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bi-orthogonal keying direct sequence UWB) A|=®le] 441715 13 7WA% wPAe] FD MMSE (frequency
domain minimum mean square error) equalizer Y7E|ES Ak}, 7] FD MMSE equalizer Ya7e|&oll =
2E A 7l CP (cyclic prefix) & Ardslof sl Uubz|ql SC (single carrier) Al2~glol] 288 79 Fx
Al Algte] HAIGIC] B =l olldt AE sAs] $l8l CPE AMS3FA| %i= FD MMSE equalizer
due]Es Agkslglon, Bo) Akt Ad 4 2 BARS- 9l8le] MAF (moving average filter) 2 moving FFT
7S AHgsle] Al sl oA SRl eEZ A Al Al 3ol mr) A3eles A IEEE
802.15.TG3a A Ad =Ed 330049 e HrHE F3skar dubxel FDE % TD (time domain)
MMSE-RAKE 21719}e] A5 v|aE s, Aleket FD MMSE equalizer ¥12]59] 9544 53isich
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ABSTRACT

In this paper, we propose a FD MMSE (frequency domain minimum mean square error) equalizer algorithm
for MBOK DS-UWB (M-ary bi-orthogonal keying direct sequence UWB) systems considered as a PHY
proposal for high-speed wireless communication in IEEE 802.15.TG3a. The conventional FD MMSE equalization
scheme has a structural limit due to insertion of the cyclic prefix (CP) in all transmit packets, but the proposed
scheme is able to equalize the channel effect without CP. In order to overcome channel estimation error by
multipath delay, we introduce a moving FFT and a moving average scheme. Compared with conventional FD
MMSE equalizer and the traditional TD (time domain) MMSE-RAKE receiver, the proposed FD MMSE

equalizer has better BER performance and we demonstrate this result by computer simulation.
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21%43] (FCC) + 3.1GHz ~10.6GHzell A3 3}
 ddAg= IMHzY -41.25dBm ©]3}e] HRALA|
e 2R ARIEE sl ol we}
UWBE 100MHz oA wd Hfo] 7153t
WPAN (Wireless Personal Area Network) 3174
o]g3l7] ¢Jsle] ®F3} 1E<] IEEE 802.15.TG3a
o] ARl o] F FACE = AYA 2 A
A UWB 7]% 7ol A9 oz gofaigiei?,
ARt HE: ZF3E 97 Ak slejelA
gtgt 43} MB-OFDM (multi-band orthogonal
frequency division multiplexing) *1%3=} DS-UWB
(direct sequence UWB) %o R5F FFelow <&

Q7] SRk A S diw] Asslela, T oS
& EAHe A% W AE e v gow

oAb 31 QJrIe,
wwollis F 7H At & DS-UWB A~
glo] 417] S 213 53] (equalizer) L]
Ak}, S37]= A Adeld Al
]3] WFAS}= ISI (inter-symbol interference), <3}
AT 55 B 715s ke REEH
AR dold Adelx] AlxEle] A=A Sl=
T S8l Sl odwbdel wd wkgs)
(single-carrier : SC) &4} (spreading) Al2~#le] 7
G+ A Al A5Hes diAsz] 18] TDE
(time domain equalizer) ¢} RAKE $417|& 2%
H 725 ARRE Ao AR clelwAEE o]
$3h= RAKE FAl7|= #d® o A= Ass
E5x o2 Helslal RAKE combinerZ #&]% Al
35 Ao EHA dold o3t A¥ zHE 3
2SRRI SRRk B Az o] vl g
5 AMSke 3% FAle] Ay dsAEE A
o] AR 7} F71sle] RAKE 41719 Al
qes ] Helde =2 Bzt 8=k
ol SC HHAlo|4] FDE (frequency domain
equalizer) & H4% 79 kgt T A=z A
g (frequency selective channel) 7ol Faj4=
tfo|HAJE] (frequency diversity) & V= F U=
olgo® olaf ek Aee de & Ul o
21} dubdel SC-FDE FwE|Ee $41 Aldol
CPE ARglallor slmz sfzlel] digh 3249l w3
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ouf & =EelA Algksh= FDE 4are]Ee CPE

=

tlo 1o iy

+» 1o g

&

ru:o

AgalA ke F2E Agaila, ue Agep)
Aol dee 34 9 w5 Qe gelek
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filter) & A4z A Ad 4L 7Fs3}
A slen, F7HHel A e slsl wkEsal
moving FFT 7|%H-& 323}

e e el o A R 1 B FY R
DS-UWB A|~®l mule] 7]%4sl 7199} IEEE
802.15.TG3a|4] A|A3k= UWB Ad mds A=
sl o, MAelxs Uubdel TD MMSE-RAKE
441712} Aleksl= FD MMSE 53}7] %2 A4l
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I. UWB &4l 45 ¥ |IEEE
802.15.TG3a #4d ZHE

