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ABSTRACT

In this paper, we propose an enhanced Timing Estimator algorithm for 2.45GHz LR-WPAN receiver. Because
an expensive and highly efficient oscillator can’t be used for low-cost implementation, a Timing Estimator
algorithm having stable operation in the channel environment with center frequency tolerance of 80 ppm is
required. To enhance the robustness to frequency offset and the stability of receiver performance, multiple delay
differential filter is adopted. By utilizing the characteristic that the correlation result between the output signal of
Multiple delay differential filter and reference signal is restricted on the In-phase part of the correlator output, a
coherent detection scheme instead of the typical noncoherent one is adopted for Timing Estimator. The
application of the coherent detection scheme is suitable for LR-WPAN receiver aimed at low-cost, low-power,
and low-complexity, since it can remove performance degradation due to squaring loss of I/Q squaring operation
and decrease implementation complexity. Computer simulation results show that the proposed algorithm achieved

performance improvement compared with the differential detection-based noncoherent scheme by 2dB in average.
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I.ME

4] el 2(Ubiquitous) HFH 374olat 14| o
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g ZoR diaEr g% 25y FAMF UEYa
2 A8717] AFss), R Elslo)s, FAF Bof
59 ok AR el dig 80} Fye
2 371 AR = gt g ) )
o 2 vl 48 9 AG AA S8 AR 5
Al Hol 7]915-2 WPAN(Wireless Personal Area
Network) ¥ A7 2 A AL B3l FA
AL o183 AR ZI71E 3 UEYA A
o] ol A5 g3k Qlck

WPANS| E7Hl dF 73} o&e] WPAN
of A3y Z2EF Y EjHola 74 AL 9
% IEEE 802.15 WG(Working Group)e] FA=4]
om, YA 97E el A 5709 TG(Task
Group) ¥ TG 4= &%, AAH, A7l 2 A5
71€9 ZigBee?] EE3} 2Rj1& Algsle] E2] A
%3 "Wz AZ A 2 IEEE 802154
LR-WPANS AR sjodcy ¥,

¥ =¥l IEEE 802.154 LR-WPAN T4
Z AA W4ql 245GHz ZigBee Al=®9] 417
24 F3E& $% Timing Estimator ¥we]&2- A
It} ZigBee 541 ®wloll4]2] Timing Estimator
£ a4 AlEo] WY EAacquisition)S FHI=
EEZH AZLE AFshs Aokl S A
4] H 3= frequency tolerance +80ppm(+196kHz,
$54 242 240ppm) ] T Al FAA Al
A e FEel Zheslel ok dnbdog 4l
Algel] digh Fo FAE 18331598 7% non-
coherent detection Ao} AMSEY ZigBee 74

E 1. ok el nhe szjely

old W3l frequency tolerance ppmol TH3HA]
= W & AT d5E JRdh gl B =F
e FA AlZel] o3t differential filtering2- #}-§-
Foz Fag FAlldl oS 7RI B2k vhe
A stded, M A FUHE 8l dif-
ferential filter A-8-A] multiple delay(multiple delay
differential filter) & T&i3}gdc}t. =3, multiple de-
lay differential filter®] &% X130l izt 441 A
32| A% A} I-channelo] F3EE BEXL o]
43}y dubzel noncoherent %A wlAl coherent
v correlatorE 8312 28] noncoherent HHA]
o] Hgol o AF EAE AAs HE: S
AT FA) EAEE AAA 24, HA
F, 2718 A¥sh= LR-WPAN FAl7]d] Xt} A
H3l=Z AR

2 =08 AL vt Rk 2 Aok IEEE
802.15.4 PHY(physical layer)®] r]&&4ql 78 E
Arslslem, 3 Aoie= UubA <l noncoherent Bt
214 #-43} Timing Estimator &72Z& 2 differ-
ential filter® *-8%} noncoherent ¥}2}2] da12]|&,
Il B =Feld Axske daElEe FRE
AAZ. 4 Aol A¢rE Timing Estimator &
22]%>} noncoherent *}3)2] Timing Estimator]
ZHE A% vzE 59 Atd daeEe] Al

