes are not guaranteed to

1-4244-0549-1/06/$20.00 ©2006 IEEE.

achieve full spatial and frequency diversities. Later work, full
diversity SF coded MIMO OFDM systems have been proposed
[4]. Recently, a symbols rate- per channel use (pcu) SF block
coded MIMO OFDM is for the first time achieved and
presented in [5], while other previous methods can achieve
symbol rate not more than 1 pcu. Performance of such a code is
evaluated over a two-ray equal gain uncorrelated Rayleigh
fading channel.

For UWB systems, the channel has richly inherent multipath,
frequency-selective and time delay spread. Intuitively applying
MIMO OFDM technology for UWB system is a very attractive
scheme because OFDM is more efficient capturing the
multipath energy than an equivalent single carrier system using
the same total bandwidth.

In this paper, we proposed a SF block code rate- pcu that
suitable for multiband UWB-MIMO systems under the IEEE
802.15.SG3a channel models [6] by merging the unitary matrix
with an orthogonal code in an effective manner. We then show
that the proposed SF codes offer superior performance to
existing known SF codes in [7] — [8] under UWB channel.

II. MiMO-MULTIBAND UWB SYSTEM MODEL

A.  Channel Model

In this paper, we consider the IEEE 802.15.SG3a UWB
channel models. Suppose that a system have M, transmit and

M, receive antennas, the channel impulse response from the

i-th transmit antenna to the j-th receive antenna can be
described as

L-1 K-1

hij (t)=zzak,15(t_Tl_Tk,1) (1)

1=0 k=0
where ¢, is the multipath gain coefficient of the k-th
multipath component in the I-th cluster, 7, represents the

arrival time of the I-th cluster, and 7, , denotes the delay of the

k-th multipath contribution relative to the 1-th cluster. The
cluster and ray arrival time within each cluster are both
modeled as a Poisson distribution with rate A and A,



respectively. The path amplitude |ak,l| is modeled as the log-
normal distributions, whereas the phase Ze,, is uniformly

distributed over [0,275) . The average power delay profile is

Qk‘l = EUO{H |2 :| =Q, exp(—T/ /r) exp(_TkJ/?/) (2)

where E[-] denotes the expectation, €, is the mean energy of

the first path of the first cluster, I" is the cluster decay factor,

and y is the ray decay factor. The total average powers of all
L-1 K-1

paths are normalized such that ZZQM =1. We can express
1=0 k=0

the channel frequency response from the i-j th transceiver

antennas at the n-th subcarrier as

L-1K-1

H,(n)=2 Y e exp(-22f (T +7,)) O

=0 k=0

where j£ J-1.

B.  System Model

The information symbols are encoded across M, transmit
antennas and N OFDM subcarriers via a SF coding. Each SF
codeword matrix C of size NX M, can be express as

c=[e ¢ - ] @)

where ¢, =[c, (O)Ci(l)---c,.(N—l)}T for i=1,2,.., M, the

symbol ¢, (n), n=0,1,.,N—-1 s
transmitted over subcarrier » by transmit antenna ; during the
OFDM symbol period. The SF codeword is normalized to
.= NM,, where ||||r
represent the Frobenius norm . After applying N -point IFFT,
we append a cyclic prefix (CP). Finally, the analog basebands
are transmitted simultaneously from all over M, transmit
antennas.

complex precoded

satisfy the energy constraint E|C

At each receive antenna, the superposition of M, signals is

corrupted by additive white Gaussian noise (AWGN). Let us
consider only in case of perfect synchronization. After CP is
removed and is then applied N -point FFT. The received signal
at the j-th receive antenna in a vector form is given by

Y, =/p/MDH +Z, (5)

where D is an NXxNM, data matrix constructed from the SF
codeword C
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D=[D, D, D, | (6)

which D, is a NxN diagonal data symbol matrix to be
transmitted over the transmit antenna i=1,2,...,M,. It can be
expressed by

D, =diag{c, (0),¢,(1),....c,(N-1)} @)

and the channel vector H; of size NM, X1 is given by

T
H, = [HIT./' H;j HL/] ®)

where  H, . =|H, ,(0) H, (1) H,.,/.(N—l)]r, the
received signal vector Y, of size NM,x1 is formatted as

Y, = [y ;(0)
the same size like Y, as well as its representation format.

v, (N —1):|T and the noise vector Z, has

It is assumed that the channel is constant in one OFDM
block. In the presence of perfect channel state information, the
maximume-likelihood (ML) criterion is jointly performed over

