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TIT 4T T 4 IVE DR AR
LtAct ver.3.30 TOZEH 4.

LtAct ver.3.30 TDZEE =
Changes in LtAct ver.3.30

AR DO R F 1L CHEFDOEOFIEEZW S 7292, LP1 11X R1=R2=R3, LP2 %
R1=R2. HP1 % C1=C2=C3, HP2 % C1=C2. ET1 |% R41=R42=R43=R44=R45=10 k
EB LI EERT AL IICER LE L,

In order to reduce the number of different values for the R and C elements in the basic
circuit diagram, the circuit diagram was modified to be synthesized so that

LP1 is R1=R2=R3, LLP2 is R1=R2,

HP1 is C1=C2=C3, HP2 is C1=C2,

and ET1 is R41=R42=R43=R44=R45=10 k.

2/ 461



TUT 4T T VB DEE LB

LtAct ver.3.30 TOZEH 4.

LtAct ver.3.14 @A X & LtAct ver.3.30 D [a]F& [ D kil

Comparison of circuit diagrams for LtAct ver.3.14 and LtAct ver.3.30

LP1
« LP1_2-ver3.1d.asc =R~
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VL s205% | 1205k s ot
(~_ ! : " ADA4807-4
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= gSO.Sn N
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.ac oct 50 0.01 100meg
LP2
P2 2-ver3. 14.2sc _ @@E
Sovp . vm o
oxlv2 53 c_1_1i
@ 12 @12 18n
. R1_1|R2_1 Ely out
in ! . N byt .
AT { ~| ADA4807-4
av ‘3:1 L1 963K 17.82K g 4 | v
SINE(O 1 1K) : N
.ac oct 50 0.01 100meg -
- 1P2_2-ver330asc =R

V| : vm
S .vzziva 11l -
- 312 12 20m
~ U1
R RL1(R2.1 - T out
IS\ AN SN e
AL 1132§k{1l1\z/5x oy | ADA4807-4
U a1 g : €21 | vm
A SEEENE L
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- .ac oct 50 0.01 100meg -
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LtAct ver.3.30 TOZEH 4

HP1

(| ol S

" SINE(0 1 1K)
AC1

.ac oct 50 0.01 100meg

~ SINE(01 nq

acoct so o u1 100meg

 COEBEBPITIIMLIHEEYTF LAt mﬂmzut
-High Pass Butterworth order = 2
- Fp = 1.0000KHz attp = 301dB Fs =666.6667 Hz aﬂs--?BEdB
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LtAct ver.3.30 TOZEH 4.

ET1

-l: etl_2-ver3.14.asc

R44_1

3.60K
R43_1

~7
SINE(D 1 1K)

R45_1
.ac oct 50 0.01 100ngeg 1 3.65K 3.65K
K . out

- 2.55K

COBIEEL )T T T R I LA REALELE | EiRET
High Pass Elliptic -order =2 - - - cooonno0dooano
Fp= 1.0000KHZ attp = 0.10dB .Fs =666.6667 Hz. atts = 3.21dB

4: et1_2-ver3.30.asc

: .[}{J}Kj Cbi1 - Rb2_1° Cb2_1

= .
SINE(0 11K)- - - - -
-ac oct 50 0.01 100mey_1

L2TAK

COEIBER G PITI a5 LAct b LELE
Low Pass Elliptic order =2
_Fp = 1.0D00KHz attp = 0.10dB Fs =.1.5000KHz atts = 3.21dB

| ADA4807-4
vim
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Diagram of the basic circuit block

1ROAO—/RRA T 4 LA EKREE Ip1

1st order low-pass filter basic circuit Ipl

R1 L

. C1 1 [+~ "/l op1
Vdd :
l Ip1.cir

H2—-1 1KROO—=RAT7 4N FZEXER1 Ipl_l cir

Figure 2-1 1st order low-pass filter basic circuit Ip1.cir

Ipl_cir DOf=ERE#K

transfer function of 1p1.cir

1/CR,
1, (,.5) = LR

~s+(I/CR)) ey

RO EFE O — AT LV H RSN 5,

Used for various low-pass filters of odd order.
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1TRONAINRT 4 LA EKERE  hp1
1st-order high-pass filter basic circuit hpl

R2
R1 C1
- O Vss
o — P T
.
4
> L-a;: Vdd
OP1  LM324
"0 hp1.cir

4—1 1IRDNNAINRART 4V ZHAKEK hpl.cir
Figure 4-1 1st-order high-pass filter basic circuit hpl.cir

hpl.cirOfsZEB#KL

Transfer function of hpl.cir

R, s

"R s+(GR) o

Hl(a)p,s):

FRRBDETENANAT 4 M ZIMEH SN D,

Used for various odd-order high-pass filters.
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2ROA—INR T 4 JLAEKEFE LP1

2nd order low-pass filter basic circuit LP1

I .
RS 3 |
I . —'LC? D Vss
R1 R2 " -
> [_4:) \/dd
oP1 LM324
2. £
| 1. LP1
0 9

M2—3 2%kDu—s_2A7 0 LZEAKERK LP 1 (patl_2.cir)
Figure 2-3 2nd order low-pass filter basic circuit LP1 (Ipatl_2.cir)

L P 1 OfaERK
Transfer function of LP1

i lecin)
Rl C'1 CZ R2 R3

2 RR,+R,R, +RR, s+( 1 j
C1R1R2R3 Cl C2R2R3

Hz(a)p,s):

N

CZ :C,Cl =m'C,R1 =R,R2 =k'R,R3 =R
k=1m=9-Q2 &+ 5.

2IROE—/RAT 4V HFKAEE  LP1

(2—3)

8 / 461



TIT 4T T 4 VEDEEE AR
FEARRIEE L AR

2ROA—/SRA T 4 LB EKEK LP2

2nd order low-pass filter basic circuit LP2

P 1—0 Vss
- \:_ S o
‘\4"+,/" -
—'A\/ 'v"'v_I_)" .‘!’Av‘ > a
R1 :?2 I LO Vad
1 €2 oP1 LM324

M2—4 2%kDOa—_RA7 0 LZEKER LP 2(pat2_2.cir)

Figure 2-4 Quadratic function low-pass filter basic circuit LP2 (Ipat2_2.cir)

L P 2 OfrERK
Transfer function of LP2

1
— C1C2R1R2
H,y(,,5)= —F R 1 (2-4)
57+ +

S
Cl Rl R2 Cl C2 Rl R2

C,=mC,C,=C,R =R,R, =kR
k=1m=4-Q2 \“#ET 2,

2IRDOE—I/RAT7 )V ZFKRER  LP2 9/ 461
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2RDINAINRT 4 LR ERERR HP1
2nd order high-pass filter basic circuit HP1

o :!: I R2
S O Vss
C1 C2 ‘ "
> -
<R1 ” LO\Md
oP1 LM324
Q"‘;'O
d HP1
0

M4 —2 2WDNANAT7 4 EFEAKERK HP 1 (hpatl_2.cir)
Figure 4-2 2nd order high-pass filter basic circuit HP1 (hpatl_2.cir)

HP 1 DR
Transfer function of HP1

C, s?
H\o,,s)=-— (4—2)
(p) Qﬁ+q+g+qs+ 1
CZ C3R2 CZ C3R1 R2
Cl = C'CZ =m.ClC3 = ClRl =R1R2 =k'R
m=1k=9-Qf [C&ET 5,

2IRDNAINAT 4V HFHKAE HP1 10 / 461
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2RDINAINRT 4 LA EKREFE HP2
2nd order high-pass filter basic circuit HP2

lo HP2

4—3 2WDNAINAT 4 )VFFEAKREIK HP 2 (hpat2_2.cir)
Figure 4-3 2nd order high-pass filter basic circuit HP2 (hpat2_2.cir)

HP 2 OfaERK
Transfer function of HP2

2
N

Hy(0,,5)=— e (4-3)
CGR,  CGGRR,

C,=mC,C,=C,R =R,R, = kR
m=1k=4-Q2 ikt 5,

2IRDNAINAT 4 v Z BRI HP2
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1TRD/INY RISRR T 4 LA EKMEE BP1

TITF AT T 4K DB AR

1st order bandpass filter basic circuit BP1

|
Cl1 =
—"\N\—¢ ”’J
R C2
w2
0

Vss
\.
- \
v _[ L
~

il

\j*//'

pr— -

P Vdd
oP1 LM324

BP1

0

M6—1 1RO RARRT 42 HAKERK BP 1 (bpatl.cir)

Figure 6-1 1st order bandpass filter basic circuit BP1 (bpatl.cir)

B P 1 OiniER%k
Transfer function of BP1

2
__ K CR,
Hl(wp’s) 2R, E 2 R +R, (6-1)
CR, RR,RC’
LIRD/NY RRAT 4 2 HREE BP1
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FREE & A5ER K

1TRDIND FINR T 4 )L EKER BP2
1st order bandpass filter basic circuit BP2

Rx1 1)«
- - IS ._ 1
Usa - Rx2
M4 R22
. ( -
- IMD4a - é | (M324
: R21 c1
Ry a
. — e - \ an A
R11 . ]
ne R12 "
¢ | BP2 |
£ o J
M6 —2 1RDONAY RARZT7 4 L% EKERK BP 2 (bpat2.cir)
Figure 6-2 1st order bandpass filter basic circuit BP2 (bpat2.cir)
B P 2 DRz
Transfer function of BP2
2
R,+R CR g
+
1y, )= Tt B | (6 2)
p R 2
4 ) 2 ( 1 )
R e
cr,~ \CRr,

[LtAct] DOFEEA R3=0 (272 58f21%, TLTSpice)] TITHETEIC 0 245 2 &3 Hk2
WO T, ILtAct) X R3=10m (0.01) ZHAHOLET,

When the calculated value of "LtAct" is R3 = 0, "LTSpice" cannot use 0 for the element value, so

"LitAct" outputs R3 = 10m (0.01).

1IRDI/INY RSRA T 4 )V FERAEE BP2 13 / 461
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BE 74 L2 RUKET 4 IILAAOEKEK BE1

Basic circuits for BE filters and various filters BE1

. - - - - .
M4
-
- -
-
L AL
M4
R4
-
R R
.
R 4 M4
-
-

LP3, HP3, BP3, BE1 (et1)

M2—5 2kOE—/SAT 0 )LEZOMTHH S5 HEARRE (petl_2.cir)

Figure 2-5 Basic circuit used in secondary low-pass filters and others (Ipet1_2.cir)

ZOFEKIZLP3, HP3, BP3, BE1 A ZA ANV RAXZA BEZ A AZTHHEHINS,

This circuit is also used in LP3, HP3, BP3, BE1, highpass, bandpass and BE filters.

etl(LP 3, HP3, BP3, BE 1)DxiEMK
Transfer functions of et1(LP3, HP3, BP3 and BE1)

2 RZ
R * +C2R ’R
H _ 1% b Yy 4 2—-5
2(a)P’S) R, §2 3R, 1 ( )

+ s+
C,R,(R +R,) C’R)

R = Ry ~Rys/Z EEICRET S TLtAct) Dver.3.30TlE 10K TR E LTV 5,

BE 7 4 WV EZ KR OEFET 4 V& FHOIARK BE1
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BE 74 L2 RUKRET 4 IILZFAOEKERK BE2

Basic circuits for BE filters and various filters BE2

RS RE - F
[ - — — *—VV i — o — —
RS
| g = i
- 0 -
Ro ' Rb: M w .
- ———A\\\—¢ — |
P11 IM*24 —-— = _l =
C P? IM324

LP4, HP4, BP4, BE2 (et2)

2—6 2WOE—/RAT 4 VHZZOMTHA SN S HEAREE (Ipet2_2.cir)

Figure 2-6 Basic circuit used in secondary low-pass filters and others (Ipet2_2.cir)

ZOEIILP 4, HP4, BP4, BE2, "M /XA, RNV AR BEZ7 4 AMX THERENS,
This circuit is also used in LP4, HP4, BP4, BE2, highpass, bandpass and BE filters.

et2(LP4, HP4, BP4, BE 2)D&iEHK
Transfer functions of et2(LP4, HP4, BP4 and BE2)

2
kR S2+(CRJ
- 4 bb 2—6
HZ(“’P’S) 1+kd R, »  kd+kr+4—4kk 1+ kr ( :
65"+ S+————
C,R,(1+kd) C, 'R, (1+kd)

2 )

R1="2,C1=2-ChR2=27,02 =" R3 = (kk — 1) - RS

Rs R /10K IS/ E S TS

BE 7 4 WV EZ R OKFET 4 V&2 HOIEAREK BE2
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H K
B R

TIT AT T AVEDFREEE BIR oottt 1
Active filter design and SYNERESIS ....c.ceiiiiiviiiiiiiiee ettt e 1
LACE VET.3.30 T ZE B B oottt ettt e e et et e et e e ae e et e s aeeeaeesaeesseeeaeesaaesneens 2
FEARTATEE EABTEBIH oottt 6
1RO =R T 4V H FEARBIEE 1D Lt 6
TIRDINA INAT 4 VB FEARBIEE DL 7
QWD B —/XAT 4 )V FEARAIEE LPL oot 8
QWD B —/XAT 4 JUH FERAIEE LP2 oot 9
2WRDINA IRAT 4 IV FEIRAIEE HPL oo 10
2WRDINA IRAT 4 IV FIRBIEE HP2 oo 11
1TIRD/N RRAT 4 )V H FHRFATEE BPT oo 12
1TIRD/N RRAT 4 U H FHRATEE BP2 v 13
BE 7 4 W Z ROEFET 4 L Z FHOIERFENE BEL s 14
BE 7 4 W Z ROEFET 4 L Z FHOIERFNE BE2...oiieeeeeeeee e 15
FLVR cveveeeeeeeeeeee ettt ettt sttt ettt ettt ettt ettt ettt ettt renas 16
TIT 4T T ANEDOEGT ELT T I (TIE) et 22
Active filter deSign PrOZIaAM ......ccccuviiiiie i ettt e e eee et e e e e e e eeearrreeeeaeeeas 22
T T DEAEDTEIU (FTE) oot 22
McAct THHT DIEART 4 LI oottt 24
1RO —ISA T 4 L Z FERFIEE  IPL.CIT cviiriieeieeeeeeeeeeeeeeeeeteeeee e 24
2D T —XAT 4 JU B FEARAIBEE oot 25
LTIRDINA ISR T 4 L FERFIEE NP LLCIT e ivieieeieeeececeeeeeeeeeeeee et 27
2URDINA IRAT 4 JU B FEARTAIBEE oot 28
TIRD /N RIRAT 4 VB FEARFIEE oo 30
BE 7 4 WA BOEFET 4 VA2 D FEARIANEE oo 32
BEEZTTHR oottt ettt aeee 34
LRy () o Ve =T 34
Bz /XA T TV DFEEF oot 37
1—1 BN 7 NV FOFIHEL JAIFNE T T 7 e 37
1—2 WO B FFARTERIEL DB oo 40
1 =383 NE =T AT LB DFEFE oot 40
1—4 RNE—TU—=20—/"AT7 4 VEZ DRZERBBDE L D e 42
1—5 B2 b EZmMIT A —T =20 — %27 4 L F DFREEF oo 43
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H K

URILDTRTETTIE oottt ettt s et se st esesens 45
IREE L DFIFFBIILIITETE oottt 48
FUFFBIEL MI=1, 2ttt 49
FUFFBIEL M8, Attt 49
FUFFBIEL M5ttt 51
FUFFBIEL M6ttt 52
FUFFBIEL MI=T oottt 53
FUFFBIEL M8ttt b et 54
FUFFBIEL MmOttt 55
FUFFBIEL MZ10 ittt 56
1=6 FobEY 2T H—/NAT I Z DG ittt 57
1—=7 T2 xzT7m—"AT A NVEDRZERBBODE L D e 61
1—8 Hx bzt F 2ty =70 — %27 4 L F DRE o 63
URILDTRTETTIE oottt ettt et s ettt s s sann 65
1—9 HF 2Bz T N2 7 4 L H DFEFE oo, 68
1—10 FFobvz7m— A7 4 NZOEEBEBOFE LD e 72
1—11 520N 7ckElilcT Tty =7 — A7 4 LT DFEF 73
URBLDTRTETTIE oottt ettt s ettt essesenn 76
1—12 520N 7ckElild Tty 27— A7 A VT DHFF2 . 82
1—13 HHBEHa— 27 4 H (BT 7a—s A7 4 )L¥) Oikat.. 85
B L D AE I T vttt ettt ettt anan 92
5 M Ba%K% EllIPtIC FUNCEION .ottt e 94
BRI DB 9 DD ZFEH oot 99
Rm(x, INZH T D TFHIETTTE oot 103
15 EXAMPLE...oiiiiiiiiieiieeeeee ettt ettt ettt enes 118
1—14 FEHEAEe — 2T 4 N ZDOEERBDE LD e, 120
TRILDTRTETTIE oottt ettt s et seas 122
T 7T M E o TRERELZ RO DB oo 125
1—15 GAONEREICE DA — /N2 7 4 )V Z DRFE e, 133
F2HF T R AT I DBTR oottt 135
2—1 B—/SRA7 ¢ X OFH L FARBIFEIZE e 135
2—2 B—RAT )V F DT EARTERIEL oo 139
2—2—a NFZ—U—=ZA0—R"AT 4 NVZDIREFBDEEL D 139
2—2—b FTxbEV=2Ta— AT A NTDREBEBEDEL D e 140
2—2—c Tz =270 —NRRAT g NVEOEERBOELD e 142
2—2—d fHHABEEE— R T 4 VE DIRERBOE LD e 144

17 / 461



TTT 4 77411/&@an+& EIE}Z

H K
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2—3—a NF—U—=2A0—=/NAT 4 )L Z DO oottt 147
2=83—Db FxbE =T —=/NAT A ILZ DM i, 153
2—3—c Tz =T B — AT 4 )LE SO oo 155
2—3—d MHBEEE—/SAT L JVZ SO oo 160
BB E INAIRAT IV H DFEEE oot 166
3—1 NANRART 4 N Z ORI L JAEEIRE T T 7 i 166
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3—6 LN HBElIZTTF 2L 2 I NA AT gV FDBF 175
3—T7 WF 2Tz TINANRAT gV EOGERBE D FE LD e 177
3—8 HAONTARAEMI- T F 2 2 T AARRT 4V F DR 178
3—9 MHEEENANAT 4 NV F OIRERAEID E LW e 180
3—10 HxoNTREICLDFHBEENA NAT 4 NV Z DFGE o 182
FATE A IRAT IV H DBTR oot 184
A—1 NANRNRT 4 VZOFFA L FARFIETZI oo 184
4—2 FEEIERDO 7 4V ZFHEZ L O & BIFEEZORTE (o, 188
4—2—1 1ROEFEDINAISAT 4 JVH SO oo, 188
4—2—2 2ROEIFEDINAISAT 4 JVH SO oo, 188
4—2—a NE—=T—=ZNAINAT 4 JLH SO oo, 189
4—2—b FobEL 2 TINAIRAT LIV Z DT oo, 192
4—2—c BFo BTz TINANAT L IVEZASOTR o 194
4—2—d FEMBIEANANAT 4V ASDOBE oo 198
FDHE NU RIRAT 4 I DFEEE oot 203
5—1 N RRRAT 4 )VHOFEFEE TR IUFFIE T T 7 e 203
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TIT4TI74NEDEFHTOTS L (FE)
Active filter design program
1993/10/13 =il @ik
1993,710,713 Miura Takashi
7735 LREDRN (FE)

Program operation flow (tentative)

1 74NV ZOMEBAZRS (ENENRDOT 07T LERDAHREELH D)
1, B—/NAT 4 )VH
2, NAINRART 4 ILH
3, N RNRRT 4 VA
4, RV RV IRx—v a7 4VH
1. Select the type of filter (each could be a different program)
1. low pass filter
2. high pass filter
3. band pass filter

4. band elimination filter

2 T4 NF R A S
1, NF—=U—XT 4 )LH
2, F=xbEV =TT 4 NH
3, WF =t xT T LK
4, HHHREERT 4 V5

2 Selecting filter characteristics
1. butterworth filter
2. Chebyshev filter
3. inverse Chebyshev filter

4. elliptic function filter

3 ALk
1, EEER1 (m—rS2 )
2, FIEEX2 (a—/32H)
3, FIEER 3 (A 782 H)
4, HEEL4 (A 32H)

Active filter design program 7' & 77 AEDTIIL (FE) 22 / 461
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5, HIEIENX S (N K32 A])
6, HIEIER6 (N R
7, BEIEAXT (AT —=FMNUTTNT 4 NH)
(g — XA ONA )
8, HEA8 (GICT 4 /NH)
(m— 2 M)
9, VAL THZ 4 N4
(B —RRAKUINA2RZA)
3 Select the circuit format
1. circuit type 1 (for low-pass)
2. circuit type 2 (for low-pass)
3. circuit type 3 (for high pass)
4. circuit type 4 (for high pass)
5. circuit type 5 (for bandpass)
6. circuit type 6 (for bandpass)
Circuit type 7 (for state variable filter)
(Circuit type 7 (for low-pass and high-pass)
Circuit type 8 (GIC filter)
(8. Circuit type 8 (GIC filter) (for low-pass)
9. twin T-type filter
(for low-pass and high-pass)

4 REHFTIEEES
1, WBEFEET D
2, BRFMEZIEET D
4 Selecting a design method
1. specify the order

2. specify damping characteristics

5 W77 A& E2 AL TCRHREEZFEITT D

5 Enter the output file name and run the calculation

Active filter design program 7' & 77 AEDTIIL (FE) 23 / 461
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TITF 4T T4 NEDHRTT 0T A (TIE)

McAct TERAT HEKXRT 1 /LZERR

Basic filter circuits used in McAct

T4 NEDERDEE G, AT 4 VX EHEOR—CZHIR L CFRIZEWNTEL

LMD Rt Bk,

When reading the chapter on synthesizing filters, it is helpful to print out the basic filter

circuit page and keep it handy.
1TROBA—/NR T 4 JLAEKER Ip1.cir

1st order low-pass filter basic circuit Ip1.cir

<
'l(ﬂ
v

W oo

vdj

Ip1.cir

M2—1 1%kna—s327 ¢ L& HAKEE Ipl.cir

Figure 2-1 1st order low-pass filter basic circuit lp1.cir

Ipl_cir DI=ERKL

transfer function of 1p1.cir

__(VGR)

Hi{p5)= s+(I/CR))

TWHERBOREr — 27 4 LV EZIEHEND,

Used for various low-pass filters of odd order.

McAct THEHTHHAKT ¢ L X [AlH

(2—1)
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TIT AT 7 ANEOFTTa 7T 5 (TIE)

2ROA—/SNR T 4 L3 EKRKEE

2nd order low-pass filter basic circuit

I .
R3 & 1 |
. l . ’l C2 0 Vss
R1 R2 . ..
)~ L—A:) \/dd
oP1 LM324
2. €1
| | ! LP1
0 "0

M2—3 2kDOI—/RRA7 4 VFZFEARRK L P 1(patl_2.cir)
Figure 2-3 2nd order low-pass filter basic circuit LP1 (Ipatl_2.cir)

L P 1 OIS
Transfer function of LP1

%) cen)
Rl Cl CZ R2 R3

Hi\w ,s)=
(9 ﬁ+&&+&&+&&&{ 1 )
C’1 Rl R2 R3 Cl C2 R2 R3

(2—3)

McAct THEHTHIAT 4 VX [EIFE 2RO B —/N AT 4 )L X FEAKR[A]EE 25 / 461



TITF AT T 4K DB AR
TIT AT 7 ANEOFTTa 7T 5 (TIE)

2D —IX AT 4 )V A FHRA

2nd order low-pass filter basic circuit

o l—o Vss
4 €1 \F\\>>4———
—wdw T f""/’?;[/—/o Vdd
R1 R2 l - b
. LP2

K2—4 2%kDu—sA7 4 LZFARRE L P 2(0patl_2.cir)
Figure 2-4 2nd order low-pass filter basic circuit LP2 (Ipat1_2.cir)

L P 2 OIEERMEL
Transfer function of LP2

_ C1C2R1R2
H(@,.5) = . R +R, 1
s+ s+
Cl Rl R2 Cl C2 Rl R2

(2—4)

McAct THEHTHIAT 4 VX [EIFE 2RO B —/N AT 4 )L X FEAKR[A]EE 26 / 461



TUTF 4T T 4 VB DR AR
TITF 4T T4 NEDHRTT 0T A (TIE)

1RDINAINR T 4 LA EKRER hpl.cir
1st-order high-pass filter basic circuit hpl.cir

4
b [—A'I Vdd

OP1  LM324

0 hp1.cir

4—1 1IRONAIRAT 4 VZFAKEIFE hpl.cir
Figure 4-1 1st-order high-pass filter basic circuit hpl.cir

hpl.cird{=iZERI%L

Transfer function of hpl.cir

R, s

=2 - @ 4—1
R s+(I/CR) ( )

TR DEFENANAT 4 V2S5,

Used for various odd-order high-pass filters.

McAct THEHTHEART 4 L ZEIE 1T IRONA NAT 4 L ZFAKFIFE hpl.cir 27 / 461
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TIT AT 7 ANEOFTTa 7T 5 (TIE)

2RDINA ISR T 4 )LE ERKEE

2nd order high-pass filter basic circuit

o :!: Y: R2
] ~ O Vss
—4F4—H—ﬁl —a_“ﬁ[w
C1 C2 ‘ "
m il LQ Vidd
oP1 LM324
«;-O
% HP1
0

K4—2 2ONAINAT 4 ZFERRIE HP 1 (hpatl_2.cir)
Figure 4-2 2nd order high-pass filter basic circuit HP1 (hpatl_2.cir)

HP 1 DiEEREK
Transfer function of HP1

__G S _
H2(a’p’s)_ C, 2, GGG 1 (4=2)

CZ C3 R2 CZ C3 Rl R2

McAct THEHTHIAKRT 4 VX [BIFE 2 RO INA /XA T 4 )b X FEKR[A]EE 28 / 461



TITF AT T 4K DB AR

TIT AT 7 ANEOFTTa 7T 5 (TIE)

2IRDINA XA T 4 )V A FRA]

2nd order high-pass filter basic circuit

[ -
.y [—0 Vss
R1 L 3 7¢\_
. 1 Vi~
—{t——{|—e o
1 - 0 Vdd
23 oP1 LM324
R2 >
5 HP2

K4—3 2ONAINAT 4 FFERRIE HP 2 (hpat2_2.cir)
Figure 4-3 2nd order high-pass filter basic circuit HP2 (hpat2_2.cir)

H P 2 D5
Transfer function of HP2

2
S

Hy(@,.5)=— C+GC,

ST+

1

McAct THEHTHIAKRT 4 VX [BIFE 2 RO INA /XA T 4 )b X FEKR[A]EE

S+
Cl Cz Rz

C'l C'2 Rl RZ

(4—3)
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TTT 4 77/1'11/&0)I3XD+<‘: .:;EJZ
TITF 4T T4 NEDHRTT 0T A (TIE)

1TRDINY KINR T 4 )L EARERR

1st order bandpass filter basic circuit

LT &
ci % $m
< - Vss
—‘\"-,’V‘I 1 }—l - \4\‘\\[4:)
R1 -
C2 o
Ve~
- g i vdd
S - oP1 LM324

‘| BP1

K6 —1 1D RRAT 4V FEAKEE BP 1 (bpatl.cir)
Figure 6-1 1st order bandpass filter basic circuit BP1 (bpatl.cir)

B P 1 D=L
Transfer function of BP1

(6—1)

McAct THEHTHIAT 4 VX [EIFE 1 IROI/N R/NRA T 4 )b K FER[A]EE 30 / 461



TUT 4T T VB DEE LB
TIT AT 7 ANEOFTTa 7T 5 (TIE)

1RO RXZA T ¢ V& FEARAR

1st order bandpass filter basic circuit

09 ¢
Rx1 1%
U2A = o, -
ca . ,
Iy L A Re2 | &
LM324 R22 i
- S—ALA 0 Py
[ } LMi24 $__ Senad LM324
. R21 » C1
9_‘ -— -
S S .
| R11 n o
- R12 -
h d B

- -
(%) -~

K6 —2 1D RRAT 4V FEEKAIE BP 2 (bpat2.cir)
Figure 6-2 1st order bandpass filter basic circuit BP2 (bpat2.cir)

B P 2 Oz
Transfer function of BP2

2
H2(a)p,s) R4—|-R3 CR1 . (6—2)
R
g +2s+[1j
CR, CR,

McAct THEHTHIAT 4 VX [EIFE 1 IROI/N R/NRA T 4 )b K FER[A]EE
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BE 74 L2 RUKIET 4L 2 AOEKRMER

Basic circuits for BE filters and various filters

LP3, HP3, BP3, BE1 (et1)

K2—5 2kROE—/XAT 4 VZZOM TR S5 HARE (petl_2.cir)

Figure 2-5 Basic circuit used in 2nd order low-pass filters and others (Ipet1_2.cir)

ZoRKIZLP3, HP3, BP3, BE1, "A%&A, NV KRXZX, BEZ 4 /VHZTHH

)EH é j/l/ 5 o
This circuit is also used in LP3, HP3, BP3, BE1, highpass, bandpass and BE filters.

etl(LP3, HP 3, BP 3, BE 1)D{xiEE%%
Transfer functions of et1(LP3, HP3, BP3 and BE1)

2, R
Cbsz2R4
5 3R, 1
+ S + 22
q&mﬁﬂg C’R,

(2-5)

Hz(a)p,s):%z

S

McAct THHTHHEAT 4 WV HZEEBE 7 4 V2 R OKFE T V2 O KRB 32 /1 461
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TIT AT 7 ANEOFTTa 7T 5 (TIE)

BE 7 4 V2 R OFR T 4 V4 F 0D HEA A

Basic circuits for BE filters and various filters

Ry RE - F
[ - m— — *—VV.— o — —
RS
| i B L
0 —
R ' R s - -
.- — e — . — ]
P1 LMI24 " I
L C P2 IM324
e

LP4, HP4, BP4, BE2 (et2)

K2—6 2KOA—I/SAT 4 )LHZOMTHIH S5 AR (Ipet2_2.cir)

Figure 2-6 Basic circuit used in 2nd order low-pass filters and others (Ipet2_2.cir)

ZOEBIZLP 4, HP4, BP4, BE2, NA/8A NV RAR BEZ 4 VZ THE

)EH é 2/1/ 5 o
This circuit is also used in LP4, HP4, BP4, BE2, highpass, bandpass and BE filters.

et2(LP4, HP 4, BP 4, BE 2)D{xiEE%
Transfer functions of et2(LP4, HP4, BP4 and BE2)

2
2 1
kk R : J{CR)
4 b"*b
= — —_— 2_
Hz(a’p’s) 1+ kd R, & kd+k”+4_4kks+ 1+ kr ( 6)
C,R,(1+kd) C,’R, (1+kd)
Rb 2'Rb kd-Cb
Rl1=—,C1=2-ChR2 = ,C2 = ,R3 =(kk—1)-R5
2 kr 2

McAct THHT2HEAT 4 VW HZEEBE 7 4 V2 R OKFE T V& O KRB 33 /1 461
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Chapter 1: Low-pass Filter Design

1—1 A—RR T4 LZOEBLFRBFET 57
a. NEZ—J—20—/)XNA7 4 )L X
b, FxbixTu—nR_AT (LA
c. Tz =2Ta—IRRAT 4K
d. #HHEKe— 27 4 ¥
1-1 Types of low-pass filters and their frequency response graphs
a. Butterworth low-pass filter
b. Chebyshe flow pass filter
c. Inverse Chebyshe flow pass filter

d. Elliptic function low pass filter

NE=T= 2027 1 LS DEEEREAE
Frequency response of Butterworth low-pass filter

#[1% (db)
gain

EEIED ) L

0 ' — Odb
Sorioniel
. o ripple in passban _3db
-attp —
fplic BT 2 IBEER
Attenuation at fp attp (dB) BERBEEREEmE LT

—6mdb,/ octXit
—20mdb, de c

atts | JRESNERE BELIE 860D 1) oL 48 L
Attenuation in fs atts (dB) No ripple in
the blocking area
foldZEB DR v FF 7 B fc fp " fs — Eﬁ%
e foidhy FA RS SQEREZIRET S
the cutoff frequency ﬁhﬁ@:}é%}\%{gzéﬁ? J%]{}iﬁsg{(‘ fa>fo fs=xs*fp

1—1 RNE—T—20—8R 7 ¢ )LZOEREEE

Figure 1-1 Frequency response of Butterworth low-pass filter

1—1 v— A7 4 )X OFEEE B 7~
BE 7 4 VA R OFE T ¢ V42 O FEA[A]EE 37 /| 461
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°—/NA T 4 )VE DOFFE

FrbBireT7R-227 10 ZOREIEHEE

F115 (db
) Frequency response of Chebyshev low-pass filter
’ BEEO ) T 0db
=i Passband ripple -attp db
attp(dB)
— EEFEEAF-T-3
T2k bR
& h iR R
-atts o= e PEIE DY S UL
Attenuation in fs atts (dB) No ripple in
the blocking area
fcis the passband fo = fD fs=Xs*fp fg J%]{)iéf{
edgefrequency ., A T EEEH HEEFBTET 2EIELE  frequeney
1—2 FobEv 27—/ T7 ¢ )L OEEEE M
Figure 1-2 Frequency response of Chebyshe flow pass filter
#1785 (db) FF bz T7R=NR7T 102 ORIEESME
g ain Frequency response of inverse Chebyshev low-pass filter
0 EEEO ) FILEE 0db
-att P =
P ltpic b 2 B=E attp db
Attenuation at fp attp (dB)
<~ EBEFHEFzPI=7
Tl aEY bR
There is a ripple
EEAR-ESE BH [F 38D 1) =7 )L in the blocking area
-atts =
Attenuation in fs atts (dB) f\/// ——
fpid v FA 7RISR E LT D ” f-%:fsj'g fs=Xs*fp — J?I%B‘Z%ﬁ
fp is the passband edge ABEICBT Sy P A O EEE frequenty
J BRETEET2REEHCT S

1—3 WF b v xT7a—RA7 (V2 OE R

Figure 1-3 Frequency response of inverse Chebyshe flow pass filter

1—1 v— A7 4 )X OFEEE B 7~
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°—/NA T 4 )VE DOFFE

BHEH T -2 7 1 L 2 DEFEHFHHE

$”£§(db) Frequency response of Elliptic function low-pass
gain
0 Bl L 0db
-att
R Passband ripple -attp db
attp(dB)
=1 WEEREFEFEFzrIzT
Ta ALY LA
There is a ripple
BEIW-EES FH IEIED 1) 7 2L in the blocking area
-atts —
Attenuation in fs atts (dB) I/\\ // T
fp is the passband edge fp=fc fs fs=Xs*fp FElE

Hv b ORI EREEEETSEEH

1 —4 FEHBIEn — 27 1 v 2 OJER R

Figure 1-4 Frequency response of elliptic function low-pass filter

1—1 v— A7 4 )X OFEEE B 7~
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1—2 BOHZEFDOEEEKRDH
1 — 2 Example Transfer Function with Only Poles

1 kB 1st order H(w,,s)= < (1—1)
s+,
o 2
2 Y B%L 2nd order H,(®,,5)=— ck 5 (1—2)
S +(a)ck/Qk)S+wck
m/2
(1-3)

m K% mth order H,(o,.5) = {H(0,0.5)}[ | Hox(@4.59)

1—3 NZ—T—R T4 )LE DK
1-3 Butterworth filter design
mRDNL —T — 210 —/XA T 4 )V OIRIEH FREIZROXTERINLTWET

The amplitude square characteristic of an mth-order Butterworth low-pass filter is

defined by the following equation

2 1
H i = (1—4)
T

22T s=jok LTERICRAL, =0 L35 LiEskE D 27,

Substituting into the above equation as §= j® and setting denominator = 0, the poles

are obtained.

s=jw, X1

Zdﬁkqmmjfg§;9y0@=0¢ngm—u

. T .mr
Jj=exp(j-)=exp(j——)
2 2m

,7z(2k+1+m)j
(1—5)

s=wm, exp(] 5
m

IPPIECTIEE NWEZSE )

1—2 WOIHEFFAREBBOHIBE 7 4 VZ R OKFE T VX FHOFEARRIEE 40 / 461
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IO DOMITFFEo, OM EIZWOETR, EERIZT V2 2T 25681203, s FEO
FEEEIZ S DO I % VWV E T,
These poles are arranged on a circle of radius @, but only the poles on the left half of the

s-plane are used when actually constructing the filter.

2k+1+
fEoT, 6= u =1 BB kST ERRE O LI £,
m
Therefore, it will have conjugate complex roots except for k, which will be
B 7r(2k +1+ m) 3
= > =

WO LEEHFERE, s=p g, £TD L,
Let s= p, £ jq, be the conjugate complex root of the pole.

RADBFFEHND,

The following equation is obtained.

{s—(]?k +jqk)}{S—(pk —jqk)} =5’ —2[9,{s+(pk2 +qk2) =5’ +(a)ck/Qk)S+a)ck2

Zannn
after this

Dy = \/pk2 +Qk2
[ 2 (1—6)
_ pk +qk :_a)ck

Q =
‘ 2p, 2p,
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1-4 Summary of Butterworth low-pass filter transfer functions

NE—=T—=A0—=NAT A )VEDORBm, By A TEBEES, LT L &,
When the order of the Butterworth low-pass filter is m and the cut-off frequency f..

[ = ceil((double)(m—1)/2)—1 & LT, "N¥—U—2A0—/RA7 ()L X DIEEEEIT
As [ = ceil((double)(m—1)/2)—1, the transfer function of the Butterworth low-pass

filter is....

mAEE THAUEL,  If mis odd,

i 2

—[ 15 (1—7)

) S+a)c k=0 S +( ck/Qk)S+w

H,(o.

mMEZ THNIE, If mis an even number,

! o,
Hm(a)ws):H 2 ) 2 (1—-8)

(1—7), (1 —8) IZBWT Inequations (1-7) and (1-8)

2k +1
pkzcos(uj ...... 0<k<I)
2m
7r(2k+1+m)
q, =sin| ——= ... (0<k<))
2m

a)ck:a)c\lpkz—i_kaza)c (1_9)

PLET, R"E—U =20 =R 7 4 VX DRZEBRBIIZEEITRObNE L,

The transfer function of the Butterworth low-pass filter is now completely obtained.

1—4 RE—TU—2a— A7 4 VX DIEEBBOE LD
BE 7 4 VX R OEHE 7 ¢ v & O FEAR[ENE 42 | 461
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1-5 Design of a Butterworth low-pass filter to meet given specifications.

1—4FTT, WBm eV y M TEABEBo AL >TARI =T =20 =327 4 )L Z DR
FMRFRRICAR D £ LT, RITH- 2 DT 2 SOJEEREEENZENDOHEEND , fiRIRL 2
27 4 NEDREERDTT 4 )V F it o 5ikE2RLET,

Up to 1-4, the order m and the cut-off frequency enable the design of a Butterworth low-
pass filter. The next section shows how to design a filter by finding the minimum

required filter order from the frequencies and respective attenuations at the two given

points.
- NE—=T =227 1 )L 7 OEFEHIEHE
iﬁgjf‘i”rgdb) Frequency response of Butterworth low-pass filter
W) TIVEL
0 Odb
No ripple i band
5 o ripple in passban _adb
-attp —
fplic BT 2 IBEER
Attenuation at fp attp (dB) RS EmE LT
—6mdb,/ o ctXid
—20mdb ./ de c
“atts | THESNICEERE RIS Y T L L
Attenuation in fs atts (dB) No ripple in
the blocking area
A ERE DY v b7 Al fe 1o i R
e fpik v FATEESY [SREEERIEE T ey
the cutoff frequency (OB Y 2 B BigE T fo>fc fs=xs*fp

1—1 RNE—T—20—8R 7 ¢ JLXOEREEE

Figure 1-1 Frequency response of Butterworth low-pass filter

1—5 BEZbNMREZHTET Y —U—20— XA 7 0 )LF DG
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K1—1iZBF5, fp, fs. attp. attsZEzonT, EEOLy NAT7EE
Bt c M7 4V Z OB m % RO EAEANARERI R Z KO E T,
Given fp, fs, attp and atts in Fig. 1-1, the actual cut-off frequency fc and filter order m

are determined and finally the transfer function.

loattS/IO _1
log(loattp/lo _ 1)
2010g(f,/f,)
m = ceil(d)

(1—10)

RODHNZ =T —=A0—/NAT 4 NF DIy N7 B EZFRLET,

Calculate the cut-off frequency of the Butterworth low-pass filter you want.

.= f, /%o —1
o, =274,

(1—11)

I, MEw, % (1—=7) 6 (1—9) I[ZEMHT D LRMEARRFINTET LET,
The final design is then completed when m and @, is applied to (1-7) to (1-9).

1—5 BAbNTMAREmMIET NI =T =20 — ST (VX DXz
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REDRERE
Method of determining the order

71y NATEEEE TIXE OO E S fp (Hz) L BE &Eap (dB)F L, JAEESfs (Hz)
LRFEREas (dB) %5 2T, AP Sfs (H)IZBIT HHEENas (dAB)LL EE 72D 7 4 V2 —
DOWEm ZRD D,

Given the frequency fp (Hz) and the attenuation ap (dB) at or near the cut-off
frequency and the frequency fs (Hz) and the attenuation as (dB), find the order m of
the filter at which the attenuation at the frequency fs (Hz) is greater than as (dB).

HE . Note:
TA v as 1X 0dB LU F OB OEAEIEA, as Z IR & & FESRHTIEOHIE & & 2 5,
The gain as is a negative number of 0dB or less, but when as is called attenuation, it is

considered a positive number.

ATON—TORA (1-10) TIE, attp & atts ITBEREE B2 T, A% -] ZfHF T,
In formula (1-10) on the previous page, attp and atts are considered to be attenuation

n_n

amounts, and the minus sign "-" is not attached.

WY =T =R « B—=XAT g VEDH v A TN feDSE . D fplciit 5
wiap (dB)IZKK TR D,
When the cutoff frequency of the Butterworth low-pass filter is fc, attenuation ap (dB) at

frequency fp is given by the following equation.

X (1-4) kY. From formula (1-4),

2m
ap = 20-logqg S — =—10'1091o{1+(;—i) } (1)

1+(;—’C’)2m

(B m%FrE7T %) remove negative sign

> T,  Therefore,

@ _ p\*" .f_v_””/ @ _
10100 =1 + (fc) T 1010 — 1 (2)

1—5 526N tkEwMil-d "\ —U =210 —/ XA 7 ¢ )LHX DOt
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[FI#%1Z, Similarly,

2m
as = —10-logq, {1 + (%) } (3)

(A5 %#BrR%ET D) remove negative sign

1010 = 1+ (}{—j)zm (}{—j)zm —10i0—1 (4)

(4) KXWz H AT 5 &

If both sides of equation (4) are in ordinary logarithms,

2m-logy, (j:—z) = logqo (10% - 1) (5)
(2) &LV, From equation (2)
fc= zf—p (6)

m| ap
1010—1

1—5 526N tkEwMil-d "\ —U =210 —/ XA 7 ¢ )LHX DOt
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10—/ AT 4 )VH DG

(6) X% (5) XX AT 2L,  Substitute equation (6) into equation (5).

2m-logio (f ) = 2m-{log1o(fs) — logio(fe)} = logso (10% - 1)

2m - {log;o(fs) — logio(fc)} = 2m- {loého(fs) —logyo <2mf—p>}
1

1010—

= 2m- {l0gso(£) — l0g1o(fp) + = logo (1010 — 1)}

=2m-logqp (f ) +logqp (1010 - 1) log,, (10‘11_; - 1)

it~ T, Therefore

1010 1
2m-logq, (f) loglo< o 1)

as
1010 — 1

logio| —ao—
1 1070 — 1

U7 oa(f)

2

Bio_R—ToX (1-10) ™57~

Equation (1-10) on the previous page was obtained.

7 4 N HE —DOWHBNTEL DT m O/ A RITFTC
H—/NA T 4 VE DR ERET Do
Round up the decimal part of m as the filter order is an integer.

Determine the order of the low-pass filter.

m &9 EF 52 LT JJEESs (H)IZHT DEE R as (dB)LL L& 72 5,
By rounding up m, the attenuation at frequency fs (Hz) is greater than as (dB).
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REZ & DRSO

N N3 m_l—z 1 % )
{Z{]%Eg@ Hm(wc, s) = {Sf:) } ;ZO 52+£-Cs+w2 0)*”1%%5?&75)\ |Hm(wc, S)lz = (wl)zm
c o 2 1+ we

ERDME D DEMERT D,

Check whether the gain function of the transfer function

Hm(wc:s) = { e }

stwe

m
—-1 w? 1
2 c

smZH.

1+(a%)

is |Hm(wc:5)|2 =

k=0 524£C.54 2
Qx ¢

mR DIEREEIL, (1—-3) XV,

The mth-order transfer function is from (1-3),

m

Hyn(@e,s) = (Hy (o, T2, Hor (@ 5) = {212

s+we

P
=0 5242542
Qk ¢

& o T FFFBIEIIRAL 220 £,

Therefore, the following equation is the gain function.

wg

2, %c 2
s2+——Ss+w
Qk ¢

Wc

2y ™4
2
k=0

[Hon (@, )1 = |

s+w,

> T, Therefore,

UL
|Hop (0, 8)|2 = 1 —— T2 L
1+(w_c) 1+
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F1SRI%% m=1,2

m=1 TIiX,
Hi(w,s)?=]—{=—1 _
| l(wc S)| {1+(a%)2} 1+(wic)2
m=2 TiX,
1 1

| Z(wc»s)lz = ngo 7 p 2= 7 T2 Y
! e e R
(Qio)2 ={2-cos (%)}2 = (=2-0.707107) = 2

£-T,

F1FRI% m=3, 4

m=3 TIlX.

|Hs(w,, )|2={ 1} 0 s )
SRR PP e TS S 8 A VP
(&) - forcos () = 205 -

Lo T,

1 1 1 1
IHﬂwo®F={ :

1+(w%)2}'{1+(%)4}+{1-2}-(%)2 w(@) @)
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m=4 TIiX.
1 1 1

|Hy(w, $)I* = [Ti=o r p z = T (12 oz’ o h (112 PRV
! O FET A e e

(Qio)2 ={2-cos (5?”)}2 = (—2-0.382683)? = 0.585786

(2 )2 ={2-cos (7?”)}2 = (—2-0.92388)2 = 3.41421

o
Lo T,
2 _ 1 . 1
Hy(wc )" = {1+(wic)4}+{0.585786—2}'(a%)2 {1+(§C)4}+{3'4“21_2}'(w%)2
_ 1 . 1 _ 1
GG PG )T (@) @) )
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F1SBI% m=5

m=5 TIiX.
RSB 2 IR £ T A 72012, FIERBEE oMK Z TR+ 5,

oo 9 = {1+ (2} 1liso [+ () F+{G) -2 ()]

(2) = o+ cos () = 03w

(Qi)2 - {z  cos (81—;[)}2 = 2.61803

£-oT,
|Hs (o, 5)|7% = {1 + (wﬂ)z} : [{1 + (wﬂf} +{0.381966 — 2} - (wﬁ)z] : [{1 + (wi)4} +
(2.61803 — 2} - (wﬂ)z]

1+ (wﬂf} —1.61803 - (wi)z] : [{1 + (wﬂf} +0.618034 - (wﬁ)Z]

2

1+ (w—c)4}2 + (0.618034 — 1.61803) - (wi) {1 + (wﬂf} —1.61803 -

-+ @@ - @ @@

o o I L O R O I S e R o
@+ @ (@ - - )]

g P I G I G R R R G R G Gl
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F1SBI% m=6

m=6 TIiX.
FIFFBEIE 2 R R R T D 72012, FISREEOWEFR T 5,

Ho@e 91 = M [{1+ (2) }+{3) -2} (2]

(2) = o-cos (2)) = 026700

(Qi)2 - {z  cos (111—2")}2 = 3.73205

|Hg(w,, 5)| 72 = [{1 + }+ {0.267949 — 2} - ( )2] : [{1 + (wi)4} +{2-2} (wﬂ)z] : [{1 +
(wc) }+{3 73205 — 2} - wi) ]

= [fr+ (£)1 - 1.73205- (wﬂ) ] 1+ (%) }] {1+ (§)4}+ 1.73205.((%)2]
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F1SEE% m=7
m=7 T,
FIFFREE A BRICER R T 272010, FIFBEBOWEERTT 5,

To display the gain function concisely, we display the inverse of the gain function.

(
(QL)Z ={2-cos (11_4”)}2 = 1.55496
(

o)1 = [ () J[fr () 0298062 -20- ()] [fo (2
(ussa9s-2)- ()7 [+ (2)'}+ 224098 -20-(2)]

= [+ @) ][+ ()} - rsorsss: ()] [+ ()} - oass0s-(2) [fr+
(2)'}+ 220008 (2)]

= [t —os01538: (2)" ~os01938: ()" + ()| [1-+ 1ass0s - (2)" + 0501038

(wﬂ)z + (wﬂ)s +0.801938 - (wﬂ)G]
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Fl1FBI% m=8
m=8 TIiX.
RSB 2 IR £ T A 72012, FIERBEE oMK EZ TR 5,

To display the gain function concisely, we display the inverse of the gain function.

(QLO)Z _ {2 ccos (20)} = 0152241
1)? _ 2 - cos (=X 2=1.23463
(z) ={2-cos (557))

1) = {2 cos (B2 = 276537
() ={2-cos (557)}

1Y = {2 cos (BT = 3.84776
(5 T

|Hg(w,,s)| 7% = [{1 + (wﬂf} — 1.84776- (wi)z] : [{1 + ( } 0.765367 - ] [{
(wﬂf} +0.765367 - (wﬂ)z] : [{1 + (wi)4} +1.84776 - (wﬁ)Z]

= [1 +3.41421 - (wi)4 — 2613127 - (wﬂ)2 + (w—)8 —2.613127 - (wﬂ)él : [1 +3.41421 -

(wﬂ)4 +2.613127 - (wﬂ)2 + (wﬂ)8 +2.613127 - (wi)é]
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F1SRI% m=9
m=9 T,
FIFFREE A BRICER R T 272010, FIFBEBOWEERTT 5,

To display the gain function concisely, we display the inverse of the gain function.

2
1Y = {2 cos (227" = 1206147585
Qo 18
1 2 12-7 2=1

= 2.347296358

= 3.532088888

= [1 + (wﬂ)4 —1.879385240 - (wﬂ)2 — 1.879385240 - (f)8 + (—)6 t (_)m] [1 *

w

2.532088891 - (wi)4 +1.879385246 - (wﬂ)2 + (w—)8 +1.879385246 - (wi)é]
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F1SEI%% m=10
m=10 TIX,
FFEIE & BRI FK R T D 7201, FIEEBOTHE R RT 5,

To display the gain function concisely, we display the inverse of the gain function.

Hio(wo ) = Mias {1+ (2)'}+ {(2) -2} (2]

(2) = oo (28 =0s7e96nn
G - (oo (2 -nszesno
(2 = e () =

(&) = {2+ cos (Z2)}" = 3175570507
(Qi)2 ={2-cos (129—")}2 = 3.902113032
Lo

o= [ (2| st (o 2 - oossosan (2]
[+ @YY [+ (Y namssosor ()] [fr+ ()} asoansaoaz. (2]

= [1 +5.236067961 - (wﬂ)4 ~3.077683531 - (wi)2 +5.236067961 - (wﬂ)8 —~ 6155367051 -
()" + ()" -o77omssar- () ]-[1+ 4230067981 ()" + 3077683539- (2 +

(wﬂ)s +3.077683539 - (wi)G]
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1—6 FxELzI7O0—/RR T4 ILADHKET
1-6 Design of Chebyshe flow-pass filter

MRDOF =B = 70—/ 7 4 )L OIEHREETROXNTER SN TVET,
The amplitude squared characteristic of an m-th order Chebyshev low-pass filter is

defined by the following equation.

2 1
H o) = (1—-12)
‘ (0 ]a))‘ 1+£°C, (w/w,)
C,(x)= cos{mcos‘l(x)} ................... x| <1 (1—13)
C,(x)= cosh{mcosh'l(x)} .............. x| > 1 (1—14)

©=0&0=0,505|H,(0,, jo) OREIMITAZTAKD L1280 £T,

2
Typical values of ‘Hm(a)c, ]a))‘ for w=0 and @ = @, are respectively:

‘Hm(a)c,O)2 = ! (1-15)
1+ & cosz(mj
2
|, (0,. jo.,) = ! (1—16)
e ¢ 1+¢&°

(1—15) 1. mPMEEFENZL > TRO KL I IZEHRINET,
Equation (1-15) is rearranged as follows depending on whether m is even or odd.

- ! m=even (1—17)

H,(0.0)

T2 C230) S T m=odd (1-18)
EITBBIRDO Y v TV EEDD LD THY |

By WAETABE S, = f,. Vv T vEattpdB) LD L

¢ determines the ripple in the passband, and if the cutoff frequency is f, = f »
and the ripple is attp (dB),

£=~10""" _1 (1—19)

1—6 FobEv 27— XA 7 4 )LHZDiRE
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(1—12) IZs=jox@EM LT, ZRZEA=0%LTDLMmERODZENVHKRET,
Applying §= jo to the formula (1-12) and setting the denominator polynomial to 0, we
can find the pole.

q&%d:gé (1—20)

S
Jjo,

Here, assuming

T, <1&45E (1—13) kv,

Jjo,
cos{mcos'l(%w)}z ijé (1—21)

SbiZ, &big,

<1, from the formula (1-13),

cos'l(%a)):a+jb (1-22)
L92%5&, and,
cos{m COS_I(%Q})} = cos(ma + jmb) (1—23)

= cos(ma) cosh(mb) — j sin(ma) sinh(mb)
(1—21) & (1—23) OFEB, EHzththFELNELT

Assuming that the real and imaginary parts of equations (1-21) and (1-23) are equal,

cos(ma)cosh(mb) = 0 (1—24)

sin(ma)sinh(mb) = + (1—25)

N [ =

x —Xx

EHLY L sinn(x) = ©C oosn(x) = L o T, cosh(mb) 21T,

2

X —-Xx

By definition, ginp(x) ,cosh(x) ¢ +e Therefore, it is COSh(mb) >1,

T2

(1—24) iFZcos(ma)=0&720 £,

Expression (1-24) becomes cos(ma) =0.

1—6 FobEv 27— XA 7 4 )LHZDiRE
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7t > . Therefore,

2k +1
ma:w (1—26)
a _”(2k+1) k=0l m-1
B S s =0,..., 2

(1-26) & (1—25) IKfkAT B L, sin(ma)=%1LY

Substituting equation (1-26) into (1-25), from sin(ma) =+1 we get

sinh(mb) = J_rl

1 ¢ ! (1—27)
b= i—sinh‘l(—) =+4d

m &

(1—26) & (1—27) 2K (1 —22) ITfRATHL
Substituting equations (1-26) and (1-27) into equation (1-22) yields

cos\(s/jo,)=a, + jd

%wc = cos(ak ijd) = cos(ak)cosh(d)ijsin(ak)sinh(d) (1—28)
L= a)c{i sin(ak)sinh(d) + jcos(ak)cosh(d)}

s=—-p, tjq, L T5E,
Let s=-p, * jg, be

. . m—1

P, =0, sm(ak)smh(d)>0 ........... k=0,1,...,T (1—209)
q, =0, cos(ak)cosh(d)
X (1-29) 2 (1—-2) ICEHT DL
Applying formula (1-29) to (1-2) gives
wck:\)pkz"'qkz (1 —3 O)
0, = L

! 2p,

1—6 FzbEv=70—RRA7 (VX DEE
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mzﬁ%}iﬁu‘;g\k:mT_l@E% akzgé:fotbpk:a)csinh(d) ., =070 ET,

-1

If m is an odd number, it will be a, = % when itis k= m-

anditwillbe p, = sinh(d) , ¢, =0.

1—6 FobEv 27— XA 7 4 )LHZDiRE
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1-7 Summary of transfer functions of Chebyshev low-pass filters

Frb 70— 2T 4 VEORKm, By NATEEE S, @iligo Y 7 vattp(db) &
THEE,

When the order of the Chebyshev low-pass filter is m, the cutoff frequency is f,, and
the ripple attp(db) of the passband is

[ = ceil((double)(m—1)/2)—1 & LT
F b7 a—NAT 4 )V EZDREMET
As [ = ceil((double)(m—1)/2)—1, the transfer function of the Chebyshev low-pass

filter is

m2AaETchHE,  If mis an odd number,

2

/
H,(o,,s5)= 1= (1-31)

S+a)d k=0 § +( ck/Qk)S+a)

mMEE THIVUE, Ifmiseven,

i a)(.k
H,(o.5)=]]5 . (1—-32)

L (1—31), (1—32) IzBVWT
In formulas (1-31) and (1-32)

e=~10"""" 1

R R -,
2m 2
d= lsinhl(l)
m &
pk :sin(ak)sinh(d)>0 ............ k:()’lo""mT_l

9, = cos(ak)cosh(d)

1—7 F=2bE =270 —RRAT7 4 NHDLEEREOE LD
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1—32
V' +al ( X

Q =
¢ 2p,

PLET, F2 by 70—RA7 4 VX OEZEBEBITIZE KD ONE LT,

The transfer function of the Chebyshev low-pass filter is now completely determined.