S gl=slglon 5 A Aze Ay}

I.|EEE 802.15.4 PHY 7

IEEE 802.15.4 WPAN-2> 7% PHY ez &
g B2 868/915MHze} 2.45GHzE ARE-shH,
DSSS(Direct Sequence Spread Spectrum) AL 7]
Wke 2 sl dHole] A 4y 20kbpselld] 250kbps
7] 7Fssiel S g o dejelelE %
1o Yehiiglen, B =Folil= o] £ 2.45GHzY]
Fil tjodS 21431 IEEE 802.15.4 LR-WPAN
(Low-Rate Wireless Personal Area Network ; ZigBee)
A 258 2851k

PHY (MHz) 868/915 2450
Frequency band(MHz) 868-868.8 902-928 2400-2483.5
Spreading Chip rate(kchip/s) 300 600 2000
parameters Modulation BPSK BPSK 0-QPSK
Bit rate(kb/s) 20 40 250
Data parameters Symbol rate(ksymbol/s) 20 40 62.5
Symbols Binary Binary 16-ary Orthogonal
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2.45GHz LR-WPAN PHY < ISM(Industrial Sci-
entific Medical) H™(band)S AHE3lT ¢lom,
A3 dEHz 9@ Ax"He] el g ¢ 3}1
EZ 0-QPSK(Offset QPSK) HX HbA-& 443}

;7 FEE beacon A, data 7, acknowl-
edgment 7, 18] MAC(Medium Access Con-
trol) command FF2E F-FE ™, Timing Estima-
toroll ] =4l AlE FAL 93 AHEls ZElgE
AF7} =3E SHR(Synchronization header)®] -
Zx ZE A7 F2lA 5"-]3]"4 wepa] B =
dME 7P AR st F8 data HH FR(H
DE o83l 45 WE T?’EK}‘H"/P PPDUPHY
protocol data unit), & dh}9] data FHAL =)oY
E A% 4 bytes9} SFD(Start of Frame Delimiter)
1 byteZ ©]Fojz SHR¥} PHR(PHY header), 2]
3. PSDUPHY service data unit)2 TA3%v] PHY
layerelA] information 2 control X+= MAC layer
23] A 9=’ 7153 o) PSDU F7|=
127bytesou} & =FolA+= Addressing Fields®] =
71= 4 bytes, Data Payload®] Z7]i= 13 bytesZ
AARsle] A B7EE A AA A3l Aelz=F
28 bytesZ A3tk

PHY protocol data unit
(PPDU)

! Start of Fi Frame Frame Sequme: Addressing ! H
Breamble ;SRR ogh | Contral 5 Nnber | Filds . | Daapsiad | FCS
@) L e | () | Cbyey | (bye) {@020bue | BB D @byey

SHR PHR PSDU

712l 1. IEEE 802.15.4 data =3 7=

E 2. Al A =

Information & control
from MAC layer

Symbol
Mapper

g 2. A" 7=

~F

0-QPSK Pulse
Modulator Shaping ‘_'

13 3. 0-QPSK %

I% 2% 245GHzY] ZigBee AAHS] SAlch
Eato] A3 E2kolry. £ Ayl 16-ary
quasi-orthogonal *{Z(modulation) 7}&°] A8 E
2 A4 layerolld AAE 250kb/se] AuB|E GL
4bit FAE AE HIE S, HAE 7 A5 32
o AA1= chip sequence® E4Kspreading) Tt

32 A2 4 chip AlEE 23 33 o] B
H index = Ichanneli &4 " index+= Q-channel
2 0-QPsK HzE e AA halfsine FHeAe)
pulse shaping-=- ngﬂ'ﬁ}.