M, received signal vectors. We decode the received signal

vector Y as D if
Y, - [-2DH,
M/

III. PROPOSED SF BLOCK CODES

M, 2
D =argmin
gmin ),

=

: )

F

An overview of the proposed SF-coded OFDM system to
achieve frequency diversity gain by means of orthogonal
precoding in frequency domain is shown in Fig. 1. The input
bit stream (uncoded or coded from a channel encoder) is
divided into b bit-long segments, forming 2°-ary symbols.
After that, the information sequence X is partitioned into a
block of NM, symbols. Divide the block data into P sub-

blocks of size M ,Kx1 such as, X,,X,,...,X,.The total
number of sub-blocksis P=N/K, where IS K <N

Each sub-block X »

T
= |:x(p—l)MrK+lx(p—l)M,K+2 =X pM K ] 5
(I<'p < P) are parsed into the SF encoder resulting in the sub-
block SF code matrix G, of size¢ KX M,. Because every sub-
block SF code matrix G, has the same structure, we may

analyze only one sub-block. Let us pre-encode each of sub-
block information symbol vector X, with an unitary matrix

© based on the Vandermonde matrix of size M K x M, K
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Figure 1. SF-coded OFDM system

. . . IV.  RESULTS AND DISCUSSION
In this study, performances of all SF codes for multi-antenna
o= 1 6 6, Ok (10) multiband UWB systems are evaluated by using Monte Carlo
MK|: : simulations. Each OFDM symbol has N =128 subcarriers for
QUK gl gk the subband bandwidth of 528 MHz, which consists of a guard
! : L time of length 7, =70.1ns and the information duration
the resultant precoded vector W, can be expressed as T =2424ns. Therefore, the OFDM  symbol duration

becomes T,,, =312.5ns.
W, =OxX (11) Performance of our proposed SF code is compared to other
.

Next, we apply a reshaping process to return the Kx M,
matrix Wp from the M, K'x1 vector W,

W |

(12)

T
| and 1<i<m,.

Let us next use an orthogonal code to manipulate the matrix

where W, =[w( Wi

i

i—1)K+1 K+2 WiK

WP by choosing the orthogonal code with a Vandermonde

matrix of size KxK since the transforms based on the
Vandermonde matrix result in larger minimum product
distance than those based on Hadamard transform [7]. Then, it
differs from the conventional rate- M/, SF code which uses.an
orthogonal code based on the replica Hadamard matrix. In-case

of K=2"(s21) the optimum transform can be found by

selecting 6, =exp(j 4];[;3ﬁj, where k=1,2,...,K then

G,=W,°oVDM(6,,6,,....6, ) (13)

M,

where denotes and

VDM(6,,6,,...,6,)

o

the Hadamard  product

means that M, orthogonal column

MI
vectors are selected from the overall M,K columns of a

M,KxM,K Vandermonde matrix by arbitration.

SF coding ones in the literature. A proposed SF code, namely
4%2 high rate BPSK SF VDM code is compared to four
known SF codes, namely a 4x2 high rate BPSK SF
Hadamard code with rate-2 pcu as in [5], a 4x2 high rate
BPSK SF code without orthogonal code between transmit
antenna [9], a 4x2 repeated 16-PSK SF Alamouti code [7]
and a 4x2 full rate QPSK SF code [8]. Thus, the spectral
efficiency equals to 2 bits/s/Hz which is the same as all other
codes under investigation.

On the performance evaluation of the aforementioned SF
codes, the average symbol error rate (SER) curves as a function
of the average SNR are presented. Fig. 2 depicts the
performance of all coding approaches in CM4 channel model,
which is characterized as the extreme NLOS multipath
channel. We first consider the cases where M, =2, M =1.1t

is clear that the performances of the proposed HR VDM, HR
[5] and HR Hadamard code [9] are approximately the same.
They perform better-than the full rate SF code and repetition
code by 3 dB and 10 dB respectively at SER of 10™", indicating
substantial ~improvement. The introduction of random
interleaver -to. our proposed HR-VDM code has resulted in
further gain by 1-2 dB depending on the value of SNR.

Next consider the cases where M, =2, M =2. In this

investigation, the maximal ratio combining (MRC) technique is
used to achieve maximal receive diversity. Note that only
results of some SF codes are presented in Fig. 2. For all those
SF codes without interleaver, approximately 4 dB receive
antenna gain is achieved with 2 receive antennas. While for SF
codes with interleaver, the receive antenna gain is slightly less.