1—7 F2bEL=2T70—RRAT7 VX DOEEBBOE LD
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1-8 Designing a Chebyshev low-pass filter that satisfies given specifications

1—7iff\74»&@&&m&ﬁy%ﬁ7%&@@&wﬁﬁm®9fwmmmwmi
STF V=T a— AT ¢ VX OFRFNDAHEIZR 0 £ LT,

Upto 1 — 7,the design of a Chebyche low-pass filter is possible with the filter order m,
the cutoff frequency @, and the passband ripple attp(db).

WITEHEZ2 5N 2 HOBEHEBEEB LY v 7t HIERLER T L2 ORE
EROTT7 4 VHERETDHHEEZRLET,

The following shows how to design a filter by finding the minimum required order of the

filter from the two given frequencies, attenuation and ripple.

FrbizTR-NZT 1)L SORIEHEHE

F15 (db)
Frequency response of Chebyshev low-pass filter
’ Bl Tl 0db
g Passband ripple -attp db
attp(dB)
— EEFEE \ gl
PRI RY-L
BEIhEEES
“atty - PR BLIE 0 ) LR L
Attenuation in fs atts (dB) No ripple in
the blocking area

fcis the passband fo :fD fs=Xs*fp fg J%](}iéﬁ
edgefrequency ., A T EEEH HEEFBTET 2EIELE  frequeney

1—2 FxbEIxT7u— 327 4 )VEOJE B
Figure 1-2 Frequency response of Chebyshe flow pass filter

1—8 HE2bNIMEREZHTTTF oy =70 — A7 0 LF DG
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M1—2BiTA, fp=fc, fs,attp. attsxExbNn T, Fbixz7n
—NRAT g VF EEET DR, FTRAUCEL Y T v F OURKE RO ET

Given fp=fc, fs, attp, and atts in Figure 1-2, to design a Chebyshev low-pass filter, first
find the order of the filter by the following equation.

cosh™ {\/(10“”5'/‘0 —1) /(101 - 1)}
coshl(%j (1-33)

d =

m = ceil(d)

WIZ, mEZR (1—31) 226 (1—32) IZHEHT 2 EHRMEIIBREFNETLET,
Then apply m to equations (1-31) through (1-32) to complete the final design.

1—8 HE2bNIMEREZHTTTF oy =70 — A7 0 LF DG
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REDRERE

Order determination method

71y b AT R fo = fp (Hz) L BEREap (AB)B L O, AW Sfs (Hz) L= Fas (dB) %
5.2 TR Sfs (H2)IZB T D EDas (AB)LA L E 72D 7 4 VA —DRE m R 5,
Given the cutoff frequency fc = fp (Hz) and the attenuation ap (dB), and the frequency
fs (Hz) and the attenuation as (dB), the order m of the filter that makes the attenuation
at the frequency fs (Hz) greater than or equal to as (dB) is found.

HE . Note:

TA v as 1X 0dB LU F OB OEAEIZA, as Z IR & & MESRHTIEOHIE & & 2 5,
AIO_—TY DA (1-33) TiE, attp & atts ITHEEE BT, A5 [-] 2T TR0,
The gain as is a negative number of 0dB or less, but when as is called attenuation, it is
considered a positive number.

In formula (1-33) on the previous page, attp and atts are considered to be attenuation

amounts, and the minus sign "-" is not attached.

FxbE T e 0 —RAT 4 IVE DT v N T EERER DA IR BT 5 EE
Faf (dB)IFRATREIND,

When the cutoff frequency of the Chebyshev low-pass filter is fp, the attenuation
af (dB) at frequency f is given by the following equation.

A (1-12) kY. From formula (1-12),

af =20-logy, {;(f)}: —1O'l0g10{1+£2 'C1%1 (ﬁ)} (1)

1+&2-C3
m\fp

A5 %#FRET % remove negative sign

Con(x) = cos{m - cos™ (%)} |x| <1 (2)
Con(x) = cosh{m - cosh™*(x)} |x| >1 (3)

f=fp ORI, x=1fplfp=1 &2 5D T, Cp(x) =cos{m-cos (1)} = cos(0) =1
When f=fp, x =fp/fp =1, so C,,(x) = cos{m-cos (1)} = cos(0) = 1.

1—8 HGxbhlftikam/i-dF oy =7 m— A7 4 V¥ DG
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P> T, ZORFDBEEE ap 13X,

Therefore, the attenuation amount ap at this time is

ap = —10-log;o{1 + €2 -1} (4)
A5 %BR#ET D remove negative sign

fe2 =101 -1 (5)

Z O ap lTEEEO U S EEFDT,

This ap represents the amount of ripple in the passband.

fs > fp DI, x=]’:—;>1 L7 BHDT,

When fs > fp, x=;—;>1,so

Cp(x) = cosh {m -cosh™! (I’:—:)}

fE-> T, WZEE as 1. Therefore, the attenuation as is

as = —10-logy, [1 + &2 - cosh? {m - cosh™1 (}{—:)}] (6)

A5 %#FRET % remove negative sign

it > T, Therefore,

105 = 1 + 2 - cosh? {m - cosh™! (j:—:)}
= cosh? {m - cosh™1 (;_;)} = 103_(2_1 = % v

1—8 HGxbhlftikam/i-dF oy =7 m— A7 4 V¥ DG
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as

. . -1 (fs)] = |0t
..cosh{m cosh (fp)} T (8)
. i -1 f_S = -1 10%_1
~m-cosh (fp) cosh T (9)
E
cosh™1 10;2—_1
1010 — 1
.m =
cosh™1 (E>
fp

BiO_R—T0R (1-33) ™57~

Equation (1-33) on the previous page was obtained.

7 4 NVE —DWBNTEER 2 DT m O/ A YD BT
00—/ X2 T )V E DR ERET D,
Since the order of the filter is an integer, the fractional part of m is rounded up to

determine the order of the low-pass filter.

m Z90 BiF 52 & BEESs (H)ZBIT 2 E)as (dB)LLEE 72D,
By rounding up m, the attenuation at frequency fs (Hz) becomes greater than or equal

to as (dB).
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RILDRIE 71k 67 / 461



TIT 4T T 4 IVE DR AR
O—/NA T 4 VR DHRE

1—9 FFIELTITJA—NRR T4 IILEZDEET

1-9 Design of inverse Chebyshev low-pass filter

MRDOHEF = E =7 m—/32 7 )b Z ORI H RFEIIROXTER S TV ET,
The amplitude squared characteristic of an m-th order inverse Chebyshev low-pass filter is

defined by the following equation.

2 (")

‘fﬂia%vfwﬂzz (1—34)

1+ 82Cm2(a)%))

FRIZBWT. (1 —5)i Fot 27— R2AT7 A ZORITCOLUTORXNNEHINET,

In the above equation, the following equation in section (1-5) Chebyshev low-pass filter design

is applied.
C,(x)= cos{mcos‘1 (x)} ................... x| <1 (1—13)
Cm(x) = cosh{mcosh_1 (x)} .............. |x| >1 (1—14)

WF By =7 — A7 4 VF OEEBBUTMBERIC /Y £7,
s=jox (1—34) IZRAL, 2RZHEA=0L LT, MERDET,
The transfer function of the inverse Chebyshev low-pass filter is pole-zero.

Substitute S into formula (1-34) and set the denominator polynomial to O to find the pole.

1+ g2cmz[f“’%) =0

a)/
@

Assuming

(1—35)

<1 &925&, (1—13) ZHWT,

a)/
@

<1, using formula (1-13),

1—9 WFobETx2T7a— AT 4 )LHDiE
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Qi??7q=ﬂm%mc%4(ﬂ%/j} (1-36)
w s
L7 EF, ZZT. becomes. here,

cm4@?%0:a+ﬂ>&Lf\ﬁ(1—36)mﬁﬂﬁék\u—23)&ﬁ%m\

As cos™ (](0%) = a + jb, substituting into formula (1-36), similarly to (1-23),

cos{m cosl(jw%)} = cos(ma + jmb) s

= cos(ma)cosh(mb) — jsin(ma)sinh(mb)

X (1-37) # (1-35) OFDEHBLT, FEif, EEzTLTnELNELT,
KOESIT, (1—=24) b (1—-27) LELVHKREBET,

Comparing equation (1-37) with the right side of (1-35), let the real and imaginary parts be
equal. We get the result equal to (1-24) to (1-27) as follows.

A jo .
cos 1(‘] %)=ak+]d

a, =2, k=01,..,— (1-38)

E-T, WFxb =70 — 2T 4 )LHDRRIL,

Therefore, the poles of the inverse Chebyshev low-pass filter are

ja)% = cos(ak + jd)
= cos(a, )cosh(d)+ jsin(a, )sinh(d)

(]

°T isin(ak)sinh(d) - jcos(ak)cosh(d)
_ +sin(a, )sinh(d) + j cos(a, ) cosh(d) ”
~ sin’(a, )sinh’(d) + cos’(a, )cosh?(d)  ©

L7V FEJ, Dbecoms.

(1—39)

1—9 WFzboz7a— A7 4 )LHDEEE
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S=-p,tjg, £LT As s=-p % jg,

cos’(ag) =T=sin®(a) (1 _59) 1ftAT DL,
cosh’(d) =1+ sinh*(d)

cos*(a,) =1-sin*(a,)

into equation (1-39) yields
cosh’(d) =1+ sinh*(d)

Substituting

P = S.ln(fl")mnh,(dz) @ K=oy, "1
1+sinh (d)—sm (ak) 2
g = cos(a, ) cosh(d) "

a cosh®(d)+cos’*(a,)—1 ¢
L 72V %7, becoms.

—H. =0, LTERELRDET,

On the other hand, the zero point is obtained with the numerator = 0.

gzc,,,z[j“’%j =0
.aq(?wyg)zo

a)/
0]

Assuming

<1 ¢95%&, (1—13) #HVWT,

e
cm{maml[ﬂ%47}=o

_ A jo, /Y #(2k+1) B m—1
.. mcos 1( K) —T ........... k—O,l,....,T

0w cof 22N

<1, using formula (1-13),

1—9 WFzboz7a— A7 4 )LHDEEE
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[0 9
oo s=j ; AEENET,

e

2m

S t s / a)c

0 we ge = .
" ’ (ﬂ(Zk - 1)]
cos| ——=

2m

A of 20)

m
e = L35L, Let 1, = be
@ W

¢ c

1—9 WFzboz7a— A7 4 )LHDEEE
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1—10 BFIEL T IO—IR T4 ILADEEBHDELED

1-10 Summary of transfer function of inverse Chebyshev low-pass filter

WFx Y= 7 u—/"A7 4V ZORBm, JAEE S, 2B D Ratts(db) &35 & &
[ = ceil((double)(m—1)/2)—-1 £ LT, #F =t x7m—RR7 1 /L¥OIREREKIL

When the order of the inverse Chebyshev low-pass filter is m and the attenuation at
frequency f, is atts(db), the transfer function of the inverse Chebyshev low-pass filter

is expressed by the following equation using [/ = ceil((double)(m—1)/2)—1.

m2A a2 CTHIE, when m is odd

2 2 2
., (rk s +1)

w !
H L8)= d _
n(@5) S+a)dHS2+(a)ck/Qk)s+wck2 (1=42)

mMEZ THINIE. when m is even

! (125 +1
o)l (1-19)

k=0 S +(wck/Qk)S+a)ck2

(1—42), (1—43) 128\ T Informulas (1-42) and (1-43),

1
&= 11s,
1070 _1
aﬁ@ ................... k=o,,.., "L
m 2
d= —sinh_l(lj
m &
B
+sinh*(d) —sin*(a,) 2
_ cos(a, )cosh(d)
7= cosh’(d) + cos*(a,) -1
. cos(a,)
w

1—10 WFobET2T7u0— A7 4 INEDOIEEBREOE LD
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2 2
@y = O NP Tq;
[ 2
r T4k

p
0, = VAL Tk
¢ 2p,
w, =%
- sinh(d)
o, =27, (1—44)

UET, F =ty =7m—"27 4 ZOREBRBIIERIIRO b E LT,
The transfer function of the inverse Chebyshev low-pass filter is now completely

determined.

1—11 520 -AHEB-ITEFIES T 70—/ R T4 ILEDKE

1-11 Designing an inverse Chebyshev low-pass filter that satisfies given specifications

1—10FTCT, K¥mELBREELHET 2EEE o, kO Eatts(db)IZ L > TilfiF = B
=T 0—NAT A )VE ORGP AR £ LT,
Upto 1 —1 0, we now have the ability to design an inverse Chebyche lowpass filter with

order m and frequency @, specifying attenuation and attenuation atts(db).

WITG 2 oz 2 SOBEEBEBEEB IO v TAn0 | BIKRLER T 0 VX OWE AR
DTT 4 NZ it T DR LET,
The following shows how to design a filter by finding the minimum required order of the filter

from the two given frequencies, attenuation and ripple.

1—11 5xonttErmicdfiFotyo7n— A7 4 VX DiE
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FEF ez 7R—N27 1L FORIEMHESHE

1% (db
ng?n( ) Frequency response of inverse Chebyshev low-pass filter
0 EEEO ) FILEE 0db
A TR -attp d
Attenuation at fp attp (dB)
<~ EBEFHEFzPI=7
Tl aEkY AR
There is a ripple
BEINESEE BH [F 38D 1) =7 )L in the blocking area
-atts — —
Attenuation in fs atts (dB) }/\\ // e
foid7s v A OEEHE LTS fosfs f=xh o HE#E
fp is the passband edge HERICBWTSH v 7 REES  frequengy

BREFEETSEBEHICTS
M1—3 WFxbix7a—r3SR7 ¢ LXOREERE
Figure 1-3 Frequency response of inverse Chebyshe flow pass filter
ERZBWNT, FHREAICBITDEEE L clIZNETONY =T =R 7 4 VEETIHRERY
FETHEEH L s, [ plIINETHy FATEBEE L c & LTHROATEE LT,
In the above figure, the frequency fc in the formula has been treated as the frequency fs that
specifies the amount of attenuation in Butterworth filters, etc., and fp has been treated as

the cutoff frequency fc.

Wo T, ZNETERULIICH Yy FATHEEEE LTI pOEEZASN LT, BRELZEET D
JARHEE LT s DEZ AT 256 0RITLL T ORRIZZR D £,
Therefore, the formula for inputting the fp value as the cutoff frequency and the fs value as

the attenuation frequency is as follows.

@, =27f, (1—45)
PUNNNS S (1-46)
. Cosh—l{\/(loatts/lo _1)/(104”4;/10 _1)} (1-47)

cosh™ (%})

eoT, Z4NZDOWEmMITA (1 —47) odzolv LiFC,

1—11 5xonttErmicdfiFotyo7n— A7 4 VX DiE
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Therefore, the order m of the filter is obtained by rounding up d in equation (1-47),
m=ceil(d) (1—48)

W, mEX (1—42) 6 (1—43) ITHEHT 2 EEEIRERENET LET,
Then apply m to equations (1-42) through (1-43) to complete the final design.

1—11 5xonttErmicdfiFotyo7n— A7 4 VX DiE
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REDRERE

Order determination method

71y b AT R fo = fp (Hz) L BEREap (AB)B L O, AW Sfs (Hz) L= Fas (dB) %
5.2 TR Sfs (H2)IZB T D EDas (AB)LA L E 72D 7 4 VA —DRE m R 5,
Given the cutoff frequency fc = fp (Hz) and the attenuation ap (dB), and the frequency
fs (Hz) and the attenuation as (dB), the order m of the filter that makes the attenuation
at the frequency fs (Hz) greater than or equal to as (dB) is found.

HE . Note:

7 A v as 13 0dB L FOADEEIEA, as 2R & FESRFIEORIE L & 2 5.
RIO~N—T DA (1-47) TiE, attp & atts (THEEE L BEX T, A5 [ 27T\,
The gain as is a negative number of 0dB or less, but when as is called attenuation, it is
considered a positive number.

In formula (1-47) on the previous page, attp and atts are considered to be attenuation

n_n

amounts, and the minus sign "-" is not attached.

T =T 0 —/NAT 4 )L OIRIEARRFEIROXNTERSINLTNET,
The magnitude-squared characteristic of a Chebyshev lowpass filter is defined by the

following equation:

|Hp (@c a))|2=#ﬁl(§c) (1—12)
Co(x) = cos{m - cos™1(x)} |x| <1 (1—13)
Cp(x) = cosh{m - cosh™(x)} |x| > 1 (1—14)

WF By =7 0=/ 27 4 )V Z OFIGHRFEIROXTER SN TOET,
The magnitude-squared characteristic of an inverse Chebyshev low-pass filter is defined by

the following equation.

i)

1+€2'C%1(%)

|Hp(@We » @) = (1—34)

1—11 526tz Ty o7 e —/ A7 0 )L X OpGH
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X (1-12) 7o (1-34) &2EkT 2 HEEZEZET,

X (1-12) OFEIE T (@ TRENET, (A T dB Tide V=7 HiK)

Consider how to create equation (1-34) from equation (1-12).

The characteristics of equation (1-12) are shown in figure (a) below. (Gain is on a linear

scale, not dB)

HEARAEEE o =1T, 74 /zn (272D Z N0 £,
—RHNZIX. By M AT RS fe “C/74' /75>1+82z_7t,c>:> LS IHIHETT,

It can be seen that at the fundamental angular frequency w = 1, the gain becomes 1+1£2.

In general, it means that the gain becomes T L at the cutoff frequency fc.

+£2

Vout)

(a)

WIZ 1D Z O A5 %% 9% L, Then subtract this function from 1,

1 e2Chy (a)i)

1+e2.C5 (2 ) 1+£2Cm( )

LY ZORMEITTFM M) TREShET,

and this characteristic is shown in the figure (b) below.

1—11 5xbni ka2t Foty o 7a—sRA7 0 LY DOk
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{};“ LP4_6-chev-1Hz-1dB.raw

TUT 4T T VB DEE LB

1Tab5(y(oqt)) o

(b)

WA B E TS DL TR @O F = vy = 7RENFONET,

Next, when the frequency is reciprocated, the inverse Chebyshev characteristic shown

in (c) below is obtained.

@)

Z DIRFOHRIE B RFFETROA TR INET,

The amplitude square characteristic at this time is expressed by the following formula.

2

1+e2:c5(2€)

|Hm(wc ’ w)|2=

1—11 EXoNIHREW T W TF oy =7 — "7 4 )V Z Ot
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ic)

(©) 13h v FATEBEA fs T, fs 1051 BIRIEH BN == Sas THDZ L.

1+¢&2

SOFEVY, BAWEEN S IZBITAEEEN as iDL ERLTWVET,

Figure (c) shows that the cutoff frequency is fs and the amplitude squared characteristic

2
- as. In other words, it indicates that the attenuation at frequency fs is as.

at fsis —
1+¢
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BT, WF v =7 « mB— AT 4 )VH T, By NATREBEE fc = fp(Hz) OWFE&E
Dap (dB). JAWHE s (Hz) DR ED as (dAB)LA L& 725 7 4 )V 2 — DU m TR OERIZE
BLET,

Therefore, in the inverse Chebyshev low-pass filter, the order m of the filter with which
the attenuation of the cutoff frequency fc =fp(Hz) is ap (dB) and the attenuation of the

frequency fs (Hz) is more than as (dB) is as follows. Calculate as

X (1-34) 2RO X HIcEZHZ D, Rewrite equation (1-34) as follows.
aca(

ﬁrzn(f?s) (1-34-2)

|Hp(fs » DI?=

f=fs ODRFOWFEE as 1F, x = % =1 72D T, Cp(x) =cos{m-cos (1)} =cos(0) =1 XV

N

Attenuation as at f=1fsis x = % =1, so from C,,(x) = cos{m-cos (1)} = cos(0) = 1

S

2 2
as = 20" loglo{ /ﬁ} =10-logy {#} (1

A5 %BI7 % add a negative sign

—as 2 —as —as
1070 == +2-(10% —1) = -1070 (2)
R I A »

1010 -1 1010-1

f=fp<fs OO ERE ap (£, x = % >17DT,
14

Since the attenuation amount ap at f=fp <fsis x = j:—s > 1,
14

Cm(x) = cosh {m cosh™! (;—;)} £V from Cp(x) = cosh {m rcosh™ (;f_;)}

2-cosh?{m-cosh= (L
h { h (fp)} } (4)

1+£2-cosh2{m-cosh—1(;—;)}

A5 %IBMT % add a negative sign

ap =10- loglo{

1—11 526tz Ty o7 e —/ A7 0 )L X OpGH
RILDPRTETT 1 80 / 461



TIT 4T T 4 IVE DR AR
O—/NA T 4 VR DHRE

—1(fs
10% _ sz-coshz{m-cosh 1(f_pf)s} 5)
1+£2-cosh2{m-cosh‘1(ﬁ)}
—a -ap

ng?s (101_0p - 1) - cosh? {m -cosh™1 (j{—;)} =—1010 (6)

—ap as
wcosh?{m-cosnt ()} =1 202 1.1 _100-1 7)

{ (fp)} e j0i0—1 £ 1010-1 1010-1 (
7t > T, Therefore,
« coshim - cosh~1 (£)) = 10?_1 (8)
{ G = [
_1(fs _ 1010-1
sm-cosh 1 () = cosh™? - (9)
(fp) 1010-1
as
cosh™! 10(112 —1
1010 — 1
m =
cosh™1 (E>
fp

Bio_R—ToRX (1-47) B™ELRT-.

Equation (1-47) on the previous page was obtained.

T 4 NE—DWBITELR DT m O/ 280 BT, m— "2 7 4 V2 DR A RTE
ERAR
Since the order of the filter is an integer, the fractional part of m is rounded up to

determine the order of the low-pass filter.

m 280 EiF 52T BEESs (H2) 2B 2 EFEEN as (dB)LL L7 D,
By rounding up m, the attenuation at frequency fs (Hz) becomes greater than or equal to

as (dB).
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1—12 ER o0 EREIFEFIES T T7O0—NRRT (LB DHRE2

1—117T, N1—=10FTT, &¥m&AEKe, Kk OHEREEatts(db)IZL>T7 4 L2 D
RETRAREICRD £ L) EEIELLEB, I fplat t plIROLATVARNDTY,
ZIZTIE, fpliBITAEEREZattpdb) & LT, [ pERDTHET,

In 1—1 1,1 wrote, "Up to 1 — 1 O, filter design is possible with the order m,
frequency @,, and attenuation atts (db)," but in fact fp and attp are not obtained.

Here, fp is calculated with attenuation at fp as attp(db).

KX (1—46) 75, From equation (1-46),

2
attS:—lOlog( d J

1+¢&
1
=10log| 1+ — (1—49)
£
1 atits,
o= =100 —1
£
H1—3IZB0T, @, =XO,rerrreneee. x>1 LT, AR (1—34) b
In Figure 1 —3,a8 @, =X®,.cccconuuuee.. x >1, similarly from equation (1-34)
o1 g coshz{m cosh‘l(x)}
attp = —101o
P 8 1+ & cosh® {mcosh"] (x)}
(1—50)

1

S 107710 — 1 =
&% cosh? {m cosh™ (x)}

X (1—-49) % (1—-50) IZfA LT, Substitute equation (1-49) into (1-50),

atts/10
cosh{m cosh™ (x)} = \/%

. 1 . loatts/lo -1
X = cosh[; cosh ( 10w _q

-T, o, =xm, b
Thus, from W

1—12 BEXoNIcHEEMETHTF oty =7n— "2 7 4 VX ORGE2
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a)C

a)C = 277‘?

Fiz, OWTIZfp, fs, attphUmzExbnTattszaROTHAET,

@
P 1 1 loatts/lo -1
cosh %COSh_ W ( 1—5 1)

CoBAL. 0,227 =L o —xo, ETBE, K (1-49), (1-50) »b

p

And, incidentally, given fp, fs, attp and m, let us find atts.

In this case also, if @, =27f, = Aa)p =X0,, from equations (1-49) and (1-50)
P

Lz — 10910 _ ] = (10anp/1o _ 1) cosh2{mcosh71 (x)}

£ (1—52)

cLoatts = lOlog[(IO“””/w —~ 1) coshz{m coshfl(fs/fp)} + 1]

IHIZDONWTIZ, fp, attp, attskUOmaE5ExHT, {sZROTHAET,

SoHE b, a)C=27;fS:%a)p=xa)p LFBE, (1-51) b
p

And, incidentally, given fp, attp, atts and m, let us find fs.

Again, let o, =27f = % ®,=x®,, and from (1-51) we obtain
p
1 loatts/lo -1
®, =, coshy—cosh™| | ——
m 10“777 —1 (1—53)

@) :27qrp

1—12 BEXoNIcHEEMETHTF oty =7n— "2 7 4 VX ORGE2
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UbEZzFEHT, FELRTNERL2NWZ &, X (1—-34) 26 (1—51) £TO
XTHEAEN TV D 1FH1 —3ICBTD fICRVEREIATND &N, Z & TT,
Summing up the above, it should be noted that @, used in equations (1-34) through (1-
51) is calculated by f, in Figure 1-3.

0— /XA 7 4 ETIERERED LIZUH D, K1 —3 T2, { pad by MA7EBEE
LIESDR—REITT, > T, FEHRICITROKIC L TREIB RSN D & BVWET,
In a low-pass filter, the cutoff frequency is generally referred to as fp in Figure 1-3, where
the gain begins to decrease. Therefore, in practical use, a low-pass filter is designed as

follows.

1. fp, fs, attp, attszhx, X (1—-45) 26 (1-48) Z/AL,
meo RO, ZnaX (1—42) £720F (1 —43) ([SEAT D54

1. A method that gives fp, fs, attp, and atts, uses equations (1-45) through (1-48), finds
m and @,, and applies this to equations (1-42) or (1-43).

2. fp, attp, fskUmaEx, X (1—-52) XV attsiERD, ZINE
RICHSO TV DO EMBE LR, [ shbweikd, X (1—-42) F1% (1—43)
(% Tk

2. A method in which fp, attp, fs and m are given, atts is obtained by formula (1-52), and
after checking whether this is the requirement, we is obtained from fs and applied to

formula (1-42) or (1-43).

1—12 520N ftka-dFoty o7 — A7 0 )LH DR 2
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1—13 BABEKO—NRT4)LE BIAFIELTTA—/NRT (ILE) D&Et
1-13 Design of Elliptic Function Low Pass Filter (Coupled Chebyshe Flow Pass Filter)

mR DFEH R — /S 27 ¢ L2 OIRIE B RFMITROKNTERZ SN TWET,
The amplitude square characteristic of m-th order elliptic function low-pass filter is

defined by the following formula.

1

2
H, (0., jo) =
|, (@ jo) 1+&°R,(0/@,, L)

(1—54)

22T, R (0o, L) Y a coMHBEXIF = = 7 FEERE TS O TT,

where Rm(a)/ ., L) is the so-called Jacobi elliptic function or Chebyshev rational function.

WDy M AT EEE fplBiT DY Frattp, FLIEEICR T 5 B/NROIEIRE Batts & SZH
TORADOE I s L+ 5 & x|
Ripple attp at so-called cut-off frequency fp, and fs the first frequency that achieves the

minimum attenuation atts in the stopband,

o, =27,
R,(LL)=1 (1—55)

R,(f)f,nL)=1L

5L, (1—54) 1Zfp, [ sZ2FENENRATDHE, BELNET,
Then, substituting fp and fs for (1-54) respectively, we get the following.

£=/10"""" _1 (1—56)

atts =10 log(l + gsz)

loalts/l() _1 ( 1 - 5 7)

loattp/l() _ 1

ShE D ST L TEEMEE RO T b TR, ZORICT = By = 7 AR
R, (x, L) DM 2500 & N E T,
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Based on this, we will find the transfer function, but before that, I would like to learn

the properties of the Chebyshev rational function R (x, L).
1. mASEE (PR o &, R (x, L)1 (750

1. When m is an even number (odd number), R, (x,L) is an even function (odd

function)

2. R,(x,L)ix |[x|<1OfEHICT < TOEEHL,

x| 2 L OFFIZ T~ T DRz £

2. R, (x, L) has all zeros in the range |x| <1 and all poles in the range |x| >1

3o |R,(%L)< L x| <1 (1-58)
4, R,(1,L)=1 (1-59)
50 |R, (L) 2 Looerooerienaaee. x| > x, (1-60)
X ER,(x,,L)=L &7%, Fe) (Ferh) Ox Off
X, is the first (smallest) value of x such that R, (x,,L)=L
GORALQ:EXiﬁza (1—61)

loatts/l(] _ 1
g=10"""_1, L= Joro & L WATHIE SIS B — 27 11 5 LT OFF

PE2FrH ET,

loatté/lo _ 1
As £=+10"""" _1 and L = W , the lowpass filter specified by the following

equation has the following characteristics:

2
A(w)=10log l+{ng(£,Lﬂ (1—62)
®

P
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1. Wiikica t t pDEY S LERO

1. Has an equiripple of attp in the passband
2. FRIENKICa t t s DEY i

2. Has an equiripple of atts in the stopband
3. By MATVEAEK T,

3. The cutoff frequency is @,

L (1-61) 26, x=x,8R,(x, L) DM THIUE, x=x,/x,NELRDZ LRI

£,

From equation (1-61), we know that x =x, /x, is zeroif x =x, is a pole of R, (x, L).

kRIS, R,(x, L) MEEM CHNFBEE THI, x=x, 28R, (x,L) DM THIIE, x=—x,
bR, (x, L) Dl 725 Z ENH 0 £,
Similarly, whether Rm(x, L) is an even or odd function, if x =x, is a pole of Rm(x, L),

then x =—Xx, will also be a pole of Rm(x, L).

ftoT. R,(x, L) KD X 512720 £,

Thus, Rm becomes

m=2n () m = 2n (even number)
2 x —(x /x)
C L (1—63)
) 11_][ x> —x
m=2n-+1 (#%%) m=2n+ 1 (odd number)
m 1/2 (x /x )
C,x L (1—64)
x,L)= H -
ERiznT, In the above equation,
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leﬂ(m—l /2 .2

[14— (1—65)

=1 X

(1=63) 25 (1—65) ORILHHELIEEZ L TVET, L) oiF, FRTdiEk
BEY T ZT HI2DIx, [x, & RO 5 2 E ARV, BAREIE B BRI E D s
KHLZEZERLTWDHMNHTT,

Equations (1-63) to (1-65) have a convenient form. This is because they imply that if we

can find x,/x; to make the passband equal-ripple, the blocking region is automatically

equal-ripple.

ZHT, EEEICIRE L TEREED D Z Nk D Ko TR ) £ L7,

So we can now proceed with our considerations limited to the transit area.

KT, R, (x, L) ZROTHAF ROV TERETRZ ZTIEL MRS &AM B
HER DT £,
Next, you will learn about differential equations representing R (x, L), which requires

knowledge of elliptic integrals and elliptic functions.

IRBERAVAE. R (1-63), (1-64) OfFE M ELBEE sn(u, k)2 k>T

KDOT 2 LBAREE 20 £, MM IERBIS sn(u, k) IC oW TR TR L £
Using these, the poles and zeros in Equations (1-63) and (1-64) can be represented by the

elliptic sine function Sn(u, k) . The elliptic sine function Sn(u, k) will be explained later.

sn(u, k) I ZHFIC L > TlARD S Z L BHKETH, 7077 M k> THEFHHET 52

EHARETT,
SN can be obtained by a number table, but it is also possible to calculate values

programmatically.
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k=1/x, &£ LT, As k=1/x,,
m=2n (B m = 2n (even number)
m/2 —sn’|(2v-1)K /m, k
TV y . L (1-66)
-1 x2 — {xL/sn[(2V—l)K/m,k]}
m=2n+1 (#F%#) m=2n+ 1 (odd number)
(m-1)/2 2 o2
R,(x.L)= Cyx x* —sn’[2vK /m, k] : (1-67)
Xt — {xL/sn[2vK/m,k]}
ERizkBnwT, In the above equation,
Cc =1" I XL
1= li:[snz[(zv—l)l(/m,k] 168

N

>y, i Sn2[2VK/m,k]
IHHORITB W CTHHERBEEOE Y 2 —vkidk=1/x, TEbEh, ZOMEIZKIZHE
Brbz2Fd, ZOKIZEIZHT 28BS E LTHMOILTWET,

In these equations, the module k of the elliptic sine function is denoted by , which also

affects K. This K is known as the complete elliptic integral over k.

k'=A~1-k* (1—69)

K'=K'(k) = K(k) = [ ————=dx

o V1— k7 sin? x

FEMBIs 7 4 L5 OUHmiZ, 525N f,.atip, f,,atts (2 X0 KTRD SRET,
The order m of the elliptic function filter is obtained by the given f > atp, f..atts as

follows

(1—70)
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xL = fs/fp
I loan‘s/lO_l (1_7 1)
- 10atl‘p/10 _1
R, (x,L) DT Mo XA RO ET,

Find the differential equation for R, (x,L).

dR [dx \ZBiEK TR =+1 & 25X IEHVTm— L EOEEHE, MK TR =+L &7
HXICBNTm— 1 HOFLFLET,

dR,/dx has m-1 zeros at x that are R, =1 in the passband and m-1 zeros at x that
are R ==xL in the stopband.

WoT, 2IDFEZE2MME LTHEAD &,

Therefore, if we count the zeros of the second order as two zeros,
(a) (dR,/dx)' 114 (m—1) EOFEFELET, (x=+ltx, [ ZHREET,)
(a) DR has 4 (m-1) zeros. (Excluding X.)

SEERDVICR, (X, L)+1 2525 & ZnEmBEOEL S £, Fkic, R, (x, L) -1
bmAOFEEZHELET, AU, Ru(e L) +L LR (x,L)—LbmEOEZHLET,
Now consider Rm(x, L) +1 instead, which has m zeros. Similarly, R (x, L) —L hasm

zeros. Similarly, R,,(x,L) + L and Rm(x, L) — L have m zeros.

e~ T, Therefore,

() {R, (%, L)=1{R,}(x,L)= | H A mEAOF&# L E T, FITR, (x,L) =1L &
5, X TENETN, x==2L+x, [F 1 ROFTENLIMNI2ROETT,
(b) Rm has 4m zeros. Zeros appear in x, which is R (x, L) =+1,+L, where x==%1,%x,

is a first-order zero and the rest are second-order zeros.

1—13 FHEke—XAT7 4% (BENFobE 27— NRA7 4 )LH) OikE
90 / 461



TIT 4T T 4 NE DR AR
02— /XA T 4 VX DG

(a) & (b) 75 From (a) and (b)

dR,(x,L) (=R (x, )L = R, (x, )]

dx (1—-x2)(xL2——x2)

12

RASHIZ,  Finally,
CdR,(x,L) _ dx = du (1-72)
[{1 B Rmz(x,L)}{L2 _ Rmz(x, L)}]I/Z [(1 _ XZ)(XLz _x2)]1/2

NEGHILET,  is obtained.

(1—72) B8R, (x, L) ISk By AT, ZoFRREM I, = B orgHE

BSMBLZ 72 5 DT, FEMFES LM BIEIZ W TR A LE T,
Equation (1-72) is the differential equation for Rm. Solving this equation requires

Jacobi's elliptic functions, so we will discuss elliptic integrals and elliptic functions.
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FE1IEOERES
Elliptic integrals of the first kind

(l—kzﬁn?ﬂAde (1—73)

ul g, k) =

O e

BIIRONE 2 SOBH P & kOBIETT, KIHIRAOE Y2 —L LR, 18 FOlE
THIUE, FEPITH LT u(f, k) I E T 0 T, ST A— 4 GIEHTRS Ol LI

T CnE9,

The elliptic integral is a function of two variables Fa and k. k is called the module of
elliptic integrals, and if it is less than or equal to 1, u(¢, k) is also real for real ¢.

The parameter ¢ is called the declination of the elliptic integral.

kiZLIZULITEY 25— MO0 TkRO LI IckbEnE 1,

k is often expressed by the modular angle 6 as

k=sin@ (1—74)

¢=7/2 OWD u( P, k) DIEZFHC, TERMIRSY &I, KO LI ITERSHTOET,

The value of u(¢, k) at ¢=7/2 is called, in particular, the full elliptic integral, which

1s defined as follows

7/2
lﬁ—gzjﬁ—ﬁmfﬂmszsz) (1—75)

0
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FEMAEE > OMEE Properties of elliptic integrals
1, u(¢, k) = —u(— @, k)

2, u(;r, k) =2K

3. u(;z+ ¢,k) = 2K+u(¢,k)

4. dufdp=(1-Ksin>g)

EY 2 — VOMEL' LEAAEITES OMBK 2 ERLE T,
Define the complement k' of the module and the complement K' of the complete

elliptic integral.

k'=v1-k’ (1—76)

T 3 22 \7V? . '
u(?kj: [(1-k7sin® x) " ax = K'= K(K) (1—77)
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F&MRE%  elliptic function
FEHBEDIIRO X DICEFRSINE L=, The elliptic integral was defined as

-1/2

u(g. k)= [ (1- K sinx) " dx (1-73)

S =y

Y2 EORHBEEIT ERORLITKH L TRO L I ICERS L THET,

Jacobi's elliptic function is defined for the notation above as follows

FEMIE3%BI%L elliptic sine function sn(u, k) = sin ¢ (1-78)

5 M 4%5% B84 elliptic cosine function cn(u, k) =cos ¢ (1—-79)

dn(u,k):% (1—80)
du

EF LY. From definition,

dn(u, k) = d¢ = (1-#*sin* 9)'* =[1 - K*sn* (k)] (1-81)

MBI OM'E  Properties of elliptic functions

N sn(u, k) = —sn(— u, k)
cn(u, k) = cn(— u, k)

sn(O,k):O sn(K,k)zl

b cn(O,k)=1 cn( ,k)zO
(u+K,k): n(K uk)

< (u+K k)z—cn(K uk)
N (u + 2K, k) = —sn(u k)
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sn(u +4K, k)
cn(u +4K, k)

sn(u, k)
cn(u, k)

e.

e.

DHE D D HFBEITAK DI 2 H > 2 LD £, T, £ OATEFO A
B LTV ET, KRR u(¢,0)= gD T

e. The properties of the elliptic function reveal that it has a period of 4K. It is also similar

to ordinary trigonometric functions in many respects. In fact, since U

sn(u,0)=sinu  cn(u,0) = cosu

(1—82)
LTV B ME L, Other similar properties are,
Snz(u,k)Jrcnz(u,k):l (1—83)
(v, h) sn(u, k) * cn(v, k) * dn(v, k) + sn(v, k) * cn(u, k) * dn(u, k) (1—84)
nlu+v, k)= B
S ’ l—kzsnz(u,k)*snz(\’,k)
" cn(u, k) * en(v, k) = sn(u, k) * sn(v, k) * dn(u, k) *dn(v.k) -~ o
o _
U=V, l—kzsnz(u, k)*snz(V, k)

BRBOBIEU KT DM B

Elliptic functions for complex arguments

sn(iu, k) =i sn(u, k') (1—86)
cn(u, k')
cn(iu,k): ! (1—87)
cn(u, k')
dn(iu, k) = i:EZ’:; (1—88)
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BHEEBI B OMEM B OME  Properties of elliptic functions of complex arguments
a. sn(iu,k)=—sn(—iu, k)

b. sn(iK',k)=o0

c. sn(iffu+ K", k) =—sn(i| K'—u], k)

d. sn(if{u+2K",k) = sn(iu, k)

e. sn(iu]l)=itanu

HEd. o sn(iu, k) IFEI2K 2R 2 EMED 9,
PLBIZE Y #HFEBu=y+iz\Zd 3 2/ M BB Z RO 2 i HokE LT,
From property d., we know that Sn(iu, k) has period 2K".

We are now ready to find the elliptic function for the complex number u =y +iz.

sn(u, k) = sn(y +1iz, k)
B sn(y, k)dn(z, k') + icn(y, k)dn(y, k)sn(z, k')cn(z, k') (1—89)
- cnz(z, k') + k2sn2(y, k)snz(z, k')
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AT OME A5, From the nature of the aforementioned,

sn(y +4K, k) = sn(y,k)
sn(i[z + 2K'], k) = sn(iz, k)

ZHUIRORRICERZ B IE SV E T, This is extended to complex numbers as follows

sn(u +4K, k) = Sn(u, k)
sn(u +i2K', k) = sn(u, k)

(1—-90)
(NN Sn(u, k) I, FEEJEHAK & EEFMI2K 2R o7, 2 AWK TH D Z L oviE
DESF, ZOBRBOKTIINT — 6 DFHIERTFICE > THY LTRSS THnET,
Therefore, Sn(u, k) is a doubly periodic function with a real period of 4K and an

imaginary period of i2K".

The period is clearly shown by the periodic rectangle in Figure 1-6.
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(1-90) 12k v, sn(u,k)DIEDWOPEBHREATENIBOLTO ulxf LTI,
USRI LT 722 Eic 0 £, sn(u, k) OfE BB CEHTRLET,
If the behavior of Sn(u, k) is found for all # inside the periodic rectangle by equation

(1-90), then it is found for the entire u-plane. The poles and zeros of Sn(u, k) also appear

at the same period.

7
2K’ sn=0 sn=1 sn=0 sn=1 sn=0
oS0 ensl/k oo snelk o lsne
sn=+o" Sn=—+«. sn=+CoO
0 sn=0 sn=1 sn=0 sn=-1 sn=0

K 2K 3K 4K y

1 — 6 FEMIESZBE o JE R 5

Figure 1-6 Periodic rectangle of elliptic sine function
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Another representation of the elliptic integral

X (1—73) TRbLEND, FBHBEZOE ) —2ORELAOTH72DIZ, RO K H 728
TA—RZHEEALET,
To find another expression for the elliptic integral, expressed in equation (1-73), we

introduce the parameter z such that
= sn(u, k) = sin ¢ (1—91)

it >, Therefore,
£ = CoS (15@ = cn(u, k)dn(u, k)

du du

= [1 —sn® (u, k)]l/z[l - kzsnz(u, k)]l/2

=[(1-=)(1-#22%)]"

ExXXE Y. From the above formula,

cmzw—fm—ﬁfymﬁ (1—92)

(1-92) 2z, FTHPTLZLaE25L, 2T (1—-91) Mbsing 75
sing, ¥ TR T L2 & ERLTY, E-T,
Considering the integration of equation (1-92) from z, to z,, this is equivalent to

integrating from sing, to sin¢g, from equation (1-91). Therefore,

u( ¢y k)~ u( . k) IP \1-e2)] e (1-93)
sin ¢
(1-93) IZBWT, ¢=¢ , ¢=0 ZERT D&,
In equation (1-93),if ¢, =¢ , @ =0 is selected,
e 2 2 2\T"2
=I[(1—z )(l—kz) dz (1—94)
0

PRELI, ZRBAEMBESOL 9 —2DORITT,

is obtained, which is another representation of the elliptic integral.
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TORIT (1—-92) OTHAzZERHSOITFADICERAINET, fltz= Sn(uak) T

This equation is applied to find z, the solution to (1-92). The solutionis z = Sn(u, k) .

F7-. Also,
Z=sn(au+b,k) (1—95)
IR DAETT, is the solution of the following equation

adu:[(l—zz)(l—kzzz) _l/zdz (1—96)

K (1—94)FFEn, B2BHESIOL Y —2ORIEEZ D 0ICEbhET, ¢g=71/2
ERELT,
Equation (1-94) is also used to give another expression for the full elliptic integral, set

as ¢=r/2,

K(k) = u(gkj =':[[(l—zz)(l—kzzz) e (1-97)

Flo, SERMEMAES OMEK 2RI L TRO D Z ERHRET,
The complement K' of the complete elliptic integral can also be obtained in the same

way.

K=o Tk = [[(- )47 )] Ve (1-98)

XL (1—-98) 1T, WADIIIZHRIAT DL bHKET,

Equation (1-98) can also be expressed as

K ()= [ -)0-#2) e (1-99)
1
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wEmBs%E R,(x,L) Elliptic functions and R, (x,L)

R,(x,L)1F (1—72) TUFOLITRSATHET,

R,(x,L) is shown in equation (1-72) as follows

du= [(1 - xz)(xL2 - xz) " dx

(1—72)

=4@—RﬁXﬁ—Rﬁﬂ#zmm
ELHDHFBRRBRO LI ICEZEST Z ERAHRET,
Both equations can be rewritten as

1 -1/2
du=—|(1-z*)1-k*2* dz (1—100)

L==)0-#=)
Bz iE, eoXcix, £¥x=2z , k=1x, , a=x, ¥+5L KX (1-95),

(1—96) LV, (1—-100) DOffx
For example, in the previous equation, with variable x =z , k= l/ X, , a=x,,
from equations (1-95) and (1-96), the solution of (1-100) becomes
Z=sn(au+b,k) (1—101)
D ET, ZoORRE (1—-72) [ZWEETDE,
Adapting this result to equation (1-72), we get,
4 L 0 _

x=sn(xLu+b1,xL ) , Rm(x,L):sn(Cu+b2,L ) (1—102)
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T b =0 75E, ZhiFu=0 orE x=0 ZEKRLET, LrL, RIKIZKA
RSB ET,

where b, =0, this implies x =0 when u=0. However, at the same time, the following
holds.

0 m=2n+1
Rm(x = 0, L) = (_ 1),,1/2 m=n

= sn(b2, L’l)

X512, EX) S Furthermore, from the above equation

0 m=2n+1
b, = (—l)m/zK(L"l) m=2n (1-103)

(1-102), (1-103) 25 R, (x,L)ITKRD LI ZRDEET,

From equations (1-102) and (1-103), R, (x, L) can be expressed as

sn(£ u, L_l) m=2n+1
C

L mf2 _ _
m[cu+04) KUH)L‘} m=2n

2T, u ko KO TY,  where is the solution of the following equation

x=sn(xlu,x[l) (1—105)

(1—=104) FF=br=7HHEBMEBARBRKTED LI LD TT R, BHxX ITHITK

£ L CWARWE D RERTG & 720 COET, Wik, xOBRBI%E LTR, (x, L) 2% b LT

HFET,
Equation (1-104) represents the Chebyshev rational function as an elliptic function, but

in an inconvenient form because it does not depend explicitly on the variable x. Next,

let us express R (x, L) as an explicit function of x.
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Rm(x, L)IZxt9 % BEEAR AR

Periodic rectangle for Rm(x, L)

DRI M AT EOY G2 EISHED TT 0, BEOLE bRKICE XD 2 EBHRRET DT,
WROABEMALET, (1-104), (1—105)2B8W\T, R, (x, L) ITEHBEE T,

The explanation will proceed mainly for the case where m is odd, but the even case can

be considered as well, so only the results will be presented. In equations (1-104) and (1-

105), Rm(x, L) is a periodic function.

R,(x,L) % Lu/COBSE LTTuy b5 L, SHAMAK(L ) 25 ET. 22,
K(L") 3k = Lot 5 52 M <

Plotting R, (X, L) as a function of Lu/C it has real period 4K (L_l) .where K (L_l) is
the full elliptic integral over k = L'

LinL, R, (x,L) Zu OB E LTEXDIED BHHETT, 20 & Sullx¥ 5 FH0HE 0
HA(C/L)K(L) k7m0 £,

However, it is more convenient to consider R, (x, L) as a function of U .In this case, the

real period for u is 4(C/L)K(L_1 )

AR, ORI 2(C/L)K (L) &0 £F, R HOFEND R, (x, L) IS5t 2 i
BHERK L — 7 ORRIZKRO HIVET,

Similarly, the imaginary period is 2(C/ L)K'(L_l). From these facts, the periodic

rectangle for R, (X,L) can be obtained as shown in Figure 1-7.
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Y 2Y 3Y 4Y y
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1 =7 F=vv=7HFHBEAKIIE D AMET T

Figure 1-7 Periodic rectangle for Chebyshev rational function
EEm=4,8,12,.. 2T AR S E T, m=2,6,10,.. 1Z% L Tix, y=2Y7ZF> 7 b
TLMENRHY £7,
The above is a periodic rectangle for m=4,8,12,..., which needs to be shifted by y=2Y
for m=2,6,10,....
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1= 73U OE LTR,(x,L)ZRDLTVET, Zhzx ofkE LTRDT70IC
eixmﬁféﬁﬁﬁﬁ%ﬁﬁgvﬁg:mmx1—1o5>wgiﬁﬁﬁw4qﬂiyn

@@n\@ﬁ%@mzr@;ﬂﬁifkéz&ﬁﬁm@ifoﬁor\xmﬁﬁéﬁﬁﬁﬁ
BRI 1 —=8D & Tk bhET,

Figure 1-7 represents R (x, L) as a function of #. To express this as a function of X,
we need a periodic rectangle for x. It can be seen from equation (1-105) that the real
period is 4K(xlfl)/xL and the imaginary period is 2K'(xL71)/xL .

Therefore, the periodic rectangle for X is obtained as shown in Figure 1-8.

7
=0 x=1 = — _
27 X x=0 X x=0
AR X=X x=+ x=- X ——
X=+00 X=—( x=+CO
0 X:O x=1 X:O X=— X:O
Y 2Y 3Y 4Y v
,1 ' 71
Y:K(XL ) Z:K(xL )
XL _xL

1—8 [EEH B8 x4 2 FAMEST®

Figure 1-8 Periodic rectangle for "frequency" variable X
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M1—7&K1—8DEHESFITBAWVICERLETIHY AL, X (1-72) 25
The periodic rectangles in Figures 1-7 and 1-8 are not unrelated to each other. From
equation (1-72)

1| - -1)2
u(x:l):—”(l—xz)(l—xL 2x2) dx (1—106)

LirL, (1—=97) 5 (1—106) IELFORIZZRY £7,
However, equations (1-97) through (1-106) are as follows

Xr

(1—-107)

u(x = 1) =

XB0PE 1 ETETDHVEC, R (X, L)IZ0AD 1 EE, 006 — 1 ~IEHEC
mEZbLET, o T, X (1 —-72) FUTFTOLITRY T,
While x changes from O to 1, Rm(x, L) changes exactly m times from 0 to 1 or from 0

to -1. Thus, equation (1-72) becomes

u(x=1) = ’"TC | (1= &)1~ Lszz)]_l/2 dR,

0 (1-108)
_mCdEj

L
(1-=107) & (1-108) 26, AUFAEREFELHNOTRADPGELENET,
From equations (1-107) and (1-108), the right sides are equal, so the following equation

1s obtained.

K(xf) mCK (L")
X, B L

(1—109)

(1-109) FbLK1—7&K1 -8R LAY THiNND & X ITxT 5 R
FIGER, (X, L)IZHTHHDE0 b, mEROENS 2L 2R LT0ET,

Equation (1-109) shows that if Figures 1-7 and 1-8 are drawn on the same scale, the

periodic rectangle for X is m times wider than that for Rm.
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TOT 4T T 4 NE DG AR
02— /XA T 4 VX DG
RHBO@m S GERICEE L TWET, TOBRIE, xZ 10h6x, FTHENSEL LR
FonET, R, (6 L)IE1HSLETHRMALLETS, oT, (1-99) & (17

2) PHOWKANRELNET,
The height of the rectangle is similarly related. The relationship is found by increasing

X from 1 to x,. Rm(x, L) varies monotonically from 1 to L. Thus, from equations (1-

99) and (1-72) we obtain

K'(xﬁ) cK'(L™)
X, B L

(1—110)

ZOXNG, M1 —7LX1 —8DRGVIZFA LGS THLZ LRG0 £,
(1-109) & (1—=110) BT A4NZDOREMPRKDHIVET,
From this equation, we see that the rectangles in Figures 1-7 and 1-8 have the same

height.
From equations (1-109) and (1-110), the order m of the filter can be found.

Kl )& (1)
K(nﬂK@ﬂ

(1—70)

m=

BT, f,,atlp, f,attsORAM 2R T D7 4 W F 2 ERT D7zt (1—70) Tit
BEN/lemz9)0 FF7ofizmeE LTEHALET, Z2IT,

In fact, to create a filter that satisfies the FP condition, the value of m calculated by (1-

70) and rounded up is adopted as m. Here,

xL = fs/fp
arts/10 (1_7 1)
P
10atl‘p/10 _1
Wit LEmex,OB%E LTRbTRERDET,

X = sn(xLu,fol) ThiUE, R, (x,L)IFKROEIICRDTZ L BHRET,
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. . -1
Next, we need an expression for L as afunctionof mand x,.If x = sn(xLu, X, ) , then

R, (x, L) can be expressed as

mMN A OKE, When m is odd,

m—1
Rm(x,L): MHSH[XLL{+2W’171K(XL71),XL71] (1—111a)
v=0
m—1
= ZIZ. Here, M*:?%IIumﬂKﬁﬁ}nq (1-112a)
v=l

mAMEEDKF, When m is even,
m—1

R,(x,L)= MHsn[xLu+(1+2v)m’1K(xL71),xL71] (1—111b)
v=0

m—1
Z ZiZ. Here, M™ :(— l)m/ZHsn[(l+2v)m’1K(xL71),xL71] (1—1120b)

v=0

#E  proof
mMEE OB SRR DT, mAFEICOWTEIRLET, (1—104) b,
The same is true when m is even, so we show this only for odd numbers of m. From

Equation (1-104),

Rm(x,L) = sn(£ u, Ll] (1—113)
C
ZZIZ, u&ix:sn(xLu,fol)@ﬁ?E“C“To (1—114)

Here, u is the solution of x = Sn(xLu, fol). (1-114)

(1—113) FUTFToulizkhB\nTseihy 4,

Equation (1-113) is zero in the following u

u=—— L, v=0,12,... (1-115)
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(1—109) 25, From equation (1-109),

CK(L™) K(xL*l)

L mx,

fto>T. R,(x. L) 0BITROMECHR Y £,

Thus, the zero of R (x, L) is in the following position

1% (1—1186)
mx,
INHOFET, (1—111a) OFLIEELET, FKIC, (1—113) & (1—1

11a) FEH0HR,(x,L)RED Hie CK(L)/L 2O TRz > L 2Rl T
P, W1 -738) #-T, (1-111a) THEALASLR,(x,L)iZsSbLuEE

FEHLET, (1-111) & (1-112) FLERDIOIEDLET, R,(x,L)IC

X DR TN,
These zeros fit the right-hand side of (1-111a). Similarly, (1-113) and (1-111a) both show

that R (x, L) has a pole just CK' (L_l) / L away on top of zero. (See Figure 1-7.)
Thus, Rm given by (1-111a) has a suitable pole and zero. (1-111) and (1-112) are used to

find L. From the periodic rectangle for R (x, L),

1=R,(x,L)

u=CK (L") /L

(1—117)
L=R,(x,L)

u:CK(f1 )/LH‘CK'(L’l )/L
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(1—109) & (1—110) #Z@WHLT, (1-109) and (1-110) apply,

1= Rm (x’ L) u:K(xL")/mXL

L=R,(x,L)

(1—118)

u:K(xL_')/me-#iK'(xL_l)/xL
(1—111) & (1—112) PHOMREMRALT, LIZOWTHELS &,
Substituting the results from (1-111) and (1-112) and solving for L, we get,

m—1

lv:!sn[(l + ZV)K(xL_l)/m,xL_l]
ﬁsn[(l + 2V)K(xL_l)/m+ iK'(xL_l),xL_l]

L' = (1—119)

ERFEmPAHFETHEETHER LB ES, (1 —119) (FKAa A ChlilgfbHik E
K
The above equation holds whether m is odd or even. (1-119) can be simplified using the

following equation

. (1+ 2V)K(XL_1) ik (qu )’ ,
m

(1—120)
_ X

Sl’l[(l + 2V)K(xL71)/m, fol]

wtL(1+2v)K(x, )

-1 _ m 2 -1
L =x, Hsn X,

Sn(2K - u) = Sn(u) 72DT, ERXITE BT, SN, so the above equation further,

int(m/2)-1 1+2V)K(x, !
L—lzme H S}’l4 (+ V) (xL )7xL_l (1_121)
v=0 m
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ZNT, EHEIENE LZOTRADIERD R, (x, L) Z RO ET,
Now that we are ready, we obtain Rm in the form of the following equation.

_ [1(x+z)
Rm(x,L) = CH(X+pi)

Sn(2K—u)=sn(u) BT, (1—111) HRokricEEHBmzONET,

Sn(2K - u) = Sn(u) , so (1-111) can be rewritten as

m723 A EDOK; When m is odd
(m—] /2
R, (x,L)= Msn(x,u) H sn(2wn_1K + xLu)m(2wn_lK - xLu) (1-122a)

v=l

m2MEE DK When m is even

(m-1)/2
Rm(x, L) =M H sn((l + 2v)m_lK + xLu)sn((l + 2v)m_1K - xLu) (1-122b)

v=0

iz T, K=K(x,) , sn(x)=sn(x,x,) LB ThHY EF, Lk, FEECHN
F9, T, KAXEHNT (1—-122a) 2EXELET,
In the above formula, it is abbreviated as K=K(XL) , Sn(x)=sn(x,xL).The same

will be used hereafter. Also, rewrite (1-122a) using the following formula.

snz(u) - Snz(v)

sn(u + v)sn(u - v) = - kzsnz(u)snz(v) (1—123)
(m-1)/2 2 )
Rm(x,L) = Msn(xLu) H o (2VK/m) o (xLu) (1—124)

v 1— xL72sn2(2vK/m)sn2(xLu)
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(1-124) 13 (1-114) 25, x=sn(xux, ) 2RATS L,

Substituting XSN from (1-114), (1-124) gives

(m2 - x2 sn*(2vK/m)

R (x,L)= M
m(x ) * o xzfozsnz(ZvK/m)—l

(1—125)

ERT mB3FEIZHOWTORTT A, mBAMERICHOWTHEKROAR G LN ET, £z
DTICEEDD &,
The above formula is for odd numbers of m, but similar formulas can be obtained for

even numbers of m. Summarizing it below:

mMNEH DK When m is odd

(n2 - x? —sn’ (2K /m)

R (x,L)=Cyx (1-126a)
(v1)=6 el X —[)cL/sn(2VK/m)]2 )
mAMEEOK;  When m is even
m/2 2 _ 2 _
R.(n0)=CI] x* —sn [(21/ I)K/m] (1—126D)

w2 =[x, s (2v 1)K ]

SRT, B R, (L) 2 ZoMiE BCEDT I EREEE L, (1-126) hb,
R, (%, L) DBERD & 5 ik BiLET,
Now we can finally express Rm(x, L) by its poles and zeros. From (1-126), the zero of

R, (x, L) is obtained as follows.
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mMN a2 OKE  When m is odd

x,, = sn(2vK/m) (1—-127a)

mMEZ DK When m is even

xzv=sn[(2v—1)K/m] (1-127b)

Rm(x, L) DORFRATH 2 51 E T, The poles of Rm are given by
X, =—= (1—128)
R,(LL)=175E58C,. CakdbNET,

Constants C, and C, are obtained from Rm(l, L)=1.