2l ()Y half-sine pulse shaping filter= Feher
filter 23] non-linear amplifierel] 21322 sh=$
o] FAA] RE #2] 714 AAREE 4L 4 gl ®l

p(t)_{sm(7r2T) ,0< ¢t <27, )

0, otherwise

Data symbol Data symbol (binary) Chip values
(decimal) (b, b, b, b)) (0,€1,,C30,631)
0 0000 1101 1001 1100 0011 0101 0010 0010 1110
1 1000 1110 1101 1001 1100 0011 0101 0010 0010
2 0100 0010 1110 1101 1001 1100 0011 0101 0010
3 1100 0010 0010 1110 1101 1001 1100 0011 0101
4 0010 0101 0010 0010 1110 1101 1001 1100 0011
5 1010 0011 0101 0010 0010 1110 1101 1001 1100
6 0110 1100 0011 0101 0010 0010 1110 1101 1001
7 1110 1001 1100 0011 0101 0010 0010 1110 1101
8 0001 1000 1100 1001 0110 0000 0111 0111 1011
9 1001 1011 1000 1100 1001 0110 0000 O111 0111
10 0101 0111 1011 1000 1100 1001 0110 Q000 0111
11 1101 0111 0111 1011 1000 1100 1001 0110 0000
12 0011 0000 0111 0111 1011 1000 1100 1001 0110
13 1011 0110 0000 0111 0111 1011 1000 1100 1001
14 0111 1001 0110 0000 0111 0111 1011 1000 1100
15 1111 1100 1001 0110 0000 0111 0111 1011 1000

284



=2 /245GHz LR-WPAN 41718 #13 Timing Estimator ¢854 44

ulx]2te 2 pulse shaping Al¥-+E carrier modu-
lationd 7 HZ W2 At 7+ A3l £
Al A5 XA acquisition) @ F7|(synchronization)
& 98 ARssE 8 9] =ZejdE A2 32 bi-
nary zero2 "igEch B =R Alay 7
< 93] 2Tc % 441 8 over-sampling™} 4l 4
over-samplingS 721815222 Timing Estimator
oA AL A8 AME 5 e AEL Hx T
AL 0.5Tc7} Hrk
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T BAE o)4sle, ZelfE A3 iy A 2
7}e} threshold7te] BIRLE Fa] 441 Hole] A%
o 224g $P

3.1 LHFEQl noncoherent W4
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9] AT +40ppmo| BB FAIGNM = Al
FAe 55 weiste] #d +80ppm(196kHz)2]
Zaig Aol MAY 5 o FrM Fug &
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1% 4+ U4FEH2] noncoherent HW]] Timing
Estimator®] E&%o|c} dubdel noncoherent W
Ale] Timing Estimator ¢3#]&< ZejlE A%
o oigt AE H¥ AW711/Q-channel)s} HH
Assz AR B2 gt 2t 05Tc 2
A=z HEE 4 AE A3 A8 vl AR
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Symbol #0

| PN Sequences s(k) |

n) |

il

"2,

e

F—s(0 2] - -~ Te3)

12] 4. JukE 4l Noncoherent B4

10 L
03 }
08 . !
+ -+
07
8 o0e Chip satel: 2Mcps.
a 4 -:."v
e 0. Falso-alafm-10°
S Half-Sine Pulse Shaping
0 o Using 4
8 g e
g, —u— Onty AWGN ]
—o— 1
0.2
01
00
-7 £ -5 4 -3 -2 -1 0 1
Ec/No

33 5. AWGNAEY 0k/196kHz) FIH5~ 4 F7o o

272 4%

I3 SE AWGN AdsRdA 3o T |
Aol f-5dl wet Zzke) AE s Hehisich
Fa4 gAo] g FAHAIME $43 A AF
< Jeix e, FHd Fue FAE 183§
A9 A& Aol 1% mltelzg Fae Al
W3t A% 7HE ZAaATle daelEe] a7