To show the effect of different channel models more clearly,
we also compare the simulation results of three SF codes i.e.,
the proposed HR VDM, HR and HR Hadamard code between
MIMO systems in CM1 and CM4 UWB channel models as
illustrated in Fig. 3. Some key parameters for two different
environmental scenarios are provided as follows:

e  WithCMI, A=0.0233, 1=2.5, T =7.1, y=43.
e  WithCM4, A=0.0667, 1=2.1, T =24, y=12.

It is observed that the performance gain obtained in CM4 is
superior to that in CMI1 with both 2Tx1Rx and 2Tx2Rx
systems regardless of SF codes. When we consider a case for
2Tx1Rx antennas, there are performance improvements of
about 1 dB at a SER of 5X 107. Another case for 2Tx2Rx
antennas, they have improvement of about 1 dB at a SER of
1% 10, These results show that all SF codes in this study are
more effective when applied to channel condition as CM4
(extreme NLOS multipath channel) than CM1 (LOS with
smaller rms delay spread).

{| —O—HR Hadamard [5]
& o*L —O-HR )

" f| —0—Proposed HR VOM
|| —b—Repetition [7]
|| —@—Full Rate [8]
|| —@—HR Hadamard MRC 151

H —8—HR MRC

{| —#—Proposed HR VDM MRC
il HR Hadamard Intiv
HR Intlv
Propozsed HR VDM Intlv
HR Hadamard MRC Intly LT
HR MRC Inthv : |
Proposed HR VDM MRC Intly i
1] 2 4 6 8 10 12 14

SHR (dB)

19

[Proposed]

=
:
emetO0

Figure 2. Performances of SF codes multiband UWB with 2Tx1Rx and
2Tx2Rx in CM4.

SER

= -HR Hadamard CM1
—O-HRCM1

107 H =G HR VDM CM1

=& -HR Hadarnard MRC CM1
—B--HR MRC CM1

—4-HR VDM MRC CM1

|| 9 HR Hadamard Chd

10 H —O—HR CMd

== HR VDM CHd

—#—HR Hadamard MRC CM4
——HR MRC CM4

—#—HR VDM MRC CM4 |
0 2 4 & E 10 1z u
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Figure 3. Performances of SF codes multiband UWB with 2Tx1Rx and
2Tx2Rx in different channel models.
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V. CONCLUSION

In this paper, we propose a SF code structure that can
achieve symbols rate- M, pcu in MIMO-Multiband UWB

t

system with IEEE 802.15.SG3a channel models. By using ML
decoder, the performance of our SF code is always better or at
least as good as existing known code counterparts. It is then
shown that the random permutation is a useful scheme in
further improving the performance by 1-2 dB depending on the
level of SNR. Note also that the performances of all SF codes
that are transformed with the unitary matrix precoder are
approximately the same regardless of orthogonal codes being
used. In addition we have shown that the system performance
depends on the correlation in the channel frequency response
among different subcarriers. Based on the comparison between
CM1 and CM4, all SF codes here can provide better
performance when used in CM4 scenario than CM1 and the
performance gains are more noticeable at high SNR regions.
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Abstract

In this paper, the rate-2 pcu STF coding schemes
that can be efficiently implemented for wuse in
multiband UWB-MIMO systems has been presented.
These proposed STF codes are constructed based on
the multi-dimensional constellation precoding so that
the rotated version of the information symbols are
spread across adjacent subcarriers and sent over M,
transmit antennas and M, time periods, allowing
effective exploitation of space, time and frequency
diversity. The performance of these STF codes with
two transmit antennas over the IEEE 802.15.SG3a
channel models are compared at the same spectral
efficiency. It is shown that our proposed codes
outperform well known schemes found in the literature
such as rate-1 SF codes, which guarantee full
diversity. In addition, we devise a random interleaving
method to incorporate into the proposed codes and the
simulation results show that further gains can be
achieved depending on the level of SNR.

1. Introduction

In the recent years, ultra-wideband (UWB)
technology has received increasing interest from

industrial, government. . and academia [1]-[2],
especially for applications in. short range high-
throughput wireless’ communication = and - sensor
networks. In compliance with the Federal

Communications Commission's (FCC) rules, UWB is

The work reported in the paper was supported by Thailand Graduate
Institute of Science and Technology (TGIST) Scholarship,
Technology Management Center (TMC): a member of NSTDA and
it was supported in part by the Cooperation Project between
Department of Electrical Engineering and Private Sector for
Research and Development, Faculty of Engineering, Chulalongkorn
University, Thailand.

defined as any radio technology that has a spectrum
occupying a fractional bandwidth of more than 0.2
measured at —10dB points, or nominally more than 500
MHz bandwidth in the range from 3.1-10.6 GHz with
EIRP density limit of —41.3 dBm/MHz. The two major
approaches being considered by IEEE 802.15.3a differ
primarily with regard to their allocation of UWB
spectrum: the traditional approach, in which
technology is selected based on Impulse Radio (IR) or
single-band system; and the multiband UWB approach
[3], in which the overall bandwidth of 7.5 GHzis is
split into smaller subbands of bandwidth 528 MHz.