2.1 8 A=z 2E

DS-UWB A|2=Hl2 3.1GHzol|A 10.6GHz7}4| €]
AA 75GHze] 5L 5GHz ool 74l =
(IEEE 802.11a) Z}o] ¥=& #ls] F 7] AB =
=g vrola 2kl low band: 3.1GHzollA]
4.85GHz®| 1, high bandt 6.2GHzell4] 9.7GHz®|
t}. =3k o}E I3 (piconet) S A3} BPSK
9} MBOK ™z HMS 87153l spreading
rate, FEC (forward error correction) coding 2
Z Ao w2} AF Sxe AAE] §AE ¢
28MbpsollA A7 418 $13F 1320Mbps7H4]|
ok 97 7hssiell DS-UWB Almd] 4l
Sl gt B =E a3 14 ek

B =i MBOK ¥ZE (modulation) 7]
A3l ong A9 layerollr AAdE AR wE
A2 log,M bit T2 AlE WHZkw]w, WHEkE 7} 4
-2 ternary bi-orthogonal code@ EHiHET) 5317
oA A AL g8 ARE=]= training sequence =
7y A% HZlol| s &34l randomizations ¢35}
o PN (pseudo random) sequences ©]-83fo] A
Holow, Ad FAHE $13] HEH data Azl
A Zgsiel

SN

b

Information & control
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Zo19] ternary code sequenceell 2|3l Z4ikxl
chip A&+ pulse shaping 3-8 F3isin], A%
pulse u(t)= A} ()3 2] vepd 5= glrk.

N,—1
ult)= Y ¢pt—iT) (6]
i=0

o714, ¢ A spreading codes YERNW, T
= chip durationS p(t)E= unit energys Z+=
monocycle 43S vjepdct
wz}x] DS-UWB A|2=Hle] HE A5 s(t)+= vk
3} 3o] vehd 5= glck
=E, E by, u(t—m1}) ?)

m=—

A7, B+ AE CUA, b, 9 7
A5 A5} 1 AolE ehak,

wix|2 O 2 pulse shaping ZFF2 533 chip
AlS+= carrier modulations AX | =92 A
i

2.2 IEEE 802.15.TG3a UWB zlid ==

UWB A28l 913 IEEE 802.15 TG3acllA |
okl A mele r]Ee] muEF ©e] Saleh-
Valenzuela model-S- 7|HES. 2 3}3 ME}“O] Cluster}
ray JER Tdhs v AR deld Ao ==
dubHel  rayleigh distribution Tl
HeE 2 As
uniform #¥& zZHEr)
cluster®} cluster WellA 7+ ray &
22 tF AR deld Ad RS discrete time
impulse response®, 2] (3)3} Zo] vjepd = gl

log-normal

{0.7}4]

wa sl AR 7%

distribution

N2 Sl

XEZ("M

=0k=0

)] 3)

3714 X += WA channel realizationoll ™WE log-

normal shadowing, o ,+= multipath gain coefficient,
T " cluster®] A4, 7 &= " cluster®] &' t}
Z AR QR A hepiel,

IEEE 802.15.3a TG3¢llA+= 2 we} 4714
Ad =24 (channel model: CM) = i3}l on]
CM 1 0~4m®| LOS (Line-Of-Sight), CM 2>
0~4m NLOS (non-LOS), CM 3- 4~10m LOS =L

1036

# 1. IEEE 802.15.3a¢l4 AIQkgt UWB A'd =S 913
Sfepole]

Model Parameters CM1 | CM2 | CM3 | CM4
Al1/nsec] (cluster arrival rate) | 00233 | 04 |0.0667 | 0.0667
M1/nsec|(ray arrival rate) 25 0.5 2.1 2.1