1_x2 m/2 1—x
C = = , C = v (1—129)

Rm(x, L) =+l L7 DD1F, ROMLETT, Rm(x,L) = *1 is the next position.

mMNEH O When m is odd

(1+2v)K(x, ")

X=sn (1—130a)
m
m2MEE DK When m is even
2K (x,”!
x=sn (L) (1-130Db)

m
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R(x,L)=—F — mi. (1—-130) O%Fkx, tEPTE. R(xvL)=4L 1%
R,(x,/x,L)
H DL, RONMLE T,
From Rm(x,L):; , if we denote the zero of (1-130) as x,, , then
R,(x,/x,L)
R, (x,L) = £L2 is the following position.
=L (1—131)

(1—54) & (1—-126) 2»omROFEHEE D — X7 4 V2 DIREBEEE KD E
R
From (1-54) and (1-126), find the transfer function of the mth-order elliptic function low-

pass filter.

2 1

H (o, jo) = 1—54
| 0 ]a))| 1+ &R, (0/o,, L) ( :
mMN A OKF  When m is odd
(m-1)/2 2 o2
R,(x,L)=Cx a m(bKW)z (1—126a)
el X —[xL/sn(2VK/m)]
m2MEEL DK When m is even
n2 o x? —sn?|(2v-1)K
&@iﬁ{ﬂ]2x MKL,)/Mz (1-1260b)
v=l X° — {xL/sn[(Zv— I)K/m]}
(m1)2 1 2 w2 g 2
C = :%5 GRS g k. (1-1209)
v=1 - X v=l 1 Xy
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BB — 527 ¢ V5 DR H,(s)= H,(0,.5) 128 LT, By(s)= Hl( ) %
a8
g &
If Pm(s) = —Hml (S) 1s used for the transfer function Hm(s)E Hm(a)p,s) of an elliptic

function low-pass filter,

‘Pm(s)‘2 =1+&

Rm(s/ja)p,L)‘2 (1—132)

$7o, H,(s) 2 BB E B2 5L, P(s)RUkTEbT = & RHKET,

Also, considering H (s) as a rational function, P, (S) can be expressed as

PM(S):Q(S) (1—133)
|Pm(s)|z=% (1—134)

(1—-132) 2 (1—-126) 2RATDEL. (mBFEIZTHONT)
Substituting (1-126) for (1-132), we get (for odd numbers where m is odd)

2 (m1))2 {s2 + [a)psn(2vK/m)]2}2

vl {s2 +[xLa)p/sn(2vK/m)]2}

o -1eec2)

2
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(1—127) 2RAT DL,
Substituting (1-127), we get,

) s 2 (m1))2 {sz + (xzva)pﬂ2

12,(s) :1+82C12(w_] I1 : ( )2 \ (1-135)
ps v [S +(x,0, ]

(1—135) Z@HRT2DE,

Combining the denominators in equation (1-135),
(m—l)/Z

H[sz+(xva)p)2 +gc( J ml/z[s +(x.,0, ]

‘PM(S)‘Z = (m-1)/2 5 (1—136)

[1[ +(x0,)]

v=l

(1—134) & (1—136) ZHEELT, 5F HrB3ZENTNELNETS &
9, kDo HDIX
Compare (1-134) and (1-136) and assume that the denominator and numerator are equal,

respectively, First, we can find

(mj2e )
Qﬂ:]j[s+@ﬁ»] (1—137)
v=l
Iz, Next,
(m-1)/2
E(s):CH(S+O') (s2+pvs+qv) (1—138)
v=l
L35 &, Then
_ 2( 2 2 (mil)/z 4 2\ 2 2 .

E(s)E(—s)——CH (S —O')H[S +(2qv—pv )s +qv] (1—139)
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(1—139) & (1—136) OLHFRELWEEZONET, E-T, (1—139)
L (1—-136) OhtEZFNEINS DZEXE L TEDL, A CIREOBRENELWE L

T. Cy, 0, p,, q,ERDBEE(s)ROENET, 0T,

The numerators of (1-139) and (1-136) are considered equal. Therefore, if we express the

numerators of (1-139) and (1-136) as polynomials of S, respectively, and assume that the
coefficients of the same degree are equal, we can find E(s) by finding

C,, o, p,, q,.Therefore,

mMNEH DK When m is odd

(m-1))2 (s2 + (wip)z)

Hm(a)p,s) T s+o v (D2 CHJ([S2 +pvs+qv]) Horeo)
WwIZ. Next,
mMAEH DK When m is even
E(s)zCHM/Z(s2+pvs+qv) (1—141)
V=1
L3 2%& . Then,
oo [ (ve,)]
HA@WQ:EJ%ﬁZﬂf+pﬁ+QJ) (1-142)
ﬁ[sz +(xva)p)2 ’ + ngzzﬁ s? +(xzva)p)2]2
|5@W:ﬁ' ) = (1—143)

IV:HSQ +(xva)p)2]2
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5l  Example
m= 2 DHE  For m=2

x,, =sn(K/2)

X, =x,/x, =x,/sn(K/2)

E(S) = CH(S2 +p1S+q1) &£4%5&,  Assuming E(s) = CH(S2 +pls+ql),
Q(S) =5+ (xla)p)2
E(S)E(— s) = CHZ[S4 +(2q1 — plz)s+q12]

- [ +(x,) &+ (lew,,y]

2 2~2_ 2 4 2,~2_ 4

x +eClx s x +&Cx

:(1+82C22) s4+2a)p2_1 2 S2+a)p 1 S
1+¢&°C, 1+¢&°C,

2 ) 2
+£°C,

&> T, Therefore,

C, =1+ &C,}
q, = (a)pz/CH)w/xl4 +&C)x.,!

2
)
P = 2[% - _pj (xl2 +82C22x212)

H

BRI 7 . ARZERBIIR OFEIZ 72V F£97, The final transfer function is as follows

_0(s) s’ +(x]a) )2
HZ(a)p’S)_ E S) - CH(Sz +plsp+ %)

m= 2 OF|TiL, HERBEIZC,, p, ¢ BROLNE LS, —EEICIEANT 2
FOEEFIH LT 0 7T MK o TREBZ RO £ 7,
In the m = 2 example, the C,;,, p,, ¢, was obtained relatively easily, but in general,

the coefficients are obtained by a program that uses the Bairstow method.
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1—14 FBHABHO—RIT4ILEADEEBHOELED

1-14 Summary of Transfer Functions for Elliptic Function Low Pass Filters

MBI — 27 4V ORFEm ORI, By A ZEEE L p. @ilko U 7 v
attp(db), JEWHE [ s |2V THRAXHE Eatts(db) Z R T 255
Elliptic function low-pass filter order m (unknown), cutoff frequency fp, ripple attp(db)

in the passband, and minimum attenuation atts(db) at frequency fs,

x, =f)f,=Vk, o,=27, K=Kk)&LT,
As xL:fS/fpzl/k, w,=27f,, K:K(k),
mMNEH DO When m is odd

x,, = sn(2vK/m) (1-127a)

m2MEE DK When m is even

xzv=sn[(2v—1)K/m] (1—127b)
x, =L (1-128)
xZV
()2 _ 2 w2
= v = v (1—129)
Cl ]‘;1[ 1 - xzv2 , Cz v=l 1 - xzv2
K(k)K'(L™)
o= 10910 _q L= \/(loatts/IO . 1)/(10attp/10 _ 1) ’ e Nt |
K'(k)K(L")
419 EiF rounded up
Z DKE, At this time,
mMN A OKF  When m is odd
2
- (m-1)/2 (S2 +(xva)p) )
Hm(a)p,s)=S+ L1 (m1)/2 (1-140)

o CHO'([SZ+st+qV])
L. Cy, o, p,, q, FXRKEWEZT DL LET,

However, C,,, o, p,, ¢q, shallsatisfy the following equation

1—14 FBHEAKe — X7 4 V2 ORERBOE LD
il Example 120 / 461



TTT 4 77411/&@an+& :rﬁk
10—/ AT 4 )VH DG

nﬁz[s +Xx, a) ]2+52C12[ ) "11_[1/2[S +x,, a) ]2
m1/2

=—CH2( H [s +(2q, - p, )s +qv]

m A EEH DK When m is even
o)

v "N Cy ([s2 +p, s+ qv])

L. C, o, p,, qFRAZmWIZTHOL LET,
However, C,, , p,, ¢q, shallsatisfy the following equation

ﬁ[s +x, a) ]+£C H[S +x_, a) ]2

m/2

=Cy H[s +2qv D, )s +qv]

1—14 A n = "2AT7 VI DIREREOE L ©
il Example

(1—142)
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How to determine the order

7 A TEBEE fc= fp (Hz) L HERap (dB)B LY, B fs (Hz) & 8 fas (dB) %
5.2 TR Sfs (H2)IZB T D EDas (AB)LA L E 72D 7 4 VA —DRE m R 5,
Given the cutoff frequency fc= fp (Hz) and the attenuation ap (dB), and the frequency fs
(Hz) and the attenuation as (dB), find the order m of the filter for which the attenuation
at the frequency fs (Hz) is greater than as (dB).

HEE : Note:

7 A v as 13 0dB L FOADEEIEA, as 2R & FESRFIEORIE L & 2 5.
(1—13 e — 2745 (BT =T =T70—/ 27 V7)) OFGH O

A (1-57) TIL, attp & atts [TEE LB X T, A -] 2T T,

Gain as 1s a negative number below 0 dB, but when as is called attenuation, it is

considered a positive number.

In equation (1-57) in "1-13 Designing an Elliptic Function Low-pass Filter (Coupled

Chebyshe Flow-pass Filter)," attp and ats are considered to be attenuation and the

negative sign "-" is not added.

mIR OB — X2 7 ¢ 1 2 OIRIE A FREFETROXNTERS L TOET,
The amplitude square characteristic of an mth-order elliptic function low-pass filter is

defined by the following equation

1
1+ &R, (0]o,, L)

e=~10"""" _1 (1—56)

atts =10 log(l + gsz)

(1—54)

(o, jo)|

loalts/l() _1 ( 1 - 5 7)

loattp/l() _ 1

1—14 FHBEAEa — A7 4 VEORERBOE LD
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VYIEDOHEARMEBEAESZAVT, SX0NTNRNTA—RERMOBRZEELET,
k=1/x, & LT,
Using Jacobi's elliptic functions and elliptic integrals, we organize the relationship

between a given parameter and its order. As k =1/x,,

m=2n ({EE) When m is even

m2 ot —snz[(2v—l)K/m,k]

R (x,L)=C (1-66)
( ) 1li—_llxz—{xL/sn[(2v—I)K/m,k]}z
m=2n+1 (%) Whenmisodd
(m-1)/2 2 o2
R,(x.L)= Cyx x* —sn’[2vK /m, k] : (1-67)
Xt — {xL/sn[2vK/m,k]}

ERKizEV T, In the above equation,

c =TT al’

1= li:[snz[(zv—l)l(/m,k] 68

V2 (m-1)/2

L x
G==| [l —==t—-v
: (xJ i Sn2[2VK/m,k]

ZhHDORITBWTHHERLEROETY 2 —vkidk=1/x, TEbEh, ZOMEIXKICH
WELHEZ2FET, ZOKIZECHTHEEEMAESE L THMBILTNET,
In these equations, the module k of the elliptic sine function is represented by k& = 1/ X,

which also affects K. This K is known as the complete elliptic integral over k.

k'=A~1-k? (1—69)

xL:fs/fp

I loatts/lo_l (1_7 1)
- 10atl‘p/10 _1

1—14 FHBEAEa — A7 4 VEORERBOE LD
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K(xf) i mCK (L")

(1—-109)
X, L
K'(x, ") cx(L"
(L): () (1—110)
X, L
A (1—-109) & (1—110) kv, X (1-70) »ELND,
From equations (1-109) and (1-110), equation (1-70) is obtained.
K(x, "K' (L
m= (L?( ) (1—70)
K'(x,")K(L")

NECGELLTFYIY EF rounding up

T 4 N —DWENTEEL 72 DT m O/ AEI Y BT T, m— XA T VX DOIRE R RTE
75,

Since the order of the filter is an integer, the decimal part of m is rounded up to determine

the order of the low-pass filter.

m Z90 BiF 52 & BEESs (H)ZBIT 2 E)as (dB)LLEE 72D,
By rounding up m, the attenuation at frequency fs (Hz) is greater than or equal to as

(dB).

1—14 FHEKe — 27 4 V7 DIEEEBEOE L&D
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Example of obtaining transfer function by program

WKOTa T ATE (1—-137), (1—-138), (1—141) 2ROEIERLT
., C,, o, ZF,6 ZQ,6 RO TWET,

The following program transforms (1-137), (1-138), and (1-141) to obtain
C,, o, ZF,, ZQ, asfollows

w

w

v

mMN a2 OKE  When m is odd

w, =27f,(Vk)/sn(2vK /m, k) (1—144)

m—1 /2

(
o(s)= TT (s +w.’) (1-145)

v=l

E(s) = CH(S+ 0') H

v=l

s+(27ZF,) (1-146)

“”*Vz{ , 2aZF,
ST+

v

m2MEH DO When m is even

WV=27#p(1/k)/sn[(2v—l)K/m,k] (1—147)
m/2
o(s)=TT(s* +w.’) (1—148)
v=l1
m/2
E(s) = CHH{S2 + 2;ZFV s+(27zZFv)2} (1-149)

o> T, TOEKFLTHRDT L,

Thus, expressed in the original notation, the following equation is obtained.

_ 277F,
)

, q,=(27ZF,) (1-150)
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#defineMAX 210

double g,pl,ql,rl,tm,f0,fd,fdO,fs,
fpp,attp,fss,atts,w0,ep=1e-10;

double pi=M_PI;

double h,k,kd,kb,u,ks,kds;

double DK ,kk, kk1,fdd;

double ee,e,tp,a,sigma,ch;

double aa[MAX],pp[MAX]I;

double ffIMAX],z[MAX],w[MAX],cc[MAX],dd[MAX],bb[MAX];

double s[MAX],qqIMAX],zw[MAX],zf[MAX],zq[MAXI;

int odd,nin,n,m,em,rr,tt;

double intg(double k) /% SEEMEAMES  K(k) 2352 %/

{ /* Compute the complete elliptic integral */
double a,b,c,d;
int 1;

a=1.0;

b = sqrt(1-k*k);
for(i=0;i<505i++){
¢ = (a+b)/2.0;
d = sqrt(a*b);
if((c-b) < c*ep) break;
a=¢;
b=d;
}
a=¢;
return (pi/2.0/a);

1—14 FHEKe — 27 4 V7 DIEEEBEOE L&D
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/% FEMIESLBREK sn(u, k) G555 %/

/* Calculate the elliptic sine function sn(u, k)N */

double sn(double u,double k)
{
double sn,q,v,w0;
int js
q = exp(-pi*kk1/kk);
v = p1/2.0*wkk;
sn = 0.0;

for(j=0;j<50;j+1
wO0 = pow(q,j+.5);
sn += w0*sin((2.0*j+1.0)*v)/(1-w0*w0);
if(w0 < ep) break;

}
return (sn*2.0*pi/k/kk );
}
void cal_prod(int sn)
{
int ' H
bbl0] =s[1]; bbl1]=1.0; j=1;
loop_prod:
-+
aal0] = s[j1*bb[0];
for(i=1;i<=j-1;i++) aalil = bbli-1]+s[jl*bblil;
for(i=0;i<=j-1;i++) bbli] = aalil;
bblj] = 1.0;
ifGj<sn) goto  loop_prod;
}

1—14 FHBEAEa — A7 4 VEORERBOE LD
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k% 0BT EIBEREHET S %/
/* Calculate the attenuation at 0 */.
void cal _loss(doublef0)
{
int 1
double wO,ww,bf1,bf2,bf3;
w0 = tp*f0; ww = w0*w0; a =Kkk;
for(i=1i<=m/2;i++){
bfl = pow(zwlil,2.0); bf2 = pow(ww-bf1,2.0);
bf3 = pow(w0*zwlil/zql[il,2.0);
a += 10.0*1og10(bf2+bf3);
}
for(i=1;i<=n;i++){
bfl = pow(wlil,2.0);  bf2 = pow(ww-bf1,2.0);
a -= 10.0*log10(bf2);
}
if(m>em) a += 10.0*log10(ww+pow(sigma,2.0));

Sx X7 ZMoEIZEY, 2Rk e 1 RROEFFOREEZFHET D *x/

/* Calculate the coefficients of the quadratic and linear factors by the
Bairstow method */

void cal_p_q0

{
int 1,11,x1,x2,x3;
double p,q,x4,ddp,dq;
for(i=1;i<=tt;i++) aalil /= aal0];
aal0] =bbl0] =ccl0] =1.0; i1 =0;
loop_p_q2:
p=q=0.0; 11++;
loop_p_q1l:
bb[1] = aal1] - p; ce[1] =bbl1] - p;

for(i=2;i<=tt;i++) bblil = aalil - p*bbli-1]-q*bbli-2];
for(i=2;i<=tt-1;i++)  cclil = bblil - p*ccli-1]-gq*ccli-2l;
x1 =tt-1; x2 = tt-2; x3 = tt-3;

x4 = pow(ccl[x2],2.0)+cc[x3]*(bblx1]-cclx1]);

1—14 FHEKe — 27 4 V7 DIEEEBEOE L&D
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if(x4 == 0.0) x4 =0.001;

ddp = (bblx1]*cc[x2]-bbltt]*cc[x3])/x4; p += ddp;

dq = (bb[tt]*cc[x2]-bb[x1]*(cclx1]-bb[x1]))/x4; q += dg;
if(fabs(ddp)+fabs(dg)>1e-6) goto loop_p_ql;
pplill = p; qqlill = g; aall] = p; tt -= 2;

for(i=2;i<=tt;i++) aalil -= (p*aali-1]+q*aali-2]);
if(tt>2) goto  loop_p_q2;
if(tt == 2) {

il++ pplill = aalll; qqlill = aal2];
}
if(tt == 1) a = -aal[1l;

Sk Q(s) OBERBOBEEHETD */

/* Calculate the coefficients for each order of A */.

1—14 FHBEAEa — A7 4 VEORERBOE LD

70 7T BT & o TURER B Z KD 5 4

void cal_qz()

{

int 1;

double d;
forG=lii<=nin;i++)  slil =-1;
for(i=nin+1;i<=nin+n;i++) sli] = -pow(z[i-ninl,2.0);
for(i=nin+n+1;i<=nin+2*n;i++) slil =sli-nl;  cal_prod(m);
d = pow(-1,nin);
for(i=05i<=2*m;i += 2) ddl[i] = d*bbli/2];

}
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o, )
/* Calculate the coefficients for each order of E */
void cal fz2(int i)
{
int jJjiif
ifi<em+2) {

i=0; jf=1;
}
if(i>em) {
ji=1-em; if = em;
}
cclil = 0;

for(G=jisj<=jfij +=2)  cclil += aaljl*aali-jl;

void cal _fz()

{

int 1;
forG=lii<=nin;i++)  slil = 1;
for(i=nin+1;i<=nin+n;i++) slil = z[i-nin];
for(i=nin+n+1;i<=nin+2*n;i++) slil = z[i-nin-nl;
15
cal_prod(@);
for(i=0si<=emsi += 2) aalil = e*bblil;
for(i=0;i<=2*em;i += 2) cal_fz2();

}

1—14 FHBEAEa — A7 4 VEORERBOE LD
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/% E(s) ZRET S, A TnsTh (G740 EORE)

k 1L f,/f, O, £doEhy MATEBEEL p

m/2

l:HSZ +(xva)p)2

/2
CHH[S2 +p,s+ qv]
V=l

Hm(a) s):

p’

RV,

po=20{ 2], 0. =), o, =]
/* Calculate E, main program (j is the order of the filter)
k is the value of f,/f,, fd0 is the cutoff frequency fp

m/2

1;![s2 +(xva)p)2]

m/2 ’
CHH[S2 +p,s+ qv]
V=1

In Hm(a)p,s):

po=2Wi) 2] q,={ZW[i)}". w0, =W *

void zero_find(int j)

{
int 1
double d;

for(i=0;i<MAX;i++){
aalil = 0.0; bblil = 0.0; cclil = 0.0; ddlil = 0.0;
pplil =0.0;  sl[il =0.0; z[il = 0.0; wlil = 0.0;
zfli] = 0.0; zq[il = 0.0; aqlil = 0.0; zwlil = 0.0;

}

kd = sqrt(1.0-k*k);

ee = pow(10.0,0.1*attp)-1.0; VA B

e = sqrt(ee); Sk g %/
kk = intg(k); /¥ kk=K(k) */
kk1 = intg(kd); /¥ kkl=K'(k) */
if(odd){

for(i=1;i<=G-1)/2;i++) fflil=1/k/sn(kk*i*2/;,k)*fd0;
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}
else
for(i=1;i<=j/2;i++) fflil=1/k/sn(kk*(*2-1)/j,k)*£d0;
fdd = fd0*fd0;
n=j/2;
nin = § - (/2)*2);
m = nin + 2*n;
em = 2*(m/2);
tp = 2.0%*pi;
kk = 0.0; rr =0;
tt =m;
for(i=1;i<=n;i++)1
zlil = sqrt(1.0-fdd/fflil/£flil);
wlil = tp * fflil;
}
cal_fz();
cal_qz();
if(m>em) ce[2*m] = 0;
for(i=0;i<=2*m;i += 2) aalm-i/2] = cclil+dd[l;
cal_p_q0;
loop_zf:
rr++;  d = 1.0+pplrrl+qqlrrl;
bblrr] = (1.0+pplrrl/2.0)*fdd/d;
zflrr] = fd0/pow(d,0.25);
zq[rr] = 1/sqrt(2.0*(1-bblrrl/pow(zflrr],2.0)));
zwlrr] = tp*zflrrl;
ifrr<em/2)  goto  loop_zf
if(m>em) sigma = sqrt(fdd/(a-1.0))*tp;
cal_loss(fd0);
kk = attp - a;
ch = pow(10.0,0.05*kk);
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1—15 52 oN=REICLDBEMABKA—/R T 1 L2 DERE

1—14FTT, Oy bA7EBEES p, @@KOY 7bat tp (db), AT sic
B THERRREa t ts (db) ZERT DR D —/ 27 4 V% OGN ATREIC 72
DELZ, 22T ZA4ZOREm, Uy MATZEBEE L p, @O Fra t tp
(db), RIEBEEEIZETDEMEE L s 252 TR — A7 4 V2 ERTDHH
LA LET,

Up to 1-14, it is now possible to design an elliptic function low-pass filter that ensures a
cutoff frequency fp, a ripple attp(db) in the passband, and a minimum attenuation
atts(db) at frequency fs. Here is how to design an elliptic function low-pass filter, given
the filter order m, the cutoff frequency fp, the passband ripple attp (db), and the

frequency at which the lowest attenuation is reached fs.

R D — N2 7 1)L 2 DREEEEN

*g?l r(]db) Frequency response of Elliptic function low-pass
0 Bl T 0db
-att
R Passband ripple -attp db
attp(dB)
=1 EEFFHEEFzLIzT
Ta ALY LA
There is a ripple
BESNEHES BH IR 1) =7 JL in the blocking area
-atts ——
Attenuation in fs atts (dB) }/\\// T
fp is the passband edge fp=fc fs fo=Xxs*fp [l i %%

Hv b ORI EREEEETSEEH

X1 —4 fHHEKe =27 0 X OB ERE

Figure 1-4 Frequency response of elliptic function low-pass filter
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x,=1.)f, =1k, e=+10""""—~1

int(m/2)- -1
=x,™ ﬁ) lsn4[(1+2V)K(xL )’xLll (1—121)
v=0 m
atts:1010g[1+52L2] (1—-151)

WXV, RIREEEZHRE L, ZUDRERIZH I NE I DEHRE L ET, LT, ki
& o TR AT & T £7
to check the minimum damping and see if this meets your requirements. If yes, continue

with the detailed design according to the following equation
(m-1)/2

G =11

o I-x,

2 m/2
I-x,
P ’

(1—129)

mMBPEFEDOE: When m is odd

" : 2)
H,(0,.5)= S:— (ﬁ/2 (S o) (1—140)

o o I3 CHO'([S2 +pvs+qv])
reiZL. Cy, o, p,, q, FXRXEWZTEDOL LIS,

However, C,,, o, p,, ¢q, shallsatisfy the following equation

T [ ovo T o2 j T +xo,]

v=1

= —CHZ(S2 - 02) 11 [s4 +(2qv - pvz)s2 + qu]

mBP{EE DK When m is even

v (2 4(x0,)) ( |
H o,s)= 1—142
( ! ) lv:! "IC, ([S2 +p,s+ qv])
L. C, o, p,, qUFRAEWZT DL LET,
However, C,, , p,, ¢q, shallsatisfy the following equation

m/2

H[s +x, a) ]+8C H[s +x,, a) ]2

= CH2H[S4 +(2qv - pvz)s2 + qu]
v=1
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TIF 4T T4 NEDRHLEER

FE2F O—/RTAILEDERK
Chapter 2 Synthesizing Low Pass Filters

2—1 O—/RRT 4L DEFEEREBERX
2-1 Types of Low-pass Filters and Basic Circuit Forms
a. NH—U—RAa—/"RAT 4 )LH a. Butterworth low-pass filter
b. F=bE =27 B— /AT 4 LK b. Chebyshe flow-pass filter
c. WFxbEvx27u—rXRAT 4 )VH c. Inverse Chebyshe flow-pass filter
d. BHEHe— X7 1L X d. Elliptic function low-pass filter

1RO —IRA T ¢ )& FHARA]E First-order low-pass filter basic circuit

1 3 I LM324
: W
o . K2—1 1ROR—RAT 4 L7k
C1 ? . l op1 AlAE 1 1pl.cir
l _‘ Figure 2-1 First-order low-pass filter
|P1 .Cir basic circuit lp1.cir
RZ
® 'y
10k
R
9]
—Ah
OF1 LM324 .
(ol AR 1 1pl_2.cir
0 Figure 2-2 First order low pass filter
10k=R basic circuit 1 Ip1_2.cir
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lpl. cir®xiE%  Transfer function of Ipl.cir

(VCGR)

Hl(a’pas):m (2—1)

7 4V DOAERTH Ipleir Z#H L 9, Use lpl.cir for filter synthesis.
lpl_ 2. cir®EERE Transfer function of Ip1_2.cir

R+ R, (I/CIRI)

(@, s)= s+(/CR,) 22

2D T —/RA 7 4 )L IARAEE  Second-order low-pass filter basic circuit

| 1 ‘
R3 S i |
< . i > - O Vss |
—AAA, ‘ AAA. l \M | '
‘ \/ -
R1 R2 i ,.‘—L —
\ Vb~
2 Lo vad
oP1 LM324
1 C1
3 LP1
“0 "0

M2—3 2D —/RRA7 4 LFHEARRE lpatl_2.cir

Figure 2-3 Second-order low-pass filter basic circuit lpat1l_2.cir

~ r) Vss

I C2 691 LM324
LP2

K2—4 2kOE—/NAT ¢ )LZFAKRIE Ipat2_2.cir

Figure 2-4 Second-order low-pass filter basic circuit lpat2_2.cir
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lpatl_ 2. cir®sEE% Transfer function of Ipatl_2.cir

{ilecnal
Rl Cl CZ R2R3

» RR,+RR,+RR, ( 1 j
ST+ s+
Cl Rl RZ R3 Cl C2 RZ R3

H,y(,,5)= (2—3)

lpat2_ 2. cirOxrERK Transfer function of lpat2_2.cir
B
_ CGRR,
Hy{@,.5) = — R+R, 1
ST+ S+
CRR, CGRR,

(2—4)

2D —/RA T 4 V& FEARAEE  Second-order low-pass filter basic circuit

. . . . . .
M4
-
- -
-
L AL
MiJ4
R4S
-
R -
.
Q 4 124
-
-

LP3, HP3, BP3, BE1 (et1)

2—5 2O —/RAT 4 )LFFAKREE Ipetl_2.cir

Figure 2-5 Second-order low-pass filter basic circuit lpetl_2.cir

2—1 m—/RR7 (VX OFEME & AR E X
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c i r D&EREE
S2 + 2R22
C,’R,’R,
3R, 1
+ S + 22
C,R,(R +R,) C’R,

lpetl__2. Transfer function of Ipetl_2.cir

Hz(a)p,s) = I% X
s

(2

oP2

—5)

LM324

LP4, HP4, BP4, BE2 (et2)

2—6 2WDT—/RAT 4 /)LX FKAIE Ipet2_2.cir

Figure 2-6 Second-order low-pass filter basic circuit lpet2_2.cir

lpet2 2. cirdOEEMEEK

Transfer function of Ipet2_2.cir

(o)

ST+ ——

kR, GoRy
1+kd R, S2+kd+kr+4—4kk

Hz(a)p,s)= T 7

(2

—6)

+
C,R,(1+kd) C, 'R, (1+kd)
R1=20 c1co-chrz=2R0 0 KU Ch e kk—1) RS
- 7' - ] - kT ’ - 2 1] -

2—1 B—/RRA7 4 )VZ OFEH L BAREKEA
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2—2 O—/XR T4 L2 DI EBEH

2-2 Types of low-pass filters and transfer functions

a. N —TJ—20—/)RRAT7 4 )LH a. Butterworth low-pass filter

b, Fzbv=z7B— /AT )LH b. Chebyshe flow-pass filter

c. WFzb=7u—XA7 4/LH  c. Inverse Chebyshe flow-pass filter
d. FHEAEK e —/ 27 4 L% d. Elliptic function low-pass filter

2—2—a NZ—T—RO0—XR T4 L2 DEEEHDE LD
2-2-a Summary of Butterworth Low Pass Filter Transfer Functions
NE—=T—=A0—=NAT A )VEDORBm, By A TEEES, LT L&,
[ = ceil ((double)(m—1)/2)—1 £ LT, "¥—U—20—RX7 4 )L¥ DIEEREEIX
When the order of the Butterworth low-pass filter is m and the cutoff frequency is f,,
as [ =ceil((double)(m—1)/2)—1, the transfer function of the Butterworth low-pass

filter is expressed by the following equation.
m2B A CHIE, When mis odd

i
Hz a)Ck) 2 (1-7)

: a)ck
H(CO,S)=H2 (1—8)

(1—7), (1 —8) IZBWT Inequations (1-7) and (1-8)

Py = COS(MJ ...... (0<k<))

2m

/- Sin(n(2k+ 1+ m)
= sin| 2T

2m
a)ck:a)c\/pkz—l_qkzza)c (1_9)
_\/pk2 +qk2 _ 1

2p, 2p,

O =

o, =27,
B DA ATV TR, ROEDPRGHEFETT TSRO TWD b DL LET,
In synthesizing a circuit, the following values are assumed to have already been obtained

at the design stage
My @,y @Dy Oy, k=0,1,...,m/2

2—2 O—NRRAT 4 NVEDOFEELEERE2 —2—a NF—T =R —RXT7 4 )LZD
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2—2—b FrEY I I7O—R T4 ILEDEGEEBRDELD
2-2-b Summary of transfer function of Chebyshe flow-pass filter
Fr 27— RAT NV EOREm, By N7 JEEES,, @iiko U 7 vattp(db) &
95 L&, [=ceil((double)(m—1)/2)—1 L LT, Tt =70 —/XA7 4 )LZ DIRE
Eof= g

If the order m of the Chebyshe flow-pass filter, the cutoff frequency f,, and the ripple

attp(db) in the passband, then the transfer function of the Chebyshe flow-pass filter, as
[ = ceil ((double)(m—1)/2)—1

mA & THiE,  When mis odd

2

i
H,(o,.s)= 1= (1—-31)

s+a)d o0 s’ +(@ Ck/Qk)s+a)

m2MEE THILE, When m is even

( ) 1_!32 (ck/Qk)S+a) (=32

(1—31), (1—32) IZBWVWT Inequations (1-31) and (1-32)

£=~10“"" —1

a, (?+D ................................. k=041
m 2
d lsinh’1 (lj
m £
=sin(a, )sinh(d) > 0............ k=01, ’mT—l
= cos(a ; Jeosh(d)

W AP +Qk
m (1—32a)

O, =
®, = o, sinh(d)
w, =271f.

2—2 B—NRAT 4 NEZOFREEEERK2 -2 —b T2 =278 — AT 4 LED
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[FES DB RSN T, ROENRFEFETT TSRO LA TN DL HDE LET,

In synthesizing a circuit, the following values are assumed to have already been obtained

at the design stage

My @,y @Dy Oy k=0,1,..,m/2

2—2 B—NRRAT 4 NEZOFEE I REREK2 —2—b Fob 27— XA T 4 LHD
RO FE L 141 / 461
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2—2—¢c BFIELTTIO—NRI4IILEDEEBRBOETLED

2-2-¢ Summary of transfer function of inverse Chebyshev low-pass filter

WF =y z7m—/S2A7 L2 ORBm, RS ICBT R Eatts(db) &35 & &
[ = ceil ((double)(m—1)/2)—1 L LT, WF=b=7m— A7 ¢ )L¥DIEZEBEI

When the order of the inverse Chebyshev low-pass filter is m and the attenuation at
frequency f, is atts(db), as I = ceil ((double)(m—1)/2)—1, the transfer function of the

inverse Chebyshev low-pass filter is
mB A THINIE,  When mis odd

Hm(a) S ﬁ : o, (rk2s2+1)

s+a)d 08" +(0,/0,)s+ o,

m2MEE THILE, When m is even

Hm(a)c,s) _ li[ a)ckz(rkzsz + 1)

P (a)ck/Qk)S + a)ckz

(1—42), (1—43) {ZB\WT Inequations (1-42) and (1-43)

1
E =
atts,
10 10 _1
L Ca) k=o1,.., "1
2m 2
d= —smhl(l)
m &
pk — = S.ln(?k)sulh_(dz) .......... k = 0;1:--~7m—_1
sinh (d)— sin (ak) 2
B cos(a, ) cosh(d)
7= coshz(d) + cosz(ak) -1
cosla
_ coa)
w

c

(1—42)

(1—43)

2—2 B—RAT 4 NVHAOFERALEERK2 —2—c WFobE =270 — X7 LK

DR DO E & D
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Dy = wc\/pkz +Qk2
\/pk2 +Qk2

O, =

2p,
w, =%
d sinh(d)
w, =271f, (1—44)

[FIEE DA RN TR, ROEPRFHEETT TITRDODLNATWE LD E LET,

In synthesizing a circuit, the following values are assumed to have already been obtained

at the design stage

My @y @y Dy Fenvvaneaanvaaeeeneeanean, k=0.]1,...,m/2

2—2 B—NRAT 4 NEZOFEEEEEK2 —2 —c WFzbE 27— AT 4 )LH
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2—2—d HEABRKO—X T4 ILEDEEEHRDE LD
2-2-d Summary of transfer functions of elliptic function low-pass filters
FEMBE e — " A7 4 v Z OWRBm (REN), By bAZ7EEE L p, @i@EEo Y 7 v
attp(db). JEBE { s 123\ TRARIEER Batts(db) Z #EfR T 2556 .
Order m (unknown) of the elliptic function low-pass filter, cutoff frequency fp, ripple attp

(db) in the passband, and minimum attenuation atts (db) at frequency fs,

x, =f)f,=Vk, o,=27, K=Kk)&LT,
As xL:fS/fpzl/k, w,=27f,, K:K(k)
mMNEH DK When m is odd

x,, = sn(2vK/m) (1-127a)

m2MEE DK When m is even

xzv=sn[(2v—1)K/m] (1—-127Db)
x, =L (1-128)
xZV
_(m—l)/Z I-x gy (1-1209)
a=lhizs el
e=N10""" ~1, L= [10" —1) (10w —1), |~ K(RK(L)
- K(k)K(L)
m#% Y)Y EiF 4% Round up m
mMN A OKF  When m is odd
2
o F+W%” (1—140)
Hm(a)p’s): sto 1;[ (m-1)/2 CHG([SZ +pvs+qv])

=L, C,, o, p,, q N FRAXEGLZTHEDOELET,

However, C,, o, p,, ¢, shallsatisfy the following formula.

(nty2 2 2 27? 2~2] S e 2 2 27?
H[s +)cya)p]+gC1 a)—p g[s +xzva)p] (2—17)

v=1
(n-1)2
=-c,(s" o) [ [s“ +(29,-p,7)s" + qu]

v=l

2—2 B— RAT7 A NEOFEMEZERK2 — 2 —d HHERe — X7 4 V& DIrE
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mMEZ DK When m is even

o))
e _v:l m%([sz+pvs+qv]) (e

L. Cp o, opy, qUERAEGEZTED L LET,
However, C, , P, ¢, shallsatisfy the following formula.

/2 2 272 2 /2 2 277
H[s2 tx, 0, ] +&°C, H[s2 +x, 0, ]
v=l v=l

m/2

= Ch,zl_[[s4 +(2qv - pvz)s2 + qu]
v=l

(2-8)

2—2 B— RAT7 A NEOFEMEZERK2 — 2 —d HHERe — X7 4 V& DIrE
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2-3 Application of filter characteristics for each circuit type and determination of circuit

constants
0—/NA T 4 )V E OFFEOFESE  Types of low-pass filter characteristics
a. N —TJ—20—/)RRAT 4 )LH a. butterworth low pass filter
b. FzbE v =T7u—/RAT 4 LK b. Chebyshev low-pass filter
c. WFzb=7u—/XA7 4)L%  c. Inverse Chebyshev low-pass filter
d. FHEAEK e —/ 27 4 L% d. elliptic function low pass filter

2—383—1 1ROEROAO—/INRAT 4 ILE~DER

2-3-1 Application of first-order circuit to low-pass filter

NP =T —=ZA =27 4 N FORERE (1 —-7), (1—8) X074 LZDOREmi ar
BoOGEIIE, 1IROEIE & 2 R OEFEOHGRHEHT K 0 EBR S, mABMEBORHITIE 2 K
DRI ORI & D EBHSNET, 2O, anbd ETORMEDO T — 2T 4 129
NRTUZRI LT, 1ROEARREFEIZI p1_1. cirMEAShET,

According to the transfer functions (1-7) and (1-8) of the Butterworth low-pass filter,
when the order m of the filter is an odd number, it is realized by a cascade connection of
a first-order circuit and a second-order circuit, and when m is an even number, It is
realized by cascade connection of secondary circuits. At this time, for all low-pass filters

with characteristics from a to d, the first-order basic circuit is Ip1_1 . cir is used.

2—3—2 2XRDOEEROO—I/INR T4 IILEZ~DEMA

2-3-2 Application of second-order circuit to low-pass filter

lpatl_2.cirklpat2_2. cirifakObDREDor—127 412D
KBNS ET, /2, lpetl1_2. cirklpet2_2. cirlfc&dd
Frth v — 27 4 )L 2 OFEBUE KR E T,

Ipatl_2. cir and lpat2_2. cir can be used to implement a lowpass filter with
characteristics of a and b. Also, Ipetl_2. cir and Ipet2_2. cir can be used to implement a

lowpass filter with characteristics ¢ and d.

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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2—3—a NEA—TJ—RO0—1RR T4 ILEZ~DEHA
2-3-a Application to Butterworth low-pass filter

NE =T =28 =RNRAT 4NV EZDORBm, By bAT7HBEES, &T D& &,
[ = ceil((double)(m—1)/2)—-1 £ LT, "Z—U—21 =327 4 )L DIREREIT
When the order of the Butterworth low-pass filter is m and the cutoff frequency is f,,

as [ = ceil((double)(m—1)/2)—1, the transfer function of the Butterworth low-pass

filter is expressed by the following equation

mA & THiE,  When mis odd

i
Hz ek 2 (1—-7)

m2MEE THILE, When m is even

: a)ck
H,(o.,9)=]]5 (1—8)

(1—7), (1—28) {ZBWT Inequations (1-7) and (1-8)

Py = COS(MJ ...... (0<k<))

2m

~ sin( m(2k +1+m)
qr = m

o, =0 p +q9 =0, (1—9)
\/pk2+qk2 _ 1

O, =-
‘ 2p, 2p,
., =271f,

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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1 ROBEIEEE 5 Primary circuit section

(1—=7) Xv1lpl_ 1. cirPfEfSAES, (2—-1) & (1-7) D1ROEE
e LT,
From (1-7), Ip1_1.cir is used. Compare the first order terms in (2-1) and (1-7),

. = (2—9)

ZIZT. w =1, C=179%5&, Letusassumethat w,=1, C =1,

N S B
' wC o 1%
#€-> T, Therefore, C, =R, =1 (2—10)

ZIT, A E—F U REWRIZ K OVE B ERR B F SF 28 AL £,

We now introduce the impedance conversion factor Z and the frequency conversion factor
FSF.

ZIFCBIUORDA V=X U R 25T DR 2RO L, FSFIX, By M 7%
f.& T Dk, FSF =2nf, &Ko LET,

7 represents the multiplier that multiplies the impedances of C and R by Z. FSF
represents FSF = 27f, when the cutoff frequency is f,.

(2—10) ZBWCT, By NATRABME S, ROWEZETDH L,
In equation (2-10), if the cutoff frequency is f, and the value of R is Z

c

FSF =21f.

R =7

: (2—11)
C,=1/FSF/Z

lp2_1. cirlZBW\WThH, (2—11) FEHESNET, FIfFEAL LEHA.
In Ip2_1.cir, (2-11) also applies. If the gain is A,

R, =(A-1D)R=(A-1)*10k (2—12)
2L, ZA4NMZOEKTIZIp2 1. cirZzZFEHRALEREA,

However, 1p2_1.cir is not used in the synthesis of the filter.

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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2 RDMIEES  Secondary circuit section
2.

lpatl__ cir%FEMAT5%E When using lpatl_2.cir

(2—3) & (1—=8) Lo, FIGFz1&d25L. Ry=R &MV ET,
From equations (2-3) and (1-8), with a gain of 1, R

C,=C,C=mC,R=R,R,=kRLTDHL,
Assuming C, =C,C,=mC,R, =R,R, = kR,

2 1 1
a)ck = = 2 ( 2—1 3)
C1C2R1R2 mk(CR)
@y _RR,+RR+RR _1+2k (2—14)
0, C,R R,R, mkCR
(2—13) & (2—14) »5,. From equations (2-13) and (2-14),
1+2k) 1
a)ck2=(—) Qk2=—2 (2—15)
mkCR mk(CR)

(2—15) b, GALNLEEORERLmMIZH LT, kiIFRAZhiie L £,

From equation (2-15), for a given positive real number m, k satisfies
40,7k +(40° —mlk+ 0, =0 (2-16)

K IZIEDOEBETRIT T2 D THEAND,

Because k must be a positive real number,

_p+JR_ 12
A=40>,B=40 -m&T5L, k= BEVE — 4 /N
24
_p+JR_ 12
If 4=40Q,°,B=40," —m, from k= BivB —4
24

B<0

2 (2—17)
m=240,">0
F72. HBI LY, Also, from the discriminant formula,

_ 2\ 4 _ 2

D=(40. - m) =160," = m(m-80,*) 2 0 18

m>80,”

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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(2—17) & (2—18) &b,

From (2-17) and (2-18),
m>80," Dm,

At m>80,°, (2—19)
m—40," + |m(m-80,’
k= ' 8Q2( ) (2-20)
k

WoT, (1 —9) ([ZHox, BHR¥Z, FSFxZm@EMAL T,

Therefore, based on (1-9), the conversion coefficients Z and FSF are applied

FSF=~mka, ,R, =R,=Z,R, =kZ,C, =m/Z/ FSF,C.

,=1/Z/FSF (2—21)
7L, m>80,°  However, m>8Q,’

(2—15) 10, m="20002 Lz, m280  BUELIEL 25,

(1+2 k)2
From (2-15), m = Qi ,but m> 8Qk 1s a necessary condition.

EaL k>0 mp SEE

>8 LipnTk=1 IcF 5L, m=T0
1.

k:Lm—9Qk&LTﬁ§T50

. (1+2k)? . (1+1-2)?
However, if k>0, then —— 2 8, so if we set k=1, then m = —
k=1m=9-Q2.

Qi =9-0Q%
Q7 =9-Q%, so we calculate as

k=11CF%ET S Z & T, R1=R2=R3 & 2 0 HEFEOFREMN DL 2 5,

By setting k=1, R1=R2=R3 is obtained, and the number of types of element values is reduced

_ (1+2K)? -
== D777

ITHDO LI ICRENETS,

2 —3 FREKEXDT 4 NV Z T L OFH & B EORTE
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2 R DEIEE Sy Secondary circuit section

lpat2__2. cir%#MAT5%HE&  When using lpat2 2.cir
(2—4) & (1—-8) kv, C,=mC,C,=C,R=R,R,=kRE:T2&,
From equations (2-4) and (1-8), if C,=mC,C, =C,R, =R,R, = kR,

w,’ = L __ 1 - (2—22)
C1C2R1 R2 mk(CR)
w%:&+&_1+k (2—23)

O, CRR, mkCR

(2—22) & (2—23) »5, From equations (2-22) and (2-23),
, (1+k )2 ) 1

0, =|—] 0 ' =—— (2—24)
k (kaR . mk(CR)’

(2—24) 26, GALNTEEORERLmMIZH LT, kIFRAZHe L E7,

From Equation (2-24), for a given positive real number m, k satisfies

0K +(20,” —me+0,” =0 (2—25)

K IZIEDOEBETRIT T2 THEAND,

Because k must be a positive real number,

—B+~B*—44>

A=0°,B=20"-mr:¥2&, k= 7 /N
_R+JR2_4 42
If A=0,>,B=20,"—m, from k = BANE 44"
24

B<0

2 (2—26)
om220,">0
F7=. HEIEY ., Also, from the discriminant formula,

_ 2\ 4 _ 2

D=(207 -m| -40,' = m(m-40)>0 (o)

m>4Q,°

(2—26) & (2—27) kv, From equations (2-26) and (2-27),

m=4Q,’ (2—28)

2 =3 FEEEHROT V5 Btk Z & O & Bl ER DO RE
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-

Z OB, At this time,

L m-20,’ +11m(m—4Qk2)

= 3 (2—29)
20,

WoT, (1 —9) ([ZHox, BHR¥Z, FSFxZm@EMAL T,

Therefore, based on (1-9), the conversion coefficients Z and FSF are applied

FSF =\mko,, ,R =Z,R, =kZ,C, =m/Z/FSF ,C, =1/Z/ FSF (2—30)
7L, m>4Q,°  However, m>40Q,’

(2—24) kv m="2002 Lxanzm, WEC (2—27) LY,

m>4-QF DL LG, Ak >0 Ak S
Q1§:4'Qk V)\
k=11

2
24 LR50T k=1 cFpL, m="200
k=1m=4-Q2 L LC#HET 2D,

IRETHZ LT, RIFR2E 20 FHHEOHEN D2 725,

1+k) .
From (2-24), m = & Qi , but at the same time, from (2-27), m>4-Q2 is a necessary
(1+ (1+1)

“Qf =4-QF, so we
calculateas k=1,m=4- Qk.

By setting k=1, R1=R2, and the number of types of element values is reduced
_ (1+k)?

= DU T T TRO LS ICESRET,

121

1IJ'_

—
]

2 —3 FREKEXDT 4 NV Z T L OFH & B EORTE
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2—3—b FxE T I7O—NR T4 I)LE~DEH
2-3-b Application to Chebyshe flow-pass filter

Frb =7 —RAT NV FOREm, By NAT7JEEE S, @iiko U 7 vattp(db) &
95 L&, [=ceil((double)(m—1)/2)—1 L LT, Tt =7 a—/XA7 4 )LZ DIRIE
B

If the order m of the Chebyshe flow-pass filter, the cutoff frequency f,, and the ripple
attp(db) in the passband, as [ = ceil ((double)(m—1)/2)—1, the transfer function of the
Chebyshe flow-pass filter is

mA & THiE,  When mis odd

2

i
H,(o,.s)= 1= (1—-31)

s+a)d o0 s’ +(@ Ck/Qk)s+co

m2MEE THILE, When m is even

: a)ck
H,(o.,9)=]]5 . (1—32)

(1—31), (1—-32) {ZBWVWT Inequations (1-31) and (1-32)

e= Iloattp/lo -1

ap =T . k=01, "1
2m 2
d= —smhl( 1)
m £
= sin(a )sinh(d) > 0.k = 0., 21
= cos(a k)cosh(d)

0 - +qk (1—32a)
®, = o, sinh(d)
w, =27,

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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1 ROBEIEEE 5 1st order circuit section
(1—31) £V l1lpl1_1. cirMEHIIET,
By "ATEERE f, ROEZET2HE, (1—32a) k0,
From equation (1-31), Ip1_1.cir is used.
If the cutoff frequency is f, and the value of R is Z, from Eq. (1-32a),

o, =27f.,0, = o, sinh(d), FSF = o,

R =Z
(2—11)
C =1/FSF/Z
2 ROEIEESy  2nd order circuit section
lpatl__2. cir%fif7T 25848 When using lpatl_2.cir
NH =T —=2u—/"A7 4 VE DA LRI, (2—3) & (1—-8) KD,
As in the case of the Butterworth low-pass filter, from Egs. (2-3) and (1-8),

LM 40 +8,Q/ nz(m 80,

(1—32a) ITHI%, k=1,m=9-0? Based on equation (1-32a), k=1,m =9 - Q?

(2—20)

FSF =mkao, ,R =R,=Z,R, =kZ,C,=m/Z/FSF,C,=1/Z/FSF  (2—21)
77 L, m>80,°  However, m>8Q,’

lpat2__2. cirZfifH7T 584 When using lpat2_2.cir
NE =T =28 =27 4 LEZOEELRKIC, (2—4) & (1—-8) XV,
As in the case of the Butterworth low-pass filter, from Egs. (2-4) and (1-8),

. m-20, +2,Q/mz(m—4Qk2) 5o
k

(1—32a) [ZHSE, k=1,m=4-0? Basedon equation (1-32a), k= 1,m = 4- Q?

FSF =~mka,,,R, = Z,R, = kZ,C, = m/Z/ FSF,C, = 1/ Z/ FSF (2-30)

=72 L, m>4Q,°  However, m>4Q,’

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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2—3—c BFIELTT7A—NRA T4 ILE~ADEH

WF By =7 =27 4L ZORBm, AR f BT Sz Ratts(db) & 775 & &,
[ = ceil((double)(m—1)/2)—1 £ LT, #F b =7m—/"R7 1 )LZDEEMBIL

When the order m of the inverse Chebyshe flow-pass filter, the cutoff frequency f,., and
the ripple atts(db) in the passband, as [ = ceil((double)(m—1)/2)—1, the transfer

function of the inverse Chebyshe flow-pass filter is

mA & THiE,  When mis odd

2 2
o, (rk s’ +1)

) ]
H ,8)=—2 1—42
n(@0:5) s+, gsz +(a)ck/Qk)s+a)ck2 ( )
mBMEZ THINIEX. When mis even
! it 1
(o) (1-49)

k=0 S~ Tt (a)ck/Qk)S + a’ck2
(1—42), (1—43) {ZBWVWT Inequations (1-42) and (1-43)

1

E =

d= isinh’1 (l)
m &

3 sin(ak ) sinh(d) m—1
~ 1+sinh’(d) -sin’(a, ) )
3 cos(ak)cosh(d)

7= coshz(d) + cosz(ak)— 1

Dy
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o, =op +q,
V ka + ‘sz

Q =

‘ 2p,

w, =%

d sinh(d)

., =27f, (1—44)

(2—5) &£ (2—-6) % (1—42), (1—43) O2RADOHEI LI LGN K S I
BELET,
Equations (2-5) and (2-6) are transformed so that they can be easily compared with the
quadratic parts of equations (1-42) and (1-43).

(2—5) OEF Transformation of equation (2-5)
1 (C’R’R, 2
R. C’°R’ R
H,y(@,,5)= > —=2 : (2—31)
» R, - 3R, 1
ST+ S+ > >
C,R,(R +R,)) CR,
(2—6) OEF Transformation of equation (2-6)
— ! :r kr (Cbszzs2 + 1)
Hifo,.5) - - KGR (e kd) (2-32)
T Nakr Ry o kAt hr+4-4kk o 1tk
C,R,(1+kd) C, R, (1+kd)
Rb 2-Rb kd - Cb
Rl=—,C1=2-ChR2 = ,C2 = ,R3 = (kk—1)-R5
2 kr 2

1 R OB 5y 1st order circuit section
(1—42) XV 1lpl__1. cirMMEHShET,
By "ATEBEEE f,. ROMEEZETDHE, (1—44) kv,
From equation (1-42), Ip1_1.cir is used.
If the cutoff frequency is f, and the value of R is Z, from Eq. (1-44),

o, =27f,,0, =, [sinh(d), FSF = o,

R =27

(2—11)
C,=1/FSF/Z
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2 n— XA T 4 NVEDERK

2 R DAL 4y
lpetl__2.

2nd order circuit section

cir%fEHTHE

When using Ipetl_2.cir

(2—31) & (1—43), (1—44) kv,
From equations (2-31) and (1-43), (1-44),

2 1
ck
C,’R’
252
rk2 — Cb R, R, — R,
R, Rza)ck2
W, 3R,

Qk - CbRb(Rl + R4)
(2—83) & (2—35) &b,

9R12Qk2 = (R1 + R4)2

(2—33)
(2—34)
(2—35)

From equations (2-33) and (2-35),

(2—36)
R1 = R4 (Qk > lj
30, -1 3
(2—34) kb, From Equation (2-34),
R, = 2R42 (2—37)
Ty @
(2—33) &b, From Equation (2-33),
FSF=w,,C, =1/Z/FSF,R, = Z,R, = R, (2-38)
2 IR DA BEER 4y 2nd order circuit section
lpet2_ 2. cirZzFEHRATI8E When using lpet2_2.cir
(2—32) & (1—43), (1—44) kv,
From equations (2-32) and (1-43), (1-44),
r’=C'R’ (2—39)
1+ kr 1+ kr
a)Ckzz 252 =" (2—-40)
C R (1+kd) r (1+kd)
&zkd+kr+4(1—kk)=kd+kr+4(1—kk) (2—41)

0, GR(1+kd)

rk(l+kd)

2 — 3 MWD 7 4 V&R L OwE A & R EEORE
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_ Kk R (2—42)
1+ kr R,
(2—40) kv, From Equation (2-40),
1+kr 1
kd=r§w§k—1>%—1>O........k‘l">0 (2—43)

P kdZz (2—-43) 2l 2EICRELES, ZoeE, (2—40) &L,
First, set kd to a value satisfying Equation (2-43). At this time, from Equation (2-40),

kr =10, (1+kd)—1 (2—44)
(2—41) kv, From Equation (2-41),

1+ kd
kd+kr+4(1—kk):—r"a)“"( + k)

Oy

kd sy 4 1 @a(lHRd) (2745)
o kk = O
4

(2—45) 12 (2—44) #RALT, kk>Lrno, <1Z#EH7T25&
Substituting (2-44) into equation (2-45) and applying kk >1,r,@,, <1

2, 2
S Qk(l_rk a)ck)"'rkwck

kd
Qk(l +rk2a)3k)_rka)ck
(2—42) &b, From Equation (2-42),
1+ kd
R, = R (2—46)
4 e

foT, (2-39) X0, AHFEEAE FSF=1/r, £ 45k,

Therefore, from equation (2-39), if the conversion factor is FSF,

C,=1/Z/FSF,R,=Z,R =R, /2,R, =2R, [kr

R3=(kk—l)R5,R4=%R6 (2—47)

C, =2C,,C, = kdC, /2
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1-r’o’ |+ro,
772U, kd > max| 21 2—1,Q"( {i) +ri0a

— 1227 % kd (25t LT,
Ty @ Qk(1+rk a)ck)_rka)ck

2,2
Qk(l T a)ck) 1O

1
However, for kd satisfying kd > max[—; -1,

Ty C‘)ck2 Qk(l+rk2a)c2k)_rka)ck ’
kr =10, (1+kd)—1 (2—44)
ke = {kd + kr + 4= ro,,(1+ kd)/Q, } /4 (2—45)
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2—-3—d HEABKO—/IR T 1 ILE~DEA
2-3-d Application to Elliptic Function Low Pass Filter

FEMEE i — 27 4 L HZOREm R, By hA 7RG p. @i@isEo U 7
attpdb) . W B f s I B W T & K = & atts(db) = & T 2 % &
x, =f./f,=Vk, ,=27,, K=K(k)&LT,

For an elliptic function low-pass filter with order m (unknown), cutoff frequency fp,

passband ripple attp(db), and minimum attenuation atts(db) at frequency fs, as

x, =f./f,=Vk, ,=2x,, K=K(k),

mMN A OK;  When m is odd
x,, = sn(2vK/m) (1—-127a)

m2MEE DK When m is even

xzv=sn[(2v—1)K/m] (1—-127Db)
x, =L (1—128)
(m0)2q_ 2 ma | _ 2
C - = v 1-129
1 1,,:! 1-x.’ 2 1-x.° ( )
K(k)K(L)

&= \/W, L= \/(loatts/lo . 1)/(10attp/10 _ 1) ’

m_K(@K@ﬂ)

mZY)Y EiF9 5 Round up m
Z O, At this time,

mAEE DK When m is odd

o (12 (s2 + (wip)z)
s+o g 3 CHG([S2 +p, s+ qv])
reiZL. Cy, o, p,, q FZRAEWZTEDOE LET,

However, C,,, o, p,, q, shallsatisfy the equation below.

wawgz (1—140)
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(m-1)/2 . P 2 (m-1)/2 ,
2 2 2 2 2
I | [sz +x, 0, ] +&°C, [G)—J |V=1| [s2 +x, 0, ]

v=1

(2—-17)

m—-1)/2

[T [s* +(20.- 2. )5 +a.’]
v=l
mMEZ DK When m is even

oo [ (ve,)]
H ,s) =
) g psra)
L. ¢, o, p,, q 3R EWZTEOL LET,
However, C, , P,, ¢, shallsatisfy the equation below.

