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Wavelet transform implementation method using
single switched-current integrator
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Abstract: In order to solve the problem of analog circuit implementation of wavelet transform(WT), a novel method for
implementing analog WT was presented using single switched-current (SI) integrator circuit. Firstly, according to the
theory of WT implementation using analogue filters, the network function of a bandpass filter was selected as an example
and proved that it was a mother wavelet function(WF) based on the admissible condition of the WF. Then the bandpass
filter with its impulse response being the mother WF was designed using signal SI integrator. The different scale wavelet
functions of the WT were obtained by adjusting the clock frequency of the wavelet filter. The results show that the
designed circuits have many characteristics, such as high design precision without the WF approximation process, simple
circuit structure and easily adjustment WF scales. Therefore, the proposed circuits are suitable for low voltage low power
and real-time engineering applications.

Key words: wavelet transform; switched-current integrator; switched-current filters; circuit design

WisH#: 2017-02-10; f2EIRH: 2017-04-20

E £ 15 B (Foundation item): [H5 [ARRFAILA W I H (61404049, 61274026): WHIFI44 & T H (17B094): HIF BH K RHIFIR H (E51525);
IR SR 5N R S S 4 % Bh I H (DH201512)(Projects(61404049, 61274026) supported by the National Natural Science
Foundation of China; Project(17B094) supported by the Scientific Research Fund of Education Department of Hunan Province; Project(E51525)
supported by the Scientific Research Fund of Hunan University of Science and Technology; Projects(DH201512) supported by Guangxi Key
Laboratory of Precision Navigation Technology and Application, Guilin University of Electronic Technology)

BEMEE: FH, W, IR, WG SO, m R RFER R S ARG, RIS 12 W RE S B AL BLAE TS E-mail:

limuuen@163.com



55230

AN AT 20 a SRS R AL R (1) — [ T3 %A
Bl e B RGBS IBARE, ) 2 N TE
SR BB, BRI B TR
SRR, A58 (1 /1Nl AR BR8P T LR 71
S ACFRARSE R, AE TR AR KT M DL AR S
Ko MNHRT 5 BEAT /N AR e 75 2R A/D 234
KN T RGAARIRE, HAERRLS BT S A
A R e 5 7 AL N AR IR S R R B, Bl
SRERE R, Ak, [E A SRRSO TN AR
(R B 570, EDWARDS 2505442 T 56Ty
FERETF R ARO[ /N AR S i B e v, i T
Pl al HE 2R LU IR A LR (AN (R B [R) 5 4, (R e %
(1) 3y 230 [l 52 21 Fp st i G R 1) 5. 5 30 CMOS
T EARH%E . HADDAD %0 S8 1 HE Tt Ak A 4y
A /N ARSI T o H T BSR4 (1) B 1) 5
BEHUTE Ve BOELE, 255 5 E I8 A2 R AR
SE s AN, AN EURIER A O T 3R MOS B -V
FREUFIE, ZoRk MOS & TAEAW X, SR8
I B FERANRE AR, Ak, 8 I s 1 A 96 A2
FIPRA . L1 OB T 1 o 3 kg /N E T oR BT
AN NPEIEA G IR T G IR B D A ST/ AR e . SC
BR[S—12] T I IEAFAE L AR s 1) vk iy ek ug
DA TR R S AN SRR N AR B, RN E
WERRE, R, /N AR L (R P R 2 2N R OE
UERSREMIREN s 2) oA 1 3RAFRE /N ) v K S 3 0T oA
R s 2 T T, SN AR
RIS RAEA%, DIRERVARA N . % T Bk
BRI, AR 4t — PP e T R o 8 e v SE I/
AR LR (PR 0 o AR /N B A 8t 1) AL 08 e 7 S TR
JREE, R A S AR I M AL SR O N R, H
SEUE BN BE/NGE, SRS SR R LR 3 28 v
T IS DA 12 R /NI PR A R I R DR AR T
st A3 26 FRAAR i) JRE /N3 R RSB/ N AR e

1 /N HRBSR R 2R SR IN RIE

Fw@)e F(R) » Wl w() 2 B4 %P1 )]

