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ABSTRACT

In this paper, we propose an enhanced symbol detector algorithm for 2.45GHz LR-WPAN(Low-Rate Wireless
Personal Area Network) receiver. Because the frequency offset of +80ppm on 2.45GHz band is recommended in
IEEE 802.15.4 LR-WPAN(Low-Rate Wireless Personal Area Network) specification, a symbol detector algorithm
having stable operation in the channel environment with large frequency offset is required. For robustness to the
frequency offset, non-coherent detection-based symbol detector algorithm is typically applied in the LR-WPAN
receiver modem. However, the noncoherent symbol detector has increased performance degradation and hardware
complexity due to squaring loss of I/Q squaring operation. Therefore we propose a coherent detection-based
symbol detector algorithm with frequency offset compensation using a preamble symbol. The proposed algorithm
is more suitable for LR-WPAN receiver aimed at low-cost, low-power and low-complexity than the non-coherent
symbol detector, since it can reduce performance degradation due to squaring loss of I/Q squaring operation and
implementation complexity. Simulation results show that the proposed algorithm has performance improvement of

about 1dB in various channel environments.
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I.ME

2 A=RE AEvsloss] 2ZE FH O AEE
FA vEAE AAste] Qzke] el Holx] &
A AFE Apl~E Algee fulHE s H255E
(Ubiquitous Computing)?] 7Wde| oF= ik
WPAN(Wireless Personal Area Network) 7|&2
olggt fu|HE~ S Ads] gk 8 7]
2 QlAEe] 2AA]l AT Ade] 28 FolH,
IEEE 802.15 WG(Working Group)°ﬂ/q‘—‘:— WPAN
of A3t 2 EF W lEdelx 74 A F
Helo] 2|&A 0w 3= glrk WPANe tigh Al
Bl A5 e A= 5719 TG(Task Group)
T TG 4= &8, AAE, A7F 2 ALe] 7]l
ZigBee®] XT3} 2iS ldfsle] E7] A ¥
= AlZe gk 44l IEEE 802.15.4 LR-WPAN
& ARSI FA) vl Q' fER 2
T T8 AR FAl Fof rdEL AEH 22
Avbel] A% WESAS A=A 7R A
Z2y, AL Y 2 AL A A Al o]
gk Ak, 7PA7171E2E] VBT Al e
A5 o83l sick
£ =%l IEEE 802.154 LR-WPAN 7
MA W8l 2.45GHz ZigBee A2~ $417]
d &S 9|8 symbol detector L7E]ES Aok

. ZigBee 41 2H]ol|42] symbol detector
olg] BxE 98 16709 AE F )= detec-
tion k= REEH A7tE AFgsle A" B4
A} FFA0lA HAaske frequency tolerance +80ppm
(196KHz, $41 247F +40ppm)] ok &4 gt
el AlEA gl FEe] shsdlel gl vk
o2 Fal JAlel 7}eld noncoherent detection
WRAjo] ARSE P jQ Al el o AlF =4
of o3 e d3lE FEF W opEl FFAelA
Aashs Hd Tk FAlA 2 A d3kE 7t
ek

E =gollA Aletsl= symbol detector Ld2]E
< a5 g4 3471 4 multiple delay differential
filters A-4go=xn] Fa¢ FAd v 7RIg
F28 71sA sk, multiple delay differential
filter®] 2 Alsel gk 4l Alse] At Azt
I-channelol] =3l 545 o]&3le] dubxql
noncoherent 2] Al coherent WH9] correlator
£ 432324 noncoherent HFA]Q] Aol wlE
AF 45 AAs Aes R A

g

O

ERAEE A 248, 4™, ArbE AR
LR-WPAN “A17]dl] Hr} Z3lsles AAISch

B =] A ot Atk 2 AellA= IEEE
802.15.4 PHY(physical layer)2] ~]&=<ql 7N8E
Amslol on] 3 Ao|x]= UHEAQl noncoherent W
A& 243} symbol detector L1B|E, FIF &
o] odgks ZraA7)7] 18 4% differential
filter 2 differential filterE %]-8-%} noncoherent W}
219] symbol detector Le]Zol sl 7]&3sIATh
4 FollX= B =il Atk T 34 2
A4S E3t coherent 7]HF] symbol detectord 2]
Zoll sl s, 5 Aellde Ak darelEat
noncoherent #2]9] ] o] AdF vluLE 53
Ak daElEe] s skl e, 6 Al
e 2SS 93

