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RG] A5 H7e Esle] Alks dwe|So] differential detection 719+l noncoherent ¥ M} 1dB2]
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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 symboi 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

HZ A2 Ao EZx 2E FH AE
54 vENZE dFsie] A7) &bl Rolx]
A HAFE ApAE AFdches fHHEs AFE
(Ubiquitous Computing)®] 7Wde] HF=Ez it
WPAN(Wireless Personal Area Network) 7|&2
olzfglt fH|AE A~ & AM3P] #3 F8 V)
&2 A=Y Azl A Apido] Zla Foln,
IEEE 802.15 WG(Working Group)llA&= WPAN
o A3t TreE o QEHeA FF AH U
nete] A&A o2 3= glr). WPAN g Al
HAel Q72 el AAdH 57Hel TG(Task Group)
ZF TG 4¢ 428, AAH, A7t 2 K9] 7jed
ZigBeed] EF3} 2qd-g A3l B AFs} €
2 A2l iF 7249 IEEE 802.15.4 LR-WPAN
< AR, A wF, B, f3AY 2
U T8 AR BA Bl 7YEE A 24
Aol Az JEYIAE AHA 372 A
248, A7E Y 2 AL 74 A S o8
g Ak, ZFA171ERe] VBT Ao =l
AT g3k ick

£ &=iolx+ IEEE 802.154 LR-WPAN T4
Z AlA W82l 2.45GHz ZigBee AlAFl9] 5=417)
24 FH8L 2138 symbol detector LSS Agk
gkl ZigBee Al o 48] symbol detector=
diole]l B2E ¢lal 16719 A8 5 34E detec-
tion 3h= EEZH A7LE Akl Al B4
A A sk frequency tolerance +80ppm
(196KHz, #5441 24zt +40ppm)2] Fob5= &4l &
7oA A=A Qle BXel ZhsdlioR vl dukd
o2 Fag §Alo] 73lRF noncoherent detection
W] ARSEI 17Q AF Al AR AF &4
oA o8] He d3E LY ¥ opl=t A
Axshs A T A 2 A5 438 7}
ek

B =FolA Aleksh= symbol detector Y=
< F4 A $47] U multiple delay differential
filters A-&3hoEn Ful FAld tlg 7313
E2R8 7157 51912, multiple delay differential
filter®] ¥ A3 W 4 Alse] Ak Ay}
I-channeloll = 548 o]83le] UubA<l
noncoherent H}4] tX] coherent HMA2] correlator
£ A-83%k°. 23 noncoherent WAl Lol wlE
AF EAE AA A AT FA

BARE 2xAA 243, AAH, A7EE A=
LR-WPAN 2174l Hr} H3sl=s AASITh
¥ =Y AL o 2t 2 AelA= IEEE
802.15.4 PHY(physical layer)®] 7]&3¢l 7Ne&
Aedsled ord, 3 AollA= UHFH < noncoherent
A& 243} symbol detector Y2, Fuly ¥
Aol Fke FaA7)7] s 4R differential
filter ¥ differential filterZ 88} noncoherent ¥
2]19] symbol detector dE|ZEell el 7]&slch
4 AoAe £ =FdA A T 4 B2
A& E3]F coherent 7]MFe] symbol detectordizE]
Zoll el Adste, 5 Aollre Ak dz=|Esd
noncoherent B}A}2] dwelErte] A5G vlnE £l

Ak el s dFsisled, 6 Al
Ae Aeg 4k

. IEEE 802.15.4 Physical layer
specification

IEEE 802.15.4 WPAN<S <4 PHY ¥H=Z F
s}4 e 868/915MHzo} 2.45GHZzE A8-3)m,
DSSS(Direct Sequence Spread Spectrum) HMAE-
7Iake 2 8lar, 20kbpsellA] 250kbps7iAle] dlel]
A £E2 2RI} AMEE Fakre digdl w
£ IFefeleE E 19 vehliglen, £ =iXe
o] & AA FE ¥4 245GHzY] F3¢ djoS
AM25H= [EEE 802.15.4 LR-WPAN A|281S 7|8k
o8 g}