TR %, H Fourier 2840 H (@) i A2 25 VFIE 4 AF1 7160,

G, =E:|H(a))|2/|a)|da)<oo (1

MFR w () BRI o FEVFAF I DRAIE T 7N

AR WIS AZHALAE . K w (1) i PR A4 A e, ]
(CESIN TRy

A, S NS T R S ST s 379
1 t-b
Vap(O)=—=y(—);acR;beR;a>0 ()
, Ja a

Hrp: g ARJERT: b A TBRTF. X TEREE
F@)eP(R), w(t) WEEINBRREL W) Ao/ N A8 #
H

W)= 1 On 2= 10y

3)
X w@) Ay MILHE; " RREBEM. &
a=2'(jeZ), W FR/NEASHFR A kN A
A INBR AR VESRAT, WNBE AR A A A e, Hg
e AN
. 1
fm=a7
HA@) M H: STHRE ANER RS a,(neZ)
(K NE AL WT (a,,b) » 7T LA U S A0t i
WIER b, () = (U \Ja, (] a,) FRIE B8R, A i,
ZINUBE AR e (RSO FL B S I g e 12 A AN T RS
DAV A 2 AT AR5/ 22 R ) WA N 5 QI E
WA SEOLE IR AN 1 BN . e i Y i s L 1
I FREL,  PTRATA [ RURE 1 /)38 R 5 S /N AR 4

+o0 oo |
-[—oo J—w az” Ty (a,byy, (t)dadb 4)

BREH
B0/ 8 o 2 2 A

a1 _ L, L
= \/a Vao! ao) WT(ay, b)

a;=2 " _ 1 1
% Jar Val a ) WTy(a,, b)

1)—
S a=4 hu2 = %(//az (- L) ——
% % f ay,

a,=2" 1 i

ha” (l) - \/Z l//a" ( an ) WTf(am b)

Bl 1 R AR BE K B R IR
Fig.1 Schematic diagram of wavelet transform

implementation using analog filters

2 NEERER BTSSR

N T ARAFEE N, B R AS -
(@ /q)jo

(jo)’ + (@ q) jo+ oy’
Wqg=2, w,=2nf,, f,=1345kHz . ZIEW

BRI, A 2@)FT7R . HH/NE AR B R

DEPA SIS B AT S, /)N AR e S A Ok e v i

H(w) = (5)



380 RS2 (1A R B RR)

o5 49 4

6
5
4_
3_

=

= 2

A

_2 I
[ 0.1 )
e [i)/ms
P
; T A
| ey

o=
,,,,

~ |H(@)P?
(2]

1072 10° 10? 10* 108
P/ (rad-s™")
(a) TR (b) WRFIE
2l IR R B AY o R L A R
Fig. 2 Impulse response and Bode plot of bandpass filter

Wi [ R AN ) ROBE /N e B D a4, DRk, &
w(t) = h(t) , WEVHMREORN A h(E)FIPER: 2%, LT
TEVE A M R H BRI SRASAS R ROBE /N U pR 5K
IANE AR o AR NS BT ER S, BRI AR AT
[ 52 (PIAZ BRI, AELIEAS A2 A 1) R 50 ] LA S /N
AR REANE, TSR /N R 0 R VT AR,
Rk, B ST BE I w(r) A BRI R AL

FE 1 y() MR H (o) W2 BP0
c, :j_*:|H(a;)| /@|de < oo, Wy () EBE N3

iE R e W G, =["1H@)P /o|do=
2 “IH @) odo . Bk HRIFR
c, =2j“’°|H(a})|2/wda)+2j+°°|H(w)|2/a)dw (6)

& 20y % H(w) P /o Eﬁ&%(Bode)lT g3
L (6) T AN EL | H(w) | /0 A4 T, Bk, 5

mm/\j |H(o) " / odo BEF T, C, IS 15

2 T OB St sz
FEE, WE 20) T A (6 B 2 i
[, 1H @) fodo M S0& 10" 0 2 F,
i [, 10"/ @’deo RSN, FTLL, (65 2 2
(STORUR s L
LGt bt c, = °°|H(a))|2 /| o|de <o &
SE Sl AR NSRS BTEL w() BB NE R

K,

Erl“

3 FAXRERNKEESRZTSHE

FR S — R oe A EF VLSI CMOS 1.2
(B B £ 5 A B R AR T2, e SR 8 et 1)
IR0 R G Kb R SN TR 5 o FF G PRI H
HAT R ShAEHR. EA AR T TS
P, i H RS AL R T DI S B AN ] I i
SR A T8 K L (/L) e AR I ) 5 5, ek 2k &R
AT ARG FE . TG R s, I,
K FF RGN R 2 B vz s 8 . T
B Ry A 38 bR BT — e ik 30k