OI.|EEE 802.15.4 Physical layer
specification

IEEE 802.154 WPAN-> <! PHY el
T S 868/915MHze} 2.45GHzE AH8-3)H,
DSSS(Direct Sequence Spread Spectrum) HFA]-S-
7IMke i 3k, 20kbpsellA] 250kbps7hx|e] dlolE]
AE SEE Al AgEE T g o
2 depleE £ 1o vehglon, £ =iellde
o] ¥ Al ¥%F A<l 245GHz9] T L
AH8-31= IEEE 802.15.4 LR-WPAN AJ2el& 7]k
o2 gt

E 1. 795 vddel] e ey
PHY (MHz) 868/9 2450
Frequency band(MHz) |868-868| 902-9 | 2400-2483

Chip rate 500 | 600 | 2000
Spreading (Kchip/s)
parameters
Modulation | BPSK | BPSK | OQPSK
Bit rate
20 40 250
(Kbys)
Data pa- | Symbol rate
20 40 62.5
rameters (Ksymbol/s)
16-ary

Symbols Binary | Binary

Orthogonal

2.45GHz LR-WPAN PHY-+= ISM(Industrial Sci-
entific Medical) T(band)S A3} glow, oA
gk vESZ H A2EFe] M el 4 JlEE
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PHY protocol data unit
(PPDU)

. Start of Frame Frame Frame . Sequence . Addressing .
Pze:mb'ei Delimiter Length Control : Number : Fields : Datapaylad @ FCS
@09 | (1byey (bytes) | (2bytes) | (lbyes) i (4t020bytes) i (DY) ¢ (2bytes)

SHR PHR PSDU

3! 1. IEEE 802.15.4 data #7 7%

v

Information & control
from MAC layer

» Symbol O-QPSK Pulse Carrier
Mapper Spreader Modulator Shaping Modulation

gl 2. FAs 2

2T,
I-Channel Co (:2 04 | | | C30 |
Q-Channel Cy Cs | Cs | | | Cay |
T, — [—
2l 3. 0-QPSK ¥z
0O-QPSK (Offset QPSK) *1Z H}2]-S- #-g3lr} E 2. 7 Al dsl visEs A As
A EAo]| wlebi] Beacon F, data 7, Data | Data symbol Chip values
acknowledgment %], 7232 MAC(Medium Access symbol | (binary) (Co.Cy..Cp . Ca1)
. decimal) | (b b, b > T
Control) command I|712] 4 71x] F7-<] Azl F ¢ )|(Bo, By, bz, By
N = 0 0000 1101 1001 1100 0011 0101 0010 0010 1110
Z7} EAlBI, B m=iellMe 7P AR jlEr) = 1 1000 1110 1101 1001 1100 0011 0101 0010 0010
& data FF FREOY )2 o] gale] A% vl 2 0100 0010 1110 1101 1001 1100 0011 0101 0010
PR o 3 1100 0010 0010 1110 1101 1001 1100 0011 0101
s8J3}3icl. PPDUPHY protocol data unit), % 3} 4 0010 0101 0010 0010 1110 1101 1001 1100 0011
v}l data IS ZelE AlE 4 bytes?t SFD 5 1010 0011 0101 0010 0010 1110 1101 1001 1100
o ~ 6 0110 1100 0011 0101 0010 0010 1110 1101 1001
(Start of Frame Delimiter) 1 byte= o]Fo1%l SHR 7 1110 1001 1100 0011 0101 0010 0010 1110 1101
(Synchronization Header)?} PHR(PHY Header), L 8 0001 1000 1100 1001 0110 0000 0111 0111 1011
. . 2 9 1001 1011 1000 1100 1001 0110 0000 0111 0111
2|3 PSDU(PHY Service Data Unit)= 74=|v] 10 0101 0111 1011 1000 1100 1001 0110 0000 0111
PHY layer°ﬂ/ﬂ~°/] information % control AR 11 1101 0111 0111 1011 1000 1100 1001 0110 0000
12 0011 0000 0111 0111 1011 1000 1100 1001 0110
HE] 2ok gker)lol 51 %
MAC layer=48 A= wh=r}”. 7463k v PSDU 13 1011 0110 0000 0111 0111 1011 1000 1100 1001
F7])= 127bytes°]‘/} L RS Addressing 14 0111 1001 0110 0000 0111 0111 1011 1000 1100
15 1111 1100 1001 0110 0000 0111 0111 1011 1000