E 1. Fu5 g whg sjelely

PHY(MHz) 868/9 2450
Frequency band(MHz) |[868-868| 902-9 | 2400-2483
) Chip rate 00 )

Spreading (Kchipfs) 3 600 000

parameters
Modulation | BPSK | BPSK | OQPSK

Bit rate

20 40 250
(Kb/s)
Dat - | Symbol rat
A pas ) Symber e g | 40 62.5
rameters | (Ksymbol/s)
16-ary

Symbols Binary | Binary

Orthogonal

2.45GHz LR-WPAN PHY% ISM(Industrial Sci-
entific Medical) T%(band)& AH&3l7 glom, QA
g VBN Y A2l M g = gleE
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PHY protocol data unit
(PPDU)

i Start of Frame Frame Frame | Sequence | Addressing | H
szuei Delimiter Length Control | Number i Fields : Daapaylad @ FCS
o9 | (1 bytes) (1bytes) | (2bytes) : (1bytes) | (4 to 20 bytes) (1 bytes) i Qbytes)

SHR PHR PSDU
3% 1. [EEE 802.154 data H7 7=
Information & control
from MAC layer ~
Symbol » O-QPSK > Pulse . Carrier
Mapper Spreader Modulator Shaping Modulation

a3 2. AR 72

I-Channel

Q-Channel I

T,—» [¢—

33| 3. 0-QPSK HF

O-QPSK(Offset QPSK) ®Z wpAlS 283}

AMS- EAo] wetr Beacon HF, data HF,
acknowledgment Z7l, 128]37 MAC(Medium Access
Control) command 78] 4 71X E7Fe] A F-
Z7} EAfEh, £ =Eelie 7 AR et &
< data A TR D o83 AF e
=313lodc}. PPDUPHY protocol data unit), & 3}
e data HHE ZeE|QE X3 4 bytes?} SFD
(Start of Frame Delimiter) 1 byte2 ©]F]% SHR
(Synchronization Header)} PHR(PHY Header), L
2] PSDU(PHY Service Data Unit)® TA%w
PHY layerolA2] information % control AR
MAC layer2%€] A uk=cl¥ 71531 20 pSDU
A7l 127bytese|Ht £ =Mt Addressing
Fields®] =7]:= 4 bytes, Data Payload®] =7+
13 bytes® AA3 e HrHE 43 AA AHA
2] Alo]Z=F 28 bytes® T3

a7 2= 245GHz9] ZigBee Alx®le] £Altth
3 digk EExolct

¥ Al~"oME 16-ary quasi-orthogonal ®ZF
(modulation) 7]€°] AFSFHEZ AM] layerdllA] A
AE 250kb/sS] AHRBIEGL 4bit GHE AE W
Few, W zF 22 X 20| A= chip se-
quence® #iK(spreading)

32 /NZ 24 chip AlZE 123 33} o] B
H indext I-channelZ &< ¥ index: Q-channel
2 O-QPSK ¥HZ FAHE AA half-sine el
pulse shapingS =3}
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B 2. 7 Al g3} wigEe 3 A%

Data Data‘symbol Chip values
symbol (binary)
. (€0,€1,,630,%31)
(decimal){(b, b, b,  b,)

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

2] (D4 halfsine pulse shaping filters= Feher
filter 24 non-linear amplifierel] F213l22 =]
T4 Al RF #9] 714 ZAA48E 2& 5 e,

. k
— |, 0<k<1
£ (k)= sm(”ls)’ kst

0, otherwise H

w22k 2 pulse shaping 41&+& carrier modu-
lationg A3 7 W2 ALHcth 7+ 7] 5
Al A% EAKacquisition) ¥ E7](synchronization)
£ 98 AMeEe 870 Ze]iE AlE-S- 32 binary
zero2 WHE} 2 =Folxe Az 7S 9