Orthogonal Frequency Division Multiplexing
(OFDM) has emerged as an attractive and powerful
modulation scheme for UWB communications due to
its excellent performance in highly dispersive channels.
When the same total bandwidth is considered, OFDM
receiver is more efficient at capturing multipath energy
than an equivalent single-band system. Then, the
multiband UWB system mates the advantages of
OFDM with time-frequency hopping for multi-user
support. On the other hand, the large capacity of
multiple input multiple output (MIMO) systems and
the desire-to transmit at higher data rates with better
performance have- motivated much research on
applying multiple-antenna techniques on UWB
systems.

In case of narrowband wireless communications,
space-time (ST) coding is a transmit diversity strategy
that has been highly successful in combating
frequency-nonselective (flat) fading and multiuser
interference with the spatial and temporal diversity.
However, many wireless and mobile channels are
frequency-selective selective (delay spread) in nature,
for which space-time code design becomes a very
complicated task. In [4], an ST equalizer is required at
the receiver in order to counteract ISI. However, the
complexity of this approach increases exponentially
with the number of transmit antennas and the channel



memory. OFDM techniques can transform such a
frequency-selective MIMO channel into a set of
parallel frequency-flat MIMO channels. Indeed, it
provides a substantial reduction in equalization
complexity compared to classical modulation
techniques. By combining the OFDM modulation with
MIMO systems, space-frequency (SF) codes has been
proposed [5], where coding is done across transmit
antennas and subcarriers of the OFDM system. The
authors of [6]-[7] showed that a full diversity and rate-
1 (one channel symbol per subcarrier) SF block code
can be obtained with arbitrary power-delay profile.
These schemes achieve the full diversity gain of
M M. L over MIMO frequency-selective fading

channels, where L is the number of channel taps.
Recently, a symbol rate-2 per channel use (pcu) SF
block coded MIMO OFDM was proposed in [8]-[9],
while other previous methods can achieve symbol rate
not more than a rate of 1 symbol peu. Performance of
such a code is evaluated over a two-ray equal gain
uncorrelated Rayleigh fading channel. To further
improve performance, space-time-frequency (STF)
codes [10]-[11] have been proposed to exploit all of
the spatial, temporal and frequency diversities for
MIMO-OFDM systems.

In this paper, we have proposed a rate-2 pcu STF
code design approach for multiband UWB-MIMO
system. The main contribution of this paper is
development of a new framework for combining the
rotated multidimensional modulation technique and
STF coding strategy. We evaluate and compare the
performance of the proposed schemes with other well-
known schemes [7]-[8]. Computer simulation results
confirm that the performance of the proposed
algorithm is always better or at least as good as
existing known STF codes under UWB channel. Other
issues including random interleaving across OFDM
tones and increasing spectral efficiency are also
utilized in this paper.

2. Channel Model

In this paper, we consider the IEEE 802.15.SG3a
UWB channel models [12].. Suppose that .a-system
have M, transmit and M, receive antennas. The
channel is assumed to be constant over each OFDM
block period, but it may vary from one OFDM block to
another. At the wu-th OFDM block, the channel
impulse response from the i-th transmit antenna to the
Jj-th receive antenna can be described as

L-1 K-1

()= 0,6(t-T -7, (1)

1=0 k=0
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where ¢, is the multipath gain coefficient of the

k-th multipath component in the /-th cluster during
the u-th OFDM block, 7, represents the arrival time

of the /-th cluster, and 7, , denotes the delay of the

k-th multipath contribution relative to the [-th
cluster. The cluster and ray arrival time within each
cluster are both modeled as a Poisson distribution with

rate A and A, respectively. The path amplitude |0(Z),|
is modeled as the log-normal distributions, whereas the
phase of ¢, is uniformly distributed over [0,27).

The average power delay profile is
2
Q= E[ j| =Q, exp(—]} /T) eXp(_Tk,l/V) (2)

where E[-| denotes the expectation, Q) is the

i
a/c J

mean energy of the first path of the first cluster, I" is

the cluster decay factor, and ¥ is the ray decay factor.