Fields®] =Z7|= 4 bytes, Data Payload®] Z7|=
13 bytes® A3l Ae F7kE 7 AA =3
o] Alo]=E- 28 bytesZ TAISII T

% 2+ 245GHz®] ZigBee A|2-®l
Al gk E5 o]k

. A]zwElo| A& 16-ary quasi-orthogonal W3
(modulation) 7]&°] AREEIEZE A layerollA A
/3% 250kb/s®] AHHH|EAL 4bit 912 AlE W

Al (D9 half-sine pulse shaping filter= Feher
BEESE! filter 24 non-linear amplifierel] f213}E2 dl=9o]
T4 A RE 2] /44 AARE 2 5 e,

sin(ﬁﬁj, 0<k<15
16

f(k)=

0, otherwise (€8]
ske|w, wsksl ZF AlE2 3 20 AJAJE chip se-
quence = =iK(spreading) Hlvt. w9t 2 pulse shaping Al&+= carrier modu-
32 7NZ FAEE chip A3 23 33 3o A latione A 7 wrelz ALEc) 7+ wRle] 5
W indexi= I-channel® &< ¥ index+= Q-channel A A% EzHacquisition) 2 E7](synchromzat1on)
2 0-QPSK ™= & 71A half-sine 2] 2 o)) A8 g7He] Te|olE AlES 32 binary
pulse shaping S -Y3h. zero. WELk B =Rolile Au; F8E 9]
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3}l 2Tc & ¥4l 8 over-sampling®} <=4l 4 over-
samplingS Z&{3}31 222 symbol detectors $]3
AR ols AE7E #H4 A 05Terh ®ck

II. Noncoherent 249 symbol
Detector

2 ] el®] symbol detector= Ulo]E] EHXE
A Al 459l PN AlSe] A 545 ©]83)
ol 16 7]].4 Al = )2 detection 3= 3HS-
gl A71E A gk AlaHle] 5444 A4
4] H33R= frequency tolerance +80ppm(196KHz,
Sl Z7F +40ppm) ] T FAL 36l A
A ole el JhssElel R dubdew
noncoherent WAlo] ARS¥lc)h uwlgia] B Holx=
ut2 <l noncoherent W}]2] symbol detector &L
2Z3 2 Fuke A SAx] B} 7keldk =41
A5S 37] 98kl 3718t differential filter 2 ©]
7188} noncoherent H}2]9] symbol detector &

25l dhste] 7]=dct

Ry

3.1 «ei™ol noncoherent 24

a3 4= <ubHel noncoherent HF2]9] symbol
detector] E-Fo|t}.

el noncoherent WA19] symbol detector
FE] 5 4l Alsel 1670e] PN AlEele] Ak
S 913k 16709 A4#7)(1/Q-channel), A AL
aela vlar)R Ak Fab age okt 2

—

[¢3

PN Sequence }—

th 0.5Tc &= == 41 AE Alset e
Aol I 16708 PN ALES A =g v
w7l wlaskel b 2 gk AHIE AL B4
= A2 2 ZAAst3 demodulationg F33}A =k

2] ()& ¥HFH<4l noncoherent HFA}2] correlator

e Vel

N{N'

2

Z=

z[r(k)p )]

[i cos (272'AfkTC):| + { ic“ sin (ZﬂAfkTC)}
k=0

{Sln(ﬂ NCAfTC)}

sin(zAfTc) 2)

o1714, 441 sample 4139 A 12 7312
H, r(k) = T FAlo] a#" kWA Al sam-
ple Algolet wEak Af o} Noi= Zzisls o xjs}
1 AlE-2] sample <Fo]™, p(k) & PN sequence ©]t}.