3.2 Differential filter

B =ede Fu A 33448 Bt g
A 41 A BAE $)8 differential filtering
< $AHeE A4l

FAZIA A" A F A 3 A4S
r{k)e et o] Jehd 4 gtk

(k) = s(k)e2mAFOSD) 4 g (k)

, 3]
= s (k)™ (k)

7|1M s(k)= $A A%, Af & n(k)e 244 F
o FAZ AWGNS et

28 69] differential filter T2 A A%
r{k)2} N sample™tZF A|G= r(k— N)AlZel] of
3t complex conjugate <4k Atz A (3)F
7o) veld 4 glow. Akl AL8E differential
PN &&= A (@) Zrk

D.(k) =r(k)r* (k—N)
= 5(k)s* (k— )T

, 3)
. e—JﬂAf(k—N)E+N(k)
=s(k)s* (k— N)em™ N1 N(k)
D, (k) =s(k)s* (k- N) ©)
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3714 N(k) = s(k)n* (k— M&™* 4 n (k) -
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delayd 4l sample 8 973}
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A 3l FHE wA U A Y B
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coherent 24
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71Mke] Timing Estimator 73olt}. o] ge]E&L
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" f
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%] imaginary(Q-branch)Al 58] A% Ave A&

/Aﬁ
09 - //r/
o Chip rata : 2Mcps [
07 Proambie : 4 symbols
. N / . False atarm : 10°
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5 V4 Using Raceived 4 Samples
g 0. / 1 ] _ [
E 04 —a~1Tc delay -
1] - / / .o * ——-1Tcozfcdday
Q o3 |-
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dao] diielme A ke xR,

AR AR Eal e W] AEE ww
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sl BakE 24 U A% Aol w4 Jwel
& cheoln] ARk,

3.3 HMetsk= coherent A2l Timing
Estimator

E =M Agrsle Timing Estimator e
F 725 a9 94 vehiigiel Adske Tim-
ing Estimatort= 0.5/1/1.5Tc ©$1¢] differential fil-
teringS >33 multiple delay differential filter
9} 7+ Te Aol i3} differential PN Al&e}e] Ab
F3(I-channel only), 227 7+ Tc R|dol| tigk A+
T FHs ZAsbse ARPrE 7" Ak
daElEE T FA dig ¢S Fol7] ¢
3] differential filteringS $|g+ AEZ7F 7HHS ¢4
AZE 749l 05Tc® AAsg.en, 0.5/1/1.5 Tc
7¥A9] differential filter Zol i3t At gk A
ek WS Aok

Syl 00
0.5Tc delayed differential PN Sequences

1Tc delayed differcatial PN Sequences
1.5Tc delayed differential PN Sequences H

32| 9. A coherent ¥419] Timing Estimator

AE 99 differential filter 2ol T3 Al
7l 28 72,2 4 (0T 2o 7 Tczke] A
90 A% HF 29 A () Aok

Zy= ’Z%Re D* (s)]

N1
= Ncos(mAfNT,) + kz)v”v ©)
where N=1,2,3

3
Z= ;3 Zy= N,[cos(TAfT,) + cos (2nAfT,)

N-1

+ cos (3rAfT,)] + ’; fvy, (k) +vgy (k)

+ 05 (k)] )]

10

I

w4

cos(nAfNTc)
o
>

S
n

. * F o "
Froq.offssian - 1961 \
10 \' —
0 1 2 3 4 5 6 7 8 9 1

g 10. ) 35 {4 #F3lA differential filtering &
Agt AF A0 BE AW EY A5 74 vg

A G ©9 vlEE Sl Ak Bl
noncoherent 7|4k HFAle)| w)Eled zAhgdl| 7FAFHE
goldh & glck SRR 4] (6)ellA A &3] 3k
o] Fupg FAlol o8| Zhase oleidt ke
differential filterS $13F WZ7F ¥4 N9 3ho]l &
715t wet Sk o)y N9 3to] F13tel o}
2} a3 100 AS 1A W A3 29 A3
2] ZH wlE&E ek