_ —CHZ(SZ _ 0'2)(

(1—142)

m/2 5 m/2 2
2 2 2 2,2 2 2 2
I I[s +xva)p] +¢&°C, I |[s +xzva)p]
v=1

v=l

w2 (2—8)
= CHZH[S4 + (2qv — pvz)s2 + qu]
v=l

(2—5) £ (2—6) #(1—140) & (1—142) ©2KkKXDER LG L THH

B n — 27 gV E B LET,
Compare equations (2-5) and (2-6) with the quadratic parts of equations (1-140) and (1-

142) to synthesize an elliptic function low-pass filter.

By AT SR @, =27f, & LET. BRICHEIS T, Cyu0,X,0,, p,,q, KD BT
WBLOELET, Sbic, HEREMY ST T 2T 0. @), =x,0,E LET,

Let o, = Z/y’p be the cutoff frequency. We assume that CH,O',xVa)p,pV,qv has been

obtained prior to synthesis. Furthermore, to make the equation easier to understand,

@®,, =X, @, 1s assumed.
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1 R DOEIEEER 4T 1st order circuit section
E#EO. |H,(0,0)|=120C, 1p1_1. cirsHsnET

From the definition, since ‘H m(a) p,O)‘ =1, lpl_1.cir is used.

FSF=o0. R =Z,C,=1/Z/FSF (2—48)

2 YR DB BB 5y 2nd order circuit section
2. cir%fHT%5%4A  When using Ipetl_2.cir
(2—5) & (1—142) kv, From equations (2-5) and (1-142),

lpetl__

qV=Cb21Rb2 (2—49)
wJ=zf%§a=%ﬁv (2—-50)
p, = 3R, =3\ﬁgk1 (2—51)
" CR,(R+R,) (R+R,)

(2—49) Xv.  From Equation (2-49),

FSF=.q, & LT, C,=1/Z/FSF,R,=Z (2—52)
(2—-50) XY, @),=x,0,& LT, From equation (2-50), as @,,=x ,,
Rzza;”z& (2—53)

G ="VIC o(m=o0dd) G ="IC, (m=even)
R, =GR,

LT, (2—51) kb, then, from Equation (2-51) ,

R=—0Pr R (2-54)
3Na,-p,
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2 IR DRIy 2nd order circuit section
lpet2_ 2. cirZFERAT5845 When using lpet2_2.cir
(2—6) & (1—-142) &LV, @,,=x,0,& LT,
From equations (2-6) and (1-142), as ®,, = x,0,,
1

0y, = (2—-55)
CbRb

q, = 21jkr :1+k7”a)0v2 (2-56)
CSR (1+kd) 1+kd
kd + kr + 4(1 - kk)

p. = ®,, (2—-57)

(1+kd)

G = ("H)/zcho-(m =odd) G '="JC,(m=even) & LT, as,

G=_tk Ry (2-58)
1+ kd R,

(2—56) kv, From Equation (2-56),

2 2

kd =20 (14 k) —1> 20 150, @k >0 %S5k dIck LT,

q, q,

2 2

For kd satisfying kd=wL(1+kr)—l>wL—l>O ........ ®kr>0,
q, q,

fr =L (14 kd) -1 (2-509)

2
a)Ov

(2—57) &b, From Equation (2-57),

kd+kr+4  p,(1+kd)
! 4a,,

kk

(2—-60) 12 (2-59) ZAALT, kk>1Z2EHATD &,
Substituting (2-59) into equation (2-60) and applying kk > 1,
ol > a)§v+pvw0v—qv

@y, = PD, T4,

(2—58) &b, From Equation (2-58),
1+ kd
Ckk

R,

2 — 3 KRR D 7 ¢ VX EED & O A & A EROWRE
2—3—d HAEKe— 2T 4 LF~DiEH

(2—60)

GR, (2-61)
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2
a)OV + pva)Ov

2
-, FSF=,,=x,m & LT, kd>max[2 1,20 DoqizntLc,
qv a)Ov _pl/a)OV +qv

2
. () ., +p.w, —
Thus, as FSF =w,, = x ®,, against kd > max[—— —1,—%~ Pv@ov 79y

v qv ’a)gv_pva)OV_'_qv ’
C,=1/Z/FSF,R,=Z,R = R,/2,R, = 2R, [ kr

1+ kd
R, =(kk-1)R.,R, =———GR
= ()R R, =K G
C, =2C,,C, = kdC, /2
=77 L. However,
fr =L (14 kd) -1 (2-509)

a)Ov

1+ kd

kk=kd+kr+4_pv( ) (5—60)

4 4a,,
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Chapter 3: High Pass Filter Design
83—1 NANRRTAIIEDEELEBREFET S50
a. NHA—TU—ZANNAINAT 4 )VH
b, F=E T2 TINA/RNRT )X
c. WF B2 TINAINAT 4 )VH
d. FEHBAENA AT 4V H
3-1 Types of high-pass filters and their frequency response graphs
a. Butterworth high-pass filter
b. Chebyshev high-pass filter
c. Inverse Chebyshev high-pass filter
d. Elliptic function high-pass filter

WNH =T =N 73R T 1)L 5 DR

ﬁgzﬁgdb) Frequency responce of Butterworth high-pass
BRI D 1) LR
/ L%ﬁ'|' ;d o
O ripple in passban
3 ot Washeleing -3db
-attp plo B2 EEE
Attenuation at fp attp (dB)
HEBEIRHEmE LT
— —6mdb,/ octXid
No ripple in —20mdb//dec

the blocking area
BRLIEOD ) )L o
-atts BESINCEEE
Attenuation in fs atts (dB)

RS frequency

fs fo  fo fadZEREDH v I 7RIS
f5=f Xs folliiE=adsisTE fD?ijj\“) (i #7@?&%& fcis
p / J%')Eé%%?%é%gﬂi? s {#JECD@% fé}%?&%& the cutoff frequency

3—1 NE—=TU=ANAINAT )V E DR
Figure 3-1 Frequency response of Butterworth high-pass filter
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ﬁgf’igdb) Frequency response of Chebyshev
0 WD) Tl 0db
= tt &
R Passband ripple atip db
attp(dB)
BEREE AN T -2
PEP SR SR
FEI-SED T L
-atts — BEIW/CEEE
No ripple in Attenuation in fs atts (dB)
the blocking area
Is fe =ip fcis Jﬁ'ﬁﬁ frequency
HEEHIEET AEES Wy M OB nearoffeawndy
M 3—2 FxbEvxTINAIRNRT 4 )VE OB ERE
Figure 3-2 Frequency response of Chebyshev high-pass filter
) FF 2Bz IS8R T 1 L8 DREEESSE
HE(db) i e
gain quency response of inverse Chebyshev
0 D ) TG g
-atip — G z ; —
folc Bl 2 =R No ripple in passband attp db
Attenuation at fp attp (dB)
—— BERFEF T
. PEP PR
There is a ripple
in the blocking area
FHIESED ) T ;
-atts — A IBEIN-BEIES
S Attenuation in fs atts (dB)
\ / \ fp is the passband edge  frequency
HEICBID Yy PATEEE fo=fs fp 1B
HRBEIEE T DREHCT 5 foid v bt RS LTRS

3—3 MF =B =T NAINRNRT VX OB

Figure 3-3 Frequency response of inverse Chebyshev high-pass filter
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*Ufg’. (db) Frequency response of elliptic function
gain
0 EEED ) L 0db
ap Passband ripple -attp db
attp(dB)
BER R F 2 b2y

L
7oAk LA

There is a ripple
in the blocking area

FHIEIHD ) oL
-atts IBES N -BEIES
TN //\ Attenuation in fs atts (dB)

fp is the passband edge

fs fp=1c [EIiRES
BEEFETTHEEE o M OB
3 —4 FHBEEBNA AT 1 V2 ORI

Figure 3-4 Frequency response of elliptic function high-pass filter

fs=fp/Xs

3—1 NAIRNRT g )V FOFEEE L AR T 7
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3-2 Converting a low-pass filter to a high-pass filter

By A TEEE fi(0, =24,) DA NEZT 4 VE OEEBERITo, =18 LTH#EL
Ter—/N2 7 4 W Z DIREREICB N Ts DDV o, /s ©ANE. fi(0,=27,) % o,
LEXWX DL TRLIET,

The transfer function of the high-pass filter with cutoff frequency f,(®w,=27f,) is
obtained by substituting @,/s for s in the transfer function of the low-pass filter

designed as @, =1 and then rewriting f (@, =27f,) as o,.

1 RDOEEEOZEH  First-order circuit conversion
(1—7) {2\ Tix. Forequation (1-7),

o, o, _ S
s+ w w,/s+ o S+ w, /o
c 0/ c 0/ c ( 3 -1 )
o, =1, > SN
stw, Ss+o,
(1—31), (1—42), (1—140) IZOVWTIL,
For equations (1-31), (1-42), and (1-140),
w, N w, _ K
stw, o)/sto, s+o,/o, (3-2)

S
-

sto, /o, s+,

3—92 T— AT g NRENAIRAT 4 VR TERT
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2 R DEIEDZEHL  Second-order circuit conversion

(1—7), (1—8), (1—31), (1—32) k»* (1—42), (1—43), (1—14

0), (1—142) IZ2oWTik,

For equations (1-7), (1-8), (1-31), (1-32) and for equations (1-42), (1-43), (1-140), (1-142)

a)ckz N a)ck2
S2+(a)ck/Qk)S+a)ck2 woz/sz+(wck/Qk)w0/S+wck2
s° s’
— -
52 +(a)0/a)ck)/ka+(a)0/a)ck)2 2 _,_(wc/a)ck)s+(a)c/a)ck)2
O,
S2
S2+(a)ck/Qk)S+a)ck2 S
1 N 1 N s°
S Hpstq, oS+ poy/stq, [ 2, P ‘”i]
qg,| s +—w,5+ .
q]/ v

2 2 2 2 2 2 2

2 2 LANON ST +r o, ST +r

r,s"+1—> > +1= 5 - 5
S S S

2

s2+(xva)p)2—>S2+xv2(®a)p:1)—>a;—‘;+xv2 (3—4)

) xvz{sz + (a%)} N G +(2wp/xv)2}

3—92 T— AT g NRENAIRAT 4 VR TERT
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3-3 Summary of Butterworth high-pass filter transfer function

NWHE =T —=ZANANRAT ANV EZDOREm, Ay VA T7HERSf, L3508 &,
[ = ceil ((double)(m—1)/2)—1 £ LT, (3—1), (3—3) Zz@HT DL, "F¥—T—2R
A IRAT 4 v Z DIRZEREIE

When the order of the Butterworth high-pass filter is m and the cutoff frequency f,,
applying (3-1) and (3-3) as [ = ceil ((double)(m—1)/2)—1, the transfer function of the
Butterworth high-pass filter is

mA & THiE,  When mis odd

! 2

H,(o,,5)=——][ [~ > (3—5)

B s+, oS +(a)ck/Q,€)s+a)ck2

mMEE THILE, When m is even

/
H(o,.5)=] ]~ > (3—6)

2m
(7(2k +1+m)
q, =sin| ———|....... 0<k<))
2m
wck:%:wc (3—17)
Py T4,
0 - NPitar _ 1
‘ 2p, 2p,
w, =271f,

3—3 R —T—2ZANA )RR T 4 VHEOEEEKOE LD
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3—4 520t EBETNI—T—INA/INR T 4 ILE DK

3-4 Designing a Butterworth high-pass filter that meets given specifications

3—3FTT, KméH v M VAo L > THANE =T —=ANAI/NAT (LT DR
FMRFRRICAR D £ LT, RITH- 2 DT 2 SOJEEREEENZENDOHEEND , fiRIRL 2
27 4 NEDREERDTT 4 VF it o 5ikERLET,

Up to 3-3, the order m and cutoff frequency w, allow us to design a Butterworth high-

pass filter. The next section shows how to design a filter by finding the minimum

required filter order from the frequencies and respective attenuations at the two given

points.
" ISG—=TD = ZNA ISR T 4L Z DRI
ﬁgf‘;gdb) Frequency responce of Butterworth high-pass
EEIED ) T
/ L%ﬁ'|' ;d o
O ripple in passban
- L Pene ~3db
-attp o BT 2 EES

Noripple in
the blocking area

FELIESERD 1) )L e

Attenuation at fp attp (dB)

BRI IR EmE LT

—6mdb,octXii
—20mdb, dec

-atts

fs
fs=fp/Xs fsigiEiFE%

T f<

f
i

EET S
c

BESINCEEE
Attenuation in fs atts (dB)

RS frequency

fo  fo fCldZEREDH v M T EEE

fD?ijj\“) \l\/ﬁ- 7!%”&@ fcis
{#JECD@é f&%?&%& the cutoff frequency

3—1 NE—=T—ZNAINAT 4 VX O
Figure 3-1 Frequency response of Butterworth high-pass filter
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K3—1iZBFs, fp, fs. attp. attsZEzonT, EEOLy NAT7EE
Bt c M7 4V Z OB m % RO EAEANARERI R Z KO E T,
Given fp, fs, attp, and atts in Figure 3-1, the actual cutoff frequency fc and filter order m

are determined, and finally the transfer function is obtained.

loatts/lo _ 1
log 1011[[]7/10 _ 1 ( )
_ 3-8
20log(f,/f.)

m = ceil(d)

RDDHNE =T —=ZANANZAT 4 NEDT]y bF 7 A AR L £,
Calculate the cutoff frequency of the Butterworth high-pass filter you want.

f‘c =fp2v100ttp/10 -1
0, =21,

(3—9)

WIS, méo,z (3—5) b (3—7) ([ZEMT D ERMAVRERFNZET LET,
The final design is then completed when m and @, are applied to equations (3-5)

through (3-7).

3—4 HxbNIMERREZR T T NE =T —ZANA XA T 4 )L E DFRE
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3-5 Summary of transfer function of Chebyshev high-pass filter

F 2BV INANRT 4 VEORKm, By N4 T B S, @iiigo Y 7 vattp(db) &
T 5 L&, [ =ceil((double)(m—1)/2)—1 L LT, Fo b= TINAI/8RT ¢ )LH DIRTE
%, (3—2), (3—3) Z@MHLT,

When the Chebyshev high-pass filter order m, cutoff frequency f,, and passband ripple
attp(db), as [ = ceil((double)(m—1)/2)—1, the transfer function of the Chebyshev
high-pass filter is, by applying Egs. (3-2) and (3-3),

mNEFHTHILEX,  When mis odd

2

s d s
H (w.,5)= (3—10)
m(a)‘ S) s+, g s° +(a)ck/Qk)s+a)Ck2

m2MEE THILE, When m is even

/
Hy(05) = T (3-11)

(3—10), (83—11) {ZBWVWT Inequations (3-10) and (3-11)

£=~10“"" —1

W s
2m 2
d :lsinhl(lj
m &
. . m_l
pk :Sln(ak)slnh(d)> 0 ------------ k = 051’-")T (3 - 1 2)

g, = cos(a, ) cosh(d)

w
a)ck = <
VP +4q;
0 - VPitdi
¢ 2p;
W, = O
a sinh(d)
w, =271f.

3—5 Fo UV INANRRT 4 NNHDEEBBOE LD
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3-6 Design of Chebyshev high-pass filter satisfying given specifications

3—5FETT, 74 NMZOEREmED v M7 B o, ONEIEIED Y 7 /Lattp(db)iZ &
STTF 2BV INANRAT gV F OFFBAREICZ2 D £ Lo, WITHG 2722 RoJE
BHEBREREBL LY v Vb, KIRROLERT 4 VE ORBERDTT 4 V5 k!
TLHEERLET,

In the previous sections (3-5), the filter order m, cutoff frequency, and passband ripple

attp(db) allow us to design a Chebyshev high-pass filter. The next section shows how to

design a filter by finding the minimum required filter order from the frequencies,

attenuation, and ripple at the two given points.

#178 (db)
gain

-atip

-atts

F bz INA N T 4 LS ORFEESHE
Frequency response of Chebyshev

BB ) L Odb

Passband ripple -attp db

attp(dB)

HERFRI A&

— T2
T a &Y LA

FEIRERID Y T 1L
— BEIW/CEEE
No rippleiin Attenuation in fs atts (dB)
the blocking area
Is ic =fp fcis Bl frequency

WEBRIRETAEIES v M 7 EIEEL the cutoff frequency

3—2 Fo BT INAIRRAT ¢4 )V FOJE R
Figure 3-2 Frequency response of Chebyshev high-pass filter
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H3—2iZBITA, fp=fc, fs,.attp. attsx@bEzxbNn T, FobET =T
ANAT 4N F ZRETT 2123, FTRNUCEY 7 40 V2 OREBERD £,
To design a Chebyshev high-pass filter given fp = fc, fs, attp, and atts in Figure 3-2, first

determine the order of the filter by the following equation.

cosh™ {\/(10‘"”/‘0 —1) /(10" - 1)}
cosh‘l(fc/f) (3—-13)

d =

m = ceil(d)

WIZ, mZ (3—10) 2»H (3—12) [THEHT D EEERRFINTET LET,
Next, m is applied to (3-10) through (3-12) to complete the final design.

3—6 GRAONIMRRERIZT T = B = TN RRT 4 L Z DG
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3-7 Summary of Transfer Function of Inverse Chebyshev High Pass Filter

WiF = B2 = TNANRRT7 4 W FOREm, AR f 2B S Ratts(db) & T2 & &
[ = ceil((double)(m—1)/2)—-1L LT, (3—2) 5 (3—4) Z@HTsL, #F=t
T INANAT 4 F DIREREIT,

When the attenuation atts(db) at frequency f, as /= ceil((double)(m—1)/2)—1 at
order m of the inverse Chebyshev high-pass filter, applying equations (3-2) to (3-4), the

transfer function of the inverse Chebyshev high-pass filter is
mB A THIIE,  When mis odd

s ! (s2 +r,f)
H (w.,s)= (3—14)
n(@0:5) s+, gsz +(a)ck/Q,{)s+a)ck2

m2MEE THILE, When m is even

2 2
(s +7)

/
H (w.,s)= (3—15)
( ) gsz+(wck/Qk)S+wck2
(3—14), (3—15) BNV In equations (3-14) and (3-15)
1
= ——
V10" -1
2k +1 _
ak=”( ) o, K=o, "1
2m 2
d= isinh’1 (l)
m &
B sin(ak)sinh(d) _ m=1
Ph = () s k=0L... " (3—16)
g = cos(ak)cosh(d)

~ cosh?(d) +cos*(a,) -1
1 =@, cos(ay)

a)C

Vpi +4;
D +4;

2p,

a)ck

O =

®, = o, sinh(d)

3—T7 WF =¥z INANAT A NI DIREBRBDOE &0
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3-8 Design of an inverse Chebyshev high-pass filter satisfying given specifications
3— 7ETC kHEm L Ao, & OMHEZatts(dbIZ L > TT 4 VX OFEFMATEEIC /20
F L7 WFEA OGN 2 ROBEEBEBEEL IO v 7G| RAKRLER T 1 V5

DRI Z RO TT 4 N E ERET DHEERLET,
Up to 3-7, the order m, frequency ®,, and attenuation atts(db) enabled the design of a

filter. The next section shows how to design a filter by finding the minimum required

filter order based on the frequency, attenuation and ripple at the two given points.

FF 2P e ISR T 1 LA ORISR

?Fgf’iédb) Frequency response of inverse Chebyshev

EEED TG g

“atip fplo Bl 2 iEES No ripple in passband -attip db
Attenuation at fp attp (dB)

— f&ﬁ#%%b 2Pz
o T4 ALY) LAl
There is a ripple
in the blocking area
FHIESED ) L \
-atts — A IBEIN-BEIES
W . Attenuation in fs atts (dB)
\/ \ fp is the passband edge  frequency
HECBID Yy PATEHE fo=fs fp FEliR S
BREEIEE T SRFEHCT 5 foid s v b RS LTS

3—3 WTF =T =T NAINAT 4 )VHEDJEBE

Figure 3-3 Frequency response of inverse Chebyshev high-pass filter
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ERIzENT, #ERCBIDEEE L cZINETONRY —U—R 7 ¢ L& %ETIHERE
BEEETOEEEL s, [ plITNETH Yy bATEEHL c & LTHRbATEE L,
Mo T, ZNETLERUELIICH Yy PATEBEELE LT pDEEZ AN LT, BRELZIEE
TOEEHEE LT s OEZ AT 256 ORUTLL FORIZZR D £,

In the above figure, the frequency fc in the calculation formula is the frequency fs that
specifies the attenuation in conventional Butterworth filters, etc., and fp has been
treated as the cutoff frequency fc. Therefore, the formula when the value of fp is input
as the cutoff frequency and the value of fs is input as the frequency that specifies the

amount of attenuation, as in the past, is as follows.

a)L’ = 277;'
P (3—17)
10alls/10 -1
Cosh—]{ loatts/l(] _1 loattp/lo _l }
d= ! M ) (3—18)
cosh™ (f % )
WoT, 74N ZDORBmIL (3—18) OAdEEIY LiF T,
Therefore, the filter order m is d in (3-18) rounded up,
m=ceil(d) (3—19)

WIZ, mZ (3—14) 5 (3—16) [ZHEHAT D EEEINREHPTETLET,
EHIZHOWVWTIZ, fp, attp, attskUOmEEZONT, f sZROTHET,

ZDHEI. a)C:27;7’S:%a)p:xa)p ET5E, (1-51) b

N

Applying m to equations (3-14) through (3-16) then completes the final design.
And, incidentally, given fp, attp, atts and m, let us try to find fs.

y

In this case, let @, =27af, =— w,=xX0, , from equation (1-51)

N

1 B 10at/s/10 -1
wC:a)p/cosh{mcosh 1[ 10“””/10—1}} (3—20)
o, = 27f »
(&0 BARBEREICET DM [ ERIZH O NE I afR LEY, LiThuE, (3
—14), (3—15), (3—16) IT&o TEEMERFZHTET,
Check whether the frequency f, at which the minimum attenuation is reached meets

the requirement by If it is satisfactory, continue the detailed design according to
equations (3-14), (3-15), and (3-16).

38 HADNIAMAEM VT = &Y= T NA SAT 4 VS DG
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3-9 Summary of Transfer Function of Elliptic Function High Pass Filter

FEHBIENA N T 4V Z OREm ORI, By A ZJEEE S p. @Ko U 7 v
attp(db) . JH B E f s 2B WV THRIKBE R Zatts(db) 2 R T 2 56 . BEH K
x, =1, /f,=Vk, ,=27,, K=K(k)&LT,

For an elliptic function high-pass filter with order m (unknown), cutoff frequency fp,

passband ripple attp(db), and minimum attenuation atts(db) at frequency fs, the transfer

functionisas x, = f,/f, =1k, ,=24f,, K:K(k),

mMN A OK;  When m is odd
x,, = sn(2vK/m) (1-127a)

m2MEE DK When m is even

xzv=sn[(2v—1)K/m] (1—-127Db)
x, =L (1-128)
(m—l)/Z l —x 2 m/2 1 —x 2
C - o= v 1-129
1 ];!: 1_')("21/2 ’ v=1 l_sz2 ( )
K(k)K'(L™) \
e=A107° _1 | [ = \/(10““S/1° ~1)/(10"™ ~1), m= 519 EF)

K'(k)K(L")

m#% Y)Y EiF 4% Round up m

LT BHME, (3—2), (3—3), (3—4) #z@AHLT,
Then, by applying equations (3-2), (3-3), and (3-4)

3— 9 MHEENA 2T 4 VE DIRZERBRBOE L
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mMN a2 OKE  When m is odd

2f 2 2
(m-1)/2 xv{s + @, /x, }
Hm(a) ,s): &l 11 ( ! ) (3—21)
’ S+wp/o- v=l 2, P ®,
(=N2C . oq,| s + w5+
q, q,
o, p,, q FRAEWZTEDOLELET,
q, shall satisfy the following equation

iz, Cy,
However, C,, o, p,,

(m-1)/2 (m-1)/2
H [32 + xvz]2 +&°C’s’ H [s2 +xzvz]2
v=1 (m_l)/2 v=1

m2MEE DK When m is even

m)2 xi{s2 +o, /x, 2}
o)L 0oz
oy Cqu(s2 + Py a)ps+”j
qV qV

zize. G, o, p,, qFRKEREETLOLLET,

However, C, , P,, ¢, shallsatisfy the following equation

2 2P L 22T 277
H[s +xv] +&°C, H[s +xzv]
v=1

v=1
m/2
=G/ +(20. - 2.7)s +4.7]
v=1
(3—21), (3—22)IZBWVWT, 1IREDR2RDNAINAT 4 NVEDEKEDT A 131

T4,
In Equations (3-21) and (3-22), the gain of each stage of the first- and second-order high-

pass filters is 1.

3— 9 MHEENA 2T 4 VE DIRZERBRBOE L
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3-10 Design of elliptic function high-pass filter with given order

3—9FTT, vy MAVEAEK S p, @iKOY 7/va t tp (db), AEKT sick
WTRIERRREa t t s (db) ZHERT DFEHEENANZT 4V ZOFREHAREIZRD
FL7 22T ZANEOREm, Iy AT p, @iko Y Fba t tp (d
b). RARBEREICET DL s 52 TRIABEEANA N7 4 V2 ZikEHT 5 k%
I LET,
Up to 3-9, it is now possible to design an elliptic function high-pass filter that ensures a
cutoff frequency fp, a ripple attp(db) in the passband, and a minimum attenuation
atts(db) at frequency fs. Here we show how to design an elliptic function high-pass filter
given the filter order m, the cutoff frequency fp, the ripple attp(db) in the passband, and

the frequency fs at which the minimum attenuation is reached.

TEFIREE N A /32 7 1 )L S DEHERE

ig{fir(\db) Frequency response of elliptic function
0 WD) L 0db
ap Passband ripple -attp db
attp(dB)
BEFRIZEF e e 7
T2 &Y LA
There is a ripple
in the blocking area
FH IS ) 7L
“atts — HE S MR
TN o Attenuation in fs atts (dB)
\/ fp is the passband edge

fs=fo/Xs fp=fc Rl
RERLIET SN By o

3 —4 FHBENA SR T 4V Z OB

Figure 3-4 Frequency response of elliptic function high-pass filter
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x, =1,/ [, =Vk, e=~10"""—~1

w2yt (14 2v)K(x, )

L'=x," [] s* X, (3—23)
v=0 m
atts:1010g[1+52L2] (3—24)

XD, HIEEEEEZHERL, ZNURERICHI NEIDEMRELET, LT, (83—
21), (3—22) ITX-o CiEmaket & £4,
to check the minimum damping and see if this meets the requirements. If it is

satisfactory, continue the detailed design according to Equations (3-21) and (3-22).
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Chapter 4 Synthesis of High Pass Filter

4—1 NAIRRT 4 EDEFEEFEBRBR
a. NZ—T—ZANAIRAT 4 )LH
b. T BV = TINAIIRAT 4 VK
c. TV TINAIINRT 4 VH
. FEMABIENA RN T 4 H
4-1 Types of High-pass Filters and Their Basic Circuit Forms

(oW

a. Butterworth high-pass filter

b. Chebyshev high-pass filter

c. Inverse Chebyshev high-pass filter
d. Elliptic function high-pass filter

1IRDNA XA T 4 )V FFEARAEE  First-order high-pass filter basic circuit

R2
R1 o o
ARS8} ™
-
,:
3 Lo Vdc
OP1 LM324
0 hp1.cir

4—1 1IRONAIRAT 4 ZFKEIFE hpl.cir
Figure 4-1 1st-order high-pass filter basic circuit hpl.cir

4—1 NANRT 4V E O L FEARRKEX
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hpl_ 1. c i r DOI=EREH
R, s

e R S (4—1)
R s+(l/CR)

2RDINA XA T 4 )V HFHKEEE Second-order high-pass filter basic circuit

I i §
C3 4 g R2
1 Vss
—{}——{} 4 P
c1| c2 b
v+/’/
a1 ™
oP1 LM324
o
& HP1
0

4—2 2WDONA AT 4 )V HFHAREEE HP 1 (hpatl_2.cir)
Figure 4-2 2nd order high-pass filter basic circuit HP1 (hpatl_2.cir)

. Vss
- \\
R1 f

V="
< ~
' 1 v~
e s
c1 w Vdd
C2 oP1 LM324
RZ >
2
2>
4 HP2

M4—3 2DNNARAT 4 VFZEARKE HP 2 (hpat2_2.cir)
Figure 4-3 2nd order high-pass filter basic circuit HP2

4—1 NAIRRT 4 )VE OFEFE & AR EEIE
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hpatl_ 2. cir®xEMEE Transfer function of hpatl_2.cir

e s’
H2(wp’s)__aS2+C1+CZ+C3S+ 1 (4-2)

GGR, GGR R,

hpat?2 2. cir®xEMEE Transfer function of hpat2_2.cir

2
S

Hy(0,5)=—c¢ 1 (4-3)
R
C’1 C2R2 Cl CZRI RZ
. - . - \ . .
M4
- -
-
L AL
a3 IviD4
-
R | -
B 4 124
-
-

LP3, HP3, BP3, BE1 (et1)

4—4 2RONAIRAT 4 ZFKEIE lpetl_2.cir (K2 —5&[RLT)

Figure 4-4 Second-order high-pass filter basic circuit Ipet1_2.cir (same as Figure 2-5)

lpetl__2. cir®OEEREE Ipetl_2.cir transfer function
R
sP
R, C,’R, "R,
R
Ry g2 3Ry S+—7—
C,R,(R,+R,) CR,

Hy(@,.s5) = (4—4)

4—1 NARRT 4 )V Z OFSE & HEAREFEE A
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p3 R P4
[ . m— —_— *—. —_ @ — —
IF
| 1 i
v —
Rb I Rt M - -
.- — e — . — ‘
P1 LM24 4 |
e 0 0OP? LM324

LP4, HP4, BP4, BE2 (et2)

4—=5 2WDNAINAT 1)V Z HAKEE Ipet2_2.cir (K2 —6 &£FL)

Figure 4-5 Second-order high-pass filter basic circuit Ipet2_2.cir (same as Figure 2-6)

lpet2_ 2. cir®ORERE Ipet2_2.cir transfer function

(1Y
e R VY-
_ Ny b
Hz(a)l”s)_ l+kd R. » kd+kr+4—4kk 1+ kr
685"+ S+—5—
C,R,(1+ kd) C, 'R, (1+kd)

(4—05)

B—/NAT gV H T NANRAT g VRS D L B =27 4 v Z O VRO BEEKIZIR
DNNAINAT 4V Z BB S ND,

ZL T, B—=RRAT7 4 WZ DAROBEIE, 2RO NA /NAT 4 VHEBRLIS LD,

When a low-pass filter is converted to a high-pass filter, the first-order function of the

low-pass filter is converted to a first-order high-pass filter.

The second-order function of the low-pass filter is then converted to a second-order high-

pass filter.

4—1 NARRT 4 )V Z OFSE & HEAREFEE A
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4-2 Determination of application and circuit constants for each filter characteristic for
each circuit type
INA ISR T 4 VB DO FEIA

a. NE—=TU—=ANAINAT 4 )L H

b, Tz =2 TINAI/RNRT )X

c. WF B2 TINAINAT 4 )VH

d. fHHBEENA RZT7 4V F
Types of high-pass filter characteristics

a. Butterworth high-pass filter

b. Chebyshev high-pass filter

c. Inverse Chebyshev high-pass filter

d. Elliptic function high-pass filter

4—2—1 1ROEBONAIXZ T 4 )LE~DEF
4-2-1 Application of a first-order circuit to a high-pass filter
BIZIE, NF =T =ANANRZAT 4 NVEDIsER (3—5), (3—6) X7 404D
KEmMPEFEOGEITIE, 1ROEEE & 2 ROEFE ORI L 0 FEH S, m2B3MEHo
RFIZIE 2 IRODIEE ORI K 0 EBLI D Z LY £3, ZORF, annb d £ TOFR
PEDNANRAT g N FFRTUTH LT, TROERIThp 1_1. ¢ i r BMEHINET,
For example, from the transfer functions (3-5) and (3-6) of the Butterworth high-pass
filter, it can be seen that when the order m of the filter is odd, the filter is realized by
connecting the first-order and second-order circuits in series, and when m is even, it is
realized by connecting the second-order circuit in series. When m is an even number, it
1s realized by the vertical connection of the second-order circuits. In this case, for all

high-pass filters with characteristics from a to d, the first-order circuit is hp1_1.cir.

4—2—2 2ROEEDNAINRT 4 )LE~DERA
4-2-2 Application of second-order circuit to high-pass filter
BlziX, hpatl_ 2. cirbhpat2_2. cirlidaXObDRED/ AR
TANEOFEBUHAKE T, 72, lpet1_2. cirklpet2_ 2. cir
T c & dDREDNANAT 4V ZOFRFUH AR ET,
For example, hpatl_2.cir and hpat2_2.cir can be used to realize high-pass filters with
characteristics a and b. For example, hpatl_2.cir and hpat2_2.cir can be used to realize

high-pass filters with characteristics ¢ and d.

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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4—2—a NE—T—ZANAINRT 4 )LEA~DEA
4-2-a Application to Butterworth high-pass filter

NWHE =T —=ZANANRAT ANV EZDOREm, Ay VA T7HERSf, L3508 &,
[ = ceil ((double)(m—1)/2)—1 £ LT, (3—1), (3—3) Zz@HT DL, "F¥—T—2R
A IRAT 4 v Z DIRZEREIE

When the order of the Butterworth high-pass filter is m and the cutoff frequency f,,
applying (3-1) and (3-3) as [ = ceil ((double)(m—1)/2)—1, the transfer function of the
Butterworth high-pass filter is

mA & THiE,  When mis odd

! 2

H(o,,5)=——] [~ = (3-5)

B s+, oS +(a)ck/Q,€)s+a)ck2

mMEE THILE, When m is even

/
H,(o.,9)=]]5 > (3—6)

(3—5), (3—6) IZBWT Inequations (3-5) and (3-6)

Dy = COS(MJ ...... (0<k<])

2m
(7(2k +1+ m)
g, =sin| 2T 0<k<D)
2m
Oy =———=0, (3-7)
Py t4q;
0 _ Vpita 1
‘ 2p, 2p,
o, =271f,

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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1 RDOMIEEE S 1st order section

(3—5) Xvhpl__1. cirMEAINET,

(4—1) & (3—5) ODIROHEEZKELT, FlFE21LT5L,
From equation (3-5), hp1_1.cir is used.

Comparing the first order terms in equations (4-1) and (3-5), with a gain of 1,

R =R,
o, =— (4—6)
ClRl

ZIT, A E—F U RERIZ K OVER AR F SFAEAL £,
ZECEBLUORDA Y E—F R 2GS HEREEXD L, FSFIX, 7y A7 ERE %
f.& T Dk, FSF =2nf, # RO LET,

We now introduce the impedance conversion factor Z and the frequency conversion factor
FSF. Z represents the multiplier that multiplies the impedances of C and R by Z. FSF
represents the FSF =27f, when the cutoff frequency is f..

R=R =2 _
(4—17)

C =1/FSF/Z

2 IROEIEEE S 2nd order section

hpatl_2. cir%ffHT%5%4A  When using hpatl_2.cir

FFEL1Ed2E, (4—2) & (3—6) K0C,=C &b ET,

C,=mC,C,=C,R,=R,R,=kR L% & .

If the gain is 1, then from equations (4-2) and (3-6) we get C, = C,.

it C,=mC,C,=C,R =R,R, = kR,

1 1
a)ckz = = 2 (4 - 8)
C2C3R1R2 mk(CR)

o, C+C+C  2+4m (4—9)

0. GCR, mkCR

(4—8), (4—9) »5. From equations (4-8) and (4-9),

P 1 B (2 + m)2 o’

* mk(CR)2 mzkz(CR)2 ¢ (4—10)
2+m)
PP ChaLl)
m

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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W->T, m=1,k=9-Q2 . B¥EEZ, FSFZHEMHL T,
Therefore, applying the conversion coefficients m = 1,k =9- Q2 , Z and FSF,
FSF =mko, ,R, =Z,R, =kZ,C,=C,=1/Z/FSF,C,=m/Z/FSF  (4—11)

2 RDEIEEESr 2nd order section

hpat2_ 2. cir#zffiHT5%4E& When using hpat2_2.cir
(4—3) & (3—6) &v., C,=mC,C,=C,R=R,R,=kRE:T2&,

From equations (4-3) and (3-6), if C, =mC,C, =C,R, =R,R, = kR,

2 1 1

a)ck = = 2 (4 -1 2)
Cl C2 R1 R2 mk( CR)

a)ck:C1+C2:1+m (4—13)

0O, CGCR, mkCR

(4—12), (4—13) 75, From equations (4-12) and (4-13),

o 2 1 _ (l+m)2 5

ck T 27 o0 2 2k

mk(CR) m'k (CR) (4—14)
(1+m)2 )

Sk=—0;

m

P> T, m=1,k=4-Q2, EHf%¥z, FSFZ@#ALT,
Therefore, applying the conversion coefficients m = 1,k = 4- @2, Z and FSF,

FSF =Jmkw, ,R =Z,R, =kZ,C,=m/Z/FSF ,C, =1/Z/ FSF (4—15)
EXITHRNT, 0, KTQ1F (3—7) IZHEVET,

In the above equation, @, and Q, follow Equation (3-7).

121

T = T T 1 4 | .""-ﬁ__ —
2 4 5 T
m ISHPI 1

4 —2 FEEIERO T 4 )V ZRetE T & O & RIS EEORE
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4—2—b FIEYITINAIRRT 4 IILEA~DEA
4-2-b Application to Chebyshev high-pass filter
Fx B TINANRRT 4 VE OB, By N7 FBEES,, @ik U 7 vattp(db) &
95 L&, [=ceil((double)(m—1)/2)—1 L LT, T BT =TI NAIRRAT 4 )LZ DIRE
%, (3—2), (3—3) Z@MHLT,
When the Chebyshev high-pass filter order m, cutoff frequency f,, and passband ripple
attp(db), as [ = ceil((double)(m—1)/2)—1, the transfer function of the Chebyshev
high-pass filter is, by applying Egs. (3-2) and (3-3),

mA & THiE,  When mis odd

s s°
H = 3—10
m(a)c,s) s+ o, gsz +(a)ck/Qk)s+a)ck2 ( )

m2MEE THILE, When m is even

2

l
S
H (o,,5)= (3—11)
( ) 20 s2+(a)ck/Qk)s+a)ck2
(3—10), (3—11) IZBWT Inequations (3-10) and (3-11)
£=~10“"" —1
2k +1 _
ak—”( ) K=oy, "1
2m 2
d :lsinhl(lj
m &
. ) m—1
=sin(a, )sinh(d) > 0............ k=0,1,..,—
py =sin(a, )sinh(d) 2 (3—12)

g, = cos(a, ) cosh(d)

a)c
RN P
0, - Pi+4;
2p,
a)c
@ = sinh(d)
w, =271f.

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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1 RDOMIEEE S 1st order section

hpl_1. cir2MEHAINET, hpl_1l.cir will be used.

By NAZEABEEE S, ROMEZETHE, (3—12) XV,

If the cutoff frequency is f, and the value of R is Z, from Eq. (3-12),

o, =27f,,0, = o, [sinh(d), FSF = o,

R=R =2 (416
C,=1/FSF/Z

2 D EIEE7r  2nd order section
hpatl_2. cir#%fHT%5%4 When using hpatl_2.cir
INB =T —=ZANANAT 4 VE OEE L FRFRIC, EOEmIZx LT,

As in the case of the Butterworth high-pass filter, for positive values of m,

(2+m)

k= 0; (4—10)

WoT, m=1k=9-Q¢ , B Z, FSFZEHLT,
Therefore, applying the conversion coefficients m = 1,k =9- Q2 , Z and FSF,

FSF =~Imke,,R = Z,R, =kZ,C, = C, =1/Z/FSF ,C, =m/Z/FSF (4—1 1)

ERThWT, o, KOQ 1T (3—12) IZEWET,
In the above equation, @, and Q, follow Equation (3-12).

hpat2_ 2. cir %7544 When usinghpatZ 2.cir
NG =T =ANARNAT 4 Z DY ERERIC, IEOEmMIIX LT,

As in the case of the Butterworth high-pass filter, for positive values of m,

2
k=(l+m) 0! (4—14)

WoT, m=1k=4-Q , BRI Z, FSFA#EHLT,
Therefore, applying the conversion coefficients m = 1,k = 4- Q2 , Z and FSF,

FSF =~ mkw,,R =Z,R, =kZ,C, =m/Z|/FSF ,C, =1/Z| FSF (4—15)
ERITRNT, 0, KOO, 1T (3—12) IZHEVWET,

In the above equation, @, and O, follow Equation (3-12).

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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4—2—c BFIELTINANRRT 4 ILE~DER
4-2-c Application to inverse Chebyshev high-pass filter

WiF = B2 = TNANRRT7 4 W FOREm, AR f 2B S Ratts(db) & T 5 & &,
[ = ceil((double)(m—1)/2)—1 LT, (3—2) 5 (3—4) Z@HLT, #F=t
T INANAT 4 F DIREREIT,

Let the order m of the inverse Chebyshev high-pass filter and the attenuation ats(db) at
frequency f, be [ = ceil((double)(m—1)/2)—1. Applying equations (3-2) to (3-4), the

transfer function of the inverse Chebyshev high-pass filter is

mA & THiE,  When mis odd

! st +r]
H,(0.5)=——] - (" +17) _ (3—14)
s+, 08 +(w,/0)s +a,
mMEE THILUEX, When mis even
! st +r]
H,(o.5)=]15 (" +10) . (3—15)
k=0 S +(a)ck/Qk)S+a)ck
(3—14), (3—15) IZBWVWT Inequations (3-14) and (3-15)
1
E=—-—
V10" —1
2k +1 -
G K=oy, "1
2m 2
d ——sinhl(l)
m £
sin|a, ) sinh(d -1
P =— (2") ( ) k=012~
1+ sinh*(d) —sin (ak) 2
(3—16)
cos(ak) cosh(d)

7= cosh’(d) + cosz<ak) -1

r, =, cos(ak)

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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(0

C

VD +4;

Q =
¢ 2p,

1 ROFEIFESr  1st order section
(3—14) EVbhpl 1. cirMEHIIET,
By NAT A E f, ROWMEZETDHE
From equation (3-14), hp1_1.cir is used.
Let the cutoff frequency be F and the value of R be Z,

o, =27f.,0, = o, sinh(d), FSF = o,

R=R =7
(4—17)
C =1/FSF/Z
2 DAy 2nd order section
lpetl__2. cirZfil75%% When using lpetl_2.cir
(4—4) & (3—15) XV, R, =R, From equations (4-4) and (3-15),
1
2

o, = (4—18)
ck CbZRbZ
rkzz%:&a)ik (4—19)
C,R!R, R,
O SR (4-20)
Qk CbRb(Rl + R4)
(4—18) & (4—20) &b,
9R12Qk2 = (Rl + R4)2
(4—21)
R1 = R4 (Qk > l)
30, -1 3
(4—19) kb,
}/_2
R, =—5R, (4—22)
a)ck

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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(4—18) b, From Equation (4-18),
FSF=w,,R,=Z,C,=1/Z/FSF (4—23)
2 RDEIEESr  2nd order section

lpet2_ 2. cir %7554 When using Ipet2_2.cir

(4—5) & (3—15) X9, From equations (4-5) and (3-15),

rt = } : (4—24)
Cb Rb
0, = Zl;l-kr :1+krrk2 (4—25)
C'R (1+kd) 1+kd
ﬁzkd+kr+4(1—kk)=kd+kr+4(1—kk)rk (1—26)
O, C,R,(1+ kd) 1+ kd
1+kd R
(4—25) XV, From equation (4-25),
2 2
h:(&j (1+kd)—1>(%j ~1>0.....0 kd >0 (4—28)
Ve Ve

7. krEk (4—28) ZWMRERTHEICRELES, Zo&E, (4—25) kb,
First, set KR to a value that satisfies Equation (4-28). At this time, from Eq. (4-25),

T

2
kd:(—] (1+kr)-1 (4—29)

a)ck

(4—26) XV, From equation (4-26),

kd+kr+4(1—kk):M
1.0,
i+ ks 4 Pl TR
o kk = 9 o (4—30)

4
2 2
Qk(a)ck -1 )+rka)ck

cokr > > 5
Qk(a)ck + 7 )_rka)ck

(4—27) X9, From equation (4-27),

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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1+ kd
Y kk

R, (2—46)

oT, (4—24) K0, BRREEFSF=r L35 &,

Therefore, from Equation (4-24), if the conversion factor is FSF = s

FSF =1, R, =Z,C, =1/Z/FSF R, = Z/2

R2=2Z/kr,R3=(kk—1)R5,R4:%R6 (2—47)

C, =2C,,C, = kdC, /2

1 & 29 % kr i3 LT,

2

2 2 _ 2
a)ckj | Qk(wck_rk)+rkwck
-1, .
Qk(a)ck +rk)_rka)ck

L, kr> max[(

Ty

2 2 2
Ol\w, —r |+ro,
However, for kr that satisfies kr>max[[&j -1, k( Zk kz) ek ,
) Qk(a)ck+rk)_rka)ck
2
kd=tiJ(Hkﬁ—1 (4—29)
a)ck
1+ kd
kd ks 4 CallHRd)
e = y rQ (4—30)

4 — 2 KR D 7 o VEEEZ L O & B ERORE
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4—2—d HEABBNAIRAT 4 ILE~DER
4-2-d Application to Elliptic Function High Pass Filter

FEM B NA RA T 4V F OWREEm R, By A 7R p. @i@isEo U 7
attp(db) . A % f s (B W TR KB = & atts(db) 2 # * 5 2 H & .

x, =1, /f,=Vk, ,=27f,, K=K(k)&LT, (zE£BT

For an elliptic function high-pass filter of order m (unknown), cutoff frequency fp,

passband ripple attp(db), and minimum attenuation atts(db) at frequency fs, the transfer

function,as x, = f,/f, =1/k, ,=27,, K= K(k)

mMN A OK;  When m is odd
x,, = sn(2vK/m) (1—-127a)

m2MEE DK When m is even

xzv=sn[(2v—1)K/m] (1—127b)
x, =L (1—128)
(m-1)2 1 _ 2 m2 1_ .. 2
a=T1 % . -1\ (1-129)
v=1 l_xz‘, v=1 l_xz‘,
K(k)K'(L™)
o= 10910 _q L= \/(loatts/IO . 1)/(10attp/10 _ 1) Com=

K'(k)K(L")

m#% Y)Y EiF 4% Round up m
LT oW (3—2), (3—3), (3—4) #@MHLT,
Then, by applying equations (3-2), (3-3), and (3-4)

mMNEH O When m is odd

2
¢ (m-1)/2 x; {52 +(a)p/xv) }
I1

+ - 2
s+w,/0 4 (ml)/zCHqu(S2+19vws+wl’j

Hm(a)p,s)z (3—21)

P

qV qV
reiZL. Cy, o, p,, qIZRAEWZTEDOE LET,

4 — 2 ZRIPEEXO 7 4 V2R L O & R EER DR E
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However, C,,, o, p,, q, shallsatisfy the following equation

(m-1)/2 2 (m1)/2

2 s
H [s2 +xvza)p2] +&°CH —
a)P

v=1
(m-1)/2

= —Ch,z(s2 — 02) 11 [s4 + (2qv - pvz)s2 + qu]

v=1

2
2 2 2
[ +x.%0,]

v=1

mMEZ DK When m is even

Hm(a)p,s) = lm/_i xi{sz +(a)p/xv) }

(3—22)
V=1 602
2 Cqu(s2 4 P a)ps+”j

q, q,
L. ¢, o, p,, q 3R EWZT DL LET,
However, C, , P, ¢, shallsatisfy the following equation

m/2

2 273 2m/2 2 27?

2 2 2

II[S +xva)p] +¢&°C, I |[s +xzva)p]
v=1

v=l

m/2
= CHZH[S4 + (2qv - pvz)s2 + qu]
v=Il
(3—31) £ (3—32) % (4—4) & (4—5) O2WAXDERIy &bl LT MBI
INAIRZT 4 VE AR LET,

By NATEESE o, =27, LET, BRI T, Cy,0,x,0,,p,,9, 03 KO i

TWHHDELET, I, FEXEHVLT T 2T 572D, 0, = x,0, ELET,
Compare equations (3-31) and (3-32) with the quadratic parts of equations (4-4) and (4-

5) to synthesize an elliptic function high-pass filter. Let o, =27yfp be the cutoff
frequency. We assume that CH,O',xva)p, P,.q, has been obtained prior to synthesis.
Furthermore, to make the equation easier to understand, let ®,,=x,@, be

1 ROEIEEE 5> 1st order section

EFRLY .

HAQMQFlﬁwf\hp1i1.cirﬁ@méniﬁo
From the definition, since ‘Hm (a)p,OO)‘ =1, hpl_1.cir is used.

FSF=w,/c. R =R,=ZC =1/Z/FSF (4-31)

4 — 2 ZRIPEEXO 7 4 V2R L O & R EER DR E
4—2—d FEMBIEANA AT 4 VE ~DEH 199 / 461



TIT 4T T 4 NE DG E Gk
WAE NIRRT 4 VE DA

2 kD EEESSr  2nd order section
lpetl_ 2. cir#z#HT%%E When using lpetl_2.cir
(4—4) & (3—22) X9, From equations (4-4) and (3-22),

Rl (4—32)
qv CbRb

R R, @
@, =—H—=2-"L (4-33)

Py 3R, 3R®,
Py, _ _ (4—134)
g, " GCR(R+R) (R+R)Wa,

x2 x>
=——Y  (m=odd G=——=2—(m=even) £ LT, R, =GR
(m—l)/Z CHO'qV( ) m/z(Cqu( ) 3 2

(4—32) X9, From Equation (4-32),
FSF=w,/\Jq, £ LC. R,=Z,C,=1/Z/FSF (4—35)

(4—33) X9, From Equation (4-33),

2
R, =420 p. (4—36)

@,

L. @, =0,/x, L LET, However, ,,=®,/x, is assumed.

(4—34) X9, From Equation (4-34),

R=—"r R (3 g,-p,>0) (4—37)
3Ja, - p,

2 kR OEIEEESY  2nd order section

lpet2__2. cir %7554 When using Ipet2_2.cir

(4—5) & (3—22) LY. From equations (4-5) and (3-22),
1

®,, = (4—38)
CbRb

o, 1+ kr A+l

0, CR(1+kd) 1+kd

(4—39)

4 — 2 ZRIPEEXO 7 4 V2R L O & R EER DR E
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p,  kd+kr+4(1- kk)

(]_pr (1+kd) @, (4—40)
G=x—i(m=0dd) G=x—i(m=even)& LT
04, s /
X X
As sz(mzodd) G=W;}qv(m=even),

(4—39) XY, From equation (4-39),

2 2

0] 0] .
kr =———(1+kd)-1>—"5-1>0.....0 kd >0 %+ Skricxf LT,

2 2
QVa)OV QVa)OV

2 2

() ()
For kr satisfying kr = —"—(1+kd)—1>—"5-1>0......0 kd > 0,

2 2
ql/a)OV qva)OV

2
kd = L0 (14 ) -1 (4—42)

@,

(4—40) X9, From Equation (4-40),

_kd+kr+4 p,@,(1+kd)

kk 1 2 >1
q,%,,
2 2 ’ (4—43)
. — ,, + w
kl" > ,2; qv (;v pv p0v
a)p + qva)Ov - pva)pa)OV
(4—41) X9, From Equation (4-41),
1+ kd
R, = GR (4—44)
4 kk 6
4 6()127 60127 - qva)gv + pvawo‘/ a
e~ T, kr>max| >—L— > oL, .
qva)Ov a)p + qva)Ov - pva)pa)OV

4 — 2 ZRIPEEXO 7 4 V2R L O & R EER DR E
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2 2
a)P P

Thus, for kr > max| -1,— >
qva)Ov a)p + qva)Ov - pva)pa)OV

FSF =w,,=w,/x,,R,=Z,C, =1/Z/FSF
R =Z/2,R, =2Z[kr R, = (kk —1)R;

&:1+M

GR,,C, =2C,,C, = kdC, 2

7272 L. However,

2
kd = 400 (14 k) =1, kk = kd+hr+d_ p.o,(I+kd)

9 .

wp 4 4qva)0v

4 — 2 KRR O 7 4 V2 EEZ L O A & R E O TE
4—2—d FEHBEEANAIRAT 4 LV Z ~DiEH
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Chapter 5: Bandpass Filter Design

5—1 NYRRRT AL DBEELRRBEET S0
a. NE—T—2ZA)RX RRXAT f)LH
b. F=ztE> =27 KX T 4 )LH
L WF 2B 2 TN RRRAT 4 VH
d. HEHEE A RS2 T 4 v H
5-1 Types of Bandpass Filters and Frequency Response Graphs

¢}

a. Butterworth bandpass filter

b. Chebyshev bandpass filter

c. Inverse Chebyshev bandpass filter
d. Elliptic function band pass filter

N =TT = 2N R T 1L 2D BRI

*gigm) Frequency response of Butterworth bandpass filter
No ripple in passband
EEE O ) Tl
A BEEO TILEL odb
_attp wpl,wp2iZ BT 2 KT E
Attenuation at fp attp (dB)
- WEHFEREEmE LT
—6mdb, o ctXid
—20mdb,/ dec
No ripple in
FH 1k 15 (L e
-atts theorking wes wsl,ws2io BT 2 BRE
o1 and wp2 are passband ends Attenuation in fs atts (dB)
JEE 5
wsl wpl wp2 ws?2 frequency

we
Rl

X 5—1 NZ—TU—=2ZAN RXNZAT 4 )X OB,

Figure 5-1 Frequency response of Butterworth bandpass filter

5—1 N AT 4 F OFEHE AR T 7
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*gj’i E]db) Frequency response of Chebyshev bandpass filter
BRI L
. D) T 0db
-att
s Passband ripple
attp(dB) wpl,wp2iZ B1F 3 iz E-attp db
BRBEE AT
No ripple in D {)%‘L@
the blocking area
FHH IS Y TV EE L
-atts wsl,ws2i2 2}3”’%){@%%
wp1 and wp2 are Attenuation in fs atts (dB)
passband ends frequency
wsl wpl We wp2 ws2 R %
SO R

X5—2 Fxb =T\ KRAT 0 V%O RE R
Figure 5-2 Frequency response of Chebyshev bandpass filter

FF bz TNL P27 40 & OR SN

*Uf% (db) Frequency response of inverse Chebyshev bandpass filter
gain
0 No ripple in passband @3@ L"ﬁ@ U 7°)U(:i5$,£\b\ 0db
-attp

wpl,wp2il BiF 2T E-attp db
Attenuation at fp attp (dB)

=t—— EERMtEF=zE

R ey
Tl 2LV AL

There is a ripple
in the blocking area

HiNintcA2RIA)

SAtS wsl,ws2lc BT A EBE=S
7 el — | /™. Attenuationinfs atts (dB)

l passband ends \/ frequency

wsl wpl we Wp2  ws? R 5

5—3 WF =BT N RRAT L EOEEEEE

Figure 5-3 Frequency response of inverse Chebyshev bandpass filter

5—1 N2 RRRT 4 V& OFEHE & W72 7
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53 N RRAT 4V Z Di&E

BB S FSR T 1L Z DREIEES

I T

%JT%(db) Frequency response of Elliptic function bandpass filter
gain
SR g ) 1]
0 sGh RGO RIR P 0db
-attp S ok HEE-attp db
Passband ripple wpl ,wp2iZ Bl 2 iE=E-attp
Attenuation at fp attp (dB)
attp(dB)
BRESHEEET = &
PRSI PR Y-
There is a ripple
in the blocking area
FRIEXELD ) T o
—atts //\ wsl, ws2lo BT L HE=S

|

|

wp1and wp2 are
passband ends

wsl wpl We

L

wp? Wws2

™ Attenuation in fs atts (dB)
\} frequency

[l E

X5 —4 FHBEENY RN T 1 v 2 O R

Figure 5-4 Frequency response of elliptic function bandpass filter
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5-2 Converting a low-pass filter to a band-pass filter
HLEES f(o, =2f). @i LR, RO EEEwpl,wp2iZ B1F 2 0=
attp(db), BEELIRTT D H{EZ@WSI ws2lC BT Al Eatts(db) DN KRR T ¢ L4

DIEEBEIL, o, = 1ICBL TlEtatpdb), o, = (0, - 0,)/(0,, -0, ) 128 THEE

s +w}

Hatts(db) & L TRt LIz — R A7 4 L X DGZEBEICB W Ts Db 0 I AV

B s

w

N fo(@, =27f)) Bo, LHERZD T L THRONET,

I AV ERRTANFOQEQ, & LI &, B, =

=0, —®, CT. attpdi#
bp

WO ER, TRICBITAHEETHY | NF—TU—R7 4 VX OEHattp=3.01EE, &
2BV =TT 4 VE O attpld Y TSIV OEEELET,

The transfer function of the bandpass filter with center frequency f.(®@,=27f.),
attenuation attp(db) at the upper and lower passband frequencies wpl and wp2, and

attenuation atts(db) at the frequencies ws1 and ws2, which specify the attenuation, can

2 2
@,

. . . N . . .
be obtained by substituting for s in the low pass filter transfer function

B s

w

designed as attenuation attp(db) in @,=1 and attenuation ats(db) in

o, = (a)s2 - a)sl)/(a)I72 — a)pl), and then rewriting f,(®, =27f,) as o,.