The total average powers of all paths are normalized
L-1K-1

such that ZZQ:J =1. We can express the channel

1=0 k=0
frequency response from the i—jth transceiver

antennas at the n-th subcarrier in the u-th OFDM
block as

~

-1 K-1

o) exp(—j2mnAf (T +7,,))  (3)

k=0

H, (n)=

where j= J-1.

Il
=}

3. Multiband UWB-MIMO System Model

The N, information symbols are encoded across
M, transmit antennas and N OFDM subcarriers via a
STF coding. The symbol rate per channel use (pcu) of
the code C is defined as R=N,/NM, , where M, is
the number of OFDM block period. Each STF
codeword matrix C-ofsize NxXM M, can be express

as

c=[c ¢ - "] (4)
where the ‘N x M, matrix

C=lef o ey (5)

in  which ¢! :[cf‘ (0) ¢'(1) - ¢ (N—I)JT for
i=12,...,M, and u=12,...,M,. Then during the
u-th  OFDM block period, the complex symbol
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c/ (n) ,n=0,1,...,N—1 is transmitted over subcarrier
n by the i-th transmit antenna. The STF codeword is
normalized to satisfy the energy constraint
E ||C =M ,INM, , where || ‘ || » represent the Frobenius

norm. After applying IFFT, we append a cyclic prefix
(CP). Finally, the analog basebands are transmitted
simultaneously from all over M, transmit antennas.

At each receive antenna, the superposition of A/,
signals is corrupted by additive white Gaussian noise
(AWGN). Let us consider only in case of perfect
synchronization. After CP is removed and is then
applied N-point FFT. The received signal at the j-th
receive antenna in the matrix form is given by

Y, = p/M[DHj +Z, (6)
where D is an M,NxM,NM, data matrix
constructed from the STF codeword C

D:|:D1 D, -- DM,:| (7)

in which D, isa M,NxM,N diagonal data symbol

matrix to be transmitted over the transmit antenna
i=12,...,M,. It can be expressed by

D, =diag(c, (0),¢, (1), .o (M,N-1))  (8)

and the channel vector H, of size M ,NM, X1 is given
by

H, =[H/

J Lj

HZ‘T,/'”' HATl,,j]T ®)
where
_ 1 1
Hu_[Hi,j(o)w'l"Hi,j(N_l)“' ) (10)
e M (())...H%» (N—I)J
The received signal vector Y, of size M ,Nx1 is
formatted as

T
Ve[ o) )] an
where y' = [yj‘ (0)---y! (N—l)JT and the noise

vector Z ; has the same size like Yj as well as its

exp( 27 ft)

Figure 1. STF-coded OFDM MIMO system.
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representation format. It is assumed that the channel is
constant in one OFDM period. In the presence of
perfect channel state information at the receiver, the
maximum-likelihood (ML) criterion is jointly
performed over M, received signal vectors. We

decode the received signal vector Y; as D if

Y - /LDH .
J M[ J

4. Proposed STF Block Codes

2

(12)

M,
D =arg min Z
D =

F

An overview of the proposed STF-coded OFDM
system to achieve spatial diversity, temporal diversity
and frequency diversity gain by means of orthogonal
precoding in frequency domain is shown in Figure 1.
The input bit stream (uncoded or coded from a channel
encoder) is divided into 5 bit-long segments, forming
2’-ary symbols. In order to increase modulation
diversity or signal space diversity [13], we consider the
rotated PSK signal constellation for =1 (rotated
BPSK or R-BPSK) and »=2 (rotated QPSK or R-
QPSK) as show in Figure 2. After that, the complex
information sequence X is partitioned into a block of
M, NM, symbols. Divide the block data into P sub-

blocks of-size M,M Kx1 such as, X,X,,....X,.

Thus, the total number. of sub-blocks is P=N/K,
where 1< K < N.

(a) (b)
Figure 2. Rotated PSK: (a) R-QPSK and
(b) R-BPSK
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Figure 3. The proposed scheme for STF encoder

Each sub-block X, = |:x(p—1)M,)M, kot X2

Xk JT for p=1,2,...,P are parsed into the STF
encoder resulting in the sub-block STF code matrix
G, of size KxM M,. Because every sub-block STF
code matrix G, has the same structure, we may

analyze only one sub-block, as illustrate in Figure 3.

In order to accomplish multidimensional signal
constellation by employing rotation matrices, let us
first express the complex information sequence X

that contained in each sub-block in term of component
forms as

U, =[Real(X]) 1mag(X7)]' (13)
where Real(X) and Imag(X) denotes the real and

imaginary parts of the complex signal X, respectively.