I3 112 o<t ST S 7R differ-
ential filter 3ol A& Alat 5 ko] 23L 2
213} Timing Estimator®] Z%& Agolck 7| 5
g4 AL Ao ArbesE Falg $409] 196kHz
& w73kl Aok Timing Estimator+ coher-
ent H]—/Jo] g _;,Ej.]._,/: _3-/3\9,] cxh‘sw- ul}_—_x;]. u:-?q_}
differential filter®] 427t 7F4¢] Z/RE Fu}
T Al 2 A E2He vt Sokel] Wi
o 2488 ZHA(Tc)el wlispoll sl differential

10
P —

09 7 A

o

07
n. i
g_ o8 % :
£ 05 2
2 /o
Q 0444 ,
H / =AWGN+Froq offset{196kitz)=
2 034 > —n— 1Tc delay

g pd | —o—1Tcs2Tc delay
024-¢- ‘ ot dolay
i e . ) ~—0—0.5Tc delay
-~ 0.5Te1Te delay
01 - ~— Q.5TcHToM.5Tc delay
L ——t }
-7 4 -5 -4 -3 2 -1 0 1
Ec/No

T3 11. AE 77 wsle] ol differential filter 39}

1
A 25
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filter &2 ATE 20 A¢ HE Mool Al
dsige FIF 4 gl zehl 1 AF 7HH(0.5Tc)
2] wpo]] SFsl= differential filter =3 Al
+ 2 A o] S A 5 9l
o) Z§= = differential filterd] WE 71Zo] &
71 sl ) Axrl Aags #€Ag 5 9l
ot weby 2 =FedMs Al T A 3760
A A £ A5S Bol: 05Tc, 1Tc, 1.5Tc
Z¥39] differential filter Z¥oll W& Ald ZHES
Z3gtsle] Timing Estimator?] &3 o2 AMgic}
E 32 Alokd wkAlF) differential filterS A3}
noncoherent ¥}212] dl=gle] Ealw w|wE ¢
Z¥z9] adder ¥ multiplier <otk AlgkR vhA)
noncoherent ®}2Jolx] Q-branch ¥ A|F3S A
715122 noncoherent BFAlel] W]} adder o= 6571,
multiplier 9~ 1307] ZAsld Zapdez sley)
o] Balx Aut ot hashs AL & 5 stk

flo e or

E 3. 3= wiw

Proposed Noncoherent
algorithm algorithm
Number of adder 64 129
Number of multiplier 128 258
V. AlAE 85

2

ekEl WRA3} noncoherent 71K okarz]ZE3le)
s vmE 93 489 S 5 40 geis
T =209 s BAE S8l diff-

et
B 4. 7o Ao & sl
Channel environment AWGN/Fading channel
Carrier frequency 2.45GHz
Chip rate 2Mchip/s
Modulation OQPSK
Doppler frequency 24.5Hz(10.8km/h)
Mobile speed 10.8km/h
-7dB, -5dB, -3dB,
Ec/No -1dB, 1d153, 5dB, 9dB
Frequency offset 0k/50k/150k/196k(Hz)
False alarm 10
Path number Single-path/Multi-path(18path)
Preamble symbol 4 symbols
Tx/Rr);t:(\;cTrza‘%n;plmg 8/4 over-sampling

288

) J./»-/%”’ T
09 vl :
Iz - e
08 /7
o7 d +0. STt g
¢ {lonprats
§ 064 4
a Falso alamn: 40°-§ -
= 05 Half-Sing-Puise Shaping
5 / Ust vod 4 Sameios
S os = —
s H =Noncoherent= H
0 o3 - - —
| / I —o— ANGN+Froqoffsot(ioektt) | |
02 / : — S oty AN, ol
PO I AR =i —o— AWGN+Froq offseti19eits) |+ -
i |
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(a) AWGN channel(0k/196k)

= p—

10
: /L/
09 4

o v
a7 M//-"

NI/ ERVANN -

Fasoaiamete | . LA L

Half-Sing Pdse-Shapl

Using

Detection prob.