FIg &4Jol| 98 correlator EHo =77t 7
23 HE A = odck Neaffe 7k =& -5
o= correlator =32 =79 FFart ZA] $A|HE
NcAfTc 7} ﬂzl correlator &5 =719 A4
7} AlstE, 53] ZlgBee A2l e 2217}
Z A|2=Hlo]7] “H"“’ﬂ T oAt o £ A
A3k frdeiA ¥ck

%] 5% AWGN A3 27ellx b fale|
wE BER Agolch. T f4lo] dle A

T A e, e 44 el

Re[DJ, r.(K)]
. Re[r(k)]
received ) Iy 2
signal ReD, oG ( )
1m{r(k)] imiD] | (L
M1

e

J Re[D; ;7. (K]

Nc : number of sample in a symbol

Symbol

Max X Demapping

Selection {1y, (Symbol

— 1 tobit) | Information bit
>

Correlator #15

2! 4. 94HH<l noncoherent HFA)Q] FE

179

www.dbpia.co.kr



13 | | |
E . i it . .
T i ! * T
1 1 1 1 1
014 [——c noncoherent : OKHz F
3 = —u— Conventional noncoherent : 196KHz
™
— 1 ~
& 0014 =
E 3
2 ]
©
o 1E-37 4
o
= ]
""_J, 1E-4
o 3 Frequency Offset : OKHz| 196KHz
1 Modufation : OQPSK
4 spreading factor : 32
1E-5 o Half-Sine Pulse Shaping
3 ChipRate: 2Mcps .
1 sk
1E-6 .
2 3 4 5 6 7 8 9 10 11 12

Eb/No[dB]

2! 5. ¥ 9] noncoherent HFA]2] Al

Ao

[0

=

g;.

o

=

[¢]

=1

2.

=R

=

=

[¢]

=

i
o
r)«
2
;
RN
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3.2 Differential filter

A7he A38l= ZigBee Al=dloM= AEert =
= afe] eAlHeElE AR S glemE 2.45GHz
ZigBee A= oscillator®] HEEES +40ppm =
Aaska gleh weba] palddelis Al 4l
tre] Aol AIEE wF wEsle] )
+80ppm(196KHz)2] Fab= Alo] HAsk 4= Sict
O o714 Fajgs gAlolat F2 2 Ful #A
(residual frequency offset)o]z} Eel= $A17|9} 4=
A1717ke] e Al#|olE](oscillator) 2] F-43-S- 2|w|s}e,
olgfgt & Ful FA oAM= PgE R F2b
7Vs3817] 918} differential filter®] A-go] @3}k
13 62 differential filter®] 7325 vjepdct

Re[r(k)]

t &

; G——> RelD,1 (]
mir(9] :
+

—— IM[D, - (K)]
Do)

T2 6. Differential filter 7-%
Fal 247 AWGNe| w#d kw54

sample A%+ ofefjo} o] viepd 4= ik

180

r(k) = s(k)e 2T 1 n(k) 3)

714, s(k) &= #$= kWA sample AlEo|H,
Af o} n(k) = Z7Hulss 2 xkel AWGN oft}

Differential filter®] &% Ale= 541 A% r(k)
9} NAIE Aod€l r(k—N)Al=e] complex con-
jugate ® AlT=A A 49k o] pERd £ gle
o], Ak A AR differential PN 4134 4] (5)
9} 2t

D, (k) =r(K)r" (k- N)
= 5(K)s" (K — N e J27AMNTe o= j2mAf (k-N)Te
+ n(k)s" (k- N)e—jZﬂ'Af (k=N)Tc
0 (k= N)s(k)e 2T L ndon” (k= N)
=s(k)s" (k = N)e ZNTC 4 N (k) @

D, (k) =s(k)s" (k—N) )

o714, N(K)=s"(k—N)n(k)e 127  k-NJTe | (k) . n*
(k—N)-eiZKTC 4 n(k)n* (k= N) 24 AWGNe|c}

Al ()0l differential filter?] =3 Al%2o] Fu}
T HAle] ofgke] Alzlel| wl WislslA] %Al sam-
ple intervaldl N ol 9|&E3h= A Zhoz Wizl