From (13), the component vector U, of size
2M,M K x1 contributing to
Real
Up = Yot Yiprye2 7 Ypmnyean, ik
Imag =14)
U yemtk o1 Ypayem k2~ Ypon)e2m ik

Then, multiply this component vector by a
precoding matrix. Let us use precoding matrices which
are constructed based on the rotational matrix M of
size 2M M K x2M ,M K [14]-]15]

Wp =M- Up (15)
Using the notation
m m, My 50,0,k
M = 1 n/.lz,l ’.712,2 ’./nZ,ZM,,M[K
MMK]| : :
Moy Mavmx 2™ Mam,mx 2m,m,K

with
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m, = COS(W(M—l)(z]‘—l)J,l <i,j<2M MK

Notice that the multidimensional signal mapping for
STF codes can be appropriately simplified by linear
matrix transformation [14]. By rotating signal
constellation for space time and frequency in sense of
two design criteria as follows:

e The diversity (rank) criterion that can be achieve
the diversity advantage by maximizing the
minimum rank over all pairs of distinct codewords
w, and W,

R={k|w, # W, k=12....2M,MK}|.  (16)

e  The product distance criterion that can be achieve
the coding advantage by maximizing the minimum

squared of product distance between any two
points of the signal constellation

2
d, = ﬁ‘M (v,-0,) (17)
r=l

Consequently, the rotated vector component W,

has the same form as U, in (14), i.e.,

Real
W = Wi W ™ Wipmyear, i
r (18)
Imag

Wkt Wo-nemnr 2™ Wp-t)e2m, m,k

A vector of the multidimensional signal Wp of size
M, M K X1, which is mapped on to the sub-block STF
codeword matrix G, according to the codeword
structure, is defined as

W( )+ +W(

1
p-1 p1)+ MM, K+1 "
w +w e
& p-1)+2 1)+ M, MK +2
W[, i (p-1) (p-1)+M, — ) P ( 1 9)
M,M,K
Wp-0s MM K + Wipsn#2immk w, !
The KxM,M, matrix G, is constructed as
~ 1 s ~ (M, M, ~1)K +1
P P P
~§ 2 ~ (MM, ~1)K+2

G,=|" S .” 20)

W W . MM K
P P



Thereafter, the sub-block codeword matrix G, for

p=12,..., P are concatenated as follows

c=[G] G el 1)

5. Results and Discussion

In this section, the STF coded MIMO multiband
UWB systems were simulated to verify the
implementation concept and demonstrate their
performances for the IEEE 802.15.SG3a UWB channel
models, i.e., CM1 and CM4. Each OFDM symbol has
N =128 subcarriers for the subband bandwidth of 528
MHz, which consists of a guard time of length
1., =70.1 ns and the information duration 7., =242.4

ns. The guard time contains a cyclic prefix of length
T, =60.6 ns, plus an initial interval of length

T, =9.5 ns. Therefore, the OFDM symbol duration
becomes T,,, =312.5ns.

We first consider the case where coding is
performed over a single OFDM block, ie., M, =1,

and then the case where the STF codes are simplified
to the SF codes. We also have compared our proposed
STF codes with other coding techniques in the
literature for both coded and uncoded schemes. The
three proposed STF codes include the 4% 2 rate-1 R-
QPSK STF code, the 4x 2 rate-2 pcu R-BPSK STF
code which is obtained by rotating BPSK signal
constellation with the angle of ¢: where ¢ =0,7z/16

and 7/4, and the 2x 2 rate-2 pcu R-BPSK STF code.

These STF codes with M, =1 are compared to four

known SF codes, namely the 4X2 rate-1 QPSK SF
code [7], the 4 2 high rate BPSK SF code with rate-2
pcu [8], the 4x 2 uncoded QPSK with rate-1 pcu and
the 4x 2 uncoded BPSK with rate-2 pcu. Thus, the
spectral efficiency equals to 2 bits/sec/Hz which is the
same as all other codes under investigation. These
systems achieve the data rate (without channel coding)
of 256 bits/312.5 ns = 8§19.2 Mbits/s.

Simulation was done under different channel
condition to observe the performance of the system.
Some key parameters for two different environmental
scenarios are provided as follows:

e With CMI, A=0.0233, 1=25,T=71, y=43.
e  With CM4, A=0.0667, A=2.1, T =24, y=12.

In order to illustrate the performance of the
aforementioned SF codes, we present the simulation
results of the average symbol error rate (SER) curves
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as a function of E¢/Nj in dB, in which Ey is the symbol
energy and Nj is noise spectral density.