— o — AWGNsFroq offset(150Kz)

] —o— AWGN+Frog offeetS0KHE)

—o— AWGN+Freq offset(150kHz)

N

7 B -5

y T
-4 3 -2 -1 0 1

Ec/No

(b) AWGN channel(50k/150k)

9 5Tc+ITc{1.5Tc dolay signah
hiprate: Mcps. 1 |
reamble : 4 symbols '

%
A\
\

H \ \ .
I
SEI20%

156 aldfm : 10
alf-Sine Pyisa Shaping ., .
sing vod 4

Detection prob.
T
; -

—a— AWGN+Fading(10.8krvh)
—o— AWGN+Fading{10.8kmvh}+Froq offeet{196%Hz)

070

=Coherent{propcaed)=
—a— AWGN+Fading(10.8iamh)
—o— AWGN+Fading(10.8lewh)+Freq.offset{196KHz)

1 2 3

(c) Single path

4 5 8 7 8 9

Ec/No
fading channel(Ok/196k)

|

A

L

I

;

1.57c

I3
4

tipath Channel modet A
Hp rate : 2cps: ¢
samble : 4 symbols

dse alanm 3 10
itf-Sire Pulse Shaping  «
ng R 4 Samples

FEZIQE

Uetection prob.

o
-3

078

‘=Noncoherat=

AWGN+Fading(10.8kmvh)
- AWGN+Fading{10.8kmhy+Froq. offset(196ki) |

~= AWGN+Fading(10.8kmvh)

—om

(d) Multipath
I8 12. A& A e

B 5 8 7 B s
Ec/No
fading channel(Ok/196k)
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3tolem, dlofg] odo ZeldE AlEel oyt AF
B T 2 T 8] BANS T3] 8 4]
o] =eldE F 4 AE%E Timing Estimatorol]
23t A EZ ol APt =¥ fading T A
9] o]%A 4% ¥ multipath channel model®] 2
path®] ¥ 7 x]ed- ETSIoM Husk= Hyper/
LAN22] indoor model A€ &35t

Shol] o153t vle} Zo] Noncoherent WA dif-
ferential filteringS $]¥F A7t Aol dge] A
252 23 8% 13 1229 At FAFE
I 4 ok 18 122 FEE 4] WSl &
AWGN A4 3304 7% A% % Single/Multi-
path fading Ad M Hd Faj5 Aol A
4 F5 w2 AE FES vag Aelch ofd,
2nEe 1078 71FCR s WA RE A
d 3kA4e] thsiAl noncoherent 7]Hke] UwE|EL
FI5 FA T A5 BS 8FE 9l
on, A dmEEHL olet wiiZ Ful S
o oste] AT 3}l wAsh) oIH3] non-
coherent 7|Hke] UwE|EZw¥r} 93 A2 MY
< ¥ + gtk AE HE 0% E JIEoE F
o FI FA] el wWE A win ZE
%3}od A=l Timing Estimator ¥3E|S0] ZE
A A 2k 0.5~2dB 58 ASE B2YS
gelst 4= glom, Q-branche} AF AARE7} B8
Hoerng T Bk SHME of 2 wiAE -
FEE HAF ¢ gloh w=bd Al MR, 24
H& A= ZigBee Aa®el oS Higgt T2
2l & & qlck

