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73S 1123l Multiple delay differential filterS Z-83to 2R Ful= Ao gk U4 L 41 A9 o
A& FAF 2™, Multiple delay differential filter®] &8 Al tidt reference 2159 4# A7} I-channel

ot Z3lel= EAS o]-83ke] UuFAQl noncoherent B2 t Al coherent 2] 2] correlator—g— 28-3ko 24 non-
coherent W2le] AF &8 AASY AE TS TN FAl BRAEE 2AAA 24F, AAH, A}
£ A= LR-WPAN G171l Huh Ates AAIBItE vt g $olxe] A5871E B3t #lte
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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

BB 2(Ubiquitous) AFE 3Ho A
XU AR TFEsta Al AES XS
TR A=) AFET 54 sEE 2 He
e vl megolela & = A AeF
17, -8 B4 715 AT 2 A A ol
AAEZ T4 AA HELZE 74351
Yxu tekgl BReE Ml AFo] Tbs
102 dldE g AFH AN UEHA
7171 A-ssl, F9 AE#o)s, FAF 2ok
g AFE B gk o FFo
o8 disEz Yo dFx =y 7

2 s, 98§49 AY9Y A4 F8 AR §

2 WPAN(Wireless Personal Area
Network) ¥& A7 2= 7h FAS Falo] FA
FAE o] &3 A7 71715 2 MESH Al
= &3k ok

WPAN®S] 2ZZQl A7 7} tjEo] WPAN
of At =2EF Yl Il 74 APE 9
3 IEEE 802.15 WG(Working Group)e] 9%
o, AFH ATE 98] FEE 5719 TG(Task
Group) & TG 4+ &3, AAY, A7} © A&
710 ZigBeed] XT3t AAS st Eg A
% "= ATl Wik A< IEEE 802.15.4
LR-WPANS A gstief™ .

£ =%o|A= IEEE 802.154 LR-WPAN T3
% AlA W82 2.45GHz ZigBee Al2Ele] $:417)
2o 7S 213k Timing Estimator €252 Al
ot} ZigBee G4l E@olA12] Timing Estimator
= 2 Azl i3t EZ(acquisition) S T S=
REREAN A7 AFsle AlzHle] 544 740l
A P3R= frequency tolerance +80ppm(+196kHz,
F2 Z4ZF +40ppm) ] FIkE FAL A A
=} e FFo] FhsElor stk dukdoez 40
Azl g F FAS 1H3AE BT non-
coherent detection Hl2lo] AREE LY ZigBee T4
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E 1. F tiojel mE sfehig

o] HASR= frequency tolerance ppmol| T3]
= e & A g€3E 7RIth meiA 2 =il
e F41 45l tigh differential filteringS -8
oA Fulr FAl B RIG TS Tk
A stger, F7HRl g SHE At dif-
ferential filter -8-A] multiple delay(multiple delay
differential filter)S &3} c}t mESh multiple de-
lay differential filter®] &% 2150 tigh 41 4l
39 F# A#7} Ichannelo] S3Es S4E o]
£3led dukA el noncoherent 2] Al coherent
219] correlatorE 483224 noncoherent 2
o] Aol WE AF £48 AAST HE HsS

FIANAT T ERES TaAA 24y, AR

= HI-=

g, A71E A&l LR-WPAN $217]o Ht} Z
et=E AT

E =19 4L o 2tk 2 FelAe IEEE
802.15.4 PHY(physical layer)9] 7]&ZQ 78L&
Ao, 3 o= Y¥HE 21 noncoherent X
218 83 Timing Estimator ¢312]& 2 differ-
ential filterS Z-8-3} noncoherent W29 da1g]=
ada B =FoA AXshke gadsy FERE
Arjgtt. 4 oAM= A|QE Timing Estimator &
312]F3 noncoherent *}2]e] Timing Estimator2]
HE AT vnE S8 AtE daglse 4

2 Qzsigon, s goie 2ee Bk
I. IEEE 802.154 PHY 7i2

IEEE 802.15.4 WPAN2 74 PHY = F
4= gL 868/915MHz9} 2.45GHzE ARME-51H,
DSSS(Direct Sequence Spread Spectrum) 212 7]
HkoZ a1 Hlojy g &%= 20kbpsollA] 250kbps
7 7hssith o giYel E SErEE &
1ol Yehfigleon, B =FdXe o] F 2.45GHz2]
Fa4 S AH&3k= IEEE 802.15.4 LR-WPAN
(Low-Rate Wireless Personal Area Network ; ZigBee)
Al2=ES A8k