Oc =
2
pr g

attenuation at the upper and lower limits of the passband; for a Butterworth filter, attp

Here, Q for a bandpass filter is pr, and B,

—®,,. attp is the amount of

= 3.01 fixed, and for a Chebyshev filter, attp is the amount of ripple.

1 RDOEEEOZEHE  First-order circuit conversion
NHE—=T—=2Z2DK, (1 —7) {2V TiL, For Butterworth's equation (1-7),

, 1 1 B.s
— - 2 = 3 (56—1)
s+o. s+1 s +a)c+1 s°+ B s+ o,
B.s
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W=, ZBFTLT7A A%, 4, =1 Thegain 4 at w=w, is 4, =1
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Fozbv 270K (1 —-31) LHFobT 270K (1 —42) T2 TIE,
For Chebyshev's equation (1-31) and inverse Chebyshev's equation (1-42),

@y w, _ B w,s
s+, s2+a)§+a) s>+ B,w,;5+w;
d
B, s (5—-2)
N B w,s

s’ +B,w,5+ o’
0= ZBT57514 A%, A =1 Thegain 4, at w=w, is 4, =1

FEMBIE DR (1 —140) 122\ TlE, For the elliptic function equation (1-140),

1 1 B.s
= 2 =2 2
s+o s +o, s*+ B, o5+,
+0
B.s (56—3)
B s
_)

w=0,lBF557 4 A41%. A =1/c Thegain 4, at w=w, is 4 =1/

2 RDOEIFE DR Second-order circuit conversion
(1—7), (1—8), (1—31), (1—32) KX (1—42), (1—43) 2oV TIi,
The formulae (1-7), (1-8), (1-31), (1-32), and (1-42), (1-43) are

2 2

a)ck N a)ck
2, / +w 2 2 2?2 2 2
s (a)ck Qk )S @ s+ C()c N C()C 2
+ (a)ck/Qk) S+,
B.s B.s
2 2 2
— wacks ( 5 . 4)
B w B w’w
st ek g +(2a)f +Bza)f,€)s2 e RN
k k
2 2 2
— Bwa)cks
(32 +Ks + La)f)(s2 + Ms + a)f/L)
B w
w7 ck ( 5 _ 5)

K=LM, M=
(1+L)Q,
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412 4 2 2 2 2 2 .2 2 2 4
l,=B0,w, +8B.0,w. 0, —4B, 0.0, +160, v,

l, = B,Q; w, +4Q; 0} -2 (5—6)
I = \/Z"'\/E\/ l, +\/ZQ/¢ B o, +szQ/ca)5k
40,

(1—7), (1—8), (1—31) B (1—32) 2ZH#L7 (5—4) 1908k
o =oNLto,=0 NLO2oDIRDAY FART 4 V5 B REGEBHGT 5 2 L 5%
bLTWET, FLAESo=0,, ¢ 0= 0, B 271 v AITAENTELL,

Equations (1-7), (1-8), (1-31), and (1-32) transformed (5-4) represent two first-order
bandpass filters of center frequencies w,=w VL and o, =, / \/Z connected
vertically. The following equation (5-4) represents two first-order bandpass filters
connected vertically at the center frequencies w=w,, and @ = w,,. The gains 4, at

the center frequencies w= ®,, and o= ®,, are equal to each other,

Bw’w o, Bw?

A22= wck™ra”"rb _ Zwck
Ko, Mo, KM (5-17)
A — Bwa)ck
2

Mo T (5 —4)ZOEDRICEZMI Clo=0,, b 0=0,lBT57 14 A,%3HEL,
(6—=7) ZEALTHLKRDNY FRRAT 4V E OIRERBERELET,
Therefore, rewrite (5-4) as follows to calculate the gain 4, at w=w®,, and 0=,

and apply (5-7) to determine the transfer function of each first-order bandpass filter.

2 2 2 2
a)ck N Bwa)ck‘s
s*+(w,/0)s+w,” (s*+Ks+Lao?)(s*+ Ms+a?/L
( k/ k) k ( c )( c/ ) ( 5 — 8)
B Gs G,s
(52 +Ks+La)f) (s2 + Ms+a)f/L)
Gla)m — Bwa)ck Gl — Bwa)ck K/M — Bwa)ck K
Ko, KM VKM (5—9)
G2a)rb — Bwa)ck G2 =Bwa)ck M/K — Bwa)ck M

Mo, KM N KM

5—92 m— AT 4 NEENY RISAT 4 LRI 5
209 / 461



TTT 4 77411/&@an+& EIE}Z
WHEE N RRRT L DG

toT, (1—=7), (1—=8), (1=31) BLV (1—-32) 2EMLIZ AV FRZT 4
IV Z DARERABUT AN IR D L D127 0 £,

Thus, the transfer function of the bandpass filter transforming equations (1-7), (1-8), (1-
31) and (1-32) ultimately becomes

o, N BLw,s’
s +(w,/0)s+ @, (s2+Ks+Lcof)(s2+Ms+a)f/L)
Bwa)ck Ks wack Ms (5_ 1 O)

___JKM JKM

(s2 +Ks + a)fa) (s2 + Ms + a)fb)

(5—10) IZ8BW\WT, In Equation (5-10),

K=LM, M=_DuPa_ (5—5)
(1+1)Q,
[, = BfVQ,fa)fk +8vawa§0) 4B 0 a)ck +16Qk
l,=B.Q/w. +40;0’ — 2w’ (5—6)
\/_+\/—Vl +\/_Qka ck +B\iQka)czk
40, 0;
a)ra:a)c L‘ wl‘b:wc/\/z (5711)

BN RRATZ 4V EZOFLEAEE o,,,0,280 574 0%

The gain at the center frequency WAB of each bandpass filter is,

A2 Bwa)ck (5_7)

JKM

WIZ, T =227 — A7 4 NZD (1—42), (1—43) IZ25WVWTIL,
Next, equations (1-42) and (1-43) for the inverse Chebyshe flow-pass filter are,

2 2 2 2
rkz(s2 + a)f) rSst+ (va +2r, cof)s2 +r 0!

rk2s2 +1—> 7 = e ‘
2 2 2 W2 2 ' (5 —1 2)
T, (s +Na)c)(s + . /N)
- B*s*
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_ D2 2 2
n, =B, +4r o,

n, =B +2rlo’ (5—13)
N — \/n_le + n2
2rlm]

WoT, (1—42), (1—43) IZo0VWTiX (5—4) & (5—12) b,
Thus, from (5-4) and (5-12), equations (1-42) and (1-43) are,
a)ckz(rkzs2 + 1) r,(za)fk(s2 + Naof)(s2 + /N)

(5—14)
s +(w,/0)s+ @, ” (52 + Ks + La)f)(s2 + Ms + a)f/L)

(6—=6), (5—=13)IZBVWT. N>L>IDBHRLTHDT, o, :a)c\/z, ,, = a)c/\/z
EF5E. (6—14) Wy b AT7EER®, D2ROT—1NZAT 4 VZ Ty N TE
B, D 2IRDINA IS T )V F Dfftfitlft T D Z &R0 £77,

In equations (5-6) and (5-13), since N >L>1 holds, and @, = a)c\/f, W, = a)c/\/Z,
we see that (5-14) is the vertical connection of a second-order low-pass filter with cutoff

frequency w,, and a second-order high-pass filter with cutoff frequency w,, .

w=0_, 0=0,FNENOREHICHBTS 7 A BELL A, ThsEToHE,

Suppose that the gain at each w=w®,,, @@= ®,, frequency isequal 4,,

2 2 2 2 2 2
_ rk a)ck(ch - a)ra )(a)rb - a)c /N)

AZ
2 KwraMa)rb
_ rkza)czk(N_L)(l/L—l/N)a)f _ r,fa)fk(N—L)z »’ (5—15)
KMo? KLMN ¢
D (e

10,0, = o,
KLMN *© KJN

Gl(s2 +Na)f)
(6—=14) Or—/S2T7 4 LF T OIREREE — EEZRDE, w=0,
(s + Ks + La)c)

BT A afH LT, (6—15) Z@EMTD L,
Considering the transfer function of the low-pass filter portion of equation (5-14) to be
Gl(s2 + Na)f)

(sz +Ks+ Lo’

) , the gain at @ = ®,, is calculated and (5-15) is applied,
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G(N-L)w: g (N-1L) L) 0
KVLo, NG (5—16)
-~ G =rw, JLIN

G ( 2+a)f/N)

(s +Ms+a)f/L)

0=, \IBTIHTAEFHELT, (5—15) ##EHTS L&,

[FERIZ. (B —14) DNAINAT (V2R OIRER R E LERD L,

Gz(s2 +a)f/N)

s2+Ms+a)f/L

Similarly, considering ( ) as the transfer function of the high-pass filter

portion of equation (5-14), if we calculate the gainin @ = ®,, and apply (5-15),
G, =rw,N/L (56—-17)

oT, (5—14) ITkDEHICEXHBZ OENET,

Thus, equation (5-14) can be rewritten as

a)ckz(r,fs2 + 1) rlol (s2 + Ncof)(s2 + /N)
s*+(0,/0,)s + @, -~ (52 +Ks+ Lcof)(s2 + Ms + a)f/L)

(5—18)
 r@ JLIN(s* + No}) o, [N/L(s* + o} /N)

(s2+Ks+La)f) (s2+Ms+a)f/L)

(5—18) IZBWT, Inequation (5-18),
K=ILM, M=_DuPa_ (5—5)
(1+L)Q,

l=B4Q,f fk+8vaQ,fa)fa)ck 4B ’ a)ck+l6Q,f 4
l,=BQ!w. +40;0’ — 2w’ (5—6)

\/_+\/_\/l +\/_Qka ck+B\iQka)czk
40,0,
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=B +4rlw’
n, =B +2rlw} (5—13)

\/_B+n2

2rlm

(5—18) Oy "NATEEHw, D2ROE—/INAT 4 LEDDCIZBIFD7 AL,
By NAT B @, D 2RO NA XA T 4 )V H OFRREEIERKICEIT D7 A 3% UL,
The gain at DC of the second-order low-pass filter with cutoff frequency @, in (5-18)is
equal to the gain at frequency infinity of the second-order high-pass filter with cutoff

frequency w,,,
A2law:A2high:rka)ck N/L (5—19)

WIZ, ¥HBEAE e — X7 42D (1—140), (1—142) %
Next, equations (1-140) and (1-142) for the elliptic function low-pass filter are,

1 1
2 - 2
N +pvs+qv (S2+a)jj S2+a)3
+p, s+q,
BWS w
BZ 2
! 3 2 4 (5—20)
s+&g;+@w+8q)s+%pﬁs+@
B’s?
- (s2 +K5+La)cz)(s2 + Ms+a)f/L)
K=LM, M=2uPr (5—21)
1+ L
[, = Bqu 4Bwpva)c +832qva)c +16a)
l,=Bq.-2p.w +4q,0’ (56—22)

\/_+\/_w/l +\/_qVBW+B2
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F7e, (1—140), (1—142) 1%,
Equations (1-140) and (1-142) are ,

2 2)\?
2 2 2, 2 S ro, 2
s +(xva)) -5 +x (@co =1)—>—+x
P v P B’ v
oS
st +(vaxi +2a)f)s2 +o! (s2 + Na)f)(s2 + a)f/N)

2.2 2.2
B.s B.s

_ p2.2 2 _p2.2 2
n=Bx +4w., n,=B.x, +2w.

N = \/n_lexv+n2

20’

c

(5—23)

(5—24)

(6—20) BXO® (5—23) I2&v. Byformulas (5-20) and (5-23),

s+ x> (s2 +Na)f)(s2 + a)f/N)
s +p,s+q, ” (52 +Ks+La)3)(s2 + Ms+a)3/L)

(5—25)

(6 —22), (56 —24) IZBWT., N>L>I T H DT,
o =oAL, o,=0 [JLETsL. (6—25) Zhy M7 @Ko, O 2%KDE—
INAT 4B LTy AT AR @,, O 2 RDONA /SAT 4 )V B ORfiEfeERe Td 5 2 L3

53N ET,

In equations (5-22) and (5-24), since N > L >1 holds,and o,, = o, JL, ®, = a)c/\/z,

we see that (5-25) is the vertical connection of a second-order low-pass filter with cutoff

frequency @

ra

w=aw

and a second-order high-pass filter with cutoff frequency w,,.

o 0=0, TNERORBEICBIT A L NELL 4, ThDET B L,

Suppose that the gain at each w=w®,,, @@= ®,, frequency isequal 4,,

(v - o1}~ /)

£ =

Ka)ra Ma)rb
(-nyL-yNe! (V1)
- KMa? - KLMN ¢
R L) P el D

KLMN ¢ KJN ¢
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Gl(s2 +Na)f)
2

N EFERLE =0,
S +Ks+La)C)

(5—25)®D%Nx74w&%ﬁ®%%%ﬁ%(

BT 7 A aftH LT, (5—26) ZwMTDL,
Considering the transfer function of the low-pass filter portion of equation (5-25) to be
Gl(s2 + Na)f)

(sz + Ks + Lw?

c

) , calculating the gain at @ = w,, and applying (5-26)

2
G,(N - L)o; 4= (N-L) 0
KVLo, KJIN (5—27)
.G =.L/N

GZ(SZ +a)f/N)
FEEIC. (5—25) 0)/\4’/\"274/1/5'%[%7\0)1%%55%1%( T o Z/L)
S S+

EERD L

0=, \IBIDHTAEFHELT, (5—26) Z#EHTS L&,

Gz(s2 +a)f/N)

s2+Ms+a)f/L

Similarly, considering ( ) as the transfer function of the high-pass filter

portion of equation (5-25), if we calculate the gainin @ = ®,, and apply (5-26),

G, =N/L (5—28)

WoT, (5—25) IO EHIITEZHRZONET,

Thus, equation (5-25) can be rewritten as

s+ x> (Sz +Na)f)(s2 + a)f/N)
s +ps+q, -~ (s2 +Ks+La)c2)(s2 + Ms+a)f/L)

\/L/_N(sz +Na)cz) \/N_/L(sz +a)f/N)

(s2 +Ks+La)f) (s2 + Ms+a)f/L)

(5—29)

(5—29) IZBWT, Inequation (5-29),

K=LM, M=2uPr (5—21)

1+ L
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l,=Blq:—4Bp w’ +8B.q 0’ +16w]

l,=Bq.-2p.o’ +4q,0; (5—22)

\/_+\/_wll +\/_qVBW+B2

_ p2.,2 2 _ p2.2 2
n =B x,+4w., n,=B x,+20.

\/_B L+, (5—24)

20?

c

(56—=29) Iy NATEE @, D2ROE—/NAT 4 LEDDCIZBIFE7 Ak,
B b AT BB @,, D 2IRONAISAT 4 )V F DJEREEIERKRIZIBT 574 3% L <,
The gain at DC of the second-order low-pass filter with cutoff frequency WA in (5-29) is
equal to the gain at frequency infinity of the second-order high-pass filter with cutoff

frequency WB,

AZlow:A2high:\/N/L (5—30)
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5—3 NA—TJ)—ZRNYURNRRT4ILEDEEBBOELED

5-3 Summary of Transfer Function of Butterworth Bandpass Filter

NP =T —=AN RRAT 4 )V Z QR Bm, HOLEAEE o, @RTEEB, L9508 &,

[ = ceil((double)(m—1)/2)—1 LT, (5—1), (5—10) Z@HLT, "¥—TU—
AR RISAT 4 )V H OARERIENE

When the order m, center frequency @,_, and passband width B, of the Butterworth
bandpass filter are set as [ = ceil((double)(m—1)/2)—1, applying equations (5-1) and
(5-10), the transfer function of the Butterworth bandpass filter is

mA & THiE,  When mis odd

B s ! GKs GMs
)= I1

H 0,5 = (56—31)
( SS+B s+ 1 (s2+Ks+a)fa)(s2+Ms+a)fb)
mMAEHTHILIE.,  When m is even
!
H(w.5)=]] _ G (5-32)
kzo(s +Ks+ o, )(s +Ms+a)rb)
(5—31), (5—32) {ZBWT Inequations (5-31) and (5-32)
2k +1+
pk:cos(uj ...... 0<k<l)
2m
. 7r(2k+l+m)j
=sin| ———2|....... 0<k<I
g [ 2m ( ) (5—33)
a)ckzl
0 _ Nmta 1
¢ 2p, 2p,
B,
K=LM, M= —""— (56-34)
(1+L)Q,
[, =B.0! +8B.0}w. —4B 0w’ +16Q; ®!
[, =B0; +40/w] - 2w; (5—35)
\/_+\/—1/l +\/_QkB +B20,
40,0,
®,=o~NL. a)rbza)c/\/z (5—36)
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2RI DN RANAT 4 N Z OB 0, & 0,280 %74 3,
The gain at the center frequencies w,, and @,, of each bandpass filter in the second-

order part is,

G=——=x (5—37)

B _s
mP3FEDORE, LIROEG DN RANAT 4 M arp vz D PLAEER o BT 271~

X1 E720 F9,
B WS
When m is odd, the gain at the center frequency @, of the bandpass filter 5215 _s+w? In

the first-order part is 1.

5—3 NRE—T—ZAN2 RKNRAT 4 )VEDIGEBEEOE L
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5—4 EZoN-ERERI=IT/N\I—T—R/I\N2 F/INR T 4 LA DERET

5-4 Designing a Butterworth bandpass filter that meets given specifications

5—3FTT, R¥m LT LEERe,, BIETFEIEB 2K > TAF—T =2 R/NZT
S IVE DRFDATBEIC 2D £ LTz, WRITH 2 07 2HADERE E E N ENOWRE &)
5. RAKRMER 7 4 VE DA RDTT 4 NE &G T D HEE R LET,

Up to 5-3, the order m, center frequency w,_, and passband width B, allow us to design
a Butterworth bandpass filter. The next section shows how to design a filter by finding

the minimum required filter order from the two given frequencies and their respective

attenuations.
) NG =T =N FRRT 1)L 5D RELHEHE
*gf} r(]db) Frequency response of Butterworth bandpass filter
No ripple in passband
EaRiE o) 7L
A 18 3R 3, L odb
_attp wpl,wp2iZ BT 2 KT E
Attenuation at fp attp (dB)
= BEEHEREEmE LT
—6mdb, 0o ctXid
—20mdb,/ dec
No ripple in
FH IF 55 L e
-atts theorking wes wsl,ws2io BT 2 BRE
o1 and wp2 are passband ends Attenuation in fs atts (dB)
R %
wsl wpl We_ Wwp2 ws2  frequency
SO BB

5—1 NA—=T =2 KRR T ¢ )VHZ OB EE M

Figure 5-1 Frequency response of Butterworth bandpass filter

5—4 B2 bR A\E—T =2 R T 4 VX DR
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5—112BiT5, (wp2-wpl),wsl,ws2,we,attp,attszx 52 5T, 7 4V Z DB m %K
DB R E A RO E T,
Given (wp2-wpl),wsl,ws2,wc,attp,atts in Figure 5-1, find the order m of the filter and

finally the transfer function.

Tt 0,0, =0,0, =0 attp=3% LE7,

s

2 -
Let 0,0, =0,0,=0; . attp=3.

s

| loatts/IO -1
w—wJ (5-38)
(4]

d:

2.0 log(

m = ceil(d)

p2 ~ WOp

w2, mbw, % (5—32) b (5—37) I[CHAT D & EEKHRRFNZET LET,
Next, m and Wc are applied to (5-32) through (5-37) to complete the final design.

5—4 Bz ok Emizd /% —T =R/ KR T 4 VX DG
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5—5 FIEYVITINYERNRRIT4IWLEDEEBRBDOELED

5-5 Summary of transfer function of Chebyshev bandpass filter

Fabw TR KART 4 A OYHm, HLEN o, EEIEE,, Biko ) 7
Jvattp(db) & 3% & &, [ =ceil((double)(m—1)/2)—1 £ LT, Fob =7/ KR
7 4B OEERENE, (5—2), (5—10) Z@EALT,

Let the Chebyshev bandpass filter order m, center frequency ®,_, passband width B ,
and passband ripple attp(db), as [ = ceil ((double)(m—1)/2)—1. The transfer function
of the Chebyshev bandpass filter is (5-2), (5-10), applying

mA & THiE,  When mis odd

B,w,s li[ GKs GMs (5—39)
s+ B w5+ 0] (s2 +Ks + a)z) (s2 + Ms + a)zb)
mABEHTHIEL,  When m is even

! GKs GMs
; i (5—40)
m(a)c,s) g(52+KS+wfa)(S2+MS+wfb)

(5—39), (5—40) IzBNT In equations (5-39) and (5-40)

H,(w,,s)=

2k +1 -
N C22) S k=0y,..," 1
2m 2
1
d = —sinh™ (—j
m &
e =sin(a, )Sinh(d) > 0.k = 01, " (5—41)
q, = cos(ak)cosh(d)
@y =P} +4;
2 2
NPt
O = 2
w, =sinh(d)
B o —
K=ILM, M= _Twrck ( 5 4 2)

5—5 FoEL=TINY RRRT 4NV DOLEEBBOE LD
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412 4 212 2 2 2 2 .2 2 4
Zl = Bka ka + SBka a)c wck - 4wac a)ck + 16Qka)

‘ 5—43
I = B0, + 4070} 207 ( :
I \/Z"‘\E\/ L +\/ZQ/: B,w, +Bika3k
40, 0;
a)m=a)6\/z\ a),b=a)c/\/z (56—44)
B o

HN N7 4 Z ORLEEB 0, &0, B TF574 03 G=—F>=£

B wa)ck

VKM

The gain at the center frequencies ®,, and ,, of each bandpass filteris G =

MmN A DOEE, L IROERF DR KRR T 4 )L Z BPOHLEFEEWZB T 574 131 &
720 ET,

B wwds
When m is odd, the gain at the center frequency @, of the bandpass filter sz+p wastw?

in the first-order part is 1.

5—5 FoEL=TINY RRRT 4NV DOLEEBBOE LD
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5—6 SAONHHRERLITFIEL T INY FNRRT 4 L2 DHRE
5-6 Design of Chebyshev bandpass filter satisfying given specifications

5—5FETT, 74 NVZDORHBmEPLHEEKe,, @iRHEEB, K OEEERD ) 7 v
attp(dbIZ X > TF = B = 7N KSR T 4 VX OGN AREIZ /2D £ Lz, RiITHZH
Nz 2MBOREREBEREB LY v 7 uind | RIERBLERT 4 VE OREERD T
TANZ iR Et T 5 HlEE R LET,

Up to 5-5, the filter order m, center frequency w,, passband width B, , and passband
ripple attp(db) allow us to design a Chebyshev bandpass filter. The next section shows
how to design a filter by finding the minimum required filter order from the two given

frequencies, attenuation and ripple.

F BTN FNRT gL 2 DREEESE

*gj’i E\db) Frequency response of Chebyshev bandpass filter
BRI L
-att i
S Passband ripple
attp(dB) wpl,wp2iZ B1F 3 HFX E-attp db
R #?'léc / sl
No ripple in 74l 9’ % L[&
the blocking area
FHUH IS Y T EE L
—attg wsl,ws2lo BT S IEEE
wp1 and wp2 are Attenuation in fs atts (dB)
passband ends frequency
wsl wpl We wp2 ws R %
RO BB

5—2 T BTz TN RNRT 4 )VEOREBEEEHE
Figure 5-2 Frequency response of Chebyshev bandpass filter
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5— 212815, wpl,wp2,wsl,ws2,we,attp,atts® 52 5T, F= B =73 RN
TANZ EEET DR, ETRAUCTEY T4 FOREERDET,

To design a Chebyshev bandpass filter given wpl, wp2, wsl, ws2, we, attp, and atts in
Figure 5-2, first determine the order of the filter by the following formula.

2. B =w

_ _ 2
. o — @ 0,0, =0,0,=0,LET,

pl>

2
Here, let us denote B, =w,-0,, ©,0,=0,0,=0,.

c

cosh™ {\/(10“”‘/10 ~1) /(107 - 1)}

., —aQ —
cosh—l( 52 SIJ (5 4 5)
W, — 0,

d =

P

m = ceil(d)

WIZ, mZ (5—39) b (5—44) I[THEHT D &EERRFNTET LET,
Next, m is applied to (5-39) through (5-44) to complete the final design.
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5—7 BFIELTINYRNRRT4ILEDEEBEBOELED

5-7 Summary of Transfer Function of Inverse Chebyshev Bandpass Filter

WF == TN RRAT N ORBm, TS o, @siEE B,
L gatts(db) &35 & & [ =ceil((double)(m—1)/2)—1 L LT, #iFzt =7

¥ RASAT 4 VE ORERREKE, (5—2), (6—18) ZEM LT,

When the order m of the inverse Chebyshev bandpass filter, the center frequency .,
the passband width B, , and the attenuation atts(db) at @, the transfer function of the
inverse Chebyshev bandpass filter is as [ = ceil ((double)(m—1)/2)—1, applying (5-2)

and (5-18),

mA & THiE,  When mis odd
L 2 2
GN(S +a)za) (;(S2 +a)22,,)

B,w ! B
H,(0.,5) = s +Bwa)dds+a)f [!(s2 +Ks+a)fa) (s2 +Ms+a)fb) (6746
mMAEHTHILIE., When m is even
L
, G (s + o) G(s* +a?,)
g(s +Ks+ o) )(s2+Ms+a)fb) oA

(5—46), (6—47) ITBWT In equations (5-46) and (5-47)

sin(ak)sinh(d) £ =0l m—1
1+sinh2(d)—sin2(ak) T
3 cos(ak)cosh(d)
9= cosh?(d)+cos’*(a,) -1

(5—48)

r, =cos(a,)

5—7 WF b2 N RRAT 4 )VEDOIREREBOE &0
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g =\ P; 4}
VP +4;

O, = 2p,

w, =1/sinh(d)

K=LM, M=_DuPa_ (5—49)
(1+L)Q,
l, = BiQ/fa’jk + 8B‘iQ/fa’fwfk - 4Biwfwfk + 16Q/30)j
l, = B,Q; 0}, +40; 0] =20, (5—50)
I \/Z + ‘/E\I L+ \/ZQk B,w, + B\ikaczk
40,0}
n, = B‘ZV + 4rk2a)f
n, =B +2rlo’ (5—51)
N — \/n_le + n2
2l o]

o =Lo_, a)rb=a)c/\/z, w.=Na,, a)zb=a)c/\/ﬁ, G=rw,N/L

ra c

(56—-46), (6-47) OUy MT7EERK w0, D2ROU—/NAT L2 DD CIZET
LAl Ty b TR @, 0 2IRDNARAT 4 VB OJEEEER KBTI D 7 A
FEFELL,

The gain at DC of the second-order low-pass filter with cutoff frequency w,, in

Equations (5-46) and (5-47) and the gain at frequency infinity of the second-order high-

pass filter with cutoff frequency w,, are equal,

G=rw, N/L (5—52)
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B W(/.)dS

K (5—-46) D1IROEWIDONY RRNRAT 4 NV E 305 wsral D TOEM 0, (2B 57

c

A%, 170 F£9,
B W(/.)dS

The gain at the center frequency @, of the bandpass filter z; wastw? in the first-order

part of (5-46) is 1.

WF oo 7N RRRT 4 VEBRFICBT R EE

1. RX—TDK5— 3BT S5H. wpl,wp2,wsl,ws2,attp,attsiZIESX, KEmuE=K (5
—54) KXo THELET,
1. Based on wpl, wp2, wsl, ws2, attp, and atts in Figure 5-3 on the next page,

determine the order m using Equation (5-54).

2, 0,=\|0,0,,, B,=0,-0,5LT, (5-46) b (5-51) z#MLET,

c P w

2. apply (5-46) through (5-51) as @, = /0, 0,,, B, =0,-o,.

5—7 MF b =T N RARRT 4 NXDOLEEBBOE LD
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5—8 SXon-HHEB/E-ITEFIED T TNY KRR T 4 )LE DERET

5-8 Design of an inverse Chebyshev bandpass filter satisfying given specifications

5—7ETC, WHm e FLAE Ko, SEEEIEE, . o5 5KERattsdb) k-
THF == TN RNAT )V ZORRGEHRATREIC 72 0 £ Lz, KITG 2 bz 2474
DEAFHEWEEL LY v Tinb RIKIRBELRT 4 VZOREEROTT 4V F %
WEt T o HiEE R LET,

Up to 5-7, it 1s now possible to design an inverse Chebyshev bandpass filter based on the
order m, the center frequency ®,, and the attenuation ats(db) in the passband widths
B, and @,,. The following shows how to design a filter by finding the minimum required

filter order from the given two frequencies, attenuation and ripple.

FF bz TNL P27 40 & OR SN

%U@, (db) Frequency response of inverse Chebyshev bandpass filter
gain
U No ripple in passband i%i@ fﬁﬁ@ U 7°)D(:j:,$§b\ []db
-attp

wpl,wp2lo Bt 2iEEE-attp db
Attenuation at fp attp (dB)

—=t———  EERHMEF =z

PR A
Tl 2LV AL

There is a ripple
in the blocking area

FH IO ) 7

SAtS wsl,ws2lc B2 EEEZ
P — \ /™~ Attenuation in fs atts (dB)
l passband ends \/ frequency

wsl wpl we wp2  ws? Rl

K5—3 WiFxb =T RRAT ¢ )VFOE LM

Figure 5-3 Frequency response of inverse Chebyshev bandpass filter

5—8 HAONIAREEH-THF = = TN RRRAT 4 LA Of%E
228 / 461



TIT 4T T 4 NHO%EE AR
W5 N RRRAT 4 E DG

ERicEnT, FERICBT2FLEERo X INETONRY =T =27 0 VX5 TR
REEIET DA EwsL, wpliZ 2L E THLAE o, & LTHRbATEE L, E> T,
CHNETLRAURIICH Y MATEBEELE LT pOfEEZ AN LT, BERELIEET 5/
Bt L LTI s OEEZ AT 25EORITLL T ORI £,

In the above figure, the center frequency @, in the calculation formula is the frequency

wsl and wpl, which specify the amount of attenuation in conventional Butterworth

filters and the like, have been treated as the center frequency @, . Therefore, the formula
for the case where the value of fp is input as the cutoff frequency and the value of fs is

input as the frequency that specifies the amount of attenuation as in the past is as follows.

1

£=—— (5—53)
cosh"{\/(lo""“'/m —1)/(107"° —1)} (6—54)
d=

COShl[ Dy — W J
w,-0,

o T, 74N ZO%FmIE (5—54) Odzby BT T,
Thus, the filter order m is d in equation (5-54) rounded up,

m= ceil(d)

RIZ, mZ (5—46) 7»H (5—52) ITHEPT D LEENRRFNTET LET,
Next, m is applied to (5-46) through (5-52) to complete the final design.
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5—9 BEBEHNY FRRT74ILADEEBHOELD

5-9 Summary of Transfer Function of Elliptic Function Bandpass Filter

SIBE L K27 L2 DY G, FLER K, BEIRIEE, . %o
7 vattp(db), A @, 1256V THRAKHR Bratts(db) Z IR T 256

Elliptic function bandpass filter order m (unknown), center frequency ,, passband
width B, , passband ripple attp(db) in the passband, and minimum attenuation atts(db)

at frequency o,

BB S FSR T 1L Z DREIEES

%JT%(db) Frequency response of Elliptic function bandpass filter
gain
MR I —
0 WD) T 0db
B AN ~7 —
attp Passband ripple WDI.,WD?,L: %Lf}%]’@ﬁi_attp db
Attenuation at fp attp (dB)
attp(dB)
BEFFIFEF Bz
Tl dEY LR
There is a ripple
in the blocking area
FRIEE D 1) T s
—atts — ; wsl, ws2lo BT 2 HE=S
gA N wp1 and wp2 are N Attenuation in fs atts (dB)
v passband ends U frequency
wsl wpl We Wp2 Ws2 N E
SO R

5—4 MLy KRR T 4 VX OB

Figure 5-4 Frequency response of elliptic function bandpass filter
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_ _ _ 2
Bw - a)p2 - a)pl s a)pla)p2 - a)sla)SZ - a)c

E LT, As,
x, =(w, —a)sl)/(a)P2 —a)pl) =1k , o =27, K=K(k)
m73# 4 OKE When m is odd
x,, = sn(2vK/m) (1—-127a)
m2MEEOK;  When m is even
xzv=sn[(2v—1)K/m] (1—-127Db)
x, =L (1—128)
xZV
(m—l)/Z 1_ 2 m/2
¢=I1—= .¢ (1—129)
v=1 l_xzv

e=10" —1, L= [(10"° -1) /(1077 ~1), m= Kmr(r?)

K'(k)K(L")

m#% Y)Y EiF 4% Round up m
LT 5, (5—3), (5—29) %ML T, Then, applying Eqgs. (5-3) and (5-29)

mMBPEFEDOE: When m is odd

1 (m=0/2 (52+Na)f) (s2+a)f/N)
H,(@5) = C,o s +B o5+ ! 1} (s2+Ks+La)f)(s2+Ms+wf/L) (5—55)

BWO'S (m-1)/2 GN(S2 + a)zza) G(S2 +wzzb)

I1

s’+Bos+w’ (s2 +Ks+ a)z) (s2 + Ms + a)z,,)

G=./N/L/"YC,o

reiZL. Cy, o, p,, q FZRAEWZTEDOE LET,

However, C,,, o, p,, q, shallsatisfy the following equation

(m-1)/2 ) (m-1)/2
lv_![s+x]+sc H[s+x]
(m-1)/2

=-C,/ (s =) 1 [s“ +(2qv —Pvz)s2 + qu]

v=1
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mBMEE DK When m is even
I (s2 +Na)f) (s2 + a)f/N)
C_H V=l (SZ + Ks+La)3) (52 + Ms + a)f/L)

H,(w.,s)=

w2 G— L (S2 +a)22a) G(sz +a)zzb)

_H(

s*+ Ks+ )(s2 +Ms+a)fb)
G=\N/L/{C,

=L, Cp o, o p,, qERAEGEZT DL LET,

However, C, , P,, ¢, shallsatisfy the following equation
m/2 5 m/2 5 2
H[s +x, ] +£°C, H[52 +x,, ]
v=1

m/2

= G,/ TI[s* +(24.- p%)s* +4,’]
v=1

K=IM, M=2:Pr
1+ L

l,=Blq: 4B p.o’ +8B.q,w. + 16w’
L = B.q, —2p,0; +4q,0;

RS YR

= Bzx2 +4a)2 = B’x* + 2a)

worv
\/_B x,+n,

2w°

c

a)m = \/Za)c ] a)rb = a)c/\/z7 a)za = \/Wa) 2 a)Zb = a)C/\/W

c

5—9 MHEEE Y RAART 4 VHDIRZEREOE LD

(5—56)
(5—21)
(5—22)
(5—24)
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(6-55), (6-56) OUy M T7EEKKw, D2IROV—/INAT 4 LZOD CIZEIT
LAl Ty FETRAEB @, D 2IRONAINAT 4 )V Z OFEEER RIS 57 A
FEFELL,

The gain at DC of the second-order low-pass filter with cutoff frequency w,, in

equations (5-55) and (5-56) and the gain at frequency infinity of the second-order high-

pass filter with cutoff frequency w,, are equal,

(5—57)

B os
w

K (5—55) D 1LROHH DAY FRRT 4 NS g asrad D P OBERE 0, 1251 5 5 A

iR, 120 FET,

B os
The gain at the center frequency @, of the bandpass filter 5215 _oss+wz 1n the first-order

part of (5-55) is 1.
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5—10 #IKMGE/INY FNZRT 4 I)LEDERETDFIE

1. wEEE O FIREEE wpl & A7)

2. Ao FIRERE wp2 & AT)

3. A O B - FIREEEIC T 2R E attp(db) & AT)
(NF—TU—ZT{E, attp=3. 01&LET)

4. HRKEEEZRETET DB ws2 122V T, R xs (=ws2/wp2) & AT

5. IKEEER attsdb) 2 A
6. HLEEKEZAETD, 0 =, 0,0,

7. ERWEEEERT DR wsl,ws2 ZEHHE T 5, wsl=wpl/xs,ws2=xs*wp2
8. MiBHEE Bw ZEHET 5, Bw=(wp2-wpl)
URIZE0EoNnz, "I A=Z K& THWET,

5-10 Procedures for designing an overall bandpass filter
1. input the lower passband frequency wpl
2. Enter the upper passband frequency wp2
3. Enter the attenuation attp(db) at the upper and lower passband frequencies.
(For Butterworth, attp = 3.01) 4.
4. Enter the ratio xs (= ws2/wp2) for the frequency ws2 at which the minimum
attenuation is specified.

. Enter the minimum attenuation atts(db)

o Ot

. Calculate the center frequency, Wc

7. Calculate the frequencies wsl and ws2 at which the minimum attenuation is a
chieved. wsl=wpl/xs,ws2=xs*wp2

8. Calculate the passband width Bw: Bw=(wp2-wp1)

The parameters obtained above are used in each design equation.

5—10 IR RARRAT 4 L DO FNE
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Chapter 6: Synthesis of Bandpass Filters

6—1 /N RIRRT L2 DFEFE L ERERER
a. NHA—U—ZA/)XN 2 K/)NAT 4 )X
b, FxbB 2T N RRXAT 4 )4
L WF 2B 2 TN RRRAT 4 VH
d. FEMBIHN K27 4 L
6-1 Types of Bandpass Filters and Basic Circuit Forms

¢}

a. Butterworth bandpass filter

b. Chebyshev bandpass filter

c. Inverse Chebyshev bandpass filter
d. Elliptic function bandpass filter

6 —1 N2 RNNRT VX OFEE L AR
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1IRD/N KRR T ¢ V2 FREIH  First-order bandpass filter basic circuit

I 1
C1 i < R3
YYD W . o
oL C2 -
L 2 [l O Vdd
RZ oP1 LM324
~0
& BP1

M6—1 1J/DNY KRR ¢ L% HARE BP1 (bpatl_1.cir)
Figure 6-1 1st order bandpass filter basic circuit BP1 (bpatl_1.cir)

BP1(bpatl_1.cir) D= =R
Transfer function of BP1(bpatl_1.cir)

2
R CR, B
Hl(a)p’s) 2R, N 2 ¢ R +R, (6—1)

+ 2
CR,” RR,RC

NE— —2F T F 2B 2 Ta—RNAT 4 VB ENY RNRAT 4 VA CERT D &
B—/32 7 4 VZ OUROBEUIIR DN RRAT 4 VA IZEBE NS,

ZL T, B—="AT 4 VFDOAROEAEIT, 2DIRD N RANZAT 4 LV ZITEBEND,
Converting a Butterworth or Chebyshe flow-pass filter to a band-pass filter converts the
first-order function of the low-pass filter to a first-order band-pass filter.

The second-order function of the low-pass filter is then transformed into two first-order

bandpass filters.

6—1 N2 R2RRAT7 (V& OFEE L FEARRIRIER
237 / 461



TIT 4T T 4V DG EARK
6 N RART 4 LE DA

1IRDI/IN RINAT 4 )L Z FERANE 1st order bandpass filter basic circuit

Rx1
g o -
W | Rx2
324 R22
. -
M224 - e M 124
R21 Cc1
Y k2
. - —- - . - A
R11 3
- R12 2o
M6 —2 1J/DNY RARRT ¢ L% HARER BP2 (bpat2_1.cir)
Figure 6-2 1st order bandpass filter basic circuit BP2 (bpat2_1.cir)
BP2(bpat2_1.cir) D= =R £
Transfer function of BP2(bpat2_1.cir)
2
R, +R CR
Hz( p,)_ 4 3 1 . (6—2)
R, ) 2 [ 1 j
§°+—85+| —
CR, CR,

NE—T—=2F I TF 2B 2T 0 — AT g VB a2 RN T 4 VE BT 5 L
H—/RA T 4 F DUROBEBUTIVRD /N FANRT 4 V2B S D,

ZL T, m—=R 7 4 N ZO2ROBEEIT, 2BDOLRD /N RNRAT 4 L ZITEHRIND,
Converting a Butterworth or Chebyshe flow-pass filter to a band-pass filter converts the
first-order function of the low-pass filter to a first-order band-pass filter.

The second-order function of the low-pass filter is then transformed into two first-order

bandpass filters.
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2PN KRR T 4 )0 Z FKEE 2nd order bandpass filter basic circuit

. - - > . .
M T4
-
- -
.
LAY
T LM
R4
>
R R
.
R 4 M4
-
-

LP3, HP3, BP3, BE1 (et1)

6 —3 2D/ RRAT 4 )L ZFEARAE Ipetl 2.cir (K2 —5 E[FLT)

Figure 6-3 Second-order bandpass filter basic circuit Ipet1_2.cir (same as Figure 2-5)

lpetl__2. cir®iEEE Transfer function of Ipetl_2.cir
R
s° +— 25—
C’R’R,
2 3Rl
+ S+—5
CR,(R+R,) C'R,
WF oy = 7 EITBAEM e — AT VN EFE NN RRAT g VEICERT D E, v
— XA T 4 IVEDIROBEENIIR DN KRR T 4 VBRSNS,
ZLT, B—=/"RAT7 4 NVZD2ROEBIT, 2RO —/ XA T 4 )L B E2RDINA INAT )b
I EI N D,

Converting an inverse Chebyshev or elliptic function low-pass filter to a band-pass filter

(6 —3)

Hz(a)p,s) = %
s

converts the first-order function of the low-pass filter to a first-order band-pass filter.
The second-order function of the low-pass filter is then converted to a second-order low-

pass filter and a second-order high-pass filter.

6 —1 N> RRRT7 X OFEME L FARRKER
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2PN KRR T 4 )0 Z FKEE 2nd order bandpass filter basic circuit

R3 R - F
[ . — — * — @ — —
RS
- y v - 1
Whes - ¥‘.. - -1 : —-
o MiZ4 : [“‘I LMI24
P N — R
. T
R1 | R2 C2
-
LP4, HP4, BP4, BE2 (et2)

K6 —4 1RO/ KRR T 4 LR KRR Ipet2_2.cir (X2 —6 LFRL)
Figure 6-4 First-order bandpass filter basic circuit lpet2_2.cir (same as Figure 2-6)

lpet2 2. cir®EiEEE Transfer function of Ipet2_2.cir

, (1Y
e R * ek
_ ™M b" b o
HJ@WS»_ l+kd R. » kd+kr+4—4kk 1+ kr (6—4)
65"+ S+—5—
C,R,(1+kd) G, R, (1+kd)

Rb 2-Rb kd-Cb

Rl1=—,C1=2-Cbh,R2 = ,C2 = ,R3=(kk—1)-R5
2 kr 2

WF =y =7 ETIMHABEER R —RAT 4y N F N RRAT 4 N REHRT DL, B
—NAT A NF DURDBEEUITIRD /N RN T 4 V2R S D,

ZLT, B—=/"RAT7 4 NVZD2ROEBIT, 2RO —/ XA T 4 )L B E2RDINA INAT )b
SICEMEND,

Converting an inverse Chebyshev or elliptic function low-pass filter to a band-pass filter
converts the first-order function of the low-pass filter to a first-order band-pass filter.

The second-order function of the low-pass filter is then converted to a second-order low-

pass filter and a second-order high-pass filter.
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6—2 FEBBADI A ILAFETEDBEREBBRERDRE
6-2 Determination of application and circuit constants for each filter characteristic of

each circuit type

NV RISAT 4 VB ORHEO TSR
a. NHA—U—ZA/XN RK)NAT 4 )VH
b, FxbB 2T N RRAT 4 )4
LT 2 TN RRRAT VA
. FMEHEES Y R T 42

(e}

(oW

Types of bandpass filter characteristics
a. Butterworth bandpass filter
b. Chebyshev bandpass filter
c. Inverse Chebyshev bandpass filter
d. Elliptic function bandpass filter

6 — 2 FEIEEHROT 4 FHRED L O &R ERORTE
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6—2—a NE—T—RNY RKNRRATLILE~DER
6-2-a Application to Butterworth bandpass filter

NG =T =AY RRAT 4 )V ZOREm, PLEEE o, @E@EGEEBE, 958 &,
[ = ceil((double)(m—1)/2)—1 & LT, N¥—TU—=2)0 KRR T ¢ VH ORI
If the order of the Butterworth bandpass filter is m, the center frequency w,, and the

passband width B, , then the transfer function of the Butterworth bandpass filter, as
[ = ceil((double)(m—1)/2)—1

mA & THiE,  When mis odd

B.s
2 2
s*+ B s+ w.

GKs GMs (5—31)
0(s2+Ks+a)fa) (s2+Ms+a)fb)

’:l\

Hm(a)c, s) =

=~
I

m2MEE THILE, When m is even

! GKs GMs
) ) (5—32)
m(a)C’S) !:!(SZ +Ks+a)r2a) <S2+MS+(0,2;,)

(56—31), (5—32) IZBWT Inequations (5-31) and (5-32)

D = cos[ﬂ(szer)j ...... 0<k<)

2m
2k +1 _
qk=ﬁ{%{++m0 ....... (0<k<I) (5—33)
2m
2+ 2 1
o, =1, g:_4£gjl:_47
2p, 2p;
B
K:LM, M=—r (5734)
(1+ L)O,
L, = B)O; +8B,0; . 4B +160; !
l, =B.0; +40; 0} -2 0. (5—35)
L_\/Z_F\/E 12+\/ZQ1€BW+B\/2»’Q/€
B 4ka§
o, =a L. 0, =L (5-56)
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2D DHEIN RANAT 4V ZOHLARR o, & 0, (BT 574 13
The gain at the center frequencies w,, and @,, of each bandpass filter in the second-

order part is,

G=—+— 5—37
i ( )

LIROEGy D/ RINAT g W Z DFLEABRE O BT 574 0%, 120 £3,
The gain at the center frequency @, of the first-order portion of the bandpass filter is
1.

bpatl__1. cir#%ffifl35&% When usingbpatl_l.cir

pr:a)c/Bwkjaék\ If pr:wc/Bw’

1 R DRI ER 4y 1st order section

K ~.R, =2R,
2R,
2 1
B, =w — (6—5)
/%7cm CR,
o = R1+R22
RR,R,C

R=Z&32%L, If R=2Z,

Z . I~
R1=Z, R3=22, R2=2—, C= pr =72 L. pr> 2/2 (6 —17)
20,, -1 Zo,

2 DAy 2nd order section
1 FHDOMBFEIZOWTIX,  For the first circuit,

R _6¢ -Rr=2r
2R,
_ 2 _ 1 (6—9)
CR, CGR,
o, = R +R, :
RR,R,C
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R=Z&¥2%E, If R=2Z,

GK*Z 1
R=Z, R=2GZ, Re=—s———>, C=— (6—10)
20’ — GK GKZ
. N2G N2
L, o, > 5 K  However, o,, > 2G K

2 % H ORI IZOWTIL, [FERIC  For the second circuit, similarly
R=Zt+5L. IfR=Z,

GM*Z 1
RI=Z, R3:2GZ, Rzzﬁa = (6_1 1)
2w, —GM GMZ
. N2G N2
L. o, > 5 M  However, o, > 2G M
bpat2_ 1. cir#%ffifl35&% When usingbpat2_1.cir
pr:wc/Bw&j*ék\ Let pr:wc/Bw ’
1 ROEIEEES>  1st order section
BBy R=o0
R,
R =Z
B -2 o2 (6—12)
pr CR, R,
2
wf:(Lj R, = I _ R’ _ 7
CR2 Ca)c 2pr 2pr
> T,  Therefore,
VA 2
R=Z7Z, R=—"H, &=O,1Q=MK,C¥=Qw (6—13)
2pr Zw,
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2 Rk DEIEEESY  2nd order section
1 & B OREFEIZHOWTIE,  For the first circuit,

BB _ G R =(G-1)R,

R4
R=Z
Ke 2 -2 _2

CR, KR, KZ

2

o ( ! ] Ro_ L _KZ
"\ CR, ' Co, 2o,
G>1

it~ 7T,  Therefore,

K 2
R =Z, R =_Z, R = G_IR, C:—
1 > 2w > ( ) ! KZ

ra

2 % H OEEEIZOWTIL, FEEIZ  For the second circuit, similarly

M 2
k=7 k=2 k=GR, c=2
20, MZ
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6—2—b FIEVIINYRNRRATAILE~DER
6-2-b Application to Chebyshev bandpass filter

F2 T2 TN RRRAT 4 NVEOUHEm, PUEE R, @B, , @iko ) 7
Jrattp(db) & §°% & & [ =ceil((double)(m—1)/2)—1 L LT, Fob =T/ KR
7 4 Vv Z DI,

If the Chebyshev bandpass filter order m, center frequency @,, passband width B, , and

passband ripple attp(db), then the transfer function of the Chebyshev bandpass filter, as
[ = ceil ((double)(m—1)/2)—1

mA & THiE,  When mis odd
B w,s ﬁ GKs GMs
s’ +B w5+ 1 (s2 + Ks + a)fa) (s2 + Ms+ a)fb)
mBMEZ THINIEX. When mis even
! GKs GMs ( 5 — 4 O)

HM(a)"’S) - g (S2 + KS+COr2a) (S2 + MS+60,.2},)

H (@,.5) = (5-309)

(56—39), (5—40) {ZBWT Inequations (5-39) and (5-40)
e= loattp/lo -1

ay =TI k=01,
2m 2
(]
d =—sinh™| —
m &
. . -1
P, = sin(a, ) sinh(d) > 0............ kzahwm?f (5-41)
q, = cos(ak)cosh(d)
@ = pl? + qz
2 2
_ NPt
Q= 2p;
, = sinh(d)
K=IM, M= D:%_ (56—42)
(1+L)0,
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I =B0w +832 ‘0’0’ —4B 0’0’ +160 0}
1 V;ka (‘; szz c ck we cA Qk (5 _4 3)
l, = B,Q,w; +40, ; _Zw»
:ﬁ+ﬁ\/lz+ﬁgk L0, + B0,
4Qk c
a)ra:a)c L‘ a)rbza)c/\/z (5_44)

2 WDESy DKL KRR T 4 M EZORLERE o, L 0, 2850551 i3, =Bl

N KM
The gain at the center frequencies w,, and @,, of each bandpass filter in the second-
order partis G- Bu@e
N KM

LIRDERGy DN RINAT 4 )V Z ORI o BT L7 A4 1%, 1 &0 %7,

The gain at the center frequency @, of the first-order portion of the bandpass filter is 1.

bpatl__1. cir#%ffifl35&% When usingbpatl_l.cir

0,=0./B,t+5L. Let Q,=0,/B

w9

1 ROEIEEERS  1st order section

K R, =2R,
2R,
2 1 1
Bw,=—=—— ..C= (6—17)
CR, CR, B,w,R,
2 _ R+R
°  RRRC’
R=Z:t¥5HL, IfR=2Z,
R=Z, R=27Z, R = z —, C= ! (6—18)
(3] Bwa)dZ
2l —| —1
Bwa)d

2 2
L. o, > BN B ,®w, However, o, > BN B o
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2 Rk DEIEEESY  2nd order section
1 & B OREFEIZHOWTIE,  For the first circuit,

R
S _G R =2GR
2R,

_ 2 _ 1 (6—19)

CR,  CGR,
o = R1+R22

RR,R,C
R=Zt¥%:. If R=Z,

2
R=2, R=26Z, R=—SK%2 - L (6—20)
20, - GK GKZ

L. o, > 226 K However, o, > 22G K

2 % H DOEEEIZOWTIL, FEEIZ  For the second circuit, similarly
R=Z:+5L. IfR=Z,

2
R=Z, R=26Z, R=— M2 —c_ 1 (6-21)
20, - GM GMZ

. N2G N2
L. o, > TM However, o, > 2G M
bpat2_ 1. cir%f#f75&Z When usingbpat2_1.cir
0, = ®,/B, T 5E, Let 0, = ®,/B, ,
1 ROEIEE Y
BBy R=0
R,

R=27
B, <22 o (62 2)

9, CR 0,2

2
o’ =(Lj R == P g
CR, Co, 20,
> T,  Therefore,
2
R=Z, R="27 R =0 R=10K, C= On (6—23)
2pr Zo,
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2 Rk DEEEESy  2nd order section
1 & B OREFEIZHOWTIE,  For the first circuit,

BB _ G R =(G-1)R,
R4
=27
K2 c=2_2 (6—24)
CR, KR, KZ
2
a,( 1] R L _KZ
CR, Co, 2o,
G>1
it~ 7T,  Therefore,
K 2
R=Z, R=—-2, R=(G-1)R,, C=— (6—25)
1 2 2 3 ( )4 KZ

ra

2 % H OEEEIZOWTIL, FEEIZ  For the second circuit, similarly

M 2
R=2Z, Rzng, R, =(G-1)R,, C=w (6—26)
rb
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6-2-c Application to Inverse Chebyshev Bandpass Filter

WF x Bz TN RRRAT 4V ZO%HEm, P OEE o, BRFERIEB, . o/ \280)
LR Ratts(db) &35 & &, [ =ceil((double)(m—1)/2)—1 L LT, #iF=tT =T

v RNAT 4 v B OAREREUT
If the order m of the inverse Chebyshev bandpass filter, the center frequency w,, the

passband width B, , and the attenuation atts(db) in o, then the transfer function of

the inverse Chebyshev bandpass filter as [ = ceil ((double)(m—1)/2)—1 is

mA & THiE,  When mis odd
L 2 2
GN(S +a)za) G(S2+a)22b)

B w,s !
H (w,.,s)= L 5—46
(@09) s’ +B,w,s + @’ g (s2 +Ks+a)fa) (52 + Ms+a)fb) ( :
mMEE THILUEX, When mis even
L
L G (S T ) G(s* + @’
( ) H 2 ( Zb)z (6—47)
k=0 (s +Ks+ . )(s +Ms+a)rb)
(6—46), (5—47) IZBWT Inequations (5-46) and (5-47)
1
&= 1ts,
10”710 —1
g 2 72EE) k=01, "1
2m 2
d= —smh_l(l)
m £
p = —Slasinld) k-op,.., !
1+ sinh (d)—sm (ak) 2
(5—48)
B cos(ak)cosh d)

9= coshz(d) + cosz(ak)—l

r, = cos(a,)
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Oy =\ Pi 4}
NI

Q =
¢ 2p,

o, = 1/sinh(d)

B
K=IM, M=-—2%_ (5—49)
(1+L)Q,
l, = B:,Q,fa)fk + SBfVQ,fa)fcofk —4Bj,a)fa)fk + 16Q,fa);1
lzzvaQ,fa)fk+4Q,fa)f—2a)f (5—50)
I = \/Z + ‘/E\I L+ \/ZQk B,w, + B\iQka)czk
4Qka)c2
n, = Bi +4rk2a)f
n, =B +2rlw’ (5—51)
N — \/n_le +n2
2rlw;

ra c

o =L, a)rb=a)c/\/z, w., =Nao,, a)zb=a)c/\/ﬁ, G=rw,N/L

(5—46) OFy NATEE @, D2ROE—/NAT 4 LEDDCIZBIFD7 Ak,
(6—47) Oy hATRWE @, D 2RDINA /XA T 4 )V E OFREEBRICEBIT 27
A NFEL L,

The gain at DC of the second-order low-pass filter with cutoff frequency w,, in equation

(5-46) and the gain at frequency infinity of the second-order high-pass filter with cutoff

frequency ®,, in equation (5-47) are equal,

G=r.w,N/L (5—52)

(56—46) O1ROMITD/N KRAT 4 W ZOFLEABERo BT S7 A4 1E 1&
Y ET,
The gain at the center frequency @, of the bandpass filter in the first-order part of

equation (5-46) is 1.
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1 ROEIEEERST  1st order section
bpatl_ 1. cir#%f#f73%5&E When usingbpatl_1.cir

0,=0/B, tT5xL. Let O, =a/B, ,

ﬁzl R, =2R,
2R,
2 1 1
Bw,=—=—o C= (6—27)
CR, CR, B,o,R,
2 _ R +R,
° RRRC’
RIZZkT’Pékx
R=Z, R=2Z, R, = z —, C= ! (6—28)
w Bwa)dZ
2 —| -1
Bwa)d

a,

w

. 2 2
2L, o, > TBWa)d However, o, > TB

1 ROEIEEERS  1st order section
bpat2_ 1. cir%f#fH735&Z When usingbpat2_1.cir

pr:a)c/Bwkj—ék‘ Let QbP:a)C/BW ’

R+R R0
R, ’

R=7

Bo o2% _ 2 . ~_20 (6—29)
v 0, CR 0,0,7

2
o’ =(Lj R == P g
CR, Co. 20,
> T,  Therefore,

2
R=7, R="7 R-0, R—-10K, C——Z»

- (6—30)
2pr Za)c
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2 Rk DEIEEESY  2nd order section
lpetl__2. cirZ#EHT 584 When using Ipetl_2.cir
1HFHOr—"ZEEOLGE, (6—3) & (5—47) b,

For the first low-pass circuit, from equations (6-3) and (5-47),

Gi _R (6—31)
N R,
-k (6—32)
C, R R,
= ok, (6—33)
C,R,(R +R,)
1 2
aﬁ=( j (6—34)
GR,
W>T, R=2¢t345L, Thus,if R=7Z,
2
R, = LRM R, = a)_zzath = ER4
3w, — K w;, L
{ (6—35)
R, =GR,, C, = , R =27
Za)m
2BHDONANRAMEPEOETE., (6—3) & (5—47) b,
For the second high-pass circuit, from equations (6-3) and (5-47),
R
G=3 (6—36)
R,
R
z2b = 2 22 (6 —3 7)
G R R,
3R
M= 1 (6—38)
C,R,(R +R,)
2
2 1
W, = (6—-39)
GR,
WoT. R =Z2L9%5L, Thus,if R =Z
2
1=LR4, R, =a)—22”R4 =£R4
3w, — M ;, N
GL { (6—40)
R3=—R4, Cb= > Rb:Z
N Zo,
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2 Rk DEEEESy  2nd order section
lpet2_ 2. cirZ#EHT 584 When using Ipet2_2.cir
1HFHOr—"ZEEOLGE, (6—3) & (5—47) b,

For the first low-pass circuit, from equations (6-3) and (5-47),

L kk R,

GZ = i (6—41)
N 1+kr R,
2
2 1
mm=( j (6—42)
CbRb
kd+kr+4(1—kk) kd+kr+4(1—kk)
= = o, (6 —43)
C,R,(1+ kd) 1+ kd
2 1+ kr _1+kra)2 (6—a4)

w = =

" C’R(1+kd) 1+kd

(6 —44) X9, From equation (6-44),

kd:ﬁ(1+kr)—l>ﬁ—l>0 ........ ®kr>0, ﬁ>1 (6—45)
L L L

F. kd% (6 —45) 2T 2MEICHRELET,

First, set kd to a value satisfying Equation (6-45).