Hs)= kys? + ks + k,

(N

s*+(wy/ Q)s + )
Hr: ko kMl ke AREG wo AHPODASER; O M
XF(T) AT UL LA AT 2 SlA% i R BN
H(z) =[((4ky + 2k, T + k,T*)/ D)z* +
((2koT? —8ky)/ D)z + ((4ky — 2k, T + kyT*)/ D)1/
[(0,T* +2w,T/ Q+4)/ D)z* + (e T* =8)/T)z +1]
(®)
X D=afT? —20,T/Q+4; T HIBHEAM. JTX
FHLIRE IR AR 73w SEERHE ] 3 o
I 3 AT HET AL B pR A H(2) A

Iy(z) (a5 + )z’ + (oo —as —2ag)z + o

H(z)= >
Ii(2) (+ay)z" + (oo —ay —2)z+1
€
)
a4
_ -1
L)L 1 1—12-1 a4z 1 1_1271 I I

as+ag(l-z7")

B3 FABARKBH)ORIER

Fig.3 Diagram of switched-current biquad integrator block



55230 ZH,

Sl /NI R) BT OC AR IR 0 s e SEIOT T 381

Xt b 2 (8) A1 K (9) ,

0(1~0(67'§7

"R H(z) KR 2

a0, = 4kyT* / D
o0, = 4a)§T2 /D
a, = 4w,T /(OD) (10)
a5 =4k T /D
g = (4ky =2k T +kyT*)/ D

TX 46 2R HORT I T O FEL A HL B8 v T L A 8 5 DA
¥ AT oy 2S5, AR IR R EOT LU E % MOS
B WL P4 TR R TS AT G AR 70 de 5K
L 3 pronHERE 0 k. B 4, LA 10y
SAEIN FEI, H O HIRIE, ¢ R g, g ARAE
EX=JLET

1 : 0’30:510561 1L 1 o4 o

B4 FEBRRAZRBHS;R

Fig. 4 Biquad integrator of switched-current

WRHEI(S), (DAA0) AT RAFIT I T —
S H o ~ g, W1 PR,

PTH

E1 TR RN R B Ak

Table 1 Parameters of switched-current biquad circuit

a; o (2] a3 Oy Os (273

WIL 0 0.8110 1.0000 0.6791 0.6791 0.3395

Kl 5 oA ASIZ 5 ELER AT b 2201 AT 5K H iR
FRGR 38 B T N FE AR /Nl gl A s, P
A BRI, R T A SE B v i B R oA
W MR 1 TS HOE B TN, MOS T
W/L, HAh MOS &1t W/L % E K 1, 34 I=1A,
R=1 Q. AR TF G H DA IR, 0 5 i
A5 HLEE IR I B e v 15 B W) ROBE /N ek . e
ISR 2 20 510 4 100.0, 50.0, 25.0 AT 12.5 kHz %6} e
PEATOI L, RS a 235008 1, 2, 4 F0 8 /i
JEPAR PN, 6 Fn. ATHEE 6 5Kl 2(a)n]
Bt SR G UL R ST /0N I8 0 U8 5 e 1
5 R BOE T BOR A FIAR, Lo N AR =0 Ak

AL 0.606 0 A, 5 JR R BLE VA — 10 )5 R 252
0.597 6 A AR, ] LI 3ok 1 1 SR8 s v 3% 11 s A A
B, WU I TT G L IR I 2 A B AT M S T AN [ RS
(/N R 7 BT Ry AN T RUBE /N 245 (14 s

[,

ad

\
\

T¢7 4 ¢|

B AN
ST

5 FFREIABIER BRI
Fig. 5 Wavelet filter of witched-current

T @
13 0
o 4 | \ \ \ \
0 0.5 1.0 15 2.0 2.5 3.0
i} i) /ms
1
S b
02 (b)
5 ob~
o 4 ! \ . . \
0 0.5 1.0 1.5 2.0 2.5 3.0
A I /ms
1
R
42 (c)
[ 0flr
% . . . . .
0 0.5 1.0 15 2.0 25 3.0
A ] /ms
Le ! @
| 2 0-|-|_,_,-"~
g 71 L 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0
A I /ms

RIEEa: (@)1; (b)2; (c)4; (d)8
Bl 6 ) IR K 38 A ok B Ae SR 3K o b

Fig. 6 Impulse and frequency responses of wavelet filter

10
0

& %/dB

_80 1 1 1
100 10! 102 103 10* 10°
PiZ/Hz
RIEa: 1—1; 2—2; 3—4; 4—S.