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 0O-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) tH¥(band)S AHESlaL gloH,
et MEYA F AlZ=ElTe] 2Hdel AT + A
%= 0-QPSK(Offset QPSK) ¥= )& g3t}

7l FZE= beacon IZ, data IF, acknowl-
edgment FZ!, 12]31 MAC(Medium Access Con-
trol) command .2 EFE™H, Timing Estima-
toroll A Al 2T ZZS Y3 ARREE ZEgE
2157} 33 SHR(Synchronization header)2]
e BE 7l FxoA Fdsith wepA B =F
N 7P ARE WIETt %2 data F FER(TH
DE ol&ste 85 W7 FPsith PPDUPHY
protocol data unit), & Sh}2] data WFH-S =Y
£ 215 4 bytes®} SFD(Start of Frame Delimiter)
1 byteZ ©]Foj%x SHR¥} PHR(PHY header), 18]
31 PSDU(PHY service data unit)Z 3= PHY
layeroll4] information % control X= MAC layer
2y Az wegl Jksd A PSDU A71e
127byteso]u} B =FolA:= Addressing Fields®] =
7] 4 bytes, Data Payload®] =7]= 13 bytesZ
ARste s H7EE gk AA 33l Abe|=E
28 bytesZ TAJSIATH

PHY protocol data unit
(PPDU)

Start of Frame | Frame Frame | Sequence | Addressing | :
Delimiter Length Control | Number |  Fields : Datapayload —:  FCS

Preamble |

7

Information & control
fom MAC layer

Carrier
Modulation

Pulse
Shaping

Symbol
Mapper

0-QPSK.
Modulator

—»

Spreader P

J2 2. Al 7=

I-Channel

Q-Channel

T,— |—

12! 3. 0-QPSK ®ix

O% 2% 245GHzS] ZigBee A1El9) HAlth
2ol Uitk ESToltt B A|2HYAE= 16-ary
quasi-orthogonal HZ(modulation) 7]&°] AFEEE
Z 4] layerollA] AAAE 250kb/se] HHHIE F&
4bit FHE A8 HIEH, WHIE 4 HES 32
o AA1E chip sequence® EH:Kspreading) Tk

32 /|2 214 chip AEE I8 33 go] A
¥ index™ I-chamnelZ2 < ¥ index= Q-channel
2 O0-QPSK WHZE #8E& A half-sine Fej<]
pulse shaping= 4=3J3ic}.

2l (1)9] halfsine pulse shaping filteri= Feher
filter 24 non-linear amplifierd] -FEjsl=z 3}=4]
o] 74X RF 9] 714 A4S A48 5 gl

(@bytes) e yies) yies) | (1bytes) | (41020 bytes) | (nbytes) i (2 bytes) .
SI‘-IR(h' : “P:R) e "Hpsszy‘ - ‘ p(t) = s (ﬂ—QfZ; )" O=t= 2]; (1)
32| 1. IEEE 802.15.4 data 3% 7% 0, otherwise
E 2 AEA 3
Data symbol Data symbol (binary) Chip values
(decimal) (b, b, b, by) (€0,C1,",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 0111 0111
10 0101 0111 1011 1000 1100 1001 0110 0000 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
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vlx|2tO 2 pulse shaping A&+ carrier modu-
lationg AX 7 @92 HE@h 7 Rl &
Al A% ¥Zacquisition) 2 & 7](synchronization)
g 98] ARSEE 8 JlY ZIPE HEL 32 bi-
nary zeroZ WHETh E E=FoMe AlzdE 7
< 9%t 2Tc & $41 8 over-sampling®} 41 4
over-samplingS 1123} S 2 F Timing Estimator
oA x2S 93 AT & e AED Hi: 7
AL 0.5Tc7} Fch

M. Timing Estimator
£ A)2-8l9] Timing Estimator= PN FZ9| 4
=
=

A& o83y, ZEPE Az gk g 2
9} threshold7te] HIWE F3l 441 Holg A&

S

i

)

3.1 222l noncoherent 244

2.45GHz ZigBee A|2=HlollA] #i13}= oscillator
o] A== +40ppmO|EE FAT M= AT
TGS BF aEste] Hof £80ppm(196kHz) ol
Fule gAlo] A = gl o7 Fu &
Alolgt =2 ZF Fu JAl(residual frequency
offset) 0|2} Bl 4719} =41717ke] @ Ad ol
(oscillator) 2] #A3HS- oJujsic),