I(cluster decay factor) 7.1 5.5 | 14.00 | 24.00
“Y(ray decay factor) 43 6.7 7.9 12
(o8 [dB] (stand. dev. of cluster log
3.3941 | 3.3941 | 3.3941 | 3.3941
normal fading term in dB)
0, [dB] (stand. dev. of ray log
3.3941 | 3.3941 | 3.3941 | 3.3941
normal fading term in dB)
oy [dB](stand. dev. of log normal
fading term for total multipath re-| 3 3 3 3
alizations in dB)
Model Characteristics
T 5 99 | 159 | 30.
T, 5 8 15 | 25
NP 10dB 12.5 153 249 412
NP (85 percent) 20.8 339 64.7 123.3
Channel energy mean (dB) -04 | 0.5 0.0 0.3
Channel energy standard devia-
29 3.1 3.1 2.7
tion(dB)
08 {
06
Q
2
o
Q.
g ATV
: it
2 |
3.
E
-0.6
-0.8
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Time[nsec]
(a) Channel model 3
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& JhH H\WW‘
=
g H\ l
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(b) Channel model 4
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gl CM 4% 25ns9] AR Ao e =
NLOS Ad A3fo] ae=sict. & 14= 229
Ad 2ds $gt Feprle &S AAskL ok

% 204+= CM33} CM4ollA] 0.761nsec %+
2 AEHTE AEY g S guHE e
slom, o]} ke hF Ad mdde ofd) FHe
$1°] pulse A1ZE 2l 44 nsec & A|edo] WA
3l Aoz AkE pulse Zhell Alzbek 1SI &4k
o] kA,

. s&b

3.1 TD MMSE RAKE 27|

DS-UWB A|~Hlol|A] equalization ¥4 tl5
AR A deld Hdz Qg A3 AT 7 ¢
Al el AlARE oJ3ke nAkslw Al mule) of
A FAE flEte] a7ek dubAael sC 4t
A= AR o ARE A =ARE
Ass HAos Fegroas AIZb tlelHAlE
(time diversity) £3}5 & 4 9l RAKE 54
719}e] A3He E8 SNR 3ol 23k A ol s
ZFaAZ0ek. 28 RAKE FAV1E AR A
kel 7ol gk Ad A ghe] Agslrid,
finger ¢ F7lell we} Age] =t 417
sleglele] Eatwr) S7kske wde] ik

1%l 3+ MBOK Wz WAl #-83F MMSE-
RAKE 47| F-xolch o] a7l i A&l
o3l AlE 72 53t & (de-spreading) A&
33 ¥ L fingerS Z-= RAKE 417100 ol
gl A2 digk A 4 wsleRs 2l
Az} 2 =geie A4 A d3s #H4s)
3] $lsle] sk 7kt 4l Alsele] MSE g
Z3fehs AT ke AAES 5215 MMSE
vE)ES A4kl rxTe s vk S 5

ﬂ

e

Mith code]

MAX

Information
(symbol bits
to

J2| 3. MBOK DS-UWB A]~El2] TD MMSE-RAKE <

A7) B9

s Agte A5 ale] el e vlar)E o]4s)
o] Hdghs Asta, 485 B|ER demapping3}t

J3LL iteration Zol= N T2 7Pl
ANds 3 A A3 A @9 ZE wl, m

WA A A Arle] 28 32 A (5)9F 3ol
e 4 gl
r(t) =s(t) () ht)+w(t) “4)
> I K
— Em;mbm{;kgoamu(t—mﬂ —5—7.,)
+w(t)

3714 w(t)+= two sided power spectral density”}
N,/28] AWGN (additive white Gaussian noise)<-

BRERE

) mT,+ 1+ N,) T,
Un = / r(t)p(t—m)dt )

m7T,+1T,

Y E:s bmﬂl +ilm +nlm

0,7 nl = 2 mAA AlE A A1 TSI
o} AWGN<S vfellle] 5> (HA] path gains }
ehdict.

3.2 Motz ghAlo] FD MMSE Equalizer

Az F7I7F shEsicia o, A17E 9y
I T dYelMe] FAlE Ase 2 Al (6)
Al (1)} 7o) 2l

7(n)=s(n]l)® h(nT) +w(nT)) (6)
R(k)=S(k) « HK)+ Wk) @)

3714 na sample index®|iL k+= frequency index
otk R(k), S(k), Hk)et Wk)= N-point FFT
(fast Fourier transform) ©|3 r(n), s(n];), h(nTg)
o wnT) ] kA FI S 2vigieh

S(k)ollA  training sequence®] FI AE-S
7k)2 38 Ad 91 &5 (channel frequency
response: CFR) + th23} o] FA& 4= glrk

- R(k)

H(k) = T ®
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l Training Sequence

l FFT window l

| FFT window |
-l
Interval
(N)

. Average

[ FFT window

a2l 4. Moving FFT 52}

FA4E Ad 32> MMSE WHAle] 53 AAS
Z3) data Al&oll WAFE|$137, MN-point inverse FFT
IS el ok gl dely] 4Als