7 ORR RN R R B A B

Fig. 7 Bode plot of different scale wavelet filters




382 RS2 (1A R B RR)

o5 49 4

Wi Ni(a=1, 2, 4, 8), #iF f737l{ 13.3170, 6.6585,
3.329 3 1 1.664 6 kHz AbEXAFIEAE K 0.965 9 dB, L
WA B IR R AR s [FIIS, e ith 2k
(IR A A, FUR AT B Ar e R Bk,
Xt TR, AR IR R AR 22 o T T AR
BIRA 27 MR RER, BTL, 0T 2 B i 3y,

A 4 MR X7 R I 7 TGl Bl
R, RPN RGO RUE R -

N

4 e REENAER S

I,

h T RIS BT v BT O ML /N o 2 LA R R
BRRERe e, HZ s RS EAT 2. BB O
/NI A LR T A A A B R AR £ 5% I REHL
W2, WG AR REE R 1 I i ARy e 22
Y, Wl 8 Prom. B 8 v, SEE XS Y AE F iR AR .
FURIE W IR AR PE 2k i 22 by FBRAT4n: pridtit
(D8 % % FL B AE TC AP AR ZE IS DU, AT 1R
ZENE RN, B KI5 R 2500 0.89 dB, MlE T I8 A%
HLIEE IR R BRI

T MOS @A AFArAE A R, M TF oG

TS IR . TR O AT AR B AR R BT v v I G
“TEs
v
04/
= 0.3
=z -”
® 02
m%
AN : 5 ; 5 . )
0 20 40 60 80 100 120 140
I iE/s
i
< 0.5
iz
_1.5‘: ........
08

T 150
- 100
50

0 WS

200

HLIAL /N RV 28 TR e M R B, R B AR T i T
ANHL S R ZE R 27 28 A EL A TIF . (B S AR 11
BN HL S A H S 1 LEARL G/ Gag AR S AT TR AR
SO AR 5 A 2 TR 1) 35 A2 AR L Co/ Coa 39M
1000, HLETIABSEURFEAAR, /NEIEDE A5 ik e
IR A5 i e NN A o A it 9 Bz SFLEE ] 9(a)

10

W JiE/dB

10? 163 l(l)4 10°
i /Hz
1—iR 2 BB 2—IE W IR 3—i 2 TR
B8 RIRIRE IR m LR E TR
Fig. 8 Frequency response with error margins of

wavelet filter

0 20 40 60 80 100 120 140
Fsf ] /s

o »150“”200
100

\%?/]YZ 2" 5 50 “,‘“é"S

(a) TEF KR S, (b) ARBEME AT I kot I (1) 45 e 5
(¢) TEH Bk mi S B ISHBAMAR ; (d) AR SR ko min S G IR0 A
B9 5 AedE B A T AR R B B R BT A A

Fig. 9 Contour and time-frequency distribution of impulse responses under normal and non-ideal conditions



55230 ZH, %

s /DR BT OC AR IR 0 i e o SEIL T T 383

I o) 2% . & 9(c) ML 9(d)Hh kst o 1 (1 s
A AR AEIE R AR DR HE B A NS 2k
i URV VAN P i TE 7 N G S E 51 T G | P
HH BT T (1) PRI 52 B i N H A D8 2 R 2 A L 2
Lol s m i/ FIRF LA IR AR T
FATF G LR 73 25 (1) /N AR e SR TV v AT 11

1) $EH T PP FIT R LR AR 23 2 1K /N AR
BB ke e /N R E e 2% S L BE
DARE 77 00 IR 4% 110 I 286 bR 501 R BT 9 e B 1 5
AN BRI VR, TE I BR B BE/N I R 3
WRJE S RIDTF IR AL IR I3 48 A B AN B e B vt b B
IR i RE /N AR 2 o T8 I YA Y R DG ML IR A 1)
IS Bl 0 A0 B AT 3R A AN [ RE 1 /0N 8 bRy K 52 L /DN i
A .