< Fld 4= glom o]e ulg}, differential filter
5 A el J8omy Fale Ao o
S A 4 9l

3.3 Differential filter& %&gt noncoherent
=

13 78 differential filterS- #-8-3F noncoherent
718ke] symbol detector®] -7-ZFo|t}. Differential
filterS 2128} noncoherent HFAlE Al AlFe] F
g FAY] 3RS Fo]7] $lEMdifferential filter2}
Al AlEe} 16709 PN AlEele] AE $13 16
0] AF7)(1/Q-channel), A& AARE 123 HwL
7z gk

Differential filters #}-8-3} noncoherent 7]%k2]
symbol detectorel] tgF correlator®] &3 4] (6),

A (q)3h o] Vel 5 gk
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441715 918+ Coherent 7]HFe] Symbol Detector

1Tc delay differential PN Sequence —
2Tc delay differential PN Sequence

3Tc delay differential PN Sequence ‘

- ReD)],r, !
Re[r(k)] —4~» [
received ; Differentlal |
signal filter | RAD, .. (k)]
10T 17Tc delay "“
2Tc delay —» E
. 1] S o
3T delay [Dv( 01 S
17D, v (k)]l
RelD (W] i symbol | tion bit
May Demapping | Information bi
) Selection (Symbol >
Nc : number of sample in a symbol to bit)
Correlator #15 & [Eus
P
1Tc delay
I 2Tc delay
‘ 3Tc delay

2! 7. Differential filterS #-8-3F noncoherent ¥}H2]9] F%

2

230,000 (0]

2

z
&

= Z[{s(k)s*(k — N)eiZaiTe 4 N (k)}-{s(k)s*(k - N)ﬂ

2

=
I
o

_ k“io [e j2zAINTC +v(k)}

5

r 2
N
=| Nccos(2zAfNTC) + Zc: v, (k)}
L k=0

+

- 2
Ncsin(2zAfNTc) + i Vo (k)}
L b= ©

v(k) = N(K)[ s(k)s" (k - N)T =V, (K)+v (k) (7

o714, 41 sample A1&0] A2 12 7131s] o,
N 1 AE9] sample ]2 v(k) = AWGNe|th
Differential filterS *]-8-8F noncoherent 7]k
symbol detector= A& AKX F&l T 3419
g3l ekds] AAE F S A (6)ollA AT
= 9lr}. ololl we} differential filterS #-8-3F non-
coherent 7]uke] symbol detector= T3 FA=}
TastA E2ksk Qth= AAHo] glont, e 3}
Aellosl] A2 °§°;k°1 7Fesle w3e] gich
B =iollMe Bk =L E Ass o
7] $J3led 23 7oA HEXo] multiple delay differ-
ential fillerg A-83ldck 17} o442 differential
filterollAq] SH == 7 Tc delay °f W& AR 21
e s ﬂuﬂ 3= AlEo] gk Akt A=
G5t 1 olslel 1570e] A A @ Aelsh A

az, ool wet AsS A 4 ik

5 82 AWGN Aol Fab5 34l 2 A4
%l differential filter®] <ol W differential filter
5 483 noncoherent 7]HFe] symbol detector2]

=
stk

13 —=—Noncoherent with diff. flter (N:1)
-®— Noncoherent with diff. filter (N:1+2)
—— a— Noncoherent with diff. filter (N:1+2+3)
S e Noncoherentwith diff filter (N:1:2+3+4)
= LS IO RINCIATES
0.1 - N : delay for multiple differentjal delay filter
*
&
@ 0.01
2 .
]
4
S 1E-3
I} L,
o quency
Q! y| Offset :|0KHz A
1E-4 Hali-Sine Rulse Shaping
Chip Rate | 2Mcps DY
SF:32
1E-5 Y
2 3 4 5 6 7 8 9 10 11 12 13 14
Eb/No[dB]
(a) No frequency offset (0KHz)
13 —=— Noncoherent with diff. filter (N:1)
—e— Noncoherent with diff. filter (N:1+2)
—a— Noncoherent with diff. filter (N:1+2+3)
e —e— Noncoherent with diff filter (N:1+2+3+4)
e =S I ATEA T S
~ N :|delay fof multiple differential delay filter
T 0 *
]
o
2
]
@ A
001
e
ir
o
1E-3
q ffset | 196KH:
Half-Sine Pulse Shaping
CHiip Rate | 2Mcps Ve
SF: 32 RS
1E-4 "
2 3 4 5 6 7 8 9 10 11 12 13 14
Eb/No[dB]