IY 4= L¥EEQ) noncoherent W] Timing
Estimator®] E£F%xo]t}. U¥HA<] noncoherent -
21¢] Timing Estimator ¢iglH2 ZPE Ao
of tigt S gt AE7|1/Q-channel)ot HF
ALRZ et 322 thed gtk 0.5Tc ©
A2 JEEHs FA AF Asel s vE A
o] A PN Alsele] g HEo] AR o)de
TS 7HAWE $2 AErt HEE Ae=E 7
AR S dEja, Zod o 4 AE 4Als
gk el dis) vhEAdo = Fakkith

Symbol #0

| PN Sequences s(k) |

1.0
0.9
0.8
0.7
-g 06 Chip rate : 2Mcps
s Preamble : 4 symbols
c 05 False alarm: 10°
9 Half-Sine Pulse Shaping
B 04 Using Received 4 Samples
Q
8
203 —=— Only AWGN |
— o — AWGN+Freq of fset(196kHz
0.2
01
0.0
7 6 5 -4 -3 2 1 0 1
Ec/No
02! 5. AWGNA'ES 0k/196k(Hz) Fuk= A 40 wh
& 7E: A5

I8 55 AWGN 'dshgolx &
Ao foll wet 44 HE s YERITH
T4 FAlo] gl AN E 953 AE AT
< YA HAdl Fae gAS oS
A9 HE ATl 1% HRle|lRRE Fal
g A AHE HATIe gargse]l a7Enh

D
=2
)

\

3.2 Differential filter

AAA FA s HAAS $3l differential filtering
2 $HroR A8a9
FRA7NNA A" 2B kAR A AE

=
r(k)E T o] UEhd & 9tk

r(k) = s(k)e” "0 L (k)

, @
=5 (k)™ 4n (k)

A7IM s(k)e F4 A, Af ek n(k)= 424
I FAT AWGNS Uehdch,

Y 69 differential filter 72 FTA 2%
r(k)9} N sampleWts A|AH r(k—N)4aZzo of
3t complex conjugate A4Fe] AEA 2 (3)T}
ol JeRd 4 glom. AJHA] AMS-E differential
PN A+ 2] 4)9F Bttt

D (k) =r(k)r* (k—N)
=s(k)s™ (k—N)em™

— i Af(k—N) T, ®
ce “+N(k)
=s(k)s™ (k—N)e™ ™+ N(k)
D,(k)=s(k)s* (k—N) G}
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AN N(k) =s(k)n™ (k—N)e™ " 4n (k) -
s (k—N)e ™M ENT Ly (k) (k— N)E  dif-
ferential filter &9 Fv 8-S vehlz, N

delay® 44l sample -5 2Jv|3ict.
Re[r(k)] 3

Imfr(k)]

2 B)dA Fa A gls AF Y Ea
(complex conjugate) &l &3l FS ] Jako]

7EEHel HE Aol E3) didEY Al Als
7} differential filterS S¥3PaAAN Fuke A9
J3Fo] gk AFNT L2 WHILmz Fus &

Al o7t Y HA2AE F ok

3.3 Differential filterS &5t non-
coherent 244
% 7L differential filterS AFE3} noncoherent
719F2] Timing Estimator 3ot} o] ¥ag|He
21 AZe] s 1Tc 7H4<] differential filtering
F, 1Tc 7tA9] differential PN 4139}
N S FAslTh Ao Fol JAld
gt FIE AA] A AY ALk gt
&]7]4 AHE-3R= noncoherent WlolME HF
ARRE Bl Fu FAle] F3Fo] 4] AAH
B2 differential filtering == F ME 7+e] 744
o 9ogt A% Aole fUth wEpA AME T 1ES
NoJgkal sPH  differential filterS AFE3F non-

=
_l-—’o’

Mool e

A}

lo iz to ¥

oot
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coherent ®}2]¢] Timing Estimator &% kS o
3} o] el = ik

N—1 2

> 1D, (k) D! (k)]

];U[{s (k)s* (k— N)e™ ™ N(k))}

Z:

- Aslk)s™ (k=N)}IF

(7T o ()]

=0
N-1

= [Ncos (TAfNT.) + I;Ovz (k)]?

N—1

+[Nsin (TAfNT) + Yjve (k)] )
k=0

B =M Bu HgEa ddd A 8
S A7) 9Eo multiple delay differential filterS
28314t} Multiple delay differential filter 2§
of wet Furle Aavt Sk AE el &
FHA, A7VE HEE She ZigBee AAE 54
< sl B =FoXe 1Tc, 2Tc, 3Tc delay
differential 2150l tgh JavrS w#isiAlch
Multiple delay differential filter”} Z-&%¥ non-
coherent *¥419] Timing Estimator= F3= 3413}
e T2 & dve RS 7Aoo
Fa FAlo] AL A A (5)elA S F 3l

%9] imaginary(Q-branch)4l s 2] 4 Ad= S

A

I

|
08 / Chip rate : 2Mcps

Preamble : 4 symbols
False alarm : 10°
Half-Sing Pulse Shapin, ||
Using Received 4 éamples
T

o
o
>

7 =Only AWGN=
0.4 7 —u—1Tc delay B
—e— 1Tc+2Tc delay
03 a 1Tc+2Tc+3Tc delay I
/ =AWGN+Freq.offset(196kHz)=
02 / —o—1Tc delay
/ 1Tc+2Tc delay
% —4— 1Tc+2Te+3Te delay

? '
001+ | T T
7 E) 5 -4 -3 2 -1 0 1
Ec/No

Detection prob.