=¥ /245GHz LR-WPAN 441715 943} Coherent 7]4k2] Symbol Detector

3t 2Tc 2 $4l 8 over-sampling@} 541 4 over-
sampling-& 72313122 2 symbol detectorE $3l
Agd S gle SR HA L 0.5Tcrt "ok

. Noncoherent W42 symbol
Detector

2 A]l~"le] symbol detector= HolE] BXE
o8 A AlEel PN Al3e] AR BAE o83}
o 16 N¢ AE F E detection 3h= S
st A7HE Ak A 44 74
4] 3= frequency tolerance +80ppm(196KHz,
Al A7 taoppmye] FIE FA #AeA Al
4 e Bl shedler == dubHew
noncoherent ¥}Ao] ARSEICE wEhd B HolrMs=
dutA el noncoherent ¥]2] symbol detector &l
&7 & Fa $4 B0l B Al 4l
%S 271 s1sted 3713 differential filter 2 ©]
& 243} noncoherent ¥H*]9] symbol detector &
JE]Eel| it 7|edct

3.1 A9l noncoherent W4

1% 4+ ¥4kl noncoherent HMA)E] symbol
detector®] E-Zxolu},

dukH 2]l noncoherent M2l symbol detector
dwaFe 4 AlEel 16709 PN Alzele] Ak
< % 16709 A=7)UQ-channel), HH AL
aelx var|E PRk 51 3L et 2

F PN Sequence I——

tl 05Tc BHHZE J¥s= 74 AF 4l3e] v)g]
AA=e] Jdd 16719) PN AlZe} Akt AL w]
A vzl s 2 g e Ae A
H Ale2 AAET demodulationS 333} Hr}

Al 2)&= UuEA 4l noncoherent ¥HA9] correlator

298 vehac,

2

z- ‘i [ )]

k=0

Ne 2 4 2
= [ > cos (ZnAfch)j‘ + { i sin (ZﬂAfkTC)]
0 0

B [sin(ﬂNcAch):lz

sin(zAfTc) )

d7]A, 44l sample AlE9] HHL 12 A3l e
o, r(k)+ T FAlo] ZHH kWA Al sam-
ple AlZelch w3t of o N & ZFas exje}
1 4122 sample 419, p(k)= PN sequence °©|ck.

Fag 2atel 28 correlator 42| =77} 3}
234 g8 EA1 5 sdek NeafTe b 2R 73S
& correlator & o] =7|¢] vt &=x] AT,
NeAfTe 7} AAGE correlator 39 =719 74
7} Az, E3) ZigBee AloEle Fa a7}
2 Azglo]7] witoll, Fule ejo 23 & A%
d3le {LstA =lok

33 5% AWGN Al 3l Faia {4
w2 BER A5olch Fal o] gl 3N
= 5% A JEiARL ek 3Aks e

Re{D];1 )] _

. Re[fk)] j
received 7
signal ——[splitier] AT 100 ()

T

jm‘.m(k)]

RT3
wfnr§ 2 O

-

Re[D, . K)]

Nc : number of sample in a symbol

Correlator #1585

3 4. kA el noncoherent ¥HA1Y] 3

E,
Symbot
Max | | Demapping
Selection [iy,, |  (Symbol
tobit) | Information bit
—
E15
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0.1 4-

3

= o001 - —

@ :

@,

) 4

o 1E-34 :

= = T =

o

= i

W14 awonens ;

E " Frequency Offset: 0KHz, 196l L
" Modylation : OQPSX - ¥ T

- Spr 122
1E-5 Half-$ine Pulse Shaping

1E6 ; ; ; —

Eb/No[dB]

37 5. 94bE4) noncoherent B2 Al%

g oA 2 A% d3E RS T #
ek & =M oleldt Fab §4l e A
5 d3ks Aadsly, AL #A AT BAE
913 differential filters $43 22 H43)5ic].