(b) Maximum frequency offset (196KHz)

12! 8. Differential filterS *]-§-%}+ noncoherent 7]4F] symbol
detector A5
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1Tc delay differential PN Sequence
2Tc delay differential PN Sequence
3Tc delay differential PN Sequence
<Frequency compenstaion>
01 o RelD, 1K) 77 -
) Re[r ; = L
resf;\\l:ld " Differential : wf(‘g)" Jorreator 0
——{splitter] fiter i S j I
: D, (K. |
Im[r(k)] L iTedelay T 1? R, ] o ‘
2Tcdelay Sin(@) e L @»Ij 3 E
3Tc delay N jn( ) Z T Z E
- .
Sin(®) . ’
7
g | 7] oyt
08(0) 17 1 1Tc delay
1Tc delay [ 2Tc delay ]
2Tc delay 3Tc delay symbol | Information
3Tc delay ; Max  [Max| Demapping bit
Selection [ "] (Symbol
to bit)
Nc : number of sample in a symbol H
Correlator #14 i Ey
S
Correlator #15 7, 2 E1
B
LI:
1% 9. Coherent 7|HFe] symbol detector -3
Differential fllter«] —r7 ]' =7 ]'tf—_.l‘-/i:—;‘l_'—' }“L——O] {50 1Tc delay differential PN Sequence  [——
2Tc delay differential PN Sequence
A} vl A= 31%1—_0, ZO FolE o
OHX] ‘l" © o ] = = 1Eﬂ] E] 4’ 3Tc delay differential PN Sequence
2Tc, 3Tc, ‘
1Tc, 2Tc, 3Tc delaygl differential filter®] A5} o | e ReiD) (0] H
T5led oF o] A= Falmle wole -l ied " Difterential | =1 i,
H]JJ_S]—q 2F 0.1dB ] d5 SAMNRS HY)S 19 8 rif;\;el Dufﬂfai:teer:tlal I 2eﬁlv(k)]4’mw"'
S %3l #ldt 4= 9t} Differential filtere] 7} lm\—’[r(my ety MOl =
= = = o o =z = h=} ) 2Tc delay —
2RI A9, sheslele] Bakws) Zolel]
St < . & =
o, 2715 Fx 2 = ZigBee Al=Hl SAE
3} 1Tc, 2Tc, 3Tc delay differential A1&ol o3t '"[Dt-m‘k”r )
- Nc : number of sample in a symbol @
[e] A e
Anke aEshe Aol et Bake Wellx 7H
= =} L Re[D, (K
AAgshe, wepr] 2 el 1Te, 2Te, 3Tc e oy
. . - < - 2Tc delay
delay differential Al &ol ozt Abba-e 7293}sivk —rr

IV. JHM=l HEAIO] symbol Detect

a8 9+ & =xollA Aljksh= coherent W29
symbol detector] =o|c}.

Ak WAl Fg A WA, 1670e]
7] 283 vlar] 2§ P‘q—‘?«i T A 3471

2 A= 9k F2F 42 noncoherent HRAZ}
Sl AR A Tl ol 1T ol
3 T S-S RAFEF] wlol]l noncoherent BF
Ao Aol A ALTE 28 glown, olo ule}
correlator®] Q-branch X=gh ’é A =k

a7 102 Fa 54 F4719] FEerl
AlE preamble A3 A (4)9} BUI S

182

T 10, Fg A ) 2

77 =, A1%]l preamble A1&} differential PN
2152} complex conjugate¥ 4152 Ci.(k)g} &}
d, 3499 Fa 54 fa ()2 preamble &+ sym-
bol®] samples 4 Hgk Fho=x] A (8)F Rtk

fest (k) = Cpre(k)

lk
M k=0

=cos(27AFNTC) + jsin(27AfNTC) )

o714, A% sample AlsE 12 7RA=Eg]oH,
M- preamble gk Al 29| sample 0|3, AWGN
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1715 9138k Coherent 7]4+2] Symbol Detector

coswave
sinwave

Red]Frequency offset 16KHz
Imag]Frequency of fset 196KHz

™\ Imaginary sigral

0.5 7 A

1Tc differential delay signal
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