12l 8. Differential filter =] ™2 Noncoherent Timing
Estimator 3%
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=% /245GHz LR-WPAN <:417]Z 9]& Timing Estimator &318]&2] A7)

FFol tiEolng Hds e xdsin, ==F
A e T Al el THEEHe @Yol
WAsh=s @0l Sk olHd dHe Hekshr]
st ERE 3k g HE Aol e daEls
= ThdollA Azt

3.3 HM[etsk= coherent 2FA19| Timing
Estimator

B =1oA AJSk= Timing Estimator €3lE]
Fo #x& a¥ 99 YeRlUth AlRlSkE Tim-
ing Estimator= 0.5/1/1.5Tc ©$]<] differential fil-
teringS 4~8Y3l= multiple delay differential filter
o} 7t Te A|Foll tigt differential PN 2159ko] 4
FH(I-channel only), 22]3l 2} Tc Aol tigh 4
T‘:‘r 88 A3k AFHE A9k Akee

1EEFS Fa Sl gt S Fol7] 4
H differential filteringS $I3F AAEIF HES 741
WME 7HAQ] 0.5TcZ AA3IHeH, 0.5/1/1.5 Te
29} differential filter S gk 3 @S 2

i WAL Hgsian

>

r\l

s

=

2l 9. AFE coherent 41| Timing Estimator

AMZ A9 differential filter ol #3F A

Z= Y RelD, ()0 (s)]
— Nicos (rAfNT)) + E(k) ®)

where N=1,2,3

Z: Z\

N=1

N,[cos (TAfT,) + cos (2nAfT,)

N—1

+cos (BTAfT,)] + kgl[vm (k) +v (k)

o3 (k)] 7

S

cos(rAfNTc)
o

&
5

Freq.offset(Af) = 195KH4

N

2l 10. o F<= 341 373004 differential filteringS-
A AZ A e JEr]) 9 459 714 ve

2 9t ©9] HluE Fote] AlkE o]
noncoherent 7]5+2] H}2lof| H]Sle] Lol 7FOIghS-
SRIT 4 2k SR A @ A 20l 3
of Fud gA0l el paspl ol e
differential filterE ¢|3F WZ3F 7+4 N2 kol
7Vl wet 7heEh ol N9 grol F7H
2 a7 109 AF 1HFe mE 4] £ As
o] 7H Bl&S YERSITh

I 118 uekst AEgE 1148 7R differ-
ential filter 2l e Fd Fs o] =5 1
23 Timing Estimator®] % “dsolth 04717\1 F
g FAL Al 7S Fae 39 196kHz
£ 13} Lh A9tE Timing Estimatore coher-
ent HWlo|lm g F vq"l‘ SAlo] ks uh=r) 1:\:5]_
differential filtere] AMZ3F 7HH0] F71EE 3}
A SR AR 2] a7 Se) W
o] 20Z 7HA(Tc)e] vlgel dlP3l= differential