TorE, (6—44) Xv., Atthis time, from Eq. (6-44),
kr=£(1+kd)—1 (6—46)
N
(6—43) XV, From equation (6-43),

_kd+kr+4  K(1+kd)
4 4o

za

kk

(6—47)

(6—46) ZIRALT, kk>1 XV, Substituting (6-46), from kk > 1,

(N-L)w,, +KL

kd >
(N+L)w, —KL

(6—41) X9, From equation (6-41),

(1+kr)GL
R,=——"—R, (6—48)
kkN
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WoT. R =Z,¥325&,  Thus,if R =Z

1
Co=— R =2,k =Z/2. R =2Z/kr

za

1+ kr)GL
R, = (kk —1)R., R =(—R (6—409)
3 ( ) 55 LYy KN 6
C, =2C,,C, =kdC,/2
N N-L)w_ +KL
7277 L. kd >max (——1),( ) - % )29 D kd \ZxF L C,
L J(N+L)w,—-KL
N N-L)w, +KL
However, for kd satisfying kd > max (——1),( ) = ,
L J(N+L)w,-KL
L
kr =—(1+kd)—1 (6—46)
N
K(1+kd
i kd+kr 4 ( ) (6—47)
4 4o,
2FHDANANAMBEOBRE, (6—3) & (5—47) b,
For the second high-pass circuit, from equations (6-3) and (5-47),
G-t R (6-50)
1+ kd R,
2
ﬁ:(lj (6—51)
zb CbRb
A[:kd+kr+4@—kk):kd+kr+4@—kk)wb (6—52)
C,R,(1+kd) 1+ kd :
2: 1+ kr =1+kl" 2 (6_53)
O TR (1 kd) 1+ kd
(6—53) XV, From equation (6-53),
kr=E(1+kd)—1>E—l>0 ........ O kd >0, E>1 (6—54)
L L L
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FT. krx (6—54) 2T 2MEICHRELET,
First, set kr to a value satisfying (6-54).

L&, (6—53) XV, At this time, from Eq. (6-53),
kd:£(1+kr)—1 (6—55)
N

(6—52) X9, From equation (6-52),
_kd+kr+4  M(1+kd)
4 4o,
(6—55) ZWALT, kk>1 XV, Substituting equation (6-55), from kk > 1,
:JNFLﬁ%+K

kk

(6—56)

(N+L)w, - K
(6—=50) XV, From equation (6-50),
R=QiﬁQ§R (6—57)
* Kk

Eo>T, Ry=Z%t¥2%5&, Thus,if R,=Z2

1
Co=— =R =Z,R =22, R, =2Z]kr

a)zb
1+ kd)G
R3=(kk—1)1125,1e4=%R6 (6-58)
C =2C,,C, = kdC, /2
N N-Law,+K
77U, kr>max (——1),( )0, AR Dk okt LT,
L J(N+Lw,-K
N N-L +K
However, for kr satisfying Ak > max (——lj,( )a)Zb ,
L J(N+Lw,-K
L
kd = —(1+kr)—1 (6—55)
N
M(1+kd
p = K rkred  M(1+kd) (6—56)

4 4o,
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6—2—d BABFNY FRRT 1 ILE2~DEHA
6-2-d Application to Elliptic Function Bandpass Filter
GBI KA T A5 OWKm CRED, PO o, SEEIREE, . Bibko
7 attp(db), AR o 2B TRAKIER Eatts(db) 2 fER T 2 56

=

_ _ _ 2
Bw - a)pZ - a)pl > a)pla)pZ =00, =0

c

LT,
xL:(a)sz—a)sl)/(a)pz—a)[jl)zl/k , o, =2xf., K=Kk

If the elliptic function bandpass filter has order m (unknown), center frequency @, ,
passband width B, , passband ripple attp(db) in the passband, and minimum

attenuation atts(db) at the frequency, as

_ _ )
Bw - a)pZ - a)pl > a)pla)pZ =0W,0, =0

c

xL:(a)sz—a)sl)/(a)pz—a)[jl)zl/k , o, =21, K=Kk

mMN A OKF  When m is odd
x,, = sn(2vK/m) (1—127a)

m2MEE DK When m is even

xzvzsn[(Zv—l)K/m] (1—127hb)

x, =L (1-128)

xZV

(m)fp {2 Wy
C = Sub O § (1-129)

v=I1 I—XZV v=I1 1 Xy

K(k)K' (L)

e=V10""0 1, L= [(10""~1) [(10"7"° 1), m=

m_K@m@ﬂ

m%Z8 Y EiFf 9% Round up m

Lol (5—3), (6—29) Z@EAL T,
Then, applying Egs. (5-3) and (5-29) when
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mPEFEDOE When m is odd

H,(o,,5)= Cl e (s Nel)  (s7+al/N)

oks +B os+w’ (52+Ks+La)f)(s2+Ms+a)f/L)

(5—55)
(m-1)2 G— (S2+a)2) G(S2+a)22b)

s +B oS+ o (s +Ks+ )’ )(s2+Ms+a)fb)

G=,/N/L/")C,o
=1L, Cy, o, p,, qFRXEWETHOLLET,

However, C,,, o, p,, q, shallsatisfy the following equation

(m—l)/Z (m—l)/Z

2 2
H [Sz+xvz] +8°C’s° H [s2+xzvz]

v=1 v=1

=—C 2(52 _02)(m_1)/2[s4 +(2q -p 2)s2 +q 2]
H 1 v v v

V=

mMA{EE DK When m is even

£
5

<s2+Na)f) (s2+cof/N)

Hrn(a)f’s)= (52+KS+L603)(52+MS+603/L)

1
Cy

V:

(5—56)
w2 G (s +02) s var)
i (sz + Ks+ wfa) (s2 + Ms+ a),zb)

G-NTL/YC,

=L, G, ., p,, qFRKEWEETLOLELET,
However, C, , P,, ¢, shallsatisfy the following equation

m/2 2 m/2 2
H[s2 + xvz] + 82C22H[S2 + xzv2]
v=1 v=l

m/2

= HH[S +(2,-p)s’ +qv]

K=LM, M=DPr (5—-21)
1+ L
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l, = B,q, 4B, p,w. +8B.q 0, +160,

L, =Bq -2pio’ +4q @ -2z
. JL+¥2\ L +1q,B, +Blq,

a 4’
n =Blx,+40., n,=B.x,+20]

\/n_lexv+n2 (5-24)
N=———"FT—
2w

a)ra = \/Za)c > a)rb = a)c/\/z’ a)za =V NC!)C 4 a)Zb = a)C/ N

(6—-55), (6=56) OUy MT7EEKw®, D 2ROB—/INAT VX OD CIZET
DA Iy NATEER @, D 2RDNA RAT 4 )V E OISR KICS T DA
AFEFELL,

The gain at DC of the second-order low-pass filter with cutoff frequency w,, in
Equations (5-55) and (5-56) and the gain at frequency infinity of the second-order high-

pass filter with cutoff frequency w,, are equal,

(5—57)

£ (5—=55)D1LROEMY DN RANAT 4 VE ORLER Ko, BT 571 1,
1L F7,

and the gain at the center frequency @, of the bandpass filter in the first-order part of

(5-55) is 1.

FHBIE AN RARRAT 4V Z DIRERBITSF = B2 = 780 RANZ T 4 v Z DIRiZEREK
ERKFRILERICR 72O T, 3HREE LTIER 2L 08, A0 ORUFI IR E T,
The transfer function of the elliptic function bandpass filter is now in exactly the same
format as the transfer function of the inverse Chebyshev bandpass filter, so although

the calculated values are different, the formulas for the synthesis can be shared.
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1 ROEIEEERST  1st order section
bpatl_ 1. cir#%f#f73%5&E When usingbpatl_1.cir
Q,=0,/B, 35k, Let Q,=0./B, ,

—=1 R, =2R,
2R,
- B
CR, CR, B oR,
2 _ R +R,
‘" RRRC’
RIZZkT’PZD&\
R=Z, R,=2Z, R, = ZZ , CZL
W B, ,oZ
2 —| -1
B o

L. o, > 72BW0'

1 ROEIKERS  1st order section
bpat2__1. cir%f#fH75%5&Z When usingbpat2_1.cir
Q,=0./B, 35k, Let Q,=0./B, ,

&;&=1 “R,=0

R=2

Bo=20_ 2 .
0, CR ,07

2
afz(—LJ R=— -9 7
CR, Co, 20,

> T,  Therefore,

2
9 7, R=0, R,=10K, C= On
Zw

bp c

R=Z, R =

6 —2 FEEHRDOT 4 V2B L O & B ERORTE
6 —2—d FEMHEES FART 4V Z ~DiE

(6—27)
(6—28)
(6—29)
(6—30)
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2 RDOEIEEESr 2nd order section
lpetl_2. cirZEAT244
1HFHOB="ZAEEOEE, (6—-3) & (5—47) »nb,
For the first low-pass circuit, from equations (6-3) and (5-47),

L R,

N R
., = Ry

"R,

K= 3R,

C,R,(R +R,)

1 2
Cb Rb

When using Ipetl_2.cir

W->T, R=2&95H&E, Thus,if R=1Z,
K o, N
RIS L P
1
R,=GR,, C,=——, R =7
Zo

2HEHDONANAEBEOLE, (6 —-3) & (5—47) nb,
For the second high-pass circuit, from equations (6-3) and (5-47),

G Fe
RZ

., _ R

“TGRR,

. 2
a)rzb = ( j
G,R,

#>C, R,=Z&¥ 5L, Thus,if R, =Z
M : L
R =—>"—R,, R=22R ="0R,
3w, — M @, N
R3:@R4, C, = L R =Z
N Za,

6 —2 FEEHRDOT 4 V2B L O & B ERORTE
6 —2—d FEMHEES FART 4V Z ~DiE

(6—31)
(6—32)
(6—33)
(6—34)
(6—35)
(6—36)
(6—37)
(6—38)
(6—39)
(6—40)
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2 Rk DEIEEESY  2nd order section
lpet2_ 2. cirZ#EHT 584 When using Ipet2_2.cir
1HFHOr—"ZEEOLGE, (6—3) & (5—47) b,

For the first low-pass circuit, from equations (6-3) and (5-47),

G£: Wi Ry (6—41)
N 1+kr R,
2
2 1
mm=( j (6—42)
GR,
kd + kr +4(1—kk)  kd + kr +4(1— kk)
= = o, (6—43)
C,R,(1+ kd) 1+ kd
0= zl;i-k?' :1+krw22a (6—a4)
C, R (1+kd) 1+kd
(6 —44) X9, From equation (6-44),
kd:ﬁ(1+kr)—l>ﬁ—l>0 ........ ®kr>0, ﬁ>1 (6—45)
L L L
9. kdx (6 —45) Zllied 2MHEICHRELET,
First, set kd to a value satisfying Equation (6-45).
ZDEE, (6—44) XV, Atthis time, from Eq. (6-44),
h=£ﬁ+wy4 (6—46)
N
(6—43) XV, From equation (6-43),
K(1+kd
ip o kd+kr+4 (1+kd) (647
4 4o,
] (N-L)w,, +KL
(6—46) ZRALT, kk>1 XV, kd>
(N+L)w, —KL
(N-L)w,, +KL

Substituting (6-46), from kk > 1, we obtain kd >
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(6—41) X9, From equation (6-41),
(1+ kr)GL
R, = R

= (6—48)
! N
WoT. R =Z,¥325&,  Thus,if R =Z
Cb:L,Rb:Z,RlzZ/LRZ:2Z/kr
Zo,,
1+ kr)GL
R, =(kk—-1)R.,R :(—R (6—49)
3 ( ) 55414 N 6
C =2C,,C,=kdC, /2
L N-L)w,, + KL
72721, kd > max (——1),( )., EWRET D hkd TR LT,
N J(N+L)w,—-KL
L N-L)o., +KL
However, for kd satisfying kd > max (——1),( ) = ,
N J(N+L)w,-KL
L
kr =—(1+kd)—1 (6—46)
N
K(1+kd
ip o kd+kr+4 (1+kd) (647
4 4o,
2EADAANAEBEOEE, (6 —-3) & (5—47) b,
For the second high-pass circuit, from equations (6-3) and (5-47),
G= ke & (6—-50)
1+ kd R,
2
2 1
cozbz( ) (6—51)
GR,
kd + kr +4(1—kk)  kd + kr +4(1— kk)
= = w,, (6—52)
C,R,(1+ kd) 1+ kd
a)rbzz 21;”7 :1+k7”a)22b (6—-53)
C, R (1+kd) 1+kd
(6—53) XV, From equation (6-53),
kr:%(1+kd)—1>%—l>0 ........ © kd >0, %>0 (6 —54)
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FT. krx (6—54) 2T 2MEICHRELET,
First, set kr to a value satisfying Equation (6-54).
L&, (6—53) XV, At this time, from Eq. (6-53),
hi:fE(L+mj—l (6—55)
N
(6 —52) Kb, From equation (6-52),

_kd+kr+4  M(1+kd)

kk (6 —-56)
4 4o,
‘ (N-L)w,+K
(6 —-55) ZIRALT, kk>1 LV, kr>
(N+ Lo, -K
Substituting equation (6-55), we obtain from kk >1, kr>
(N+L)w,-K
(6—=50) XV, From equation (6-50),
(1+kd)G
R4 = TRG (6 - 5 7)
WoT, Ry=ZL32%&, Therefore, if R =Z,
C,=— R =Z.R =2/2,R =2Z/kr
Z zb
1+kd)G
Rf%M;D&JﬂzLj@l_& (6—58)
C =2C,,C,=kdC, /2
N N-Lo,+K
7277 L. kr>max (——lj,( ) 2 Zi T % kr Tk LT,
L J(N+L)w,-K
N N-L)o, +K
However, for kr satisfying k» > max (——lj,( ) =i ,
L J(N+L)w,-K
L
kd =—(1+kr)—1 (6—55)
N
4 M(1+kd
g Ktk M(1+kd) (6-56)

4 4o,
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Chapter 7: Band Elimination Filter Design

7—1 NURTYIR—23rT4L% (BETAILE) OEBEARBFET S
a. NZ—U—ZXBE7 4 /L%
b. FzbEY -2 7BEZ7 4 /L%
L WF BV IBET 4 A
d. FEHBBE 7 4 V4
7-1 Types of band elimination filters (BE filters) and their frequency response graphs
a. Butterworth BE filter
b. Chebyshev BE filter
c. Inverse Chebyshev BE filter
d. Elliptic function BE filter

¢}

NE=T =2 P 25— 7 7 1 )L S ORFEESSNE

%U?%(db) Frequency Response of Butterworth Band Elimination Filter
gain
wp1and wp2 are
assband ends SEVEIEED ) L 4
No ripple in passband
-attp wpl,wp2l2 BT S EEE
Attenuation at fp attp (dB)
WEBHRITEEmE LT
No ripple in —6mdb, o ctXid
the blocking area —~20md by de &
FHIESED ) T VL
-atte wsl, ws2l2 Bl 2 EES
Attenuation in fs atts (dB)
[EliR S
WDI wsl J We wa? WD2 frequency
AN £

X 7—1 NZ—U—ZBE 7 (/4O
Figure 7-1 Frequency Response of Butterworth BE Filter

7—1 RN R Ipx—ar7 4% (BEZ V%) OFEMELE BMEENE ST 7
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FTR AR I F—2a 7 (V2 OFGE

F bl eINL RT3 R—2 37 10 L A DREIEEEEHE

ﬁgfl Sb) Frequency response of Chebyshev band elimination filter
Passband ripple
wp1and wp2 are attp(dB)
0 passband ends EEED L 0db
-attp
wpl, wplo BT 2iEEE -attp db
Attenuation at fp attp (dB)
No ripple in BRI AN F—T—2
the blocking area T4 LY {),‘%ﬂg%
FEIESED ) T EL
“atts wsl,ws2lo BT A HESE
Attenuation in fs atts (dB)
frequency
wpl wsl we WS wp2 B
o EIEEL

7T—2 F=EV=T7BE 7 (/X OREBERE
Figure 7-2 Frequency response of Chebyshev BE filter

FF P2 TINLFIY I R— a3 07 1 L 2 ORISR

%U?%(db) Frequency response of inverse Chebyshev band elimination
gain
wp1 and wp2 are No ripple in passband
0 passband ends B ) T E 0db
B Wl Wl BT 5 HEE  -attp db
Attenuation at fp attp (dB)
——— BEEFREF T
There is a ripple T E &) b alE
in the blocking area
FEIES5D) T o T
—atts wsl,wsdlo BT A EES
el ™S N Attenuation in fs atts (dB)
“/ \” frequency
wpl wsl ws2  wp2 B

We
HORREES

7—3 WF=zv =7 BE7 (/WX OEBEEEHE
Figure 7-3 Frequency response of the inverse Chebyshev BE filter

7—1 RN RFZYIRx—var7 44y (BEZ 4 A%) OFEL BIEEENET T 7
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FTR AR I F—2a 7 (V2 OFGE

fEREE N P ) 3 R —1 7 7 1 L 2 DRI

%lj?%(db) Frequency response of Elliptic function band-elimination
gdin Passband ripple
wp1 and wp2 are attp(dB)
0 passband ends EEE ) Tl Odb
_ VAWV
atip wpl wp2io bt 2 EEE -atto db
Attenuation at fp attp (dB)
e EERLET Y27
There is a ripple PEPIEE QRN
in the blocking area
FRIEED ) Tl
-atts wsl,ws2io B 2 R
g, Attenuation in fs atts (dB)
] \’ frequency
wpl wsl We Ws2 Wp2 [EiEES

RS

7—4 FEMBEB E 7 1 v OJEREEURRE

Figure 7-4 Frequency response of an elliptic function BE filter
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Viralley g~ =3

w7 E

7—2 A—NRATAIIEEBETAILZIZEHBT D
7-2 Converting a low-pass filter to a BE filter

L ERE f(o, =27f,) . IRJEREAA O ﬂZ@J:BE wpl, MOVEERAAIO@EEEO T
MR JE R E wp2lZ BT %5 Fattp(db). {J‘ji WET 2 ENE wsl,ws2 (2B 55K
R atts(db)D B E 7 ¢ /L& DIREREEIT

The transfer function of the BE filter satisfying the center frequency f.(®, =27f,), the
attenuation attp(db) at the upper limit of the passband wp1 on the low frequency side
and at the lower limit of the passband wp2 on the high frequency side, and the minimum
attenuation atts(db) at the frequencies wsl and ws2 for which the attenuation is

specified is

o, = IZBVTHE Rattp@b)., o, =(0,, -0, )/(0, - 0,) CBOCHERattsb) & L

TR LI —RT7 4 VX DOEBEZEBBIZBWNTs DDV IZ

B
e A,
ST+,

folw,=27f) % @, L EXHz 5 L THELAET,

The transfer function is obtained by substituting for S in the transfer function

w
s*+ ;)

of the low-pass filter designed with attenuation attp(db) in @, =1 and attenuation

atts(db) in @, = (a)

2~ a)pl)/(a)s2 —®,,), and then rewriting f,(®, =27f,) as o,.

) '
“=w,, -0, TY, attp/T@iEiRo

be
R, FRICBIZEEETHY . XX —U—2T 4 VX DY Hattp=3.01EHE, F =t
=7 7 4 NVE DY Rattpld ) IO BEEELET,

2. BEZAMEDQEQ, L LIZEE, B, =

a,

Qbe

attenuation at the upper and lower limits of the passband; for a Butterworth filter, attp

Here, Q for the BE filter is (,,, and B, =0, -0, . attp is the amount of

= 3.01 fixed, and for a Chebyshev filter, attp is the amount of ripple.

7—2 u—NRAT 4 NVEEZBE T 4 NVEZIIEHT S
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1 RDEIEEDZEH L Conversion of 1st order circuit
(1—7) 1ZoW Tk, For equation (1-7),

, 1 1 s+
—> —> = 3 2 (7_1)
s+, s+l B,s L1 S +Bsto;
s*+ !

§s=0,s=0 2B FH75 1 A1X, A4 =1 Gain 4, in s=0,s=00 is 4 =1
(1—31), (1—42) IZoWTix., Forequations (1-31) and (1-42),

2 2
o, w, St
B s a B
S+ @, o tw, S+ st o,
s+, w, (79
2 2
s+

B
SS+ s+ a’
W,

§s=0,s=0 2B T27 A 41X, 4 =1 Gain 4, in s=0,s=0 is 4, =1
(1—140) &2\ TiX, For equation (1-140),

1 1 1 S +o)
~ 7B % . B,
S
sto ﬁ—f-d O-S +7S+0)0
S”+ ;) o
(7—3)
N 1 s+

B
O+ s+
o

s=0,s=0ZBTH7 A 41x, A4 =1/0c Gain 4 in s=0,s=0 is 4, =1/c

2 RDOEIFEDZER  Conversion of 2nd order circuit
(1—7), (1—8), (1—31), (1—32) KX (1—42), (1—43) 2oV TIi,
For equations (1-7), (1-8), (1-31), (1-32), and (1-42), (1-43) are

2 2
a)ck a)ck
2 2 - 2
ST+ (a)ck/Qk )S + a)ck BWS
2 2 ( ck/Qk) S+ a)
s*+ ] o]
s +200s + o)

- B B’ 20’0’ , B.aw’ (7—4)

, ) w. 0]

st g ek gy —we gt !
0,0, @y 0.0,
s*+ ! S+’ S te "+

S +Ks+ Lo} s+ Ms+a’ /L 5 +Ks+, s+ Ms+ ),

7—2 u—NRAT 4 NVEEZBE T 4 NVEZIIEHT S
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K=ILM, M=—"» (7—5)
(1+ L)Q,m,,
I, = B:Q/f + 8BiQIfa)c2a)czk - 4Bi~a’3a’fk + 16Q13a):a)jk
L= BVZVQIS +4Ql§a)z:2a)czk _20)36‘)31{ (7—6)
I Ji 2L +.J1.0, B, + BQ,
4Qka)3w3k

o, = La,, w,bza)c/\/f

ra c

(1—7), (1—8), (1—31) BXOW(1—32) &L~ (7—4) 13y 47
R @, = o NL O 2RO NARZT 4 NE Sy b FT A 0, = o, [NL © 2%

H—NAT 4 VE it o L RO L TWET,
Equation (7-4), created by transforming equations (1-7), (1-8), (1-31) and (1-32),

represents a second-order high-pass filter with cutoff frequency w,, =@,V L and a

7

second-order low-pass filter with cutoff frequency w,, = @, / VL connected vertically.

N RRATZ 4 L ZITBT DX LFERIC, shEholy b A7 A o=, &
0=0,ZBTD7A4 Y AATENZELWOT, (7—4) % (7—7) OfRICEXHZ T,
G,,G, &R ET,
Similar to symmetry in bandpass filters, the gains A, at the respective cutoff
frequencies @ =®,, and @ =®,, are equal to each other, so (7-4) is rewritten as (7-7)
to obtain G,,G,.

’, s+ s+
s*+(0,/0)s+ 0, s +Ks+w., s+ Ms+w),

(7—=17)
Gl(sz+a)cz) Gz(s2+a)f)
s +Ks+@, s*+ Ms+aw,
G(L—UQ(LJ)wi 2
e L) _GG(L-1) @
’ Ka)mMa)rb KLM (7_ 8)
2
=G%% 2, 0 GG, =

7—2 a—RXRAT A NHEBE 7 4 NVEZIZEHTH
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—H NARRT Y NVED s=0 IZBIFDHTFA L, a—"2AT7 4 0% s=0 (2B
DTABFELDDT,

On the other hand, since the gain at s = o of the high-pass filter is equal to the gain at
s =0 of the low-pass filter,

G, = LG,

(7—9)
GG,=1 .G,=1/JL,G =L

ft->T, (1=7), (1—-8), (1=31) BLV® (1—-32) 2EMLIZBET A LZD
(B ERBUTRAMBNIIRD L D120 £7,

Thus, the transfer function of the BE filter transformed from Equations (1-7), (1-8), (1-
31) and (1-32) ultimately becomes

’, s+ s+

2 2 - 2 2 2 2

s* +(@, /O )s+ o, s +Ks+w., s°+ Ms+w,,
(7—10)
sSS+o’)ls +o

Jifs'+a?) (s +0l) VL
_SZ+Ks+a)fa s+ Ms+ ),

(7—10) IZBWT, In Equation (7-10),
K=IM, M=——» (7-5)

(1+ L)Q,m,,
l, = B:Q/f + 8BiQIfa)c2a)czk - 4Bi~a’3a’fk + 16Q13a):a)jk
L= BVZVQIS +4Ql§a)z:2a)czk _20)36‘)31{ (7—6)
L2 L+ 108, + BlO,
4Qka)3w3k

o, = La,, w,bza)c/\/f

ra c

(7—=18) DXy M TAEEB @, D 2IRONA /XA T 4 )V Z DEBEEERKIZBIT 557
Al By bATREAEE @, D 2RO —ZT 4 L ZDDCIZBIT L5 A 3% LL .,
The gain at frequency infinity of the second-order high-pass filter with cutoff frequency
®,, in (7-18) is equal to the gain at DC of the second-order low-pass filter with cutoff

frequency @,,,
A210w:A2h[gh=\/Z (7—11)

7—2 a—RXRAT A NHEBE 7 4 NVEZIZEHTH
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WIZ, FF o 2T7a—"AT74NED (1—42), (1—43) [ZOWTIL,
Next, equations (1-42) and (1-43) for the inverse Chebyshe flow-pass filter are discussed,

4 2 p2 21 2 4

. r Bs’ s +(rk B, +2w;, )s + o,

v, S +l—)ﬁ+1: ; N2
(5 +e2) (5 +e2) (7—12)

S+ Nl s+l /N s+l 5"+,

sSS+o) St sStol sS+ol
n, :vark2+4a)f
n, =Bl +20] (7 —1 3)
N = N B +n,

20’

c

,, =\/ﬁa)c,a)za =a)c/\/ﬁ

PoT, (1—42), (1—43) IZ20TE (7—4) & (7T—12) b,
Thus, from equations (7-4) and (7-12) for equations (1-42) and (1-43),
a)ckz(rkzsz + 1) (SZ + a)zza )(Sz + a)zzb)

7—14
s*+(w,/0,)s+ o, (s2 +Ks+ o, )(s2 + Ms + a)fb) ( )

(7—6), (7T—13)IcBNT, L>N>IBKT 50T, 0, =oNL, o,=0./JL
YFBE, (T—14) @dhy bATRABIKG, D 2RONASAT A NE Ty WA T
WH @, D 2RO —ISAT A )V OREGHERE T B = L WAH Y £,

(In (7-6) and (7-13), since L > N >1 holds, let @,, = COC\/Z, W, = a)c/\/z B, we see

that (7-14) is a vertical connection of a second-order high-pass filter with cutoff frequency

w,, and a second-order low-pass filter with cutoff frequency @,, .

ra

0=0,, O=0,FNETNOFREHIIBTL75APE LA, ThoreToE,
Suppose that the gain at each ®=®,,, ®=0®,, frequencyisequal 4,,

7—2 B— AT 4 NEEBE7 4 VZIZEHT S
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A =
Ko, Mo

L-NY®® (L-N

( )wc:(2 )wf (7—15)

KLMN K°N

L—- N

LA =

2Tk IN

(7—14) ZROEHIZ %@zf INAIRAT 4 VEBERGFD S =0 ([ZBITFHTA v &n
—RAT A NEEGDs=01CBIFHFA BN ELWZ En, GG, %ﬂ%ﬂibi@”

Equation (7-14) is rewritten as follows to determine G, G,, since the gain at s = in

the high-pass filter section is equal to the gain at s =0 in the low-pass filter section.

@, (rk s°+ 1) Gl(s2 + a)zza) G, (s2 + a)zzb)

%
s +(o,/0)s+w,” S +Ks+o, s+ Ms+o),

L
G =G, GG=1 - \/7 \/7 (7-17)

WoT, (7—14) ITkDEHIICEXHBZ OENET,

Thus, equation (7-14) can be rewritten as

(7—16)

2 2 2
o (rk s°+ 1) Gl(s2 +a)z2a) G2(s2 +a)fb)
S +(0,/0)s+w,” S +Ks+o, 57+ Ms+op,

LN (s +02) JWTE(s +a)

SS+Ks+w) 5+ Ms+o),

(7—138)

(7—18) IZBWT, Inequation (7-18),

B
K=IM, M=——%— —
’ (1+ L)Q,m,, (7=35)

l = BiQ/f + 8BiQIfa)c2a)czk - 4Bv2va)3wfk + 16Q13a):a):k
L, =BQ; +40/ 0’0’ -2} 0, (7—6)

\/_+\/_w/l +\/_Qk +B20,

4Qk Cl) a)ck

o, = La,, w,bza)c/\/f

ra c

7—2 u—NRAT 4 NVEEZBE T 4 NVEZIIEHT S
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_ p2.2 2
n, =B +4w,

n,=Br+2w’ (7 —1 3)
N — \/n_lerk + n2
20’

c

,, =\/ﬁa)c,a)za =a)c/\/ﬁ

(7—=18) Dy bF 7A@, D 2IRONAINZT 4 )V Z OJEEEERKRICIST 57
{2l By FATRERER @, D2KOE—NZT 4 LEDODCIZHIT LT A 3% LL,
The gain at frequency infinity of the second-order high-pass filter with cutoff frequency
®,., in (7-18) is equal to the gain at DC of the second-order low-pass filter with cutoff

ra

frequency @,,,

Ay = Aypigs, = L/N (7—19)

WIZ, A — X7 42D (1—140), (1—142) ({21 TIL,
Next, equations (1-140) and (1-142) for the elliptic function low-pass filter,

1 1
2 - 2
s +va+qv ( BWS ] n BWS n
S
s+’ Pray o’ v
1 (s2+a)f)2
qv S4+Bwpv S3+BW+2an)c S2+Bwpva)c S+a): (7*2 O)
qv qv ql/
1 (s2+a)f)2
_qv (s2+Ks+La)f)(s2+Ms+a)f/L)
1 s+ s+’
q, s +Ks+a’, s*+ Ms+w),
B
K:LM, M: va (7_21)

(1+L)g,

7—2 B— AT 4 NEEBE7 4 VZIZEHT S
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Viralley g~ =3

w7 E

A —B4 —4Bwpva)c +8B2qva)c +16qv A
[, =B, -2plo’ +4q,0°

J_+J:U4Wfﬁ +B2 (7—22)

4q,0;
= \/Za)c’a)rb = a)c/'\/z

F72, (1—140), (1—142) IZ2o\WTlE, Also, for equations (1-140) and (1-142),

2 +(xva;p)2 — 5 +x (@ w,=1 (Szli‘i:: )2 +x2

x5(54 BZ+2ZX = s2+0)Lj 2( 2 2

X, As“+No )(s +a),/N)
= = 5 (7—-23)
(s +o ) (s2+a) )
B (s2+a)zza)(s +a)zb)
) (s2+a)f)2
Bz+4xva)c , n,=B+2x 0’

=x/—a)c,a)zb =w,/\NN

(7—20) BXO® (7—23) 12&b. From Equations (7-20) and (7-23),

2 2 2 2
s +x; x> (s +w,, )(s + a)zb)
-

v

s +p,st+q, q, (s2 +Ks+a),_2a)(s2 + Ms+a),2b)

(7—25)

(7 —-—22), (7—24) BWT, L>N>I BN T DD T,
w,=0NL, o,=0, /NLE+5L. (7—25) 138y hA7EREK O, D 2RO A

RATANEED Y VA TEAPE @, D 2D —I82 7 4 )VZ OftfiER THh D 2 &M
S0 ET,

In equations (7-22) and (7-24), L> N >1 holds, so if ®,, = coC\/Z, @, = a)c/\/Z, we

see that (7-25) is the vertical connection of a second-order high-pass filter with cutoff

frequency @,, and a second-order low-pass filter with cutoff frequency @, .

7—2 u—NRAT 4 NVEEZBE T 4 NVEZIIEHT S
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w7 E

0w=a0,,, =0, TNENOBREEKICBTL7A N ELL A, ThdET5 &,
Suppose that the gain at each w=w®,,, ®=®,, frequencyisequal 4,,

O e

L=
QV Ka)raMa)rb
2 (L-nN) 2 (L-nN)
:x_v(—)wf:x_v(f)wf (7—26)
q, KLMN q, K°N
x,(L-N)
KN "
(7—25) ZIROXIITEEZWZ T NANRRT A NVZEGTDs=0 BT DHTFA v én

—NRNAT U NEEFGDs=0ICBT L7 B ELW ENL, GG, %ﬂ%mbi@”
(7-25) is rewritten as follows to determine G,,G,, since the gain at s =00 in the high-

pass filter section is equal to the gain at s =0 in the low-pass filter section.

2 2 2 2
Sz +x5 GI(S +a)za) GZ(S +a)zb)
—>

(7—27)
sS+ps+q, S +Ks+o. s+ Ms+w),
/N L 2
1 2/_=_ 25 G1G2=x_v
l/L N )
N (7—28)
X,
G =
Jq_v L a,
WoT, (7—25) FROXHICEEBEIZONET,
Thus, equation (7-25) can be rewritten as
1/ S+w J s+@
$+x \/_ \/_ ’ (799
s2+pvs+qv s’ +Ks+a, s*+ Ms+ o,
(7—29) IZBWT, Inequation (7-29),
B
K=LM, M=—2Lr_ (7—21)

(1+L)g,

7—2 u—NRAT 4 NVEEZBE T 4 NVEZIIEHT S
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l,=B!-4Bp.w’ +8B.q,w} +16q.®
I, =B -2plo’ +4q 0.
J_+J?U+JfB+B
4q,0

= \/Za)c’a)rb = a)c/'\/z

=B +4xw’, n,=B.+2x 0’

v'7c

\/_B+n2

2xa)

=JNo,, 0, =0, /N

(7—29) OAy NFTJEEH®,, D 2IRO/NAIRAT 4 )V Z O JE BRI
A, By bATRER©, D2ROE—/AT 4 LEZ DD CIT

(7—22)

(7—24)

BIDT

BIFATZA 35 LL,

The gain at frequency infinity of the second-order high-pass filter with cutoff frequency
WA in Equation (7-29) and the gain at DC of the second-order low-pass filter with cutoff

frequency WB are equal,

L x
AZlow = AZhigh Y =
N Jq,

7—2 u—NRAT 4 NVEEZBE T 4 NVEZIIEHT S

(7—30)
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7—3 NF—J—XBEJ74/IILADEEEBHDOELD
7-3 Summary of Transfer Function of Butterworth BE Filter

NH—D—ABE7 A MY OKRMm, FORAEK o, WIEHSRIER, L5 L.
[ = ceil((double)(m—1)/2)—-1 LT, (7—1), (7—10) Z@HAL T, "R¥—TU—2R
B E 7 4 V2 ORI

When the order of the Butterworth BE filter is m, the center frequency @,, and the
stopband width B_, applying (7-1) and (7-10) as [ = ceil((double)(m—1)/2)—1, the

transfer function of the Butterworth BE filter is

w?

mMNEFH THILE., When mis odd
(s +a)2) (s2 +wf)/x/z

sz+a), ! (7_3 1)
H _ c
n(0:09)= s2+Bws+a)cl_!s +Ks+w., s+ Ms+ao),
mAEHTHILL,  When m is even
2 2 2
H(,.5) = ﬁ (S +a))(s +w€)/ﬁ (7—32)
0SS+ Ks+ @), 85+ Ms+w),
(7—31), (7—32) IZBWT Inequations (7-31) and (7-32)
;&:cm{”@k+l+mn ...... 0<k<I)
2m
(7—33)
qk:m{”@k+l+mq ....... O<k<Il)
2m
2 2
VP4 1
w, =1, Q=-YThe__
‘ ‘ 2p, 2p,
B
K=ILM, M=—">» (7-34)
(1+ L)Q,m,,
l,=B:0; +8B.Q}w’ 0’ —4B 0’ w], +160; 0w}
l, = BQ; +40; 0} 0}, -2 0, (7-35)
\/7+\/7Vl +\/7Qka+B Qk
4QI( c Lk
a)m=\/fa)c, a),bza)c/\/f (7—36)

7—3 RN —U—ZABE 7 ()X DIREBRBOE L0
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2IRDESYDINAINAT g )V H Lra—/XAT )L E D7 A T,

The gain of the high-pass filter and low-pass filter in the second-order section is,

4, =L (7—37)

1ROEZOBEZ 4 VZ D s=0,s=0 [ZBIFDL7A 0%, 1780 FT,
The gain at S of the BE filter in the first-order part is 1.

7—3 RN —U—ZABE 7 ()X DIREBRBOE L0
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7-4 Designing a Butterworth BE filter that meets given specifications

7—3FTT, R¥m P LK o, ILHFEEB X > TNNF—U—ZXBE 7 (L4
DOBRFNAEEICR Y £ LT, WITHEZ BN 2B D R E TN ENOREEND ., KK
FRMLBEIR T 4 W H DR RDTT 4 NV E &G D HEERLET,

Up to 7-3, the order m, center frequency @., and blocking bandwidth B, allow us to
design a Butterworth BE filter. The next section shows how to design a filter by finding

the minimum required filter order from the two given frequencies and their respective

attenuations.
. NHE=T=2ZAN FLY I k=1 a3 7 1)L 2 DREEETE
*'Jf‘%_(db) Frequency Response of Butterworth Band Elimination Filter
gain
wp1and wp2 are
assband ends SEEIEED 1) L 4
No ripple in passband
-attp wpl,wp2lo Bl B iHEE
Attenuation at fp attp (dB)
WEBHRITEEmE LT
No ripple in —6mdb, o ctXiL
the blocking area —~20md b7/ de ¢
FHEED ) UL
-atte wsl, ws2l2 Bl 2 EES
Attenuation in fs atts (dB)
NS
wpl wsl ) We ws2 wp2 frequency
AN £

X 7—1 N"Z—U—RABE 7 (/4O
Figure 7-1 Frequency Response of Butterworth BE Filter

7—4 HBxonlctRERIZT AN — T —ABE 7 4 VX DG
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7— 1B 5, (wp2-wpl),wsl,ws2,wc,attp,attsz 52 5T, 7 4LV Z DB m %K
DB R E A RO E T,
Given (wp2-wpl),wsl,ws2,wc,attp,atts in Figure 7-1, find the order m of the filter and

finally the transfer function.

2l 0,0, =0,0,= @’ attp=3& LE7, Let ®,0, =0,0, = ®’ and attp =3.

| loatts/lo -1
Og loattp/lo _ l
_wj (7—38)

@
2.010g(p2”1
O, —0

sl

d=

m = ceil(d)

Wiz, mEaw, % (7—32) 6 (7—37) [CEHAT D ERKORRGNET LET,
The final design is then completed when m and Wc are applied to equations (7-32)
through (7-37).

7—4 HBxonlctRERIZT AN — T —ABE 7 4 VX DG
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7-5 Summary of Transfer Function of Chebyshev BE Filter

FxbE Y =2T7BE7 4 AZORBm, TLEERK o, LR B,, @iiiko ) 7
attp(db) & 9% & %, [=ceil((double)(m—1)/2)—1 L LT, F=EL=7BE7 4/ ¥
DB, (7—-2), (7—-10) Z#EMALT,

Let the Chebyshev BE filter order m, center frequency @, , stopband width B, , and
passband ripple attp(db), as [ = ceil((double)(m—1)/2)—1. The transfer function of the
Chebyshev BE filter is obtained by applying Egs. (7-2) and (7-10),

m N&aTHIE, When mis odd

" ~ S2+a)3 ! \/Z(sz-i-a):) (sz—i-a)f)/ﬁ (7 —3 9)
M(a)("S)_SZ +is+a)2 gsz"'[{s"'wrza S2+Ms+a)r2b
a, ¢

mBMEZ THINIEX. When mis even
\E(sz +a)f) (s2 +a)f)/ﬁ

!
08 +Ks+ @, s+ Ms+a),

H,(w,,s)= (7—40)

(7—39), (7—40) {ZBWT Inequations (7-39) and (7-40)

e=10""" —1

o (7—41)

K=IM, M=— B+ (7-42)

7—5 FzEYx27BE 7 A NWHDIREBRBOE LD
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4 2 212 2 2 2.2 2 2 4 4
[, =B,0, +8B,0,w. v, —4B, 0.0, +160, 0.0,

L, = B,Q; +40, 0} 0;, 20w, (7—43)
L: \/Z+\/§\fl2+\/ZQka+BiQk

40,0,
a)m=a)6\/f\ a)rb=a)c/\/z (7—44)

2QWDNARAT 4B L B—RAT A LEDFA UL, A, =L

1ROESDOBEZ 4 NHED s=0,s=00 IZBITFD7A 0%, 1&7320F9,

The second-order high-pass and low-pass filter gains are 4, = JL

The gainin s= 0,5 = of the BE filter for the first-order part is 1.

7—5 FzEYx27BE 7 A NWHDIREBRBOE LD
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7—6 5RoNUtHKER-IFIESTTIBE T 4 IILFDEKE
7-6 Designing a Chebyshev BE filter to meet given specifications

7T—5FTT, ZA4NMZORBm L PLEEKRo,, LSRR B, XK O@iERo U 7L
attpdIZ L > TF =B = 7BE 7 4 VX ORENDATREIC RV £ LT-,

WITHZ b 2HADERBE HEEBL LY v 7G| &IREGER T 1 V& DR
BaROTTANE eBat T DGR LET,

Up to 7-5, the Chebyshev BE filter can now be designed based on the filter order m,
center frequency @, , stopband width B, , and passband ripple attp(db).

The following shows how to design a filter by finding the minimum required filter order

from the two given frequencies, attenuation and ripple.

F bl eINL RT3 R—2 37 10 L A DREIEEEEHE

ﬁ[g“frl E;jb) Frequency response of Chebyshev band elimination filter
Passband ripple
wp1and wp2 are attp(dB)
0 passband ends B ) L 0db
-attp
wpl, wplo BT 2iEEE -attp db
Attenuation at fp attp (dB)
No ripple in BEEFHRI S F—T—2
the blocking area T4 LY ‘E)%JIE%
FEIESED ) T EL
“atts wsl,ws2lo BT A HESE
Attenuation in fs atts (dB)
frequency
wpl wsl we WS wp2 B
o EIEEL

X7—2 F=b¥x7BE7 4V OREEERE
Figure 7-2 Frequency response of Chebyshev BE filter
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7 — 212815, wpl,wp2,wsl,ws2,wc,attp,attsz 52 5N T, F=ET=7BE 7 4 /b
Z a2, FTRRICK Y 7 o v OREERD ET,

To design a Chebyshev BE filter given wpl, wp2, wsl, ws2, we, attp, and atts in Figure
7-2, first determine the order of the filter by the following equation.

-y _ _ _ 2
Il Bmo,-0,, 0©,0,=0,0,=0; %],

w §2 s

B _ _ 2
Here,let B =0 ,-®,, ©,0,=0,0,=0,.

cosh™ {\/(loatm/lo _ 1)/(10attp/10 _ 1)}

I JEN)) _
(:osh‘](‘”2 plj (7—45)
wsZ - a)sl

d=

m = ceil(d)

WIZ, mZ (7—39) b (7T—44) ([THEHAT D EEERRFNTET LET,
Applying m to equations (7-39) through (7-44) then completes the final design.

7—6 GALNIALRZWIZTF 2 =7 BE Y 4 VX DikE
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7-7 Summary of Transfer Function of Inverse Chebyshev BE Filter

MF e 7BET 4 X OREm, PO O, HIEHEEB, . o, 1250 5 W
Hatts(db) & 45 & &, [=ceil((double)(m—1)/2)—1 L LT, W iF=t>=7BE 7«
W Z OARERENL, (7—2), (7—18) Zi#EML T,

When the order m of the inverse Chebyshev BE filter, the center frequency @., the
stopband width B, , and the attenuation atts(db) at @, , as

[ = ceil((double)(m—1)/2)—1, the transfer function of the inverse Chebyshev BE filter
is, by applying equations (7-2) and (7-18),

mA & THiE,  When mis odd

\/L—(sz +o’ ) M(sz +a)fb)

R
H (@,.,5)= < (7—46)
( ) S2+Bws+a)zg s’ +Ks+w) 5T+ Ms+ao),
, ‘
mAMEE THIE,  When mis even
IL[,/L (s2+a)2),/N/L(sz+a)fb) ( :
7T—47
o S HKs+ol S+ Ms+o),
(7—46), (7—47) IZBWT Inequations (7-46) and (7-47)
1
&€= atts,
10 710 —1
2k +1 -
ak_”( ) o kK=o, "1
2m 2
d :lsinhl(l)
m &
sin(a, ) sinh(d ) m—1
= — T k=0]1,.,——
1+ sinh (d)—sm (ak) 2
(7—48)
cos(ak )cosh(d)

9= coshz(d) +cosz(ak)—1
r, =cos(a,)

7—7 WFEL=7BE 74 NVEDEEBREOE LD
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Oy =\ Pi +4;
VD +4;

Q =
‘ 2p,

o, = 1/sinh(d)

K=IM, M=——"—"*— (7—49)
(1+ L)Q,m,,
I, = B:Q/f +8BiQIfa)c2a)czk _4Bi~a’3a’fk + 16Q/3wja)jk
lzszQO1§+4Q1§a)c2a)c2k_2w3wfk (7—50)
b2 L+ 1O B, + B0,
4Qka)3w3k
a)ra = \/Za)c > a)rb = a)c/\/Z
n, = varkz +4a)c2
n,=Br +2w’ (7 —5 1)
N — \/n_lerk + n2
20°

c

,, =\/ﬁa)c,a)za =a)c/\/ﬁ

(7—=46). (7T—47) DIy NATEERK @, D 2IRDNAINAT 1)V 5 O JE IR
RickBF 25408, By "AT7RAEB @, 02RO =27 4 )VZODCIZBITL7A
FEFELL,

The gain at frequency infinity of the second-order high-pass filter with cutoff frequency
. in Equations (7-46) and (7-47) and the gain at DC of the second-order low-pass filter

ra

with cutoff frequency ,, are equal,

4, = JI/N (7—-52)

1ROEIOBE 7 A VZD s=0,s=00 [ZBTDH7A 03, 1780 FT,
The gainin s=0,5 = of the BE filter for the first-order part is 1.

7—7 WFEL=7BE 74 NVEDEEBREOE LD
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WF b =7BE 7 A VARGHIBIT TR
Note on Inverse Chebyshev BE Filter Design

1, W=D 7 —3I1ZBIT5, wpl,wp2,wsl,ws2,attp,attsiZF>&, kEFmza2 (7
- 5 4) @:J:’)T‘H%ﬁiﬂ[/ij‘o
1. based on wpl, wp2, wsl, ws2, attp, atts in Figure 7-3 on the next page, determine

the order m by Equation (7-54).

2, (7—46) 6 (7—51) #@EHA+T 2. o =. 0

c pla)p2 H Bw = a)SZ _a)sl ;i)’%';

XET,
2. When applying equations (7-46) through (7-51), @, =,/®,® B =0,-0,

p2 w s

1s given.

7—7 WFEL=7BE 74 NVEDEEBREOE LD
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7—8 SRON-HKRERBIFEFIESTTIBET 4 ILEDHRE

7-8 Design of an inverse Chebyshev BE filter to meet given specifications

7 7TETT, Yhme PLEE Ko, MEERIER | o, 1250 5 Ratts@b)ic £ -
THF =y =7 BE 7 A /VXORFNATREICARY £ L, KIZEFEZ 6N 2MBOEH
BEWRBBLOY v 7 b RIKRLERT 4 VE OREERDTT 4 NV F Gt T
LHEERLET,

Up to 7-7, the inverse Chebyshev BE filter can be designed by using the order m, the
center frequency @,, the stopband width B,, and the attenuation ats(db) in ®,,. The

next section shows how to design a filter by finding the minimum required filter order

from the two given frequencies, attenuation and ripple.

ST ST Sy FANZ N il Bl S DN P O 4 00) o o

%Uf%(db) Frequency response of inverse Chebyshev band elimination
gain
wp1 and wp2 are No ripple in passband
0 passband ends B ) T E 0db
B Wl wA- BT 5 e -attp db
Attenuation at fp attp (dB)
—— BEEFREF T
There is a ripple PR B RNN
in the blocking area
FEIEED ) T T
BEtE wsl,wslo BT 2 HEE
oo™ o Attenuation in fs atts (dB)
U \/\ frequency
wpl wsl ws2  wp2 JEiEES

WC_
AN
7—3 WF=v =7 BEZ 4 /VHOEBEEEHE
Figure 7-3 Frequency response of the inverse Chebyshev BE filter
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ERicsWT, FRAICBT S POEER 0, X, ZUETONZ =T =27 4 LZETIT
WHWoR AT T 5 Eiwsl, wplIZFEY LE 9,

Mo T, ZNETLERUELIICH Yy PATEBEELE LT pDEEZ AN LT, BRELZIEE
TOEWE L LT s DA AT 25E8ORTLLTORRIZZR Y £,

In the above figure, the center frequency @, in the calculation formula corresponds to
the frequencies ws1 and wp1l, which specify the attenuation in conventional butterworth
filters, etc.

Therefore, the formula for the case where the value of fp is input as the cutoff frequency
as before and the value of fs is input as the frequency to specify the attenuation is as

follows.

1
&€= loatls/l()_l (7-53)

cosh™ {\/(10atts/10 _ 1)/(10atlp/10 . 1)}

coshl(w”2 - wplj

a)s2 - a)xl

WoT, 74 NFDORHBmIL (7—54) OdEEIY EiF T,

Thus, the filter order m is (7-54) d rounded up,

m=ceil(d) (7—55)

WIZ, mEzR (7—46) 226 (7—52) IZHEHT D ERMEIIBREFNETLET,
Applying m to equations (7-46) through (7-52) then completes the final design.
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7-9 Summary of Transfer Function of Elliptic Function BE Filter

FHBMBE 7 4 V2 OWHm GRA), HLEES o, BILWEEB, . @iligo ) 7L
attp(db), JEHEE @, 123\ TR Eatts(db) & fEfR T 25 A

Elliptic function BE filter order m (unknown), center frequency @, , stopband width B,

passband ripple attp(db), and minimum attenuation atts(db) at frequency @,,,

FEHREE N P 2 R —3 3 07 4 )L S DRI

*'H%(db) Frequency response of Elliptic function band-elimination
gain Passband ripple
wp1and wp2 are attp(dB)
0 passband ends BBt ) L Odb
B VAW
atin wpl Wi BT S e atp db
Attenuation at fp attp (dB)
e EEPFEIEF L zT
There is a ripple PEPIEE QRN
in the blocking area
FRIES D) Tl
-atts wsl,ws2io B 2 R
e L Attenuation in fs atts (dB)
U ‘ frequency
wpl wsl We Ws2 Wp2 JEIRES
AN

X 7—4 FEMBEKBE 7 (V& O EEE

Figure 7-4 Frequency response of an elliptic function BE filter
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_ _ _ 2
Bw - Yp2 _a)pl H a)pla)pZ - a)sla)SZ =,

¢ L LT,
xL:<a)p2—a)pl)/(a)sz—a)sl)zl/k, o,=2xf,, K:K(k)

_ _ 2
pl> a)pla)pZ - a):la)ﬂ - a)c

xL:(a)pz—a)pl)/(a)ﬂ—a)ﬂ):l/k, w,=2xf., K=K(k)

As B, = @, ’
mMNEEH DK When m is odd
x,, =sn(2vK/m) (1—127a)

m2MEE DK When m is even

X, :sn[(2v—l)K/m] (1—127hb)
x, =L (1—128)
(m=1)2 1 2 m2 oy 2 .
C - H 11_;2 , C=H11_;2 (1—129)
c= 1Oattp/10_1, L:\/(loum/m_1)/(10unp/1o_1), m= K(k)K'(El)

K'(k)K(L")

m#% Y)Y EiF 4% Round up m
X (7—3), (7—29) Z@EHALT, Applying equations (7-3) and (7-29),

mMBPEFEDOE: When m is odd

L x, N x,
) 1 S +o’ (’”l)/z\/;\/%(sz+w3”)\/z\/%(sz+wfb)

:
2B I S +Ks+w), 8+ Ms+a), (7-55)
c

Go_ % L
(m=1) C,o\q,N
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Viralley g~ =3

w7 E

=L, C,, o, p,, q 0 FRXEETLOELET,
However, C,,, o, p,, ¢, shall satisfy the following equation
(m-1)/2 (m-1)/2 )
[s2+x ] +¢& CZSZH[S + X, ]
v=1
(m-1)/2

= —CHZ(S2 — 62) [S4 +(2qv —pvz)s2 +qV2]

v=1

mMA{EEDOE: When m is even

1mff o) [ el o)
H v=

1 s*+Ks+ o, s*+ Ms+ o),

H(a)s

/2 G(s2+a)fa) G%(ghra)fb)

2 2 2 2
v S +Ks+w, 5T+ Ms+o,

m

&l
w

q,N

L. Cp L, p,, q,3AEW T 0L LET,

However, C,, , p,, ¢, shallsatisfy the following equation
m/2 m/2 )
2 2
H[s +Xx, ] +&°C, H[sz—lrxzv ]
v=1

m/2

= CH2H[S4 +(2qv —pv2 )s2 +qv2]
V=1

K LM M—&
(1+L)g,

l,=B!-4B.plw’ +8Blq 0’ +16q w;
,=B.-2pla’ +4q,0]

f+f,/l +.JI, B, + B’

4qa)

a)m = \/Z@c’wrb = wc /\/Z

7—9 MHEEBE 7 4 VX DIGERBEEOFE LD

(7—56)
(7—21)
(7—22)
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oY) 2 2 _ p2 2 2
n=B,+4x,0., n,=B +2x,0;

v~=c 2

N_,/nlBW+n2
- 7 2 2
X,,

., :ma)c,a)zb :a)c/\/ﬁ

(7—24)

(7—=55). (7—=56) OHy NATEKEEK®,, D 2IRD/NAINAT 1 )7 O JE AR
RiCBIFD7A e Iy " ATREER 0, D 2ROO—/NZ2T7 4 LEZ DD CIZBIT D7 A
FEFELL,
The gain at frequency infinity of the second-order high-pass filter with cutoff frequency
®,, in Equations (7-55) and (7-56) and the gain at DC of the second-order low-pass filter

with cutoff frequency ®,, are equal,

G= all - Lo m=even
(C o—) int(m/2)"2 q,N
(7—57)
G= adt - Lo m=odd

(CH)im(m/2)*2 q.N

1ROEFSDOBEZ 4 NZD s=0,s=0 ([ZBIFTH7 A0, 1E20ET,
The gainin s= 0,5 =0 of the BE filter for the first-order part is 1.