3.2 Differential filter

AA7Ve A¥Bh= ZigBee Aladlolii= AT E
< e A E AHE 4 0= 2 245GHz
ZigBee Al oscillator®] A3 EE +40ppm I
dusta glck geby Aldelde $Alds) 44l
=e] idely] AHYRE mF mesle Y
+80ppm(196KHz)®] Fap= Fajle| g 4 glr}
B o7lx Fale Aol F2 AF Fag {4
(tesidual frequency offset)olg} Belw= $4719F 4
A717ke] e Adole(oscillator)2] HAFHE 2]u]s}H,
olgldt & T #l M= K- eE Ft
71371 Yl differential filter?] 8ol Ha3ch
% 62 differential filter®] 725 vlepiich

Re(r()] E
. : delzy B
: ?——»
Im[r(®] ‘ENT %
H delay
+ z'
- Im(D, ) (K]

D)

Re[D 1, (0]

12 6. Differential filter 73
Fakpe FAS AWGNe] w2l® kA 54
sample 413+ ofefle} ZFo] vehd 4 glrh.
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r(k) = s(k)e’>™ ¢ 4 n(k) 3)

o7)4, sth) = AL kHA sample AlFo)n,
of sh k) A} 235k AWGN olch

Differential filter®] 23 As+= 4 AE r(k)
9} NAE Xd¥ r(k-N)AES complex con-
jugate ® B2 4 @2 o] el & e
w, Ab A] AMEEE differential PN A15= 4] (5)
o} zch

D, (k) =r(k)r" (k~N)
= s(k)s’ (k- N)e J2RANTC o2 (k=N)Te
+ n(k)s’ (k - Nye /2 e=N)Te
+1" (k= N)s()e’™ ¢ ¢ n(kyn” (k - N)
= s(k)s” (k= N)e/>™NTe 4 N (k) @)

D, (k) = s(k)s (k- N) 5)

WA, Nk)=5"(k-N)n(k)e 2™ EN 4 5k - '

(k- N)-e/ ¢ 4 n(k)n' (k- N) 24 AWGNo]t}

2] (4)ollA] differential filter®] &3 A15¢] F3}
g FAe] gl ARt e} WESHA| ¥R sam-
ple intervaldl N ol ol&sh= A4 gtez wiglg
S gl 4 gled, ol ule) differential filter

A QlHede) A4gho gy Falg {49 o
S A 4 ok

o°" mlm rul

3.3 Differential filter& Z=&8t noncoherent
Hha

I3 7 differential filterE 283} noncoherent
718ke] symbol detectord] FFo|t} Differential
filter& #-83} noncoherent WM& 4l A& F
s FAe] JEE Fol7] $l3Mifferential filter2}
4l Alse} 16702 PN Alzele] g 913t 16
7] A7)(1/Q-channel), A AR 12]1 BE
7|2 739t

Differential filter® %83} noncoherent 7]4ke]
symbol detectorell ©&} correlator?] £H-2 A (6),
Al (H3} o] vERE 4= 9lrh
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1Tc delay differential PN Sequence [

2Te delay PN

3Tc delay PN ’

5 -
Re(sk)) ¢ s
received R Ditferential 2
signal o titer Mo & HO)
Enfei)] ),
E E,
1D, r.001 P
‘“’;D.\,.u(kn
Re(D, ;17 0] N Symbol L
Max  [\Msg Demapping | [nformation bit
Selection = (Symbol |
Nc : number of sample in a symbol 10 ble)
Correlator #15 | <& 13,
3
1Te detay
2Tedelay
3T¢ delay

%] 7. Differential filterS 243} noncoherent *H2je] -3

2
4

Z=

Mz

[D, (0D, (k)]