10 o . o
- ),/
09 -
08 aid
///
07 £
g Chip rate : 2Mcps
o 06 Preamble : 4 symbol
= 3
o False alarm; 10
£ 05 Half-Sine Pulse Shapi
g Using ived 4 Samples|
9 04y
5 1/ =ANGN#Freq.offset(196kHz)=
2 034 —u—1Tc delay
} —o— 1TcH2Tc delay
1
02 —o— 0.5Tc delay
0.5Tc+1Tc delay
01 i —4— 0.5TcHTCH 5Tc delay
0014 : ] | ]
7 6 5 4 3 2 El 0 1
Ec/No
J2! 11, AZ 7H7 Wgle] wE differential filter Z2]9]
5 v
B A AP 35
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filter Z¥o] F¥s T A¢ AF Aol A \ —
- s o ]
dsiEe dR1e S loh 2 1 AN 05T . ‘
- 0.
o] Hjg=ell SNF3h= differential filter &3] J& o 1
o 23l A9 Aol FHBES AT F 9 St
. - S False alarm : 10°
om, %gEE differential filter®] MZ 7hzo] = 5 e e
AER e W AR gawe B1Y 4 9 p—
2 —n— I
ok meb B EReldE A Fus §4 #70 o B ] I
A AL S5 A5 HolE 05Tc, 1Tc, 1.5Tc o foﬂ%éﬁmo‘mm?
7¥A9] differential filter 2ol thsk A& FIES 00 | | |
-7 -6 -5 -4 -3 -2 -1 0 1
235l Timing Estimatore] &30 g ARE-3T) Ec/No
¥ 3& Aot W3} differential filterS AME-3} (@) AWGN channel(0k/196k)
+ noncoherent 9] II=go] BT HIWE ¢ . ‘
St Z4ZY9] adder ¥ multiplier o]t} AT w2 0s \
S noncoherent WF2Jo|A Q-branch 2 AlFFS A o
7822 noncoherent ¥&]ol BIS) adder = 657, § v Crpra s |
S 06 Preamble : 4
multiplier = 1307 7HAaste] Ao w sh=9) E-o, i False algm: 10° |
o} Bxtw At ol sk AL ¢ 5 Atk St
g8, B -
—e— AWGN+Freq.offset(150kHz)
3 %;S'E H]ﬂ 02 AWGN+Freqoffset(5okHz) | |
01 —0— AWGN+Freq.offset(150kHz)
Proposed Noncoherent oo \ | |
algorithm algorithm 7 s 5 4 3 2 E 0 1
f add 64 129 Eee
Number of adder (b) AWGN channel(50k/150K)
Number of multiplier 128 258
1.00 i
-
—
V. A2 45 & ==
g 0% A ////«751_ -
g A o
At W27} noncoherent 7|HES] %ﬂﬂ%ﬂrﬂ s | Proamble: § symbols
0.85 Ise alarm :
A5 vl Y8 LW deEEE 40 Qs Fo e ke Staing
2 Using Received 4 Sampl
Gk BUF 2o 5 WS Slsked diff Soml - L
—— Amwmung(1oaknvn)
075 —— 9(10- )+Freq. (196kHz)
o = o3 = < wmwmmg(ﬁ.s«mh)
= 4. —r‘ﬂh‘ EH —|°ﬂ [q‘f u]—E]—UﬂE] —o— AWGN+Fading(10.8kmih)+Freq offset(196kHz)
0.70 T T T T T
Channel environment AWGN/Fading channel ! z : ¢ EcJSNo ¢ ! ¢ ¢
Carrier frequency 2.45GHz (c) Single path fading channel(Ok/196k)
Chip rate 2Mchip/s . i
Modulati OQPSK
odulation Q . e
Doppler frequency 24.5Hz(10.8km/h) : — 1 —]
Mobile speed 10.8km/h 5 090 = - mslrpc;:x;x ciny it
Ee/No -7dB, -5dB, -3dB, s — Preantie: 4 oynbols
-1dB, 1dB, 5dB, 9dB g s o Staping
i3 Using Received 4 Samples
Frequency offset 0k/50k/150k/196k(Hz) § ox —
False alarm 1073 075 :::W::g:g:gm:;$m.m1m) |
- =Coheret(proposed=
Path number Single-path/Multi-path(18path) o ANt 0 on e sl 96K)
0.70 T T T T T
Preamble symbol 4 symbols 1 2 3 4 5 6 7 8 o
Ec/No
Tx/Rx overseg}nplmg 8/4 over-sampling (d) Multipath fading channel(0k/196K)
rate(2Tcd) J2 12, HE Ae vl
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erential filter®] WEZ HES 0.5/1/1.5TcE A7
sler, Holy oo ZgE AEd digt 4Z
g g 9 Fug gl BARS aeske] 8 4
o] ZyPE F 4 AETHS Timing Estimator©l]
o3t wR 2o S|t E3 fading FHF0NA
9] o]Fa| &% % multipath channel model®] Z}
pathe] Az = 2] ETSIONA BsH= Hyper/
LAN29] indoor model AS Z-&3}93c}

o]l 153k vle} o] Noncoherent W22 dif-
ferential filteringS 93+ AWZZF Ao Jko]
cwvg 9 83 I¥ 1228 2} 5YIS
A 4= ok 27 128 Fug Y] A3l u)
AWGN Ad 3AHoA HE % ¢ Single/Multi-
path fading 2'd 37AFA Hdl Fa4 FA9 &
& 57 w2 HE FES vust solth o,
onstELe 1078 VFeR Y WA ZE A
g 370 A noncoherent 7|¥ke] LaiglEe
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