7—9 MHEEBE 7 4 VX2 OEEMBOE LD
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7—10 #MAMEBE 74 I)LEDHZIDFIE

1. PHAEHFEO FRRE WS wpl & AT

2. BRIEHHEO ERER S wp2 & AT

3. PHAEAIER O ERR - FRRERICRIT 2R attp(db) & AT
(NA—TU—ATlE, attp=3. 01&LF7)

4. HIRHEREZETT 5B ws1 12OV T, R xs (= wsl/wpl) ZAS

5. &K=& atts(db) & AS)

6. HLEEKEZHET D, 0. =, 0,0,

7. ERBEEEERT D wsl,ws2 ZEHHE T 5, wsl=wpl¥*xs,ws2=wp2/xs
8. PHILHEE Bw ZEtHET 5, Bw=(wp2-wpl)
PLEICE GO, NI A= 25 at ATHWE T,

7-10 Procedures for designing an overall BE filter
1. input the lower limit frequency wp1 of the stopband
2. Enter the upper frequency wp2 of the stopband
3. Enter the attenuation attp(db) at the upper and lower stopband frequencies.
(For Butterworth, attp = 3.01) 4.
4. Enter the ratio xs (= wsl/wpl) for the frequency wsl for which the minimum
attenuation is specified.

5. Enter the minimum attenuation atts(db)

6. Calculate the center frequency, @, =,/®,®,,

7. Calculate the frequencies ws1 and ws2 at which the minimum attenuation is achieved.
wsl=wpl*xs, ws2=wp2/xs
8. Calculate the stopband width Bw: Bw=(wp2-wp1)

The parameters obtained above are used in each design equation.

7—10 MK BE 7 4 VZOZEHOFIE
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. 7—3ZBIT5, wpl,wp2,wsl,ws2,attp,attsiZHOE, KEmEX (7—54) I

WF b2 7BE 7 4 VARFHIBITHIER
1
KoTHRELET,

2, (7—46) »6 (7-51) ZEHT DM, 0 =,0,0,, B, =0,-0,%%5
X FET,

Notes on Inverse Chebyshev BE Filter Design

1. based on wpl, wp2, wsl, ws2, attp, atts in Figure 7-3, determine the order m by
Equation (7-54).
2. when applying (7-46) through (7-51), give Wc

7—10 MK BE 7 4 VZOZEHOFIE
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Tl 7 4 NVEOFREFEERK

%(8E BEJAILFIDEK
Chapter 8: BE Filter Synthesis

8—1 BEZ/I/LADEHEEREBERX
a. NZ—U—ZXBE7 4 /L%
b. FzbEY -2 7BEZ7 4 /L%
c. FxEY=27BEZ7 4V
. FEHBBBE 7 1 L2
8-1 Types of BE Filters and Basic Circuit Forms
a. Butterworth BE filter
b. Chebyshev BE filter
c. Inverse Chebyshev BE filter
d. Elliptic function BE filter

(oW
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1IROBE 7 4 V% HAKAE  First-order BE filter basic circuit

- - - > . .
M4
-
- -
-
RTAYE
Y LM324
R4S
-
CR o
.
Q 4 M174
-
-

LP3, HP3, BP3, BE1 (et1)

K8 —1 1WMOBE 7 4 /L&FAKME Ipetl 2.cir (K2 —5LFEL)
Figure 8-1 First-order BE filter basic circuit Ilpetl_2.cir (same as Figure 2-5)

lpetl__2. cir®iEEE Transfer function of Ipetl_2.cir
s+ 213722
C,'RR,
) 3R,
+ S+ PR
C,R,(R +R,) C’R,
0 —/RA 7 4 VEEBET A VEICERTHE, n—RA T 4 LEDIROBEEIT1ROBE
T4 VHICEBREND,
FLT, B—/"RAT7 4 NVED2ROEBIT, 2IRONA/NAT 4 )V B E2ROBE—/NAT ()b
ZIZERSIILD,

When a low-pass filter is converted to a BE filter, the first-order function of the low-pass

(8—1)

Hz(wp,s)%

S

filter is converted to a first-order BE filter.
The second-order function of the low-pass filter is then converted to a second-order high-

pass filter and a second-order low-pass filter.
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1KRDOBE 7 4V ZFKEE  First-order BE filter basic circuit

R3 RE Pd
[ * — - L ——— -
R5
| j % i
0 "
R ’ R - B
NN —O——AN ~9 -4
o IME24 : _r_! LU-*4
| — —— ?_“.V'_ $ ]- - - -d
. -
R1 | r-‘:l C2
2
' LP4, HP4, BP4, BE2 (et2)

X8—2 1WDOBE 7 ¢/ HAKAE Ipet2_2.cir (X2 —6 &£[RIL)
Figure 8-2 First-order BE filter basic circuit lpet2_2.cir (same as Figure 2-6)

lpet2_ 2. cir®xERE Transfer function of Ipet2_2.cir

(1Y)
kk R ’ +(CR)
_ Ny (i)
Hz(wf”s)_ l+kd R, » kd+kr+4—4kk 1+ kr
65"+ S+—5—
C,R,(1+kd) C, 'R, (1+kd)

(8—2)

Rb 2-Rb kd-Cb
R1=7,C1=2-Cb,R2= ,C2 =

= > ,R3 =(kk—1)-R5

0—RAT7 4 NVEEZBE7 A VEICEMT S L, u—2 7 4 L2 D1UROEEIZ1ROBE
TANZITEBEND,

FLT, B—/"RAT7 4 NVED2ROEBIT, 2IRONA/NAT 4 )V B E2ROBE—/NAT ()b
SICEMEND,

When a low-pass filter is converted to a BE filter, the first-order function of the low-pass
filter is converted to a first-order BE filter.

The second-order function of the low-pass filter is then converted to a second-order high-

pass filter and a second-order low-pass filter.
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8 —2 FHEIEMADT « LFRET L DER & REREHRDIRE
BE 7 ¢ V% OFPEDOTEIH

a. NZ—U—ZXBE7 4 /L%

b. FzbEY -2 7BEZ7 4 /L%

c. FxEY=27BEZ7 4 VH

d. FEABKBE 7 1 V4
8-2 Determination of application and circuit constants for each filter characteristic of
each circuit type
Types of BE filter characteristics

a. Butterworth BE filter

b. Chebyshev BE filter

c. Inverse Chebyshev BE filter

d. Elliptic function BE filter

8—2—a NZ—J—XBE 74 /L2~Di#EHA
8-2-a Application to Butterworths BE filter

NZ—=TU—=ZABEZ7 4 /VZDOREm, TLEER o, HILEEESREB, L7258 &,
[ = ceil((double)(m—1)/2)-1 LT, "¥—U—ZABE 7 1 /L% DREEKIT
When the order of the Butterworth BE filter is m, the center frequency @,., and the

stopband width B, , the transfer function of the Butterworth BE filter, as
[ = ceil((double)(m—1)/2)—1

mBEFE THIE.,  When mis odd

St \/Z(s2+a)f) (sz+a)f)/\/z

Hm(a)c,s) =

(7—31)
s’ +B s+ gsz +Ks+a., s°+Ms+aw,
mAMEE THIEX,  When mis even
I \/Z(sz +a)f) (sz +a)f)/\/z
Hm(a)C,S)= 2 2 2 2 (7-32)
i S +Ks+w, s+ Ms+w,

(7—31), (7—32) IZBWVWT Inequations (7-31) and (7-32)

8 — 2 FRIELADT 4V FREZ & O & R EBORTE
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D = COS(MJ ...... (0<k<))

2m
( 7(2k +1+m)
g, =sin| DT 0<k <)) (7—33)
2m
2+ 2
w,=1, 0 =- Pr T4, __ 1
2p; 2p,
B
K=LM, M=—>" (7-34)
(1+ L)Q,m,,
I, = B:Q/f +8BiQIfa)c2a)czk _4Bi~a’3a’fk + 16Q13a):a)jk
lzszQO1§+4Q1§a)c2a)c2k_2a)3@3k (7—35)
Lz\/Z+\/§,/lz+\/ZQkBW+BfVQk
4Qka)3w3k
a)m=\/fa)c, a),bza)c/\/z (7—36)

QWRDERSFDINA INAT 4 LR LT — IR T 4 VEZDFA T

The gain of the high-pass filter and low-pass filter in the second-order section is,

4, =L (7—37)

1ROEFSDOBEZ 42D s=0,s=0 [ZBIFH7 A0, 1E20ET,
The gainin s= 0,5 = of the BE filter for the first-order part is 1.

8 — 2 HEKEXDT 4 WHEHEZ & OmEA & I EBDOIIE
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lpetl_2. cirzfEATBdLE
When using Ipetl_2.cir

O.=w/B,, R=Zr+5L. Let Q,=0./B

w?

R =27

b

1 ROEIKKERS  1st order section

R
= =1 .'.R3=R2
R,
1 R
wf:CZRzzCzRZZR ......... , =R,
b Y% b\ Yy
R
Bw:a)c/Qbe: 3 : = 3R1 a)c
CR,(R +R,) R +R,
R
R1: : > Rz:R3:R4
3Qbe_1
1
Qbe>§
R =7, C —L
b T Zw

2 R DEIEESr  2nd order section
1 FHORBIEEIZOWTIX,  For the first circuit,

R_JL R =VIR

, 1 o]
o =GR )
o R R R
=—2 e ‘R,
C;R’R, R, L
K- 3R, _ 3R 0.
C,R,(R +R,) R +R,
KR
R1:—4, 2:&’ R}zﬁ
3w, - K L JL
K
@, >—
3
R =7, C=——
b 7 Zo

8 — 2 HEKEXDT 4 WHEHEZ & OmEA & I EBDOIIE
8—2—a NZ—U—XBE7 4 )VZ~DHEH

(8—3)

(8—4)

305 / 461



TIT 4T T 4 NE DR AR
H8E BE 7 4 /LKXDERK

2 % HDEIKIZHOWTIL, [AERIZ  For the second circuit, similarly

1
S =— R =—4R
, VL VL
, 1 1
rb_ --------------------- ’b_
G R, GR,
R R
Pl ="2@, ... R, = LR,
C;R’R R,
IV 3R, _ 3R, o,
C,R,(R +R,) R +R,
R=—MR R _IR, R =VIR,
3w, - M
M
@, >—
3
1
R =2, C =
Za)rb

lpet2_ 2. cirzfEfATDLE
When using Ipet2_2.cir
szzﬁ Qbe:a)c/Bw&‘@ﬁé&\ If Rb:Z9 Qbe:a)c/BW’

1 ROEIEEERS  1st order section

ke R, _ - _(1+kd)R,
kg R Ry =

2 2
aﬂ—[ 1 j _( 1 j 1+ kr
° \GR, C,R,) 1+kd
cokr=kd
p o @ _kdtkr+4—dkk _2kd+4-4kk
" 0. GR(1+kd) 1+ kd ‘
.'.kk:(sze—l)kd+4Qbe—l

4Qbe

8 — 2 HEKEXDT 4 WHEHEZ & OmEA & I EBDOIIE
8—2—a NZ—U—XBE7 4 )VZ~DHEH

(8—5)

(8—6)

(8 — 7))

(8 —8)
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i+1

e>1 (20, -Dkd>1 -0, > % > % Ei72 7 Oy ISR LT,
L+l 1
for O, satisfying kk>1 ~(20, -Dkd>1 .0, > % >
1
kd > (8—9)
2Qbe _1
Zlwi= 9, kd R4 %5 L. At that time, when kd is selected,
20, —1)kd +40, —1
Qbe>l, kd=hr>— kk:(Qbe ) O
2 2Qbe _1 4Qbe
VA 27 1+kd)R
R1:59 Rz:;s R3:(kk—1)R5’ R4:( kk) : (8—10)
R =Z, C =L, ¢ =2C, C= kdG,
Zo,
2 IROEIEEE S 2nd order section
1 ZHDOEIEIZOWTIL,  For the first circuit,
1+kd )V LR
L :&:QLiCi (8—11)
1+ kd Ry kk
1 2
@ = (c R )
n (8—12)

I 2_( I j21+kr
= % T GR,) 1+kd

okr=L(14+kd)=1>L=1iz% LT,  According to .. kr = L(1+kd)—1>L—1,

rd = Ry (8—13)
L
_kdthr+d-dkk _kd+ke+d-dkk
C,R,(1+kd) 1+ kd ‘
(8—14)
kd s k14— KUHA)
- e = ©e
4

8 — 2 FWELADOT 4 VI RET L DA & BIEEKORGE
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(8—13) Z{CALT, kk>1 XY, Substituting equation (8-13), from kk,

(L-1o,+K

Lo, —K

(8—15)

it~ 7T,  Therefore,

(L-Dw,+K

kr > max{(L - 1),m

} IZxf LT,

Depending on Ar > ma){( L— 1),%}’
a) —

c

. kd + k4 KUHK)
_ -7 —1, kk= y @,

, Rzzi—z, R, =(kk-1)R;, R4:% (8—16)

kdC,
) Ch:%’ C1:2Cb, C2: 2b

r
1

2 F B OEKIZOVWTIL, [FEEIZ  For the second circuit, similarly

e Ry L g, = UTAD)R, (8—17)
1+kd R, L Y kL

(8—18)

wz_a)j_( 1 j21+kr
" L \CR,) 1+kd
cokd = L(1+kr)=1> L—=1iz%f LT, Dependingon .. kd = L(1+kr)-1>L-1,

B 1+kd_
L

kr

1 (8—19)

8 — 2 FRIELADT 4V FREZ & O & R EBORTE
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_kd+kr+4—4kk _ kd +kr+4—4kk
C,R,(1+kd) 1+ kd ‘

(8—20)
k1 k4 MUHK)
(4]

o okk = £
4

(8—19) Z{XALT, kk>1 XY, Substituting equation (8-19), from kk >1,

k> Lo+ K (8—21)
(L+Dw,-K
> T,  Therefore,
k> max (-, ED2 KN
(L+1)ow,—K
, (L-No,+K
Depending on kd > max (L - 1),— ,
(L+1)ow,-K
Lt kd kd+kr+4—M
b= 1, k= @
4
Z 27 1+ kd )R
R=20 R="7 R, =(kk—1)R;, RF% (8—22)
1 kdC
R, =7, Cb:ZJ G =2C, G= 2b

8 — 2 FRIELADT 4V FREZ & O & R EBORTE
8—2—a NF—U—ABE7 A /NF~DiH 309 / 461



TIT 4T T 4 NE DR AR
H8E BE 7 4 /LKXDERK

8—2—b FIELIIBEJ4IILR~ADEA
8-2-b Application to Chebyshev BE filter

F2EY=T7BET7 4 AZORm, TOLEEK o, EILEEE B, , @iEko ) 7L
attp(db) & 9% & %, [=ceil((double)(m—1)/2)—1 L LT, F=EL=7BE7 4/ ¥
DIRERIEIT,

If the Chebyshev BE filter order m, center frequency @, , stopband width B, , and

passband ripple attp(db), then the transfer function of the Chebyshev BE filter, as
[ = ceil((double)(m—1)/2)—1

mA & THiE,  When mis odd

s+ ! \/Z(s2+a)f) (sz+a)f)/\/z

H (o,,s)= (7—39)
( ) sz+ws+wfgsz+Ks+a)fa s*+ Ms+w),
2
mMEE THILUEX, When mis even
L JL(s* +0?) (5P +0?) /L
Hm(a)C,S)= 2 ( 2)(2 )/ 2 (7—40)
i S +Ks+w, s+ Ms+w,
(7—39), (7—40) {ZBW\WT Inequations (7-39) and (7-40)
e=10""" —1
2k +1 _
a, = k) K=o, "1
2m 2
d :lsinhl(l)
m £
m—1
=sin(a, )sinh(d)>O0............ k=0,1,...,——
P ¢)sinh(d) 2 (7—41)

)
)

q, =cos(a, cosh(d)

@y =P+
0 - VP +a;
‘ 2p;

, = sinh(d)

8 — 2 FWELADOT 4 VI RET L DA & BIEEKORGE
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K=LM, M= L
(1+ L)Q,m,,
[, = ijQ/? +8B§/Qlfa)3w§k _4Bv2va)fwc2k + 16Q/fa)jw:k
L, = szszf +4Q13a)c2a)fk _2w3a)c2k
. \/ZJM/Z/IZ +\/ZQkBW + B0,

2 2
4 Qk a)c a)ck

a)ra za)c\/Z > a)rb za)c/\/Z

QIRDNAINAT B L a—sRRT 4 VA DFA L, Ay =L

(7—42)
(7—43)
(7—44)

The second-order high-pass filter and low-pass filter gains are 4, = JL

1ROESSDBE 74 NVED s=0,s=0 [ZBITHTFA 0L, 1720 FET,

The gainin s=0,5 =0 of the BE filter for the first-order part is 1.

lpetl_2. cirzfEfATdLE
When using Ipetl_2.cir
Rb:Z9 Qbe:a)c/Bw&‘j‘ék\ If Rb:Z9 Qbe:a)c/Bw’
1 RDOEIEEERST  1st order section
R,

E:I R, =R,
1 R

O =5 = , =R,
C!R} C’R'R,

B, o, _ 3R, B mlw

o, @0, CR(R+R) R+R, °

R

SR =—-*—, R =R,=R,
30,0, -1
1

Qbe 3a)d

R=7 C=—1

b ’ " Zw

8 — 2 FWELADOT 4 VI RET L DA & BIEEKORGE
8—2—b FxbYxT7BEZ A NH DIl
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2 Rk DEIEEESY  2nd order section
1 & B OREFEIZHOWTIE,  For the first circuit,

& = '\/z s R3 = \/ZR2
R2
2 1 1
ra = 5 g trrrrrreeeseseeeeeees " COm =
CR N
R R R =
: > 3 —_— Facteee . RZ .
Cb Rb R4 R4 L
K = 3R1 = 3R1 a)ra
CbRb(Rl + R4) R +R,
1:&, R2:&a R3:£
30, - K L i
K
@, >
3
R =7 C-=J—
b b b Za)

2 % H OEEEIZOWTIL, FEEIZ  For the second circuit, similarly

R, 1 1
2= R,=——R
, JL PJL
1 1
rb T T A seecsescssscscsscssans rb =
CR; C,R,
R R
P=— 2t —="2w ... R, = LR,
C,RR, R,
3R, 3R,
= = a)rb
C,R,(R +R,) R +R,
1= MR4 , 5 :LR4 ) R3 :\/ZR“
3w, - M
a)rb >
1
R =Z, C =
Za)rb

8 — 2 FWELADOT 4 VI RET L DA & BIEEKORGE
8—2—b FxbYxT7BEZ A NH DIl

(8—24)

(8—25)
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lpet2_2. cirzfEATdLE
When using lpet2_2.cir
szzﬁ Qbe:a)c/Bwquék\ If Rb:Z’ Qbeza)C/BW’

1 ROEIKKERS  1st order section

1+kd)R
e Ry z&=£——li (8—26)
1+kd R, kk
aﬂ—[ 1 )2_( 1 jz 1+ kr
 \CR, C,R,) 1+kd (8—27)
cokr=kd
B, o _kd+kr+4—4kk _2kd +4-4kk
o, ©,0, CR(1+kd) 1+ kd ‘ ( :
8—28
e (20,0,, —1)kd +40,0,, -1
40,0,
kla’H 1
kk>1 (2w —1)kd > 1 L0, > > —
( dee ) Qbe 2a)d za)d
=9 O l2xt LT, For O, satisfying the condition,
1
kd > ———— (8—29)
20,0, —1
i, kd #®R+5L, R =2 1T,
If kd is selected andif R, =72
2 —1)kd +4 -1
0.5 kimhrs | =22t 40,0,
20, 20,0, -1 40,0,
Z 2Z (1+ kd) R,
R=—, RR=—, R, =(kk—1)R., R, =——""— 8—30
A T (ke=1)R;, R, ke ( :
1 kdC,
Rb:Z, Cb:%’ C1:2Cb, C2= 2b

8 — 2 FWELADOT 4 VI RET L DA & BIEEKORGE
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2 Rk DEIEEESY  2nd order section
1 & B OREFEIZHOWTIE,  For the first circuit,

AT :R=Qi@%@&- (8—31)
1+ kd R, * e
2
o)
- \CR
b (8—32)

ckr=L(14+kd)=1>L-1ic% LT, Dependingon ..kr=L(1+kd)-1>L-1,

rd = Ry (8—33)
L
_kd+hr+4—4kk _ kd+kr+4-4kk
C,R,(1+kd) 1+ kd ‘
(8—34)
kd s k14— KUHA)
-k = ©e
4

(8—=33) ZMCLALT, kk>1 XY, From kk>1,substituting (8-33),

(L-1o,+K

Lo, —K

(8—35)

> T,  Therefore,

(L-Dw,+K

kr > max{(L - 1),m

} kLT,

(L+1)ow, - K

c

Depending on kr > map{( L— 1)3%},

8 — 2 FRIELADT 4V FREZ & O & R EBORTE
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K(1
et kar+kr+4—M
kd =— 1) k= e
4
Z 27 (1+kd )V LR
R=%2, R=22, R=(kk-1)R,, R =~——"2""¢ 8—386)
2t e (Ke=1)Rs R, Kk (
1 kdC,
R =7, c,,:Z—wc, C =2C,, C = 2b

2% HDEKIZHOWTIL, [AERIZ  For the second circuit, similarly

MR, _ 1 "R _ (L k)R, (8—37)

1+deT6—\/Z ....................... - Ay W

1 2
t~{gz)
CbRb
2 2
wz_a)c_( 1 j 1+ kr
" L \CR,) 1+kd

ckd = L(1+kr)=1>L-1ic% LT, Dependingon ..kd = L(1+kr)—=1>L-1,

(8—338)

k]"=1+kd—1 (8_39)
L
_kd+kr+4—dkk _ kd +kr+4-4kk
C,R,(1+kd) 1+ kd ‘
(8—40)
b+ k4 MUHK)
o k= D
4

(8—39) #RALT, kk>1 XV, Substituting (8-39), from kk >1,

(L-No,+K

(L4l —K (8—41)

kd >

8 — 2 FWELADOT 4 VI RET L DA & BIEEKORGE
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kd > max[(L — l),

Depending on kd > ma){( L- 1)%} ’

TIT 4T T 4 NE DR AR

H8E BE 7 A VZDERK

Therefore,

(L-1)o, +K

m} IZxf LT,

(L+1)o, - K

c

M(1
k1 k4 MU+K)
1, kk= @
4

2Z (1+ kd )R,
=2 R =(kk-1)R, R =——"2LF

ke’ (ke=1) ks, R Kk~
:_LU q:2Q,(%=MQ

Zw 2

8 — 2 FHEIBEAD T 4 02 Kt T L DO & BRI E B DIRIE

8—2—b FzEY=7BEZ7 4 /L ~DiiH

(8—42)
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8—2—c MFIEI T I7O—NRIT4ILE~DER
8-2-c Application to Inverse Chebyshe Flow Pass Filter

WF =y =7 BEY A NVEOUMm, PLEERo,, HIEHREB,. 0,180 2%
Hatts(db) & 45 & &, [=ceil((double)(m—1)/2)—1 L LT, W iF=t>=7BE 7«
IV H DRI

If the order m of the inverse Chebyshev BE filter, the center frequency @, , the stopband

width B, and the attenuation atts(db) in @,;, then the transfer function of the inverse
Chebyshev BE filter, as [ = ceil((double)(m—1)/2)—1, is

mA & THiE,  When mis odd

\/L—(sz +o’ ) M(sz +a)fb)

S+’ L
Hm(a)c’s) = B ‘ H 2

: k (7—46)
PR T i B +Ks+w., 5+ Ms+o),
o, ‘
mAMEE THIUX.,  When mis even
IL[,/L (s2+a)2),/N/L(sz+a)fb) ( :
7T—47
o S HKs+ol S+ Ms+o),
(7—46), (7—47) IZBWT Inequations (7-46) and (7-47)
1
E=
loattslo 1
2k +1 -
ak_”( ) o kK=o, "1
2m 2
d= lsinhl(l)
m &
sin(a, ) sinh(d ) m—1
= — T k=0]1,.,——
1+ sinh (d)—sm (ak) 2
(7—48)
B cos(ak )cosh(d)

9= coshz(d) +cosz(ak)—1

r, =cos(a,)

8 — 2 HEKEXDT 4 WHEHEZ & OmEA & I EBDOIIE
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Oy =P +4;
VD +4;

Q =
‘ 2p,

o, = 1/sinh(d)

K=IM, M=——"—"*— (7—49)
(1+ L)Q,m,,
I, = B:Q/f +8BiQIfa)c2a)czk _4Bi~a’3a’fk + 16Q/3wja)jk
lzszQO1§+4Q1§a)c2a)c2k_2w3wfk (7—50)
b2 L+ 1O B, + B0,
4Qka)3w3k
a)ra = \/Za)c > a)rb = a)c/\/Z
n, = varkz +4a)c2
n,=Br +2w’ (7 —5 1)
N — \/n_lerk + n2
20°

c

,, =\/ﬁa)c,a)za =a)c/\/ﬁ

(7—=46). (7T—47) DIy NATEBEEK,, D 2IRD/NAINAT 1 )57 O JE AR
RiCBIFDTFA e By " ATREAER 0, D 2ROO—/RAT7 4 )LEZ DD CIZBIT 57 A
FEFELL,
The gain at frequency infinity of the second-order high-pass filter with cutoff frequency
®,, in Equations (7-46) and (7-47) and the gain at DC of the second-order low-pass filter

with cutoff frequency ®,, are equal,

4, = JI/N (7—-52)

1TIROESDBE 7 4 MED s=0,s=0 |[ZBITDHZ7A 0%, 1L ET,
The gainin s=0,5 =0 of the BE filter for the first-order part is 1.
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8% BE 7 4 VHDERK

lpetl_2. cirzfEATBdLE
When using Ipetl_2.cir

Rb:ZD Qbe:a)c/Bwquék\ If Rb:Z’ Qb€:

1 ROEIKKERS  1st order section

&:1 .'.R3 = R2
R,
1 R
2:(:'2 2= 222 ......... ..R2=R4
W Ry G RR,
B, __ o _ 3R, _ 3R @
o, 0,0, CbRb(R1+R4) R +R, )
R
SR =—"—, R =R =R,
30,0, —1
1
>_
Qbe 3a)d
R =7, C = !
b T Zo

2 R DEEEESY  2nd order section
1 ZBEBORKIZOWTIX

B -5

For the first circuit,

1
ra Cbszz ..................... oy = CbRb
2 _ R2 _ R2 2 . NR4
za T o Wy R, =
C,R,R, R, L
3R, 3R,
B - @,,
CbRb(R] +R4) R +R,
KR R N
1 = —4, R2 ZL, R3 = ERA‘
3a)ra -K L L
a)ra >—
R=7., C=—1_
b s b Za)

o./B

w

(8—43)

(8—44)

8 — 2 HEKEXDT 4 WHEHEZ & OmEA & I EBDOIIE
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2 % HDEIKIZHOWTIL, [AERIZ  For the second circuit, similarly

E_YV o r= /g
R, VL L
2 1

1
) =~ eeeeiiiiiiiiiiiiiiins L, = (8—45)
" GR " GR,
2 _ Rz _& 2 R = LR4
2 =—2 e R,
C,R;R, R, N
M- 3R, _ 3R, o,
C,R,(R +R,) R +R,
MR LR L
1 = 4 R2 = 4 , R3 = —R4
3w, — M N N
W, >—
1
R =Z, C =
Za)rb

lpet2_ 2. cirzfEfATDLE
When using Ipet2_2.cir
szzﬁ Qbe:a)c/Bw &jﬁé&\ If Rb:Z’ Qbeza)C/BW’

1 ROEIEEERS  1st order section

1+ kd)R
MRy -.R4=@ (8—46)
1+kd R, Kk
2 2
aﬂ—[ 1 j _( 1 j 1+ kr
° \C,R, C,R,) 1+kd (8 —4 7)
Sokr=kd
B,_ o _kd+kr+4-4kk _2kd+4-4kk
o, ©,0, C,R,(1+ kd) 1+ kd ‘ ( :
8—48
g = 20,0, ~1)kd +40,0,, ~1
40,0,
i+1 1
e>1 (20,0, -Wkd>1 .0, >% 5 — pyrg0, kLT,
20, 2o,

8 — 2 HEKEXDT 4 WHEHEZ & OmEA & I EBDOIIE
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—+1
For Q,, satisfying kk >1 .'.(2a)dee—l)kd>l 0, >kd L,
20, 2o,
1
kd > —— (8—49)
20,0, —1
iz, kd #@&R$T 5L, R =Z LLT,
Selecting the appropriate kd ,as R =Z,
2 —1)kd +4 -1
051 mekrs— L o220 "Dk +40,0,
20, 20,0, -1 40,0,
Z 2Z (1+ kd)R;
R=2, R=22, R =(kk-1)R,, R, =76 8—50
A T (Ke=1)R;, R, ke ( :
&:Z,Cfbiﬂ QZZQ,(2=MQ
Zo,
2 IROEIEEE S 2nd order section
1 ZHDOEIEIZOWTIL,  For the first circuit,
1+ kd
%-&:sz ....................... :&z( )-5& (8—51)
1+ kd Ry N kk N
2
a)zza:(clle] za:CIR
b b i b b (8—5 2)
, ( 1 j l+kr 1+kr
a)ra = = a)za
CR) 1+kd 1+kd
L(1+kd N(1+ £k
P S A o (5-53)
N N L
_kd +kr+4-4kk kd+kr+4—4kkw
C,R,(1+kd) 1+ kd “
K(1 (8—54)
k1 k4~ KUHK)
ok = B
4
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8—2—¢c WFxbELY=2T7a— AT 4 )L ~DEH 321 / 461



TIT 4T T 4 NE DR AR
H8E BE 7 4 /LKXDERK

(8—53) #fRALT, kk>1 XV,
Substituting equation (8-53), from kk > 1,

(L-N)aw,, +KN

kr > (8—55)
(L+N)w,, — KN
> 7T,  Therefore,
L-N + KN
kr > max (i— j,( )a)m WZxf LC,
N J(L+N)w,—-KN
L L—N)w, +KN
Depending on A7 > max (——1),( ) = )
N J(L+N)w,-KN
K(1+kd
N(1+kr) l’cd+kr+4—u
kd =1 = B
L 4
VA 27 1+kd) | L
R=20 Ry="—, R, =(kk -1)R;, R4:( kk) R (8—56)
1 kdC,
Rb:Z’ Cb:Z—a)c, C1:2Cb’ C2: 2b
2 F B OEKIZOVWTIL, [FEEIZ  For the second circuit, similarly
1+ kd
e Ri N e g, k) [N (8—57)
1+ kd Ry L kk L
., = L@, =
CbRb CbRb
. (8—58)
, ( ljl+kr l+kr
a)rb: = a)zb
CR) 1+kd 1+kd
L(1+ kr
.-.kdzg—bi—l&:ﬂbf\
N N
L(1+ ki
Depending on .. kd:M—1>£—l,
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kr:N(l+kd)_1 (8—59)
L
_kd +kr+4—4kk _ kd +kr+4-4kk
C,R,(1+kd) 1+ kd *
(8—60)
kd kv 4 M0FK)
ok = Dzt
4
(8—=59) ZXALT., kk>1 XV, Substituting equation (8-59), from kk >1,
L-N)w, +K
kd>( s (8—61)
(L+N)w,-K

it~ 7T,  Therefore,

kd>max{(£—lj,(L_N)wz” +K:| o
N J(L+N)w,-K

Depending on kd > ma){(i _ 1) ’ (L - N)COzb + Kj| ’
N (L + N)a)zb - K

M(1+kd
N{1+ k) kd kv o M0HK)
fr=——"J 1, kk= L
L 4
z 27 1+kd) [N
&=E31Q=E7 R, =(kk -1)R;, &:(kk)-z& (8—62)
1 kdc,
R =Z, c,,z—ch, C =2C,, C = 2b
8 — 2 HEPEERD T 4 V4Rl 2 & D L I E R DOPE
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8—2—d HABKO—/IR T ILE~DEA
8-2-d Application to Elliptic Function Low Pass Filter

EHBKBE 7 4 ¥ OWEEm GRAD, OB o, BLIEHEIEB, . @ifko v 7L
attp(db) . J& % o, & B W T KK B = & atts(db) % # £ 3 5 H A& .

_ _ 2
pla)pZ =0,0, =0,

xL:(a)pz—a)pl)/(a)sz—a)sl)zl/k, w,=27f., K=K(k)

B, =0,-0,, O

& LT,

Elliptic function BE filter order m (unknown), center frequency @, ,stopband width B,

passband ripple attp(db), minimum attenuation atts(db) at frequency o, , as

_ _ 2
pla)pZ =0,0, =0,

xL:(a)pz—a)pl)/(a)sz—a)sl)zl/k, w,=27f., K=K(k)

B, =0,-0,, O

b

mMN A OKF  When m is odd
x,, =sn(2vK/m) (1—-127a)

m2MEE DK When m is even

X, :sn[(2v—l)K/m] (1—127hb)
x, =L (1—128)
xZV
(m-1)/2 1—x 2 m/2
C < b (1—-129)
1 ]‘3 l_xzvz ’
= loattp/lo -1, 7= [(10™° _1) /(107w _1), _K(k)K'(Lﬁl)
\/( )/( ) m_K'(k)K(Lfl)
m#% Y)Y EiF 4% Round up m
mMAEEDEE When m is odd
H,(,8) = o2 "”)/Zﬂz o ﬂ?“’
Tt CLe PaBu i v SHKsta s*+ Ms+ o), (7-55)
U c

N 2 2

s e (s +a)2) GT(S +wzb)

2 2

sz+is+a}f V2l (s +Ks+ ] )(s +Ms+a),b)
o

8 — 2 HKEIXD 7 ¢ K EMEZ L OmE A & R EEOIRE
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Go_ % L
(m—l) CH qVN
=L, Cy, o, p,, qIERXEWZT DL LET,

However, C,,, o, p,, q, shallsatisfy the following equation

mMA{EE DK When m is even

gt

i i

+a)zb
H,(o,,
=1 s +Ks+a) s +Ms+a)

/2 G(s2 +a)22a) G]Z(Sz +a)zzb)

2 2
1 ST+ Ks+ o),

s*+ Ms+ o,

=L, G, ., p,, qFRKEWEETLOLELET,
However, C, > P,> {, shall satisfy the following equation
m/2 m/2
H[s2+x ] +8C H[s +Xx, ]
v=1
m/2
= HH[S +(2,-p)s’ +qv]
K=LM, M=_DvPr_
(1+L)g,

8 — 2 FEEHXDT 4 NV Z KT & O & [ EEDORTE
8 —2—d FMBEEKE— AT 4 VI~
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l,=B!-4B p’w’ +8B.q 0’ +16q.®
[, =B, -2plo’ +4q,0°
JihrﬁjQFB+B (7—22)
49,0
zﬁwc,w,bza)c/\/z

=B +4xw’, n,=B.+2x 0’

v'7c

\/_B+n2

2xa)

=JNo,, 0, =0, /N

(7—24)

(7—55), (7—56) Oy "FTEEE ®,, D 2IRD/NA INAT )V OJE EEIER
RICBIBFA .y " ETEBEK®, D 2ROO—/RAT7 4 LEDDCIZBIT 574
%<,

The gain at frequency infinity of the second-order high-pass filter at cutoff frequency

®., in Equations (7-55) and (7-56) and the gain at DC of the second-order low-pass filter

ra

at cutoff frequency @,, are equal,

(7—57)
G N | L m=odd
#Cy \ g, N
1IRDOESSOBE 7 4 NED s=0,s=0 [ZBIFDH7FA 0L, 1720 FT,

The gainin s= 0,5 = of the BE filter for the first-order part is 1.

GBS B E 7 4 V¥ ORERKITFF == 7 BE 7 4 V2 OREME E 2L FLE
K2R -7eDT, FHRMEE LTIRR D03, B0 O ORI E T,
The transfer function of the elliptic BE filter is now in exactly the same format as the
transfer function of the inverse Chebyshev BE filter, so although the calculated values

are different, the formulas for the synthesis can be shared.
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lpetl_2. cirzfEATBdLE
When using Ipetl_2.cir
Rb:ZD Qbe:a)c/Bwquék\ If Rb:Z’ Qbeza)c/B

w

1 ROEIKKERS  1st order section

R
== =1 .‘.R3:R2
Rz
1 R
2
O =y = i =R,
A p A Ny
B, o, 3R, 3R,
e = = a)c
o 00, CR(R+R,) R+R,
R
R1:—4’ R2:R3:R4
3O-Qbe_1
1
>_
Qbe 30
Rb:Z, Cb:—
w

2 R DEIEESr  2nd order section
1 FHORBIEEIZOWTIX,  For the first circuit,

R
—3=G ..R,=GR,
Rz
2 _ 1 — 1
ey TR "= CR
PSR AR L
“ CRR, R, " L
Ko 3R, _ 3R o,
C,R,(R +R,) R +R,
KR
R = . RZZNR4’ R3:GNR4
3w,, — K L L
o, >—
R =7, C-——
b 7 Zo

8 — 2 FEEHXDT 4 NV Z KT & O & [ EEDORTE
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2 % HDEIKIZHOWTIL, [AERIZ  For the second circuit, similarly

R, GN GN
2= R, = R,
R, L
» 1 o = 1
” Cbszz ..................... L@, CR,
R R, "R = LR,
b 5 FRT . R,
G RR, R, N
R R
M= 3 : = 3 : a)rb
C,R,(R +R,) R +R,
MR LR
1:—47 R, = 4a R3:GR4
3w, - M N
o, >—
1
R =Z, C =
Za)rb

lpet2_ 2. cirzfEfATDLE
When using Ipet2_2.cir
szzﬁ Qbe:a)c/Bw &jﬁé&\ If Rb:Z’ Qbeza)C/BW’

1 ROEIEEERS  1st order section

ke R, _ - _(1+kd)R,
kg R Ry =

2 2
wzz[ 1 j :( 1 j 1+ kr
° \C,R, C,R,) 1+kd
Sokr=kd
B, o, _kd+kr+4—4kk_2kd+4—4kka)
o 00, GCR/(1+kd) 1+ kd ‘
'kk_(2aQbe—1)kd+4aQbe—1
B 40Qbe

8 — 2 FEEHXDT 4 NV Z KT & O & [ EEDORTE
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1

—+1
1
e>1 (200, -Dkd>1 =0, >% 5 — szt o5 LT,
20 20
i+1 1
For O, satisfying kk>1 (200, -kd>1  ~.Q, >* 5 —
20 20
1
kd > ——— (8—69)
26Qbe_l
il d, kd #EINTHE, R =72 LLT,
Selecting the appropriate kd ,as R, =7,
2 —1)kd +4 -1
0>, kd=kr>—1 = (200 Zhkd + 400,
26 2 be_l 40_Qbe
Z 27 1+kd)R
RIZE’ RZ:;, R3:(kk—l)R5, R4=—( kk) d (8—=70)
1 kdC,
Rb:Z, Cb:Z_a)c’ C1=2Cb, C2= 2b
2 RDEIHEEST  2nd order section
1 FHORBIFEIZOWTIX,  For the first circuit,
1+ kd
Ik &=G ....................... '.R4=( )GR6 (8—71)
1+ kd R, kk
1Y 1
a)zz":(CR] “ " CR
1% 2 » 1% (8—72)
, ( ljl+kr 1+kr
a)rll: = a)za
CR) 1+kd 1+kd
L(1+kd
kr:—i———l—1>j£—1K%ﬂ/T\
N N
L(1+kd
Depending on .. kr:g—1>£—l,
N(1+kr
kd = (L )—1 (8—73)

8 — 2 HKEIXD 7 ¢ K EMEZ L OmE A & R EEOIRE
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kd +kr+4—dkk  kd +r+4—4kk

= w
C,R,(1+kd)) 1+ kd “
kd o+ 4 KUHH)
- ke = Dua
4

(8—73) ZRALT, kk>1 kv,
Substituting equation (8-73), from kk >1,

(L-N)w,, +KN

kr >
(L+N)w,, — KN

it~ 7T,  Therefore,

h>nm{6£_jfL_Nw%+KW1ﬁaﬁbf\
N J(L+N)w,—KN

L O\ (L-N)o, +KN
Depending on kr > ma){(W — 1), ( ) 2 } ,

(L+N)o,, —KN

za

N1+ &) kd + kv 4 KUHK)
kd =" 1) k= Do
L 4
z 27 1+ kd
R1=5, R2=;, R, =(kk-1)R;, R4=( o )GR6
1 kdC
R=2. G=——. G=2C, C="1

2 F B OEKIZOVWTIL, [FEEIZ  For the second circuit, similarly

kk R, GN - (l+kd)G_NR

1+deT6— L ....................... . 4 kk L 6

. ( | j21+kr \+kr
a)rb: = a)zb
CR) 1+kd 1+kd

8 — 2 FEEHXDT 4 NV Z KT & O & [ EEDORTE
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L(1+kr N(1+kd
.'.kdzg—1>£—lﬂz>ﬁbf\ kr:M—l (8—79)
N N L
_kdvkr+4-Akk _kd+kr+4-4kk
C,R,(1+kd) 1+ kd *
(8—80)
kd kv 4 M0FK)
o k= Dab
4

(8—79) ZRALT, kk>1 kv,
Substituting equation (8-79), from kk >1,

(L-N)w,, +K

kd >
(L+N)w,-K

(8—81)

it~ 7T,  Therefore,

kd>max{(£— j’(L_N)CUZb +K:| o
N J(L+N)w,-K

L L-N)w, +K
Depending on kd > meo{(W — 1) ( ) b } ’

(L+N)w, -K

kd+kr+4—M

2Z 1+ kd
, R2=F, R, =(kk—1)R;, RF%GTN& (8—82)

8 — 2 HKEIXD 7 ¢ K EMEZ L OmE A & R EEOIRE
8 —2—d MHEEEe — /X7 ¢ )L H ~DiE H 331 / 461
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Tra ST o VE DO EER

BOE 7HOTTANEMNLTAORILTAILE~ADEE (W1 REH)
Chapter 9 Conversion from Analog Filter to Digital Filter (Bi-First Order Conversion)

Tra 7 4 OEEBRBICBWTH YT AN E f, LT,

21-z"

1 BEWZD L. T4 VHNT 4N DIBERESELNET,
s z

S = , t. =

L
C

In the transfer function of an analog filter, the sampling frequency is f,, and replacing

21-z" 1
it with s= t_ " Z_l , !, =—— yields the transfer function of a digital filter.
A + Z S
By NETEEER 0, DT VINT AN EiRET DRI, TR DT IR T T 4 A0

2 t
7y AT EER o, 1% a)C:—tan(%) IZEoTRDONET,

S

When designing a digital filter with cutoff frequency @,, the cutoff frequency @, of

2 w,t,
the original analog filter is determined by @, = t_ tan( ; ) .

S

21-z" 1
§=— —, t=— (9—1)
t1+z f.
a)czgtan(%j (9—2)
t 2

R 0, \SBVTEEE ap(db) | R o, CRWTEER ats(db) o7 4

ZEAERRT D L XL D T T ST 4 L ORRIE, BB tan(%j IZFBW T
2

K

ﬁiamﬁ%)\%ﬁﬁa_gm@ﬁ)Kﬁwfﬁﬁicmw%)®74w&m@@i¢o
=

2
When creating a filter with attenuation at frequency @,, and attenuation at frequency

@, , the original analog filter specification is a filter with attenuation at frequency

8 — 2 FEEHXDT 4 NV Z KD & O & [ EEDORTE
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2 w,,t 1
o :7tan( pzz ) and attenuation at frequency 0, = tg tan(a)‘;t“) .

8 — 2 FEEHXDT 4 NV Z KD & O & [ EEDORTE
333 / 461



TIT 4T T 4 NE DG E Gk
WO TFHual T4 NENST 4 PHINT gV E O (W1 R #HR)

9—1 TATRILIT 4 ILE DIEBEEDOI

9-1 Form of the transfer function of a digital filter

1 & DOBE#  1st order function

C(1+B,27)

H(w, z)=——/ (9—3)
(@42) 1+ 4,z

2 DOBE%  2nd order function

C(1+Bz"+B,27)

1+ A4z + 4,z

Hy(w,,z)= (9—4)

mR DB m-order function

!CO(I +Blzl)}("“)/2 Cor(1+ Bz + B,z 7)

Hm(a)d,z)= (9—5)

] 21 2
1+ A4z il 1+ 4,z + 4,z

9—2 TATPRILT4ILEDERK
9-2 Configuration of Digital Filter

1 & OB 1st order function
1IRDTF 4 BNV T IV E DRERL

e )

1/z

X9—1 1IRDT 4 XTIV H DKL

Figure 9-1 First-order digital filter configuration

9—1 TATENT 4 NVZDEEBBDOI
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2%k DB 2nd order function
2IRDT 5 AT 1L Z O

%—@ +%

9—2 2RDT 4 JH VT 4 VH DORER

Figure 9-2 Second-order digital filter configuration
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9—4 TALEI A—/RR T 4 L3 DIEEEHK
9-4 Transfer Function of a Digital Low-pass Filter

9—4—1 NZ3—7—X A—/1RRT 1 )LA
9-4-1 Butterworth low-pass filter

W 0, \CBWTHER anp(db) | AR o, (B TEER ats(db) <Y

VTR [, OF 4 DENNE—T =2 — AT 4 VE EAERT D & EITEIc e D
TFu s T 4 EORET DR E RENILLTORXTRO bivE T,

When creating a digital Butterworth low-pass filter with attenuation at frequency @,

and sampling frequency f, with attenuation atts(db) at frequency ®,, , the

corresponding frequency and order of the original analog filter can be obtained by the

following formula

2 (a)”le‘SJ , @, = gtan(a)s_dtsj  m=ceil log{(l()mts/lo _ 1)/(10!1”[7/10 B 1)}

@ =—tan
t, 2 2.0 log(a)m / a)pa)

pa
ts

TNCRDTFa sl 74 NEDH Y M7 EE R0, = a,pa/zqm/loanp/lo 1

Cutoff frequency of the original analog filter Wec

t,=1/f,. I=ceil((double)(m—1)/2)-1 L LT, T4 VHNNF—T—A0—/RAT ¢
V& DARERIHUE
As t,=1/f, and [=ceil((double)(m—1)/2)—1, the transfer function of the digital

Butterworth low-pass filter is

mAEFE THIE.,  When mis odd

Co(1+27") b G142z +27)
H - _
l(::2) 1+ Az fol+ A,z + Ay 27 (9-86)

9—4 FAIDHIL u—sRAT 4 VH DIEEEREK
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mMA B THILE, When m is even

! COk(l +2z7! +272)
H —
(@..2) H I+ 4,2 14,2

to, 4= -2+t,
2+ to,’ o2y to,
2
Qk (tsa)ck)

0k

- 4Qk + 2tsa)ck + Qk (tsa)ck )2

s ck

2Qk {_4+(tsa)ck )2} A 4Qk _2t , +Qk(tsa)ck)2

1k 2k

B 4Qk +2tsa)ck + Qk (tsa)ck )2 ’

(9—6) 725 (9—9) IZBWT Informulas (9-6) to (9-9)

~ COS{ m(2k +1+m)
Py = m

g, = sin(Mj ....... 0<k<l)

9—4 FAIDHIL u—sRAT 4 VH DIEEEREK
9—4—1 RNFZ—U—R O —I/NAT7 4 )LH

) 4Qk + 2tsa)ck + Qk (tsa)ck )2

(9—17)

(9—-8)

(9—9)

(9—10)
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9—4—2 FzEYTT7 B—/IRRT4LE
9-4-2 Chebyshev low-pass filter

By RATEE o, BT atp(db) | EKEHK 0, BV THEER

atts(db) THL TV U TJEAWE [, OF 4 VAN F 2Tz 70— RAT 4 MK R

TDHEXICHITRDT T T T 4 VF OGS DB L REITLL T O TRD Bk,
When creating a digital Chebyshe flow-pass filter of sampling frequency Fs with ripple

attp(db) at cutoff frequency @, and attenuation atts(db) at frequency @, , the

corresponding frequency and order of the original analog filter are obtained by the

following formula

. = gtan(a)c_dts) . W, = ztan(ws—dtsj = cel cosh1{(10am/1_01_1)/(10aztp/1o _ 1)}
4 t sa t 2 cosh (a)sa /wc)

N N

t,=1/f, . l=ceil(double)m—1)/2)-1 L LT, T4 VA NLF =270 —1R7 4
v 2 DIsEREE

As t,=1/f, and [=ceil((double)(m—1)/2)—1, the transfer function of the digital
Chebyshe flow-pass filter is

mBEFE THIE.,  When mis odd

Co(1+27") G142z +27)
H - _
l(::2) 1+ Az fol+ A,z + Ay 27 LAY

mMEHTHINIL., When m is even

! COk(l +2z7 +272)
H =
n(@e2) H 1+ A4,z + 4,z

(9—12)

9—4—2 Fxbtvx7 B—NRATA4NHFI—4—1 NEZ—TU—RX B—NNZART 4 )LH
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tw -2+tw
(): s dd , A1: s7dd (9_13)
2+twy, 2+towy,
2
— Qk (tsa)ck)
" 4Qk + 2tsa)ck + Qk (tsa)ck )2
5 ) (9—14)
_ 2Qk {_4+(tsa)ck) } 4 = 4Qk _2tsa)ck + Qk (tsa)ck)
" 4Qk + 2tsa)ck + Qk (tsa)ck )2 ’ * 4Qk + 2tsa)ck + Qk (tsa)ck )2
(9—11) 75 (9—14) IZBWT Inequations (9-11) to (9-14)
e=10""" —1
2k +1 _
ak—”( o k=o,,., "1
2m 2
d= lsinhl(l)
m &
p, =sin(a, )sinh(d)>0............ k= 0,1,...,’"7_1
q, = cos(ak)cosh(d)
2 2
[ NPy t4q
Dy =00, pk2+qk29 ka# _
2p, (9—15)

W, = 0, sinh(d)

9—4—2 Fxbtvx7 B—NRATA4NHFI—4—1 NEZ—TU—RX B—NNZART 4 )LH
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9—4—3 HFIELTT A—/IRXT4)LA
9-4-3 Inverse Chebyshev Low Pass Filter

By N FTEWE 0, CBOCTEER atp(db) | HEHR o, THOTRIERER

atts(db) THL TV TP [, OF 4 CHAABF 2B 2 T H—SRT N H AR

T 5 L FNCTEIZRD T T u s 7 4 )V F ORNET D JEEE & BT FORTRD HivE
R
When creating a digital inverse Chebyshe flow-pass filter at sampling frequency f,

N

with attenuation attp(db) at cutoff frequency @, and minimum attenuation

atts(db) at frequency @, the corresponding frequency and order of the original analog

filter are obtained by the following formula

Cosh—l{(loam/lo . 1)/(10attp/10 . 1)}
cosh’l(a)c/a)m)

2 Wt 2 @, 1, .
. =—tan T , @, =—tan, T , m=ceil

c
N N

t,=1/f,, I=ceil((double)m—1)/2)-1 L LT, T4V ENWF bz T n—r27
# VB DAREREUT
As t,=1/f, and [=ceil((double)(m—1)/2)—1, the transfer function of the digital

inverse Chebyshe flow-pass filter is

mBEFE THIE.,  When mis odd

Hm(wC,Z)ZCo(l-i-le) ! Cok(l—l-BllkZl-l-Zz) (9—16)
1+A4z" 5 1+4,z +4,,z

m2MEETHNIE, When m is even

Hm(a)c,z) _ ILI COk(1+ B,z +272)

- - (9—17)
o 1+ A,z + 4,27

9—4—2 FzbE 27 B—RAT4NVHI—4—-3 HiFzbT =27 oa—/AT7 )b
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0:&, 14]:M (9_18)
2+tm, 2+t0,
kaczk(4rk2 +ls2) 2(— 4rk2 +fS2>
Cor = 7 Bu=—( a3
40, +2t 0, + Qk(tsa)ck) i L
2 i (9—19)
cof-selo)] o -timr0le

A, = , =
i 40, +2t. 0, + Qk(tsa)ck)z ! 40, +2t 0, + Qk(tsa)ck)z

(9—16) 7»5H (9—19) IZBWVWT, Inequations (9-16) through (9-19),
1

lloatts/l() -1

d= 1 sinhl(l)
m e

3 sin(a, ) sinh(d ) m—1
= 1+sinh2(d)—sin2(ak)
B cos(ak )cosh(d)
9= cosh’ (d) + cosz(ak ) -1

9—4—2 FzbE 27 B—RAT4NVHI—4—-3 HiFzbT =27 oa—/AT7 )b
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9—4—4 HEHEHK O—NRXT (L3
9-4-4 Elliptic Function Low Pass Filter

By N FTEWE 0, BN TY T atp(db) | HER o, THOTRIEEER

ats(db) TH LTV L TJEWER [, OF 4 ORI BB —RA T 4 M2 AR T S

LEIL, TIRDZT I e T T 4 v EORNET DR E REBUTULFOR TR bivET,
When creating a digital elliptic low-pass filter with a sampling frequency f, at a cutoff

frequency ®,, with an attenuation attp(db) and a minimum attenuation atts(db) at

a frequency @, the corresponding frequency and order of the original analog filter are

obtained by the following equations.

o, :gtan(%"t“) , @, :tztan(w‘%tsj , x,=o,/o, =1k, K=K(k):L<T,

a)sd ts

2

As @ :zta”( 2) wsﬁzta“( ) x, =o,lo,=1k, K=Kk),

t

s s

K(k)K'(L)

I = \/(loatts/lo . 1)/(10anp/10 . 1) Cm= K'(k)K(L_I)
m#% Y)Y EiF 4% Round up m

t=1/f,, e=N10"" -1 LT As t,=1/f,, e=410"""-1,

F 4 UH ARG — R 7 ¢ L Z DGR

The transfer function of the digital elliptic function low-pass filter is

9—4—2 FxbovxzT7 B—RAT 4V Z9—4—4 FEHEK a— A7 /12342 |
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mMAEEOK;  When m is odd
x,, =sn(2vK/m) (1—127a)

mMEZ DK When m is even

X, :sn[(2v—l)K/m] (1—127hb)
x, =L (1—128)
xZV
(m=1)2 1 2 m/2
C1=H1 xvz > (1_129)
v=1 l_xzv

mMNEH DK When m is odd

Co(l +271) (m-1)/2 COk(l +B,z" +sz)

H(w,z)= (9—-20)
(@.,2) 1+4z" 3 1+A4,z"'+4,z°
mMAEH DK When m is even
m2 C (1+B, z"' +z7
H(o,,2)= u(l+ By ) (9—21)

-1 -2
v 1+ A,z + 4,z

EEL. mAERO, C,, o, p,, g, ZkEET LD LET,

However, when misodd, C,;, o, p,, ¢, must satisfy the following equation

(ml_li/z[s2+x ] +&°C, ( j l_i [ ]2
v= m1/2 @) (2—7)
:—CHZ( H [s + 2q,-p, )s +q, ]

Eo. mAMEROM, C, L p,, ¢ BKKREWHETLOL LET,

Also, when m is even, Cj, , P,, (¢, satisfies the following equation
m/2 5 2 5 m/2 5 2
H[s2 +Xx, ] +&°C, H[s2 +Xx_, ]
v=1 v=1

m/2 (2*8)

—'f1IIF-+2qV )5’ +qv]

9—4—2 FxbovxzT7 B—RAT 4V Z9—4—4 FEHEK a— A7 (/142343 /
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(9—20), (9—21) BT,
In Equations (9-20) and (9-21),

to _—2+to

G =— , A =—""— (9—22)
2+to 2+to
G4+t wx}) 2-4+1lmx])
ok — 20 1k = 2 2.2
442pt +q.t: 4+t w x
pV N qZV N N c 14 (9 . 2 3)
_ 2(_4+qvt5) A _4_2pvts+qvts2
Yo 4vapt +q T T A42pt gt
G= ! m=odd
(CHO')l/(m/Z) .....
. (9—24)
G Ty m=even
(Cu)

9—4—2 FxbETV=T B—NRAT 4 NVF9—4—4 HHEK va— X7 /15344 |
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9—5 FATEI NA/IART 4 L3 DIEEEH
9-5 Transfer Function of Digital High-pass Filter

9—5—1 NZ—T—R NAIRXT 4 JLZ
9-5-1 Butterworth high-pass filter

W @, (B TRER atp(db) | AN o, (<BVTEER atts(db) <Y

U TEEE f, OFT 4 VANANRE =T —ZNA )RR T 4 NV E BT D & XTI D
T T T 4 E DORIET DB E REIILLT O TRO BN ET,
When creating a digital Butterworth high-pass filter of sampling frequency f, with

attenuation attp(db) at frequency ®,, and attenuation atts(db) at frequency o,

the corresponding frequencies and orders of the original analog filter are obtained by the

following equations

o222 o, 2w{g), mecalnll M)
t 2 t, 2 20log(w,, /,,)

N

O = 2m/10attp/10_1

c pa

t,=1/f,. I=ceil((double)(m—1)/2)—1 L LT, T4 VHNNE—T—ZANAIRAT 4
V& DRI
As ¢, =1/f, and [=ceil((double)(m—1)/2)—1, the transfer function of the digital

Butterworth high-pass filter is

mBEFE THIE.,  When mis odd

Co(1-27") g Cu(1-227"+27)

H (@,,z)= (9-25)
(@.,2) 1+ 4.z ,H 1+ A4,z + A4,z
mAEH THILIE., When m is even
L C(1=227" 4272
H,(@,,z)= u ~ 2 (9—26)
i 1+ A4,z + A4,z