Figure 4 depicts the performance of all coding
approaches in CMI1 channel model, which is
characterized as the LOS multipath channel. Let us
consider the case where M, =2, M =1. We have

verified that the performances of the proposed rate-1
R-QPSK SF code and rate-1 QPSK SF code [7] are
approximately the same. They perform better than the
uncoded QPSK and uncoded BPSK by 6.8 dB and 2.7
dB respectively at a SER of 5x 107, This implies that
the diversity advantage can be obtained with the
information jointly encoded across OFDM subcarrier.
In the second scenario, SF codes with symbol rate-2
pcu are considered. It can be seen that the proposed
rate-2 R-BPSK SF code with the angle of ¢=0

outperform the R-BPSK SF code with the angle of
¢ = /4 by about 0.6 dB at a SER of 1x 10°*, and the
performance gain of R-BPSK SF code with the angle
of #=0 has a slightly improvement over the case of
¢ = /16 . This means that the rotation angle ¢ should

be set as small as possible to maximize the coding
advantage. Notice that the performance of the SF codes
for both the R-BPSK with angle of ¢=0 and the

conventional high rate BPSK [8] are approximately the
same. Nevertheless, the proposed R-BPSK SF code
with rate-2 pcu requires the encoding complexity of

about P[S(M[K)2—2M[KJ FLOPS (floating point

operations) which is slightly less than the
computational complexity of the conventional high rate
BPSK SF code with rate-2 pcu algorithm at the same
bits/symbol rate, which is of about

P[8(M,K) +4M K | FLOPS.

il

T T 117

T 71

) —4— SF rate-1, uncoded, QPSK
10°%l = SF rate-2, uncoded, BPSK

—*—SF rate-1, QPSK [7]

—©- SF rate-1, R-QPSK

—#— SF rate-2, BPSK [8]

10 —— SF rate-2, R-BPSK, n=r/4

—&- SF rate-2, R-BPSK, n=n/16

—— SF rate-2, R-BPSK, 1=0

-<t- SF rate-2, R-BPSK, K=2

0 2 4 6 8

10
EN, (dB)

Figure 4. Performance comparison of SF codes in
coded MISO-OFDM system for CM1 channel
model.
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Figure 5. Encoding complexity for each scheme.

FigureS demonstrates the computational complexity
as the function of M,K . In this example, we choose

block length parameters M, =2 and K =4 for the

sake of decoding complexity. As a result the proposed
SF scheme which achieves the full diversity with
symbol rate-2 pcu can be considered as another
alternative codes that can achieve the full diversity
with symbol rate-2 pcu with slight complexity
reduction.

As the dimension of the rotational matrix M
increases, i.e., 2M K =8, it could not guarantee d

p.min
to be maximized [14], Thus, we reduce the sensitivity
of coding gain warranted by proposing another
scheme: the 2x 2 R-BPSK SF code with ¢ =7/4 . It is

shown that for the same spectral efficiency, the
proposed 2x2 SF code achieves half diversity gain
with rate-2 pcu compared to our previously proposed
scheme: the 4x2 R-BPSK SF code with the angle of
¢ =r/4, for instance a difference of 1 dB is observed

ata SER of 2x 107",

Figure 6 illustrates the performance comparison of
the SF block codes in CM4 channel model. The results
show that their performance exhibit similar-behavior as
found in CM1 channel model. Figure 7 provides the
simulation results of the SF coded OFDM systems with
2Tx1Rx. There is clear evidence that the performance
gain obtained in CM4 is superior to that in CM1
systems regardless of SF codes.. When we consider a
case of rate-1 SF codes, there are performance
improvements by about 2.5 dB at a SER of 3x 10, In
case of rate-2 SF codes, they have improvement of
about 3 dB at a SER of 3x 10*. These results show
that all SF codes in this study are more effective when
applied to channel condition as CM4 (extreme NLOS
multipath channel) than CM1 (LOS with smaller rms
delay spread).

From Figure 8, it is apparent that the performances
of SF uncoded multiband UWB systems for the IEEE
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CM1 and CM4 scenarios are almost the same. In both
cases, at the same spectral efficiency of 2 bits/sec/Hz, a
4% 2 uncoded BPSK with rate-2 pcu can offer superior
coding gain compared to a 4x 2 uncoded QPSK with
rate-1 pcu by about 3 dB ata SER of 1072,

The frequency response of CM1 and CM4 channels
in term of magnitude response are given in Figure 9-10
for discussion purpose. Based on the above simulation
results, we can make some observations. The RMS
delay spread of the channel has a significant effect on
the SF code performance. If the delays of the paths are
large with respect to one OFDM block period, i.e.,
Teyy =0 Msec and 7., =25 nsec, there will be fast

variations in the spectrum of the channel impulse
response. Therefore, the probability of simultaneous
deep fades in adjacent subcarriers will be smaller and
the channel will cause performance improvement, also
called extrinsic diversity product in multipath fading
channels with a longer delay spread.