Y
i

0
2

2

4

[{s(k)s'(k — N)e/2mNTe 4 N(k)} . {s(k)s' (k- N)}' }

By
i

0

2
c

[ejZIrAfNTc + v(k)]

g

2
Nccos(QrAfNTc) + i v (k)}
| k=0

+

2
Ncsin(2rANT c)+gvg (k)} ©

v(k) = N(O)[s()s" (k= N)] = v, (k) +v, (k) D

1714, 441 sample A13.2] AL 12 7Pzl o,
NA= 1 A2 sample 2] v(k) & AWGNe|ck

Differential filter® 8% noncoherent 7]HH)
symbol detector= AH AR T3 Fol FAl9
og3fo] 3] AAL & A& A (6)X U
4= gle}. o)e ule} differental filterS 43} non-
coherent 7]4F2] symbol detectors Fab A=}
Tl 52 5 olvks Aol glevh Al
Hollelall A4&2o] <dgbo] FiFE= wdo] ik

2 =Fdde 2r) sz e Ase o
7] 915l 13 7904 2%°) multiple delay differ-
ential filterS Z-8s}3ir) 171 o)Ak differential
filterolX] 8=+ 7} Tc delay ol o2 Akt A3

5 oA =9, Y3 AR oigk A 3HY
= 2 ole) 15709 AR AE gk Ae)rt AR

al, olell wet g A 4 Slck
2% 8& AWGN #7ellx T 34 2 A4
differential filter®) <ol W} differential filter

283+ noncoherent 7]k} symbol detector?]
Azt

|
=2
=

[o

13 . R —a— Noncohersnt with dIff. fitter (N:1)
I —e— Nancoharent with diff. filter (N:1+2)
- ==z - —a— N hecent with diff. filter (N:1+2+3)
s T Nencotecent wilh . e b 1+2esed
0.1 . N N detay riial delay fitter
L. \
E N
m 0.01 \
5 L 4
5 1E-3
R
ui
=
@ Fr Offsat  0KHz
f ——Fréquencyl Offaat : 0K+ 4.
1E~4 4~ Tiaft-SIve Rufva Shaping
R ik ik
SF:FIZ e *
C1E-S !
2 3 4 5 6 7 8 9 10 11 12 13 14
Eb/No{dB]
(a) No frequency offset (0KHz)
13- —we— Noncohserent with diff. filter (N:1)
- —e— Noncoherent with diff, fitter (N:1+2)
I T2 Noncaerent with ift. itr (N:1+2+:
| l\<\ —o— Noncoherant with diff. filter (N:142+:
R ‘\ N :ldotay far
01
g RS
g
E 0.01 5
ul
=
6
1£-3
Frequency Offset 3 196KHZ
Tait Sine Bulse Shaph
CHip Rate } 2Mcps| 'S
8F:32 DS
1E4 Y
2 3 4 s 6 7 8 8 10 11 12 13 14

Eb/No(dB]
(b) Maximum frequency offset (196KHz)

7] 8. Differential filterZ &-8-3}+ noncoherent 714k] symbol
detector 3%

181



FEEAIF S =FA] "062 Vol.31 No2A

1Tc delay di PNS

2Tec delay differential PN Seq

3Tec delay differential PN Seq

<Frequency compenstajon>

. g Reﬂ,,;,(k)l? 2 T
received ; i 0. I ]
© : B Prowrr e Correlator #0
signal i Differential ; f"“g)/m o —
i filter —
)] Wlo 1| kel
e S RelDy 4}
= S L] o i Eo
¥ ey
. + .
TT TN TT g
.7 teos(B) iy A 1Tc dela
X ITe delay | - 2T dels; Inf .
L. 4 2Tcdehy, | . 3ITc delay Symbol ‘ormation
. 3Tcdely . Msx  |[Max| Demapping bit
. Selection [ | (Symbol |
to bit)
Nc : number of sample in a symbol I
Corretator#14 [T~ Z’: £y
!
Correlator #15 ||,/ Z’ £,
H—|