R(k) « H (k)

s(nT)=IFFT%

%%oﬂx% Lu)i%l CP= HF% &85 7R
7|5 DS-UWB A|Z~gleflA] F-243] A|ghs WA
Zit). webx CPE AH88kA] 83 MAF Y moving
FFT 7]%<& #83F A|2% FDE d2]&S A9t
gt

I3 4% moving FFT £3tel digh =S
et

$e] T¥el4 moving FFT| ZFA(interval)-
N(<N ) AEelar o] A2 Al (10)3 3ol et

R (k)= FFTy[r(n+pN,)] (10)

P
N=1

— E r(n-&-p]\fj)e* 2rnk/N
n=0

(P=0717 ¢ 7(NT_N)/]V])

fr

©y7]4] N,i= training sequence®| ZHelolxr, [p]
moving FFTell €3} pn, shiftS 2Jn|gic) o] 24
< &3l Hr} A Ad F=Ao| s Ha
F4% CFRS o83} 7}

N, (V= AV)/M%] (k)

=5 —x = 1,m

an

MAF+= ¥2] sample A&l tigt A 4 %
Hk)E Zgste] QA4 Fap el Ny(=2+1)

1038

Reccived
Signal

Channel Estimator

Detect Informaiton
& Decision Data

FD MMSE Equalizer

2! 5. FD MMSE $3}7)

i
N
%
>
2
N
i

ole} 72 qlaks B3l Zhak ARA o]
ek 323 922 71aAT)= o] 7Sl
~ 1 K -
Hk) = 33 Hk+1) 12)

Ad 34 F T 999 delE Awe
MMSE Mol 2JgF =3} 345} moving FFT 7|
e B3 thea} o] A8 2= 9ir)

o o T k) - Hy (k)
S[p](k)f ‘H[p](k)‘Q-ﬁ-[E;/]Vo]_l (13)

HEAom Azt 49 dHeolg AE 5,k
inverse FFT ¥4 F83t 5 = odol9] dlo]
B A 5 (0)S FFEItoss A (14)9) 3]
vehd 5= glck

(Np—N)/ N,

SnT)= Y IFFT[S, (k)] (14)

p=0

1% 5% FDEE %43t DS-UWB Al~Hle] 4=
A7) mde|th. dubd o R tiE AR dold Ad
o &gk ISI¢] & A $18 CPE AMES)
£ FDE «w2|Zo| vlal, Aokt FDE Yae]&e
moving FFT A3} moving average 7|HS AME-
FoZH CPE AMESHA| ¢ Ad 4 d=gE 7
2A7E 2 S 4 sk

V. AAH ds

Aokl W7 TD MMSE-RAKE +17] % CP
2 A% 71 FDE SvelEsel A vlag 9
A A8E seblelE % 20 Aelack A= 9)
= A% %7k 918 UWB iﬁﬁ wde 7 /N
oll4] 100919] realization ¥}4S 7152w A2] 90%
2] BER #t& H3lsh= J/Vj% 233}k

Uncoded data rate:= 220Mbps, B3} 3l
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=] il

3.939GHzo]aL 4l A%+ 4BOKHE #AAS &
3 A= ARE 3 Al N, =129 ternary
bi-orthogonal code@# 3% 3¢l Jepfgich A8
convolutional encoder®] &AL 7ol K338
2 122 x8eE A8} Viterbi decoders
A-g3koict w3t Al o F A= A o] 1024
FFT sizes 48302 <3l 13 63 3] IEEE
802.15.TG3a vt} A= Ad mde] wlz} A9
ARF BER %55 45 5 3tk

ARkt GRS dSI] $18 s
H|aLel] glofx] AfA o2 dofgt A #7339 CM
39} CM 45 sl 23 72 CPE ARsish
F$3H= 7|& FDE Y& A5 vlasE
Pl efjzelrh oJ7]4 CPx= HY b AR A
A o] TR arEskglen Ajlgh dare]Eo]
7]1& <aE]Fel vlsl BER 104 7152 Eb/No
°F 4dB A% 73S Felsisick 13 83 994
= 27 uncoded$} coded #AFEHellA¢] TD MMSE-
RAKE <il7]9be] A nlars vehfigich Aok

F 2. AEHA F=hE

Condition parameters Value

IEEE 802.15. TG 3a UWB
multipath channel model

Channel model

Modulation 4BOK
Spreading factor 12
Chip width 0.761ns
Number of fingers 16, 32
Eb/No 0dB ~ 20dB
FFT size 1024

8(Channel estimati
Moving FFT interval(/V,) (Channel estimation)

64(Channel compensation)