W+ H = = HH I

—¥— SF rate-1, uncoded, QPSK
—9— SF rate-2, uncoded, BPSK
4[| = SF rate-1, QPSK [7]

—©- SF rate-1, R-QPSK
—#*—SF rate-2, BPSK [8]

_5|| =+ SF rate-2, R-BPSK, n=n/4
—8~ SF rate-2, R-BPSK, n=n/16
—$— SF rate-2, R-BPSK, n=0
-<t- SF rate-2, R-BPSK, K=2

0 2 4 6 8

EN, (dB)

Figure 6. Performance comparison of SF codes in
coded MISO-OFDM system for CM4 channel
model.
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Figure 7. Performance comparison of SF codes in
coded MISO-OFDM system for different channel
models, CM1 and CM4.
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Figure 8. Performance comparison of SF codes in
uncoded MISO-OFDM system for CM1 and CM4
channel models.
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Figure 9. The average amplitude of fading for
CM1 channel model.
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Figure 10. The average amplitude of fading for
CM4 channel model.

Figure 11 depicts the performance of some SF block
codes with random permutation for CM4 channel
environment. We first consider the cases where
M,=2, M, =1.1t can be seen that the performances
of the proposed rate-2 R-BPSK SF code and high rate
BPSK SF code [8] are approximately the same. They
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perform better than the rate-1 QPSK SF code [7] and
rate-1 R-QPSK SF code by about 4.3 dB at SER of
5% 107, indicating substantial improvement. The
introduction of random interleaver to our proposed
rate-2 R-BPSK SF code with the angle of ¢ =0 has

resulted in further gain by 1-4 dB depending on the
value of SNR. Next consider the cases where
M,=2, M, =2. In this investigation, the maximal
ratio combining (MRC) technique is used to achieve
maximal receive diversity. For all those SF codes
without interleaver, approximately 6 dB receive
antenna gain is achieved with 2 receive antennas.
While for SF codes with interleaver, the receive
antenna gain is slightly less.

In Figure 12, we compare the performance of STF
coded multiband UWB system for different OFDM
blocks. Here, we employ the proposed rate-2 STF code
with M, =1, 2 and 4. Then, the spectral efficiency of

the resulting STF code is 2, 1 and 0.5 bit/sec/Hz
(omitting the cyclic prefix and guard interval) for
M, =1, 2 and 4, respectively. We can see that by

jointly coding over multiple OFDM blocks, STF coded
UWB system has a SER performance curve that is
steeper than that of UWB system without jointly
encoding. By a technique of jointly coding across
spatial, temporal and frequency domains in
combination with random permutation, the SER
performance gap is decreasing with the increasing of
M, . This is the same as both M, =2, M, =1 and

M,=2, M, =2 cases.

FIHIHE @ I HIH A+ I HI + I HIH A+ HI

. |
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—¥—rate-2, Interleave R-BPSK,¢=0 =
—5—MRC rate-2, Interleave R-BPSK ¢=0 | =
7|| = MRG rate-2, R-BPSK,¢=0
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Figure 11. Performance comparison of SF codes
with permutation in coded MIMO-OFDM system
for CM4 channel model.
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Figure 12. Performance comparison of STF codes
with permutation in coded MIMO-OFDM system
for CM4 channel model.

6. Conclusion

In this paper, we propose the STE code structures
that can achieve symbols rate-2 pcu in MIMO-
Multiband UWB system with IEEE 802.15.SG3a
channel models. By using ML decoder, the
performance of our STF codes are always better or at
least as good as existing known code counterparts,
especially in the NLOS multipath scenario, without
spending addition power or bandwidth consumption. It
is then shown that by increasing the number of jointly
encoded subcarriers, the system performance can be
improved, while the uncoded STF codes cannot gain
from the multipath diversity of UWB channels. In
addition we have shown that the system performance
depends on the correlation in the channel frequency
response among different subcarriers. Based on the
comparison between CM1 and CM4, in the moderate-
to-high SNR regions of extreme NLOS multipath
channel, all STF coded schemes have steeper
performance curves than that of the codes under LOS
multipath environment and the performance gains are
more noticeable at high SNR. regions. The simulation
results showed that the random permutation is a useful
scheme in further improving the performance by 1-4
dB depending on the level of SNR. Note also that the
employment of STF coding in combination with MRC
and permutation techniques is able to increase diversity
advantage significantly.
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