33 9. Coherent 7|4k} symbol detector T3

Differential filter®] <7} Z7184E A% %
AslAE A Y 2L o8 =9, 1T,
2Tc, 3Tc, 4Tc delay9] differential filter®] A2
1Tc, 2Tc, 3Tc delay®] differential filter®] 43534
vlwsle < 0.1dBY A5 HYhe BS 19 8
& E3) 3Rig &+ qirl Differential filter®] <7}
Z7¥sH =, st=dete] Eatsrt S7BP] dE
o, A7} BRZ H= ZigBee Al2¥ 54& 38
8ld 1Te, 2Tc, 3Tc delay differential 413l o3}
Ak aEshs Aol A Sakx oA 7R
A, depd £ =Felies 1Te, 2Te, 3Tc
delay differential 413l &t AAAHS zeslgch

IV. J4ME 89| symbol Detect

I% 9& ¥ =FddlA] Algksh= coherent W29
symbol detector®] o]t}

Aok WAE Tl {4 HAY7, 16719 Ak
7] a=lz vlar] 9 e T fAl 371
2 A=Y gleh 5=t 232 noncoherent A3}
AR, Aok WAl Falpe FA FA7NE oS
3 T $4le BARIS7] W&ol noncoherent ¥
Aeoflxde] A= ARyl g8 glow, ol ulw
correlator?] Q-branch =3 H& A Hrt

a3 102 Fa 34 4719 Fxelth

$A1E preamble AT+ 4] @)%} FLL AL
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1Tc delay differential PN Sequence
2Tc delay PN
3Tec delay differential PN

RelD{ir 0] —%
iterential | ] I_T —
fitter {1 Rd Dhm(k)]a (s cos®) ;,

2N

received
signal

1Tc delay

D, (k)]

Nc : number of sample in a symbol

RelD, (k)]
1Tc delay

2Te dela;
3Tc delay

T 10, S Y 3] 7=

AA =, $41%5 preamble 4139} differential PN
2159} complex conjugate™ A15F C,.(K)a} 3}
W, FA9 Fake §4 £, (0) 2 preamble ¥ sym-
bol®] sample$ % FFT gho2s A (8)3F 2k

k=M-1

1
Lu®=— 2, €, ()

k=0

=cos(27AfNTc) + jsin(27ANTc)

®

q7)A, 441" sample A3 12 7PEoH,
M- preamble ¥ AE-2] sample 013, AWGN
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1 3 o
o] — N(k) =
Ay & ok
1.0+ — .
N
A . Imaginary signal
0.5 ; .
1Tcdiffersntial delsy signs \
/! N
3Tc differsntinl dehay signal
2Te diffsrential del: i il N
; 00 v © diferential delay signai\,
L
s N _/

-0.5-
Rulxlgnll
Onty Fraquency offset
-1.0 | Despread output signat \‘

i v 1 T T

™ r 1 v1 171
-20 0 20 40 60 80 100 120 140 160 180 200
Degree

T3 11. 196KHz] o= 23} FelAe] Alg =7] Ws}

—mu-— {deal Freq. Offset for 1Tc diff, delay real signal
2.0 7 —e—ideal Freq. Offast for ZTc Y. delay real signal

—o— Enlmlhd Freq, Offset for 2Tc diff. delay real signal
1.5 —a— Estimated Freq. Offset for 3Tc diff. delay real signai

'
Frequency Offset : 196KHz
104 1Tc dift. delay signai

2Tc diff. defay signa)

-0.5 - 3
[Frequancy offsst estimator) 3Tc dift. daley signa

Nurber of used preamblé :
Half-Sine Pulse Shaping
4.0 ChipRate; 2Mcps

- S

Mean of estimated frequency offset
(=]
o
1

| i

T T T

2 4 6 8
Eb/No[dB]

(a) 4% frequency offset real 4132] mean A5

o 48

—n—Ideal Freq. Offset for 17c diff. delay imaginary signat

1.4 4 —o—Ideal Fraq. Offset for 2Tc difl delay Imaginary signal
—a—Ideal Frag, Offset for 3Tc i, dalay maginary signal
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