e

V.24 g

rfa

E=FollAE 2.45GHz ZigBee Al&Elel ww)
#1%t 70415l Timing Estimator ¥3E]5-g
7)Z noncoherent 714ke] &wz|ZET}e] H)
I S sl Ak g
g FAledl digk Ad 2 Al Ay
) thA717] 23l multiple delay differ-
ential filterS 485}%1 2w, multiple delay differ-
ential filter& A% 541 Al3o gt F7] =139
A A3} I-channel ol HgksElE BA-8 o443
coherent Y] correlatorS 430X r|E9)
noncoherent ®4] 7[4ke] &yre]EellA] Al=ElE A
F<EA(Squaring loss) S AlAS AE A5

o

ok

}

2
Nﬁ@ﬁ
okle
X

iC)
d

ro
I
3

O
S

oX
lo
ofX

=

AR FAG) TR RAEE AR B BE
oA A¢}t Timing Estimators= ZigBee Al~¥l¢]
2 7L 13t FPGA testing Fo|v, ¥ &
L2 AFEsH Zlor qdEdd

g8

(1) 29, 2, “fulFes 60 AP AL
47 ZalolHA] B3 7|%-& Al¥-3h= RFID
Al2g), =gAlEs =24, A294 12CE,
pp-1729-1738, 2004%d 124,

(2) Alaglk ok4H, 2£3 “IEEE 802.15 WPAN
71& %53} $3” Telecommun. Review(F-
ASA -] B2F Ve BRlE), A8TE,
pp.131-148, 2003 114,

(3) E. Callaway, P. Gorday, L. Hester, J.A.
Gutierrez, M. Naeve, B. Heile and V.Bahl,
“Home Networking with IEEE 802.154: A
Developing Standard for Low-Power Low-

Cost Wireless Personal Area Networks,”
IEEE Communications, Vol. 40, no. 8, Aug.
2002, pp.70-77

(4]  http://www.ieee802.0rg/15/pub/TG4.html

(5) Chris Evans-pughe, “Is the ZigBee wireless
standard, promoted by an alliance of 25
firms, a big threat to Bluetooth?,” IEEE re-
view, Mar. 2003.

(6] A.J. Viterbi, “CDMA Principles of Spread
Spectrum Communication,” Addison Wesley,
1995. 6

(7) IEEE 802.15.4-2003 IEEE Standard for
Information Technology-Part 15.4 : Wireless
Medium Access Control(MAC) and Physical
layer(PHY) Specifications for Low Rate
Wireless Personal Area Networks(LR-WPANS),
2003.

(8] Kamilo Feher, Digital Communications,
Prentice-Hall. 1983.

(9] AW. Lam and S. Tantaratana, Theory and
Applications of Spread-Spectrum Systems,
The Institute of Electrical and Electronics
Engineers Inc. 1994.

289



FFEAIEE]) =53] *06-3 Vol.31 No.3A

& & £ (Shin-Woo Kang) F3ld

2005 24 AFaEa AR
SAFEY 24

2005 3¥~FA AdEdEw
AR} A

<@l 584, MODEM
718 71e

& F # (Joo-Hyun Do) 3

2001+ 24 Al Azl
3= 24

2003 29 AlFEEl Ax]
Azt 2 HRE FE At

20061 29 Alg@dEia 2]
Az} 94 A¥xE F vl

2006 39-~A] ARAAARL TN

<TilEel FAEA, ©l5-8A, MODEM $713 7]

290

H} Ef & (Tah-Joon Park) A5l
1992+ 249 EFEIES] A

7R3 At
199541 29 d=aEried] A

7122 g3 wiat

19951 39-A A F
oed s
<FAJEel ZAFE

& & % (Hyung-Jin Choi) Azl
: 1974 249 AgdiEla HrlE

33} 24

19743 29 A1 A
7V AL

197613 394-~1976'd 3¥ (PF
AAL FodTAa AT

19791 94-~198213 124 "l
University of Southern California 37]-5-3}=g3}
)]

1982'd 10%4~1989'd 24 ©|= Lincom Corp. <3749

1989\ 39~-¥A) AFda HRFATHY 2

<TAEok Y™ F4l, A8, olEEAl, e

Al 2§73 71 £33 MODEM ~l&