Moving average

range(/V,) 73

Error correction R
Convolutional code

code type
Constraint length 7
Code rate 1/2

B 3. AlEelA] A v

Data symbol | Input data )
(decimal) (binary) Chip values
0 00 100000 000000
1 01 000000 100000
2 10 000000-100000
3 11 100000 000000

Modulation Type : 480K
Spreading Factor : 12
FD MMSE Equalization

g
\ Moving Average block size: 7(+3)
= Moying Interval for Channe! Estimation : 8

\ Moving Interval for Channel Compensation : 64
\ —=u— Channel Model 1

—e— Channel Model 2
Channel Model 3
—v— Channel Model 4

°

3
2

m
&

Uncoded Average BER

m
N

1E-5

0 5 10 15 20
EbINo[dB]
08 6. Ad mdle] w2 AqkEl FD MMSE equalizer &
22]Z2] uncoded average BER A5

—u— Conventional FD MMSE Equalizer (CM 3)
—o— Proposed FD MMSE Equalizer (CM 3)

Conventional FD MMSE Equalizer (CM 4)
—o— Proposed FD MMSE Equalizer (CM 4)
01 —~ T ‘ Type-+ 4BOK
~__ t Spreading Factor : 12

FD MMSE Equalization
Using 1024 FFT

m
o

Uncoded Average BER
g

0 5 10 15 20
Eb/No[dB]

T2l 7. Alsksl FD MMSE equalizer} ¥HF43]l FDE <32
2]5°] uncoded average BER 435 H]aL

Modulation Type : 480K ~
Spreading Factor : 12
Channel Model 3
Using 1024 FFT
Moving Average block size: 7(+3)

Moving Interval for Channel Estimation : 8

Average BER

1E-4 || Moving Interval for Channel ion : B4

—=— TD MMSE 16 RAKE Receiver
—e— TD MMSE 32 RAKE Receiver

FD MMSE Equalizer
1E-5 T
0 5 10 15 20

Eb/No[dB]

(a) Channel model 3

/

Modulation Type : 480K
Spreading Factor : 12
Channel Model 4

m
&

Average BER

g
Moving Average block size: 7(+3)

Moving Interval for Channel Estimation : 8
Moving Interval for Channel Compensation : 54

m
A

—=— TD MMSE 16 RAKE Receiver
—e— TD MMSE 32 RAKE Receiver
FD MMSE Equalizer

1E-5

T
0 5 10 15 20

Eb/No[dB]
(b) Channel model 4

12! 8. TD MMSE RAKE receiver®} FD MMSE equalizer
2] uncoded average BER 435 |3l
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o
4
o

m
&

Chi I Model-3

m
IS

Modulation Type : 480K
Factor : 12

"> Constraint Length : 7
Code Rate : 112
1E-6 31 —a—TD MMSE 16 RAKE Receiver

—e— TD MMSE 32 RAKE Receiver
FD MMSE Equalizer
—

m
&
o

Coded Average BER

0 5 10
Eb/No[dB]

(a) Channel model 3

T —— R

o

R

m
&
»

hannel Model 4

Modulation Type : 480K
Spreading Factor : 12 .

m
&

c Length: 7
Code Rate : 1/2

Coded Average BE!
m
A

1E-64[ —n— TD MMSE 16 RAKE Receiver
—e— TD MMSE 32 RAKE Receiver
FD MMSE Equalizer
1E7 -
0 5

10
Eb/No[dB]

(b) Channel model 4

72! 9. TD MMSE RAKE receiver®} FD MMSE equalizer
2] coded average BER A5 H|L

dae]Fe] A4S dE3] S18l RAKE 4171
9] finger & 163} 322 AAsglen] A% vlw

Z3] TD MMSE-RAKE <FAl7]Hr} CM 3¢l|4]
Eb/No ¢F 0.3~4.5dB, CM4°l*= Eb/No <F

4B oV 58 A5e e Esileh

A o

Vi. 28

2 =Ho4= MBOK DS-UWB A|2~H1S ¢35
A28 FD MMSE equalizer ¢2]&-2 A|gksta
7% TD MMSE-RAKE <#417] 2 FDE<¢}e] H|w
£ B3l 1 s Sk Ak e
2 Hrh Akl Ad =498 S8 MAFE A4
slglon, Ad 4 9 B Y] A A
S SHAFIZ] S8l 9522l moving FFT
714E A8 @] CPE AR dgo= Qs
WHAshs s d3ke Ak wEk 2 e
o] Ak FD MMSE equalizer ¢72]&
MBOK DS-UWB A|2Hlo|x] &84 #go] 715
3 Zlo g o=Eh
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