2) AT AT N R HOEIT, P, Wk
JEw, HE T AN B B R RSB R . [
PR TSRS A LA 1 XK 28,
UL R A R T B, AR A TR L ARSI RERISE N
TN . seAh, 2 A, & 1L
I % L I A1 AT P 2R T

B2 3k

[1] DAUBECHIES I. Ten lectures on wavelets[M
SIAM, 1992: 7-10.

[2] MALLAT S. A wavelet tour of signal processing[M]. New York:
Academic, 2001: 5.

[3] EDWARDS R T, CAUWENBERGHS G. A VLSI of the
implementation continuous wavelet transform[C]//Proceedings
of IEEE International Symposium on Circuits and Systems.
Atlanta, GA, USA, 1996: 368—371.

[4] LIN J, KI W H, EDWARDS T, et al. Analog VLSI

implementations of auditory wavelet transforms using
switched-capacitor circuits[J]. IEEE Transactions on Circuits and
Systems, 1994, 41(9): 572—-583.

[S] HADDAD S A P, SUMIT B, SERDIIN W A. Log-domain
wavelet bases[J]. IEEE Transactions on Circuits and Systems,
2005, 52(10): 2023-2032.

[6] KARELJM H, HADDAD S A P, HISENI S, et al. Implementing
wavelets in continuous-time analog circuits with dynamic range
optimization[J]. IEEE Transactions on Circuits and Systems,

2012, 59(1): 2023-2032.

]. Philadelphia, PA:

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

LI Hongmin, HE Yigang, SUN Yichuang. Detection of cardiac
signal characteristic point using log-domain wavelet transform
circuits[J]. Circuits, Systems and Signal Processing, 2008, 27(5):
683—698.

AKANSU A N, SERDIIN W A, SELESNICK W. Emerging
applications of wavelets: A review[J]. Physical Communication,
2010, 3(1): 1-18.

LI Mu, HE Yigang. Analog VLSI implementation of wavelet
transform using switched-current circuits[J]. Analog Integrated
Circuits and Signal Processing, 2012, 71(2): 283-291.

LI Mu, HE Yigang. Analog wavelet transform using
multiple-loop feedback switched-current filters and simulated
Journal  of

annealing AEU-International

Electronics and Communications, 2014, 68(5): 388—394.

algorithms[J].

LI Mu, HE Yigang. Implementing complex wavelet transform in
analog circuit and singular value decomposition algorithm[J].
WSEAS Transactions on Circuits and Systems, 2015, 14(45):
380—-388.

TONG Yaonan, HE Yigang, LI Hongmin, et al. Analog
implementation of wavelet transform in switched-current circuits
with high approximation precision and minimum circuit
coefficients[J]. Circuits, Systems and Signal Processing, 2014,
33(8): 2333-2361.

RIOUL O, VETTERLI M. Wavelets and signal processing[J].
IEEE Signal Processing Magazine, 1991, 8(4): 14-38.
VETTERLI M, HERLEY C. Wavelets and filter banks: theory
and design[J]. IEEE Transactions on Signal Processing, 1992,
40(9): 2207-2232.

CHUI C K. Wavelet analysis and its applications: an introduction
to wavelets|[M]. San Diago, CA: Acadamic Press, 1992: 9-11.
KAISER G A frienlly guide to wavelets[M]. Boston: Birkhauser,
1994: 1-7.

HUGHES J B, MACBETH I C, PATTULLO D M. Switched
current filter[J]. IEEE Proceedings G: Circuits, Devices and
Systems, 1990, 137(4): 156—162.

HUGHES J B, MOULDING K W. Switched-current signal
processing for video frequencies and beyond[J]. IEEE Journal of
Solid-State Circuits, 1993, 28(3): 314-322.

HUGHES J B, MOULDING K W, RICHARDSON J. Automated
design of switched-current filters[J]. IEEE Journal of Solid-State
Circuits, 1996, 31(7): 898-907.

De QUEIROZ A C M, PINHERIRO P R M, CALOBA L P.
Nodal analysis of switched-current filters[J]. IEEE Transactions
on Circuits and Systems, 1993, 40(1): 10—18.

FAKHFAKH M, LOULOU M. A novel design of a fully
programmable switched current filter[J]. International Journal of

Electronics, 2010, 97(6): 623—636.

(%REE  FRALLE)