9—5 FADH NAINAT 4 LE DIGEERK
9—5—1 RNE—T—Z NAINAT LA 345 / 461



TIT 4T T 4 NE DG E Gk
WO TFHual T4 NENST 4 PHINT gV E O (W1 R #HR)

2 -2+
2+tom, 2+tm,

_ 40,
4Qk + 2tsa)ck + Qk (tsa)ck )2

~ 20, {_4 +(tsa)ck )2} L - 40, -2t.m, + 0, (tsa)ck)2
40, +2t,0, +Q(tw,) " 40, +2t0,+0 (1@, )

0

COk

(9—28)

1k

(9—25) 7n5H (9—28) IZBWT, Inequations (9-25) through (9-28),

2% +1
p, = cos(wj ...... 0<k<l)
2m

2k +1
g, = sin(uj ....... 0<k<I)
2m

(9—29)

w
a)ck = < :a)c
Di +4;
VPitg 1

k
2p, 2p,

O, =-

9—5 FADH NAINAT 4 LE DIGEERK
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9—5—2 FIELIT T N(INRT4JLE
9-5-2 Chebyshev high-pass filter

By RATEE o, BT atp(db) | EKEHK 0, BV THEER

atts(db) THL TV L TREH f, DT A VINF 2 €V = TALSAT 4V F AR

TDHEXICHITRDT T T T 4 VF OGS DB L REITLL T O TRD Bk,
When creating a digital Chebyshev high-pass filter of sampling frequency f, with

attenuation attp(db) at frequency @, and attenuation atts(db) at frequency @,

the corresponding frequencies and orders of the original analog filter are obtained by the

following equations

. = gtan(a)c_dts) . W, = ztan(ws—dtsj = cel cosh1{(10am/1_01_1)/(10aztp/1o _ 1)}
sa 2 cosh” (o, /®,,)

t,=1/f., l=ceil(double)m—1)/2)-1 L LT, T4V ENF =L =TI NAN_RT 4
v 2 DIsEREE
As t,=1/f, and [=ceil((double)(m—1)/2)—1, the transfer function of the digital

Chebyshev high-pass filter is

mBEFE THIE.,  When mis odd

Co(1-27") &y Cu(1-227"+27)

H (0,,2)= (9-30)
(@.,2) 1+ 4.z ,H 1+ A4,z + A4,z
mOMEZTHNIEX, When m is even
L Co(1-2z7" 4272
H,(@,,z)= u ~ 2 (9-31)
i 1+ A4,z + A4,z

9—5 FTATHIL NAINRRT 4 )VH DIRERE
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2 4 _—2+tsa)dd

O 24 ta, ’ 2+towy,

1

_ 40,
4Qk + 2tsa)ck + Qk (tsa)ck )2

COk

1k 2k

=4Q+QQQ%+QUﬂQY’

20, {_4 +(t,0, )2} L - 40, -2t.m, + 0, (tsa)ck)2
4Qk + 2tsa)ck + Qk (tsa)ck )2

(9—32)

(9—33)

(9—30) 5 (9—33) IZBWT, Inequations (9-30) through (9-33),

e=10""" —1

. ) k=0l,..,
2m
d= l sinhl(lJ
m &
P, = sin(a,)sinh(d)>0............ k:QLMﬂil

q, = cos(ak)cosh(d)

w
W, =—F—
Ci+d
Q_Vﬁ+%
L 2p,
W, = ©c
ad sinh(d )

O— 5 FA TR NAINRAT 4 LE DIEER

9—5—2 FzbE 2T NANRAT 4K

(9—34)
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9—5—3 HFIEITT NA/IRRT4ILAZ
9-5-3 Inverse Chebyshev high-pass filter

By N FTEWE 0, CBOCTEER atp(db) | HEHR o, THOTRIERER

atts(db) THL TV LT f, OFT 4 VHANMF = €Y 2 TAASAT 4 VB B

T 5 L FNCTEIZRD T T u s 7 4 )V F ORNET D JEEE & BT FORTRD HivE
R
When creating a digital inverse Chebyshev high-pass filter of sampling frequency f,

with attenuation attp(db) at cutoff frequency @, and attenuation atts(db) at

frequency @, the corresponding frequencies and orders of the original analog filter are

obtained by the following equations

2l tufeg]), el
2 cosh (a)m /a)c)

N N

t,=1/f,, I=ceil((double)m—1)/2)—1 L LT, T4 PENMF L= TN /NAT
A V2 DGR

As t,=1/f, and [=ceil((double)(m—1)/2)—1, the transfer function of the digital
inverse Chebyshev high-pass filter is

mBEFE THIE.,  When mis odd

Co(l—zfl) ! COk(1+Blszl+zfz)

H (0,,2)= (9-35)
(@.,2) 1+ 4z !;! 1+ A4,z + A4,z
m2MEETHNIE, When m is even
L C.(1+B z"'+z7
f@@b@=[104 “ ) (9—36)

-1 -2
i 1+ A4,z +4,z

9—5 FTATHIL NAINRRT 4 )VH DIRERE
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2 -2
o=————,4=—¥ﬂ£ﬂ (9—37)
2+twy, 2+towy,
Qk(4+rk2tf) 2(_4+rk2ts2)

0k lk —

40, +2t,0, +0,(1,0,) 44120

_ 20, {—4 +(tscock)2} y 40, -2t.0, + O, (tw, )
4Qk +2tsa)ck +Qk (tsa)ck )2 ’ H

(9—38)

1k

B 40, +2t0, + 0,10, )2

(9—35) 5 (9—38) IZBWT, Inequations (9-35) through (9-38),

1
E=
lOattslo 1
a, = ﬂ(zk a 1) ................... k= 0719 7m—_1
2m 2
d=— sinhl(l)
m &
o sla)inld)
1+sinh®(d)—sin’(a, ) 2 (9—39)
cos(a, ) cosh(d)

h= coshz(d) +cosz(ak)—1

r, =, cos(a,)

Oy = wc\/pkz +Qk2
\/pkz +Qk2

O = 2p,

W,y = @, sinh(d)
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9—5—4 BHEY NA/XRT1)LE
9-5-4 Elliptic Function High Pass Filter

By N FTEWE 0, BN TY T atp(db) | HER o, THOTRIEEER

atts(db) TH LTV L TJEWER [, OF 4 O X AEIBEEANA SRR T 4 M X E AR T B

LEIL, TIRDZT I e T T 4 v EORNET DR E REBUTULFOR TR bivET,
When creating a digital elliptic high-pass filter of sampling frequency f, with

attenuation attp(db) at cutoff frequency @, and attenuation atts(db) at frequency

@, , the corresponding frequencies and orders of the original analog filter are obtained

by the following equations.

o :gtan(%"t“) , @, zztan(w‘;t‘*j , x,=ojo,=1/k, K=K(k)*L<T,

), x, =o, o, =1k, K=K(k),

L—J@mm°1yﬁmmmg\m_§¥%§%%%

m#% Y)Y EiF 4% Round up m

t,=1/f., e=N10"""" -1 L LT, F4 IXAFEHEENA SR T 4 V2 OfEEET

As t,=1/f, and £=+10""""—1 the transfer function of the digital elliptic function

high-pass filter is

mA A OK; When m is odd

x,, =sn(2vK/m) (1—127a)
mBMBEHDOKE When m is even

X, :sn[(2v—l)K/m] (1—127b)

9—5 FAIHNL NAIRRAT 4 VFDIEERE
9—5—4 AR A RXZXT 4 1HF 351 / 461



TTT 4 77411/&@an+& :rﬁk
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x, =L (1—128)
(m—l)/Z l—x 2 m/2

C1=H1 =, G (1—129)
v=l _‘xzv

mMN a2 OKE  When m is odd

C(1-z")m2 (14 B,z +27)

Hylo.2)= 77 o s (9-40)
mMAEEDOEF  When m is even

m/2 -1 -2
Hm(wc,z)=HC°k<l+B”‘Z +22) o)

-1 _
o 1+ A,z + A4,z

L, mpaEor, C,, o, p,, q,ZRXEWZTLOE LET,

However, when misodd, C,;, o, p,, ¢, must satisfy the following equation

(ml_li/z[s2+x ] +&°C, ( j l_i [ ]2
v= m1/2 @) (2—7)
:—CHZ( H [s + 2q,-p, )s +q, ]

£z, mB™MEgoRs, C,  , p,, qFRAEREETEOLELET,

Also, whenmiseven, C,, , p,, ¢q, satisfies the following equation
m/2 5 2 5 m/2 5 2
H[s2 +Xx, ] +&°C, H[s2 +Xx_, ]
v=1 v=1

m/2 (2*8)

= HH[S +(2,-p)s’ +qv]

9—5 FAIHNL NAIRRAT 4 VFDIEERE
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(9—20), (9—21) IZBWT, In Equations (9-20) and (9-21),

2 -2
C0=—G, Althsa)c (9—42)
20+tw, 20+tw,
G(t}w] +4x]) 2fw? —4x;)
Co = 2 20 B, = 2 2 2
4q,+2p to. +t; . t;w. +4x,
‘ L (9—43)
4 = 2(‘ 4q,+1t; o, ) 4 - 4q,-2p t.o. + tfa)f
Y o4g +2pto e}’ T Aq,+2pto, +1o)
G= ! m=odd
(CHO_)I/(m/Z)
(9—44)
G ! m = even
1 ’”/2 00000 -
(CH)/( )

O— 5 FA TR NAINRAT 4 LE DIEER
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9—6 TATRIL NYFIRRT 4 )LEDIEZEBEH
9-6 Transfer Function of a Digital Bandpass Filter

9—6—1 NF—T—X NV FIRZRT4)LE
9-6-1 Butterworth bandpass filter

WO FIRARE 0, ROEBHRO EREEE 0, CB»THER

atip(db) . JEWHEL @y =@, [x, \TBWTEER atts(db) THL TV LT S,

DT AP ENWNE =T =AY FNRNAT ANV Z T D L TR DT e s 7 40
Z OxFIT D JEEE & REIILL F O TRO LN E T,
When creating a digital Butterworth bandpass filter of sampling frequency Fs with

attenuation attp(db) at the lower passband frequency @,,, and the upper passband

frequency @,,, , and attenuation atts(db) at frequency @, =®,,/X, , the

corresponding frequency and order of the original analog filter is obtained by the

following formula

2 o ts 2 (0 l‘S 2 oA
a)pal =— tan(p—dlj s a)paZ = _tan(ﬂJ . 0= a)pala)pa2 » O = _tan( 4] 3)
! 2 ¢ 2 g 2

N N N

log{(loam/lo _ 1)/(loattp/10 _ 1)}

2.010g{(60sa2 - a)ml)/(a)pfﬂ N a)Pal)}

‘xsu = a)pal/a)sal > a)saZ :xsaa)paZ , m= Ceil
B,=0,,~0,,, t.=1/f . [=ceil((double)m—1)/2)~1 L LT, 54 IHNLNH—

T —Z R RSA T )V Z DAREREIT

As B, =w,,-0,,, t,= 1/f, . 1= ceil((double)(m—1)/2)—1, the transfer function of

the digital Butterworth bandpass filter is

9—6 TATHINL N RRRT 4 )VHDIEEBK
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mN & THIE.,  When mis odd

C(1-27) Ok(l z7) Cul1-27)

Hm(a)c,z) =

mMEE THIE., When mis even

-1 0k(1 =7) Cul1-27)

/
o l+ Az + A4,z 1+ A,z + 4,27

_ 2Bt
4+2B,t +(t0,)
4 = 2{_4+(tsa)c)2} A = 4—2Bwls +(ZSCUC)2
4+2Bt, + (tsa)c)2 T 44 2Bt +(fswc)2

2GKt,
442Kz, +(t0,)

2{ 4+(t,) } L 42K+ (1w,)
442Kt +(tw,)” " 442Kt +(t0,)

s Tra

0k =

W =

2GMt,
4+2Mt +(t,0,)
2{ 4+(tswr,,)} y _4-2Mt, + (1,0, )
4+2Mt +(tw,) . 4+42Mt +(t,0,)

o=

1=

9—6 TAIHIL N RRRAT 4 )VEDIREMEE
9—6—1 NF—U—R N RNRXRAT LK

1+ A4z + A4,z H 1+ A4,z + A,z 1+ A,z + 4,z

(9—45)
(9—46)
(9—47)
(9—438)
(9—49)
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(9—45) 7n5H (9—49) IZBWVWT, Inequations (9-45) through (9-49),

D = COS(MJ ...... (0<k<))

2m
( 7(2k +1+m)
q, =sin| ———=|....... (0<k<)) (5—33)
2m
Wit 1
Qk__ -
2p; 2p,
B
K=IM, M=—-—"2— (5—34)
(1+L)Q,
[, =B.0; +8B.0;®} —4B.»’ +16Q; »!
L, = B.0; +40; 0] —20; (5—35)
LZ\/Z_'_\/E\le—}_\/ZQka_'_BiQk
4ka5
a)m=a)6\/f\ a)rb=a)c/\/z (6—36)
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9—-6—2 FIEYTT NYKNRRTqILE
9-6-2 Chebyshev bandpass filter

RO FIREER o, ROEBHESRO FRERE 0, CB0TY L

atip(db) . JEWHEL @y =@, [x, \TBWTEER atts(db) THL TV LT S,

DT A VINTF =L = TN RRAT A NVZ T 5L &R T Fu s 7 40
Z OxFIT D JERE & RENILL T O TRO LN E T,
When creating a digital Chebyshev bandpass filter of sampling frequency f, with

attenuation atts(db) at the lower passband frequency ®,, and the upper passband

frequency @,,, , and attenuation atts(db) at frequency @, =®,,/X, , the

corresponding frequency and order of the original analog filter are obtained by the

following equations

2 a)pd 1 ts 2 a)Pd 2 tS [ 2 WD ts
a)pal = —tan( 9 s a)paZ =—tan 2 N CUC = a)[?ala)ptﬂ ’ a)sal = t_tan T

t ¢ .

N N

cosh™ {(loatts/lo _ 1)/(10attp/10 _ 1)}

cosh™ {(a)saz - a)sal)/(wpaz N wpal)}

‘xsu = a)pal/a)sal > a)sa2 :xsaa)paZ , m= Ceil
B,=0,,~-0,,, t=1/f . [=ceil((double)(m-1)/2)-1 L LT, T4 V4LFxt

S TN RIRAT 4 )V E DIREREIT

As B,=0,,-0,,, t= 1/f, and [=ceil((double)(m—1)/2)—1 | the transfer

function of the digital Chebyshev bandpass filter is

9—6 TATHINL N RRRT 4 )VHDIEEBK
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TITF 4T T 4 VHDEE LA

WO TR T ANENET D HIT (VRO (W1 IRE#R)

mN & THIE.,  When mis odd

C(1-27) Ok(l z7) Cul1-27)

Hm(a)c,z) =

mMEE THIE., When mis even

Col1-27) Cul1-27)
o l+ Az + A4,z 1+ A,z + 4,27

2Bwtsa)dd
Co= 2
4+2BJﬂM,(QwJ
N 2{-4+(10.)| L _4-2B10,+ (1)
1 4+2B tw, +(tsa)c)2 "7 442B O+ (t a)c)2
2GKt,
" 442K+, )

2{ 4+(t,0,) } L 42K +(10,)
442Kt +(tw,)” " 442Kt +(t0,)

s Tra

1 =
2GMt,
4+2Mt +(t,0,)

2{ 4+(tswr,,)} y 4-2Mr +(t,)
4+2Mt +(tw,) . 4+42Mt +(t,0,)

o=

1=

9—6 TAIHI N RIRAT 4 )VE DIRERRE
9—6—2 FbET =T NURKNRAT 4 )VH

1+ A4z + A4,z H 1+ A4,z + A,z 1+ A,z + 4,z

(9—50)
(9—51)
(9—-52)
(9—-53)
(9—54)
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(9—50) 5 (9—54) IZBWT, Inequations (9-50) through (9-54),

e=10""" —1

2k +1 —
ak—”( ) o K=oy, "1

2m 2
d :lsinhl(l)

m &
m—1
=sin(a, )sinh(d)>0............ k=0,1,...,——
P ¢)sinh(d) 2 (5—41)
q, = cos ak)cosh(d)
Oy =\ Pi +4;
0 - VPt
AR

2p,
@, = sinh(d)
K= LM, M=-BuPa (5—42)

(1+L)Q,
l, = B:,Q,fa)fk +SBjQ,fwfwfk —4Bj,a)fa)fk + 16Q,fa);1
lzzvaQ,fa)fk+4Q,fa)f—2a)f (5—43)
I = \/Z‘*“/E\I L+ \/ZQk B,w, + B\iQka)czk
4Qka)c2

a)m=a)6\/f\ a)rb=a)c/\/z (6—44)
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9—6—3 MFIEITT NUENRRT a4 LA
9-6-3 Inverse Chebyshev bandpass filter

HIO FTREANE 0, ROBBHESRO EREEKL 0, B0 CHER

atip(db) . JEWH @y =@, [x, BN TRIGEER atts(db) TF 7Y v/

fo DF 4 PEANWF 28 = TN RRRT g VEAERT B L EICRICR DT T u s
7 4 N Z OXET D JEEE L REIIL FORTRD bIVET,
When creating a digital inverse Chebyshev bandpass filter of sampling frequency f,

N

with attenuation attp(db) at the lower passband frequency ®,, and the upper

passband frequency @,,,, and attenuation atts(db) at frequency @, =®,,, / X, , the

corresponding frequency and order of the original analog filter are obtained by the

following equations

2 W, .t 2 @t 2 ot
a)pal =— tan(p—dlj R a)paZ = _tan(ﬂJ .0, = a)pala)pa2 , O, = _tan( sd 1 s)
! 2 ¢ 2 g 2

N N N

-1 atts/10_ atp/10 _
=00y o, . mece )07 )

sa sa sa’pa2 > 1
COSh {(a)sa2 - a)sal)/(a)paZ - a)pal)}

B, =0,-0,, t=1/f _1=cel((double)m-1)/2)—1 L LT, T4 VZNLHiF =t
T TN RRAT 4V E ORI
As B,=o,-o, , t,=1/f, and [=ceil((double)(m—1)/2)—1 , the transfer

function of the digital inverse Chebyshev bandpass filter is
mAEE THIE,  When m is odd

C( - 72) ! 0,{(1+BI,{Z +z" )C0,(1+Buzfl+zf2)
1+ 4.z +Az2£[ 1+ A4,z +A,z7 1+A,z" + A4,z

(9—55)

m

H (a)c,z)—
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mMAMEETHILIX. When m is even

C(],€(1+Bszl +272) C'Ol(lJrBUZ*l +272)

H,(0.2)-T1

£ - (9—56)
iy 1+Akz +A2kz 1+ 4,z + A4,z
2Bwtsa)dd
G = 2
4+2B,t o, +(t,)
(9—57)
L 2{-4+(co,.) L _4-2B10,+(10)
1 4+2B,t,0, +(tsa)c)2 © 7 4+28B wls@aq + (t a)c)Z
GL{4+(tYa)m) } 2{ 4+(tqwza)2}
COk = s 1k =
N{4+2Kt +(to,) } 4+(re,)
(9—58)
2{ 4+(to,) } LAk (1o, )
YT avake +(w, ) 4v2Ke +(1,)
G{4+(tsa)zb) } { 4+ tsa)zb 2}
"C4soMi + (Lo, " 4+ (to,) (9—509)

2{ 4+(t§corh)2} ) 4-2Mt +(to,)
4+2Mi +(r0,) T 4+2Mi +(t,)

s7rb

1=

(9—55) 5 (9—59) IZBWT, Inequations (9-55) through (9-59),
3 1
a lloatts/l() -1

72(2k + 1) m—1

akzz— ................... k:(),l,....,
m

d= 1 sinhl(l)
m £

sin(ak ) sinh(d )
1+ sinhz(d) —sin’ (ak)
cos(a, ) cosh(d)
cosh’ (a’) +cos’ (a,( ) -1

r, =cos(a,)

(5—438)

q; =
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Oy =\ Pi +4;
VD +4;

Q =
‘ 2p,

0, = /sinh(d)

B w

K=LM, M=-—2"¢ (540
(1+L)Q,
I = B:’Qlfa):k + SBiQ;wczwfk —4336082603,{ + 16Q§a):
l,=B.Q{w} +4Q; 0} - 20! (5—50)
- \/Z+\/§ A +\/ZQk B,o, +B.Q,0.,
4Qka)3

n]:Bi+4rk2w§ (5-51)
n, =B, +2r &

VB, +n,
N=——F——
2 2
2r; o,

a)m =\/ZC()C’ a)rb za)c/\/z’ a)za :\/Na)c, a)Zb ZCOC/\/N, G:rka)d‘ v N/L
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9—6—3 WiFzbEL =T N RNRAT 4 LA 362 / 461



TIT 4T T 4 NE DG E Gk
WO TFHual T4 NENST 4 PHINT gV E O (W1 R #HR)

9—6—4 HBHABK NV FNRRT LA
9-6-4 Elliptic Function Bandpass Filter

RO FIREER o, ROEBHESRO FRERE 0, CB0TY L

atip(db) | B @ = @, /X, BV THIEHER atts(db) T 7Y v VTR

[y OF 4 PENKEIBEBS Y RARAT 4 VB EERT D EXICRITRDET T s 7 4L
Z OxFIT D JERE & RENILL T O TRO LN E T,
When creating a digital elliptic bandpass filter of sampling frequency f, with

attenuation attp(db) at the lower passband frequency @,,, and the upper passband

frequency @,,, , and attenuation atts(db) at frequency @, =, /x, , the

corresponding frequency and order of the original analog filter is obtained by the

following formula

2 @,k 2 @,k 2 .l
w, =—tan| 22| =Ztan| 222 9 = Jo o, o, =—tan =L
2 pa 2 c pal™ pa sa 2

‘xsu = pal/a)sal H a)suZ :xsaa)paZ ’ xL = (a)saZ - a)sal)/(wpaZ _wpal) = l/k’ K = K(k) ’

L= (10" ~1) /(10" ~1) | m= —i((kk))lj( EEI;

m#% Y)Y EiF 4% Round up m

B,=0,,~0,,, t,=1/f . 1=ceil(double)(m—1)/2)-1 L LT, ¥4 X LFMM

By RANRT 4 VB OIsEEEUT

As B,=0,,-0,,, t= 1/f, and [=ceil((double)(m—1)/2)—1 | the transfer

function of the digital elliptic function bandpass filter is
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mAEE DR When m is odd
x,, =sn(2vK/m) (1—127a)

mMEZ DK When m is even

X, :sn[(2v—l)K/m] (1—127hb)
x, =L (1—128)
xZV
(m-1)/2 l—x 2 m/2 1-—x 2
C - v = v 1-129
l 1‘} 1-x.° ’ 1,,_!1—xzv2 ( )

mA & THiE,  When mis odd

Co(l —272) (m1)2 COk(l +B,z" +272) CO,(I +B,z" +272)

H = _
(©.02) 1+ Az +A4,z7 5 1+ Az +4,z° 1+A4,z"'+4,z7 (9-60)
mMEE THILUEX, When mis even
m2 C (1+ B,z +2z7) C,(1+ B,z +z7
Hm(a)c’z) = H Ok( 711kZ Zz) Ol( 71112 Zz) (9—61)
veo 1+ A,z +A4,z7° 1+ A4,z +4,z
_ 2B ot
" 442B.0t +(1,0,)
(9—62)
4 = 2{_4+(tsa)c)2} A = 4 —2BWOTS +(tsa)c)2
' 412B0t +(1,w) T 4+2B.0t, +(1,0,)
GL{4+(10,,)'} 2{-4+(r0.,))
Cor = K B, = >
N{a+2k1, +(10, )} 4+(10,)
(9—6 3)
2
) 2{—4+(tscom) } L A2kt (e,)
skt + (1w, T 442K +(t0,)
Gl4+(10,) | 2f-4+(10,)')
CO[ = 2 BU = >
4+2 Mt +(t 4+(t
+ s+(sa)rb) +(sa)zb) (9—64)

= 2{_4+(t5a)rb)2} A :4_2Mts+(tsa)rb)2
442M1 +(tw,) T A+2M1 +(10,)

s7rb s77rb

17
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(9—60) 5 (9—64) IZBWT, Inequations (9-60) through (9-64),

K=LM, M=_DvPr_ (7—21)
(1+L)g,

l,=B!-4B p’w’ +8B.q 0> +16q.0’
l, =B, -2p.o. +4q 0]

L:JZ+JLM+JZ&¢35 (7—22)

4q,0;
a)m = \/Za)c’a)rb = a)c/'\/z
n =B +4x.w’, n,=B+2x.0’
2x’w!

., :ma)c,a)zb :a)c/\/ﬁ

72 L, mpagoR, C,, o, p,, q, FZRKEREZTHOLE LET,

However, when misodd, C,;, o, p,, ¢, must satisfy the following equation

(m-1)/2 ) 2 (m-1)/2 5
lv:! [s2 +xv2] + 62C12(wicj | [s2 +xzvz]
(m1)2 (2=7)
= —CHZ(SZ - 0'2) [54 +(2qv —pvz)s2 +q, ]
1

G- X, L
("’_,l)/ C,o\q,N

F7-. maMEROR, C, , p., q EKREBETLOL LET

Also, when m is even, C,, , P,, (¢, satisfies the following equation

m/2 5 m/2 5
H[s2 +xvz] + 82C22H[S2 +xzvz]
v=1 i v=1 ( 238 )
=G/ TI[s* +(20. - .7)s" +4.’]
v=1
G=X | L
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9—7 TATLRI NURIYIHR—23 0T 4)L2DIRERK
9-7 Transfer Function of a Digital Band Elimination Filter

9—7—1 N3—J—X BEZ74J7A
9-7-1 Butterworths BE Filter

AR D TIREER @, ROCHIEGE®RO EREARR 0, BV THERE

attp(db) | WK 04 =0,,x, \ZBOTHER ans(db) THL TV U ERER

DT AV ENWNE =T —=ZABE 7 A NVE T 5L EITTIRDTTa s 7 4V F D%t
g D AL RENTLL T DA TRO I ET,
When creating a digital Butterworth BE filter of sampling frequency f, with

attenuation attp(db) at the lower stopband frequency ®,,, and the upper stopband

frequency ®,,, , and attenuation atts(db) at frequency @y, =®,,X, , the

corresponding frequency and order of the original analog filter are obtained by the

following equations.

2 o ts 2 (0 l‘S 2 oA
a)pal =— tan(p—dlj s a)paZ = _tan(ﬂJ . 0= a)pala)pa2 » O = _tan( 4] 3)
! 2 ¢ 2 g 2

N N N

log{(loatm/lo _ 1)/(10attp/10 _ 1)}

2.010g{(a)pa2 - a)pal)/(a)saZ - a)sal)}

Xea = a)sal/a)pa1 N :a)paz/xm , m= ceil

sa

1<x, <@, /@,

B,=0,,-0,,, t,=1/f . I=ceil(double)(m—1)/2)—1 L LT, T4 T HNNZ—
T —ABE 7 4 VEOEEEKT

As B, =w,,-0,,, t,= 1/f, . 1= ceil((double)(m—1)/2)—1, the transfer function of

the digital Butterworth BE filter is

9—7 FTATENL N RY I x—3 37 4 I)VEDIEERE
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mN & THIE.,  When mis odd

CO(1+Blzfl +272) ! COk(1+ B,z +272) CO,(1+B“271 +272)

H,(e..z)= ;

1+ Az + 4,27 5 1+ A4,z + A,z
mMAEHETHILIE., When m is even

Hy(0.7) =TT
k=0

COk(1+ B,z +272) C'Ol(lJrBUZ*l +272)

-1 2 -1 2
I+4,z +4,,z° 1+A4,z +A4,z

T . e 20

G = ,
’ 4+2B.t +(t0,.) : 4+(t0.)

L 2{—4+(rswc)2} y 4-2Bt +(t,)
b 442B 1 +(tw) T 4+2Bg +(t0,)

VL{4+(10.)

" 42kt + (1o,

a

)
B 2{—4+(1Swm)2} A2k
Y42k +(10,)

sTra

4+ (tsaoc)2

C, = B -
"L {4+2Mts +(tsa)rb)2} 4+(t,0

1/

)
i 2{—4+(tscorb)2} L _AmaMt(tw,)
4+2Mt +(t0,) T A+2Mi +(1,0,)

A

9—7 FAVHNL Ny RT U I Fx—1 g7 4 FOEERK
9—7—1 "NZ—TU—X BEZ 4 /LX¥

—1 _
I+4,z +4,z

>~ (9—65)
(9—66)
(9—67)
(9—68)
(9—-69)
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(9—65) 5 (9—69) IZBWT, Inequations (9-65) through (9-69),

D = COS(MJ ...... (0<k<))

2m
. 72'(2k+1+m)
q, =sin| ——|....... (0<k <)) (7—313)
2m
0 RS
¢ 2p; 2p;
B
K=ILM, M= —-"—— (7—34)
(1+L)Qka)ck
I, = B,O; +8B,0, w0, —4B 0w, +160; 0’0
L, =BQ; +40/ 0’0, -2} 0, (7—35)
\/_+\/_,/l +\/_Qk +B? O,
4Qka) a)ck
a)m=\/fa)c, a),bza)c/\/z (7—36)
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9—7—2 FxEL1TJ BETZ4ILA
9-7-2 Chebyshev BE Filter

BHAE D TIREER @, ROCHIEGE®RO EREARR 0, BV THERE

attp(db) | JEWH @, = @, X, \BWTHER atts(db) THL TV LT EHEH f, ©

TAVINT 2V =T BE 7 ANV BT 5 L SIS DT T 077 4 )2 DORE
T DAL RBUTLL TR TRO BN ET,
When creating a digital Chebyshev BE filter of sampling frequency f, with attenuation

attp(db) at the lower stopband frequency @,, and the upper stopband frequency

®,;,, , and attenuation atts(db) at frequency @, =®,,X, , the corresponding

frequency and order of the original analog filter are obtained by the following equations.

2 o ts 2 (0 l‘S 2 oA
a)pal =— tan(p—dlj s a)paZ = _tan(ﬂJ . O, = a)pala)pa2 » O = _tan( 4] 3)
! 2 ! 2 “lg 2

N N N

cosh™ {(loatts/lo _ 1)/(10attp/10 _ 1)}

cosh™ {(a)pa2 - a)pal)/(a)saZ - a)sal)}

‘xsa = a)sal/a)pal , @

sa2

=0,, /X, , m=ceil

1<x, <\@,4, /@, ,

B,=0,,~-0,,, t=1/f . [=ceil((double)(m-1)/2)-1 L LT, T4 V4LFxt
v =7 BE 7 4V F OEBEREIE

As B, =w,,-0,,, t,= 1/f, . 1= ceil((double)(m—1)/2)—1, the transfer function of

the digital Chebyshev BE filter is
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mN & THIE.,  When mis odd

CO(1+Blzfl +272) ! COk(1+ B,z +272) CO,(1+B“271 +z

)

H,(e..z)= ;

-1 2 -1 -
I+A4z +A4,z" o 1+ 4,z +4,z

mMEE THIE., When mis even

) lLI 0,{(1+Blkz +z )C0,(1+BUZ*1+272)
o 1+ Az + 4,27 1+ Az +A4,z7

{4+(tsa)c)2}a)dd 2{—4+(tsa)c)2}
G = 2 , B = 2
4o, +2Bt +(1.0,) @, 4+(1,0,)
~ 2{‘“(%@)2}% p _ 40, ~2B,1,+(10,) o,
4, +2B t, +(z‘sa)c)2 @y T 4o, +2B 1, +(tsa)c)2 @y
{4+ (t0,) 2} 2{—4+(tsa)c)2}
, B, =
T4k (Lo} " 4+(t)
{ 4+(t,0, 2} 42Kt +(t@,)
442K +(t,0,) 442Kt +(tw,)
C ) 2o
UoVLiseam+(ro,) ) (e,

u= 20

)
2{—4+(tscorb)2} L _AmaMt(tw,)
4+2Mt +(t0,) 4+2Mt, +(t,0,,)

9—7 FAVHNL Ny RT U I Fx—1 g7 4 FOEERK
9—7—2 FxzbETx7 BEZ7 4 V¥

—1 _
I+4,z +4,z

>~ (9—70)
(9—71)
(9—72)
(9—73)
(9—74)
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(9—70) 75 (9—74) IZBWT, Inequations (9-70) to (9-74),

&= loattp/lo -1
2k +1 -
L k=011
2m 2
d= 1 sinhl(l)
m &
p, =sin(a, )sinh(d) > 0............ 1«:0,1,...,’"7_1

)
)

q, =cos(a, cosh(d)

W, =~Pi +4;

_NDi+a;

O =—7—
2pk

@, = sinh(d)

K=ILM, M=— 5

(1+ L)Q,m,,
I, = B:Q/f + 8BiQIfa)c2a)czk - 4Bi~a’3a’fk + 16Q13a):a)jk

212 2.2 2 2 .2
L=B.0, +40, 0, w,, —20.®,,

c ek

I \/ZJM/E,U2 +\/ZQkBW+Bij

2 2
40,0 0

a)ra za)c\/Z > a)rb za)c/\/Z

9—7 FAVHNL Ny R I x—3 327 0K DEERK
9—7—2 FxbEv=x27 BEZ 4 NLH

(7—41)
(7—4 2)
(7—43)
(7—44)
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9—7—8 BFIEYTT NVFIYIR—23arvTqLA
9-7-3 Reverse Chebyshev Band Elimination Filter

BHAE D TIREER @, ROCHIEGE®RO EREARR 0, BV THERE

attp(db) | JEWH @, = @, X, \BWTHER atts(db) THL TV LT EHEH f, ©
TAVEINYTF 2 =7 BETZ A NVZEENT 2L EICRICRDLET Il T o V& Oxt

9 D JE R L BT U T O TRO BN ET,

When creating a digital inverse Chebyshev BE filter of sampling frequency f, with

attenuation attp(db) at the lower stopband frequency ®,,, and the upper stopband

frequency ®,,, , and attenuation atts(db) at frequency @y, =®,,X, , the

corresponding frequency and order of the original analog filter are obtained by the

following equations.

— 2 a)PdltS _ 2 a)dets _
0, =—tan ——|, ®,,=—tan ——|. o .=,0,
L 2 t, 2

2 Wt
a)Pa2 ’ a)sal = _tan( ol 3)
t 2

s

cosh™ {(loatts/lo _ 1)/(10attp/10 _ 1)}

cosh™ {(a)pa2 - a)pal)/(a)saZ - a)sal)}

‘xsa = a)sal/a)pal , @

sa2

=0,,[X, , m=ceil

l<x, < ,/a)pdz/a)pd1 ,

o L=1/f. . I=ceil((double)m—1)/2)-1 L LT, T4 V& NMF =t
VIR R Y I R—Va U7 VX OIRERENE

As B, =0 ,-0,, t,=1/f, . I=ceil((double)(m—1)/2)—1, the transfer function of
the digital inverse Chebyshev BE filter is

BW:a)saZ_a)
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mN & THIE.,  When mis odd

Cll1+Bz'+z?) . C (1+B,z"'+z*)C (1+B,z"'+z7
- BT Gl B ) Gl B )
I+A4z +A4,z" o 1+ A,z +4,z° 1+A4,z +4,z

mMEE THIE., When mis even

! COk(l +B,z" +272) Coz(l +B,z" +272)
H = _
(.52) H 1+ A4,z +Ayz? 1+ Az + 4,27 (9=76)
{4 +(tsa)c)2}a)dd 2{—4 +(tsa)c)2}
C, = , B =
’ 4o, +2B,t, +(t5a)c)2a)dd : 4+(t5a)c)2 (o7
= 2{—4+(tsa)c)2}a)dd = 4w, -2B,t, +(tsa)c)2a)dd
° 4w, +2B, 1, +(tsa)c)2 @y ’ 2 4w, +2B 1, +(tsa)c)2 @,y
VN {4+ (10.)' ] 2{-4+(10.,))
= , B —
" 442Kt + (tw,) g 4+(to,)
) i (9—78)
_ 2{—4+(lswm) } _4-2Kt +(t0,)
Y42kt T 412K+ (10, )
N2+ (co,) | 2-4+(r0,) |
COI = 2) ° 1 = P
{4 +2 Mt + (tsa)rb) } 4+ (tsa)zb) ( :
9—-79

~ 4‘4+Qwﬂﬁ _4—2M@+@wﬁ2
C4s2Mi +(tw,) T 4v2M +(to,)

17

(9—75) 5 (9—79) IZBWT, InEquations (9-75) through (9-79),
1

lloatts/l() -1
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P = S,m(fk)smh,(‘i) .......... k=0,
1+ sinh (d)—sm (ak) 2
(7—48)
B cos(ak )cosh(d)
9= coshz(d) + cosz(ak ) -1
r, =cos(a,)
@, =P +a;
0 - VP +a;
‘ 2p,
9, = 1/sinh(d)
B
K=LM, M= ——" (7—-49)
(1+ L)Q,m,,
I = B,0; +8B,0; 0w, —4B,0. 0, +160/ 0w
L, =BQ; +40/ 0’0, -2} 0, (7—50)
I Ji ++2L +.J1.0, B, + BQ,
40,0} o,
a)ra = \/ZCOC ’ a)rb = a)c/\/z
n =Br! +40’
n,=Br +2w’ (7 —5 1)
N = \/n_ler,; +n,
20

c

,, =\/ﬁa)c,a)za =a)c/\/ﬁ
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9-7-4 Elliptic Function Band Elimination Filter

PRAEFF O T IRE R 0, EKOCHEIEFIEO FRAEE 0, C80THER

attp(db) | WK 04 =0,,x, \ZBOTHER ans(db) T TV U ERE

DT 4 VEINVEHBEBE 7 A V2 BT 5 L TR DT TR T T 4V Z DO
2 M E L RBUTUL F O TR bivE T,
When creating a digital elliptic BE filter of sampling frequency f, with attenuation

attp(db) at the lower stopband frequency @,, and the upper stopband frequency

®,,, and attenuation atts(db) at frequency @, =®,,X, , the corresponding

frequencies and orders of the original analog filter are obtained by the following

equations.

2 W, .t 2 @t 2 ot
@pe = —tan(plej s Wper = —tal’l( p;Z j O, =00, Oy = —tan( s;l 3)
) t

s

xsa = sal/a)pal > a)suZ :a)paZ/xsa ’ xL = (wpaZ _wpul)/(a)saZ _a)sal) = l/k’ K= K(k) ’

K(k)K'(L)

L= \/(10“’”/10 ~1)/(1070 ~1) | m= RO

m#% Y)Y EiF 4% Round up m

I<x, <,/a)pdz/a)pd1 , B,=0,,-0,, t = l/fs . I =ceil((double)(m—1)/2)—1 L L
To TAVHMEHBEANY R I x—a 7 4 )V Z OIZREIE
As 1<x, </, |®,, B, =0,-0,, i = 1/f, . 1=ceil((double)(m—1)/2)-1,

the transfer function of the digital elliptic BE filter is

9—7 FTATENL N RY I x—3 37 4 I)VEDIEERE
9—7—4 HHEK X R Ix—ya 7 A 375 / 461



TTT 4 77411/&@an+& EIE}Z
WO TR T ANENET D HIT (VRO (W1 IRE#R)

mN & THIE.,  When mis odd

C0(1+ Bz +272) (m-1)/2 C'Ok(lJrBlsz1 +272) C0,(1+B1,Z +z )

Hm(a’wz) = = - = - (9-80)
1+ Az +A4z7 o 1+Az' +4,z° 1+A4z"'+4,z7
mAMEE THIIEX.,  When mis even
Hm(a)c,z) _ m/2 C0k(1+BllkZl +Zz) Col(l—l-Bll[Zl +Zz) (9—81)
w0 1+ A,z +A4,z° 1+A4,z +A4,z
0'{4+(tsa)c)2} 2{—4+(txa)c)2}
C = , B =
’ 40+2Bt, +(tscoc)20' 1 4 +(tsa)c)2
, (9—82)
Y 20{—4+(tswc) } L, _do-2B1, +(t,0,) o
’ 4o0+2B, 1, +(tsa)c)20' T 4o+2B,t, +(tsa)c)20
G{4+(szm) } 2{ 4+(tya)m)2}
> Blk =
4 2Kt +(t 4+(¢
+ +(sa)1a) +(sa)za) (9—83)
2|4+ (10,)| L A2kt (Le,)
442Kt +(10,) * T 42K +(t@,)
GN{4+( : Z,,)z} 2{ 4+(szzb)2}
G = 7Y B, =
L{4+2Mt +(t,0,) } 4+(t@,)
(9—-84)

2{—4+(tsco,,,)} y 4-2Mt +(t,)
4+2Mt +(tw,) T 4+2Mi +(t,)

u=

9—7 TATHI RNy R I x—g 7 4V OIEERK
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(9—80) 75 (9—84) IZBWT, Inequations (9-80) to (9-84),

K=LM, M=_DvPr_ (7—21)
(1+L)g,

[, = Bi -4 jpiwi +832qvmi +16q303§

w

L =B, -2po; +4q,0;

LZJZ+$&%+JZ&&B§ (7—22)

4q,0;

®, =VLlo,0,=0./JL

n, = va +4x§mi , N, = Bf, +2x3(oi
N_,/nleJrn2
- 2 2 2
xVOJC

(O ) =\/ﬁ0)c,(l)zb =(1)(,/\/N

(7—24)

L, mpaEor, C,, o, p,, q,ZRXEWZTLOE LET,

However, when misodd, C,;, o, p,, ¢, must satisfy the following equation

m— 2 (e
(lj/z[SZ +xvz]2 + gZClz(wicj ( V_li/z[sz +xzv2]2
(2—17)
(m-1)/2
= —CHZ(SZ - 0'2) [54 +(2qv —pvz)s2 +q, ]
v=1
G- X, L

F. mAMEKOEL. C, . p., ¢ 1 FKEEEETLOL LET,

Also, when m is even, C,, , P,, (¢, satisfies the following equation

m/2 5 m/2 5
H[s2 +xvz] + 82C22H[S2 +xzvz]
v=1 v=1
m/2 (2—8)
=G/ TI[s* +(20. - .7)s" +4.’]
v=1
G x [
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Chapter 10 Bessel Low Pass Filter Design

INET, BRCEXFENRAT—T— 20— NAT 4 NE T2 2T B —I AT (VA
WF 2= Tm—"AT7 4 VF RO B — /27 ¢ b 2 3 JERERR I 00 1 TRR IS
WERMZER L TERSNEZ T A NZTTR, 2065y rm—s_27 4L
AT BRI RS 2 L AR ROHME LTERSNT- 7 4 VE TT,

BIEN AR B Y S LWDO T, TOAT v FIREICIE, AEIZY VX IR
F— = a— ERBENT . A LV RISE B IREIIC /20 E A, Lo, BRI
0B ET,

The butterworth low-pass filter, Chebyshe flow-pass filter, inverse Chebyshe flow-pass
filter, and elliptic function low-pass filter described so far were designed with a particular
emphasis on attenuation characteristics in the frequency response, while the Bessel low-
pass filter, which will be described below, was designed with the primary objective of
obtaining a constant delay characteristic. The Bessel low-pass filter, however, was
designed with the primary objective of obtaining a constant-delay characteristic.

Since the delay is equal regardless of the frequency component, there is essentially no
ringing or overshoot in the step response, and the impulse response is not oscillatory.

However, its attenuation characteristics are quite poor.

10 BT LE LT,
Chapter 10 was cancelled.
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Chapter 11 Matching Element Values to the E24 Series
11 8L, 74N F—OFRICEVERE SRR 2 07 U h 0% E V) — X0 fE %

FATHEC, Bk TR EN NS BRD I ICHET I T 0 /I 25801 L E7,
BEITHEELR DO THIEEICHFHR L TWERE A,

Chapter 11 describes a program that calculates the values of resistors and capacitors
calculated by synthesizing filters so that the error is as small as possible when using the
E series values.

This is an extra function and has not been translated into English.
A—/R T4 ILEDER

1ROAO—/INR T 4 LR EEREE

ch L
]
“idd
lpl__1. cirdO=EREK

_ (YGRr)
~s+(/CR)

Hl(a)p ,s)

02T LR DA 379 / 461
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NA—J)—Z A—/IR T4 IILEADES

Hloos)= 7,
c

o250 05,

a)ch .'.R1=L (11—1)
ClRl a)ccl
FAMAE 243 ) =AY 5FIE T FIE 1
1 C=00luF n5, 22— h¥5%,
2 ie=1

Cm=C 1DREE, Cy=C1DHEEHE T 5,
Cm=E24 [i0] IZ&bEVi00&ERDD,
i=0,. Cm=E24 [i0+1i]

1 .
3 (11—1) 12k, R=——%3HT%5, er=0. 002%*ie

c 1
4 Rm=R1IDOHEEH, Ry=R1DFEHHELT, RmBPE24 [i1] ITRkbiTVi
1%2RDD, ZTOBREDFEZE fabs (err) <er 725 7TV,
5 FHThRIFAUE, i++; i<24 5, Cm=E24 [i0+1],
Cl=Cm*%Cy&LT, 3RS,
6 i=24 biE, iet++;i=0, Cm=E24 [i0+i],
Cl=Cmx*Cy LT, 3ICR%,
7 Cl, RIBIUERELRRLT, HREELRKDD,
ClazZETLH76, ANTILTHEHW 2 ITRD,

1
R1ZEET L6, AHWLTHHW C=——&LT 2 IZRED,

c

RO MR T 272 B, 5 ITRD,
BENRTFIUTTET,
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FIEVIIORUFFIESTT A—NRR T4 ILEDGE

H,(o,,5)= —2
s+,
- T,
1 1
w,=—— R = (11—2)
CIRI wdcl

RFEZE 243V —XZ8b¥3FIE
[FIEL ) 2N T, o, OROYICo, ZzfERLET,

EMRAH O—/ X T4 ILEDES

Hm(a)c,s) =

s+o
- T,

oc=—— . R=—o (11—3)

FEEE 24V —X2HDELFIAE
FIEL )] 2B T, 0o, 0RDVIZ o ZEHALET,
e [FIE1] ©2 ORES s T L0E
getc (C1l, &Cvy, &1i 0)
BEE L L CRREEIRT *,/
double getcl(double d,double*yd,int *i)
{
double md,ld,mc,errl,err2;
int nd,10;
1d = log10(d);
nd = (int)floor(1d);
md = pow(10.0,1d - nd);
10 = (int)((d - nd) * 24.0);
errl = fabs((md-e24[i0])/md);
err2 = fabs((md-e24[i0+1])/md);

if(err1>err2) {

1 YJ/<0)D~/\°7\74’/1/5'§§$|E[E§%:: EY 7R TF 27 B—/NA T S IVHE D
e 381 / 461
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10++;
errl = err2;
b
if(i0 >= 24){
nd++;
10 -= 24;
b
*1=10;

*yd = pow(10.0,nd);

return errl;
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2ROA—NRATA)AEKER Ipat1_2. cir

L]
TCE W
— A AN~ BN
R Rz S
W
+
Wdd
op1 LM3Z24
a1
~n ~0

lpatl__2. cir®xiEEK

#lcarn
Rl C'1 C2 RZ R3

, RR,+RR,+RR, ( 1 j
ST+ S+
Cl Rl RZ R3 Cl CZ RZ R3

Hz(cop,s) =

NA—J— BRUFIELTT O—NRR T4 ILEADEE

H,(0.5) =] 1=

08" +( Lk/Qk)s+a)

2

E-T, R =R,
C,=C (C =mC

LTBL,
R =R R,=kR e
2 1
0, = (11—4)
¢ mk(CR)2
Dy _ 1+2k (11—5)
O, mkCR
(11—4) & (11—-5) »b
AQLK” +(4QF —m)k+Q; =0 (11-6)
k>0 Xv, m=280; (11—7)

2O —INAT gV HAEREKE I1patl__2. cir
NE—T—2 FNF b7 a— A7 4 )LZDOEE 383 / 461



TIT 4T T 4 VE DB LA
113 BEFEAE243 ) —XEbES

ZoEE,
m—4Q; + ./m(m—80;
k= - f ) (11-38)
80;
FAMAEAE 243 —XchbY5FIE [FIE 2 |

2O —NRRAT 4 NVEZEEERL lpatl_2. cir H

1 Bxboni, 0,005 0, =80 #3ET 5,

G, =00luF 5, A% —b¥%5, er0=0. 0025
2 C2m=C2DFEEFHE., C2y=C20HEEIMET D,
C2m=E24 [i0] IZ&kbiTVi 0%&RDB,
ie=1; 102=0; er=eroO
3 C2=E24 [i0+i02] %*C2y
m=Qk2; Cl=m*C2
C1lXY/h&EL720, B/NDE 243 ) —XDfEERD D,
Clm=E24 [i1l];
il12=0
4 m=E24 [i1+i12] *xCly,/C2
HLb,. m>100%Qk 2725
HLb, ++102<2475 3 IR,
er=erO0x (++ie); 102=0; 3 ITRED,
FEDTAFP ALK L TV D)

k:m—4Qk+1/m(m—8Q,f) . 1

80" Y Vmka, C,

RiIm=E24 [i2] [ZRbiLVi 2EHELZRDD,
RRZEN er XU/ TFIUE, 6 1T4T<,
ZHTRIFNE, ++112<24 25, 4 TR,
i12=241c>7=6, 112=0; Cly %= 10. 0; 4IZE5.
6 R2=k*R1 ;
R2m=E24 [i 2] [Z&kbiiV, i 2LBEELRDD,
FRZEN er KV RETNX, 5 ORES,
7 Cl=E24 [il+il12] *%*C1ly
8 Cl, C2, R1, R2BIUOHELZR LT, HEREZRD D,
C2%aERTLHH, ANMLTHHW 2 ITRD,

1
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double

{
double

int

Sk

R1ZEFTHRE, AHLTHLWL C =

WOGRZHRT H7201E, 5 IZR D,
BERNIRTIULZE T,

[FIE2] D3 DRUEBOT v ST LH]

BEfE L LT, Bxbhnll v/ h&<72L T,
E 24— 3 28l AT,

1
vmkao, R

LT 2 ITES,

G2 oNTBIEOHEER 2R OT AR EESHBID  */

getg(double d,double*yd,int *1)

mec,yc;

10;

mc = d;

getcl(me, &yc,&i0); mc = e24[i0] * yc;
if(me < d) 10++;

mc = e24[i0] * yc;
*yvd = yc;
*1 =10;

return mc,

[FE2 | 2007 a 7T L6

2R —NRT7 4 VEZOEIEEX 1A lpatl_2.cir

(% lccen)
R J\CCGR, R3 @ ?

*/

§+&&+&&+&&&{ 1 ) s+, /0)s+ o,

void

{

int
long
double
double

C\R R)R, CGRR,
cal rc_b1(nt j)

x,y,10,11,12,102,112,kp,ie;

int count=0L;

Qk,wck,Qk2,R1,R2,R3,C1,C2,R1y,R2y,C1y,C2y,mm kk;

er,erQ,rcin,ertl,ert2;
er0 = 0.0025;
y=wherey();
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kp=j+1;

wek = pow(coljl[1],0.5);
Qk = wck/col[jl1[0];

Qk2 = 8.0*Qk*Qk;

C2 = pow(10.0,-8.0);

loop_b1_0:
getcl(C2,&C2y,&i0); count++;
ifG=8)y="T;
102=0; ie=1; er=er0;
loop_b1_1:
C2 = e24[i0+i02] * C2y;
mm = Qk2;
Cl=mm * C2;
C1 = getg(C1,&C1ly,&il); count++;
112 =0;
loop_b1_2:

mm = e24[i1+i12] * C1y/C2;
if(mm > 100.0 * Qk2)t
if(++i02) < 24) goto  loop_bl_1;
er = er0 * (double)(++ie); 102 = 0;
goto loop_b1_1;
H
kk = (mm-Qk2/2+sqrt(mm*(mm-Qk2)))/Qk2;
R1 = 1.0/C2/wck/sqrt(mm*kk);  count += 2;
if(getcl(R1,&R1y,&i2) < er) goto  loop_b1_3;
loop_b1_21:
if(++112) >= 24){
i12=0; Cly *=10.0;

H
goto loop_b1_2;
loop_b1_3:
R2=kk * R1;  count +=2;
if(getcl(R2,&R2y,&i2) < er) goto  loop_bl_4;
goto loop_b1_21;
loop_b1_4:

C1 = e24[i1+i12] * Cly;
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loop_b1_41:

locate(1,y); clrblw();

ert2 = getcl(R1,&R1y,&i2);

ertl = ert2 * ert2;

ert2 = getcl(R2,&R 1y, &i2);

ertl +=ert2 * ert2;

ert2 = getcl(C1,&Cly,&i2);

ertl +=ert2 * ert2;

ert2 = getcl(C2,&C2y,&i2);

ertl +=ert2 * ert2;

ertl = sqrt(ertl) * 100.0;

ert2 = sqrt(1.0/C1/C2/R2/R1);

ert2 = (wck-ert2)/wck*100.0; count += 5;

printf("R1_%d=%-9s R2_%d=%-9s R3_%d=%-9s¥n",
kp,i_unit(su[0],R1),kp,i_unit(su[1],R2),kp,i_unit(su[2],R1));

printf("C1_%d=%-9s C2_%d=%-9s Err= %If erwc %If count %ld¥n",
kp,i_unit(sul0],C1),kp,i_unit(sul[1],C2),ert1,ert2,count);

locate(1,23); clrblw(;

printf('R1_%d 2% T 575 R, C2_%d 725 C, &% 726 k, OK 226 G ",
kp,kp);

x = wherex();

if( == 7) && (m != &)1
locate(1,24);
printf("G 72 5. FHEMOFREZHHL L EI);

H

locate(x,23);

get_lower_string(buf);

switch(buf{0]){
case r' goto loop_rc_r;
case 'c" goto loop_rc_c;
case 'k" goto loop_b1_21;
case 'g".

if(ert1 > le-10)
locate(1,23); clrblw();
printf("E24 >V - XOETHLL L 0> YN ")
get_lower_string(buf);
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if(bufl0] =="'y) {

getcl(R1,&R1y,&i2); R1 = e24[i2]*R1y;
getcl(R2,&R2y,&i2); R2 = e24[i2]*R2y;
getcl(C1,&C1y,&i2); C1 = e24[i2]*C1y;
getcl(C2,&C2y,&i2); C2 = e24[i2]*C2y;

count +=4;

goto loop_b1_41;

h
locate(1,y+2); clrblw();
wrt_ckt_fl(kp,R1,R2,R1,C1,C2);
return;
default: goto loop_b1_4;
H
loop_rc_r:
locate(1,23); clrblw(;
printf("R1_%d=%-9s "kp,i_unit(sul0],R1));
rcin = r_num(get_lower_string(buf));
if(buf[0] =="'¥0") goto loop_b1_0;
if(rcin<=0) goto loop_rc_r;
R1 = rcin; C2 = 1.0/R1/wek/sqrt(mm*kk);
count +=2;
locate(1,23); clrblw(;
goto loop_b1_0;
loop_rc_c:
locate(1,23); clrblw(;
printf("C2_%d=%-9s "kp,i_unit(sul0],C2));
rcin = r_num(get_lower_string(buf));
if(buf[0] =="'¥0") goto loop_b1_0;
if(rcin<=0) goto loop_rc_c;
C2 =rcin;
R1 = 1.0/C2/wck/sqrt(mm*kk);
count +=2;
locate(1,23); clrblw();
goto loop_b1_0;
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a L ke m—2Qk2 +Jm(m—4Qk2)

20,°

FFOm
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2 C2m=C2DFEEFH., C2y=C20DHEEIMET D,
C2m=E24 [i0] IZ&kbiI\i 0%&RDB,
ie=1;102=0;er=erO
3 C2=E24 [i0+i02] %*C2y
m=Qk2;Cl=m*C2
C1lXY/h&EL720, B/NDE 243 ) —XDfEERD D,
Clm=E24 [i1l];
il12=0
4 m=E24 [i1+i12] %*xCly,/C2
HLb,. m>100%Qk 2725
HLb, ++102<2475 3 IR,
er=erO0x (++ie);i02=0; 3 IZKE,
FEDTAFM ALK L TV D)

k:m—2Qk+1lm(m—4Q,f) R 1

407 Y Jmka, C,

Rim=E24 [i2] [Zxkbil\ i 2 L#EEEZRD D,

AN er /ST, 6 127K,
5 25 ThITNE, ++i112<24 6. 4 TR,

i12=241c8>7-5, 112=0;Cly %= 10. 0; 4ITKE%,
6 R2=kk*R1 ;

R2m=E24 [i 2] [ZKkbiliv, i 2LBEELRDD,

AN er KO REZITX. 5 DRED,
7 Cl=E24 [i1+i12] %xC1ly
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4 Cb=E24 [i0+i02] *Cby; Rb=1. 0/wck,//Ch
Rbm=RbDEEB, Rby=RbDIHEEI LT 5,
Rbm=E24 [i1] Z&kbit\ i 1%KD,
Rbm®DE 24 V) —=Anb0fE7EN e r LT BT 61217,

5 fEMNe r LU REWVE
++i02; i02<247b, 4 ITR5,
i02=247%5, i02=0; er=er0% (++ie) 4 IZED

6 Cb, Rb&Owc knbDiREE2FRL THERERD D,
RbaE®ET LML, A/HJLTCb=1. 0/ wck Rb; 3 IZRED
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/* LR R R R R e R o R e R S R R e R S S S S S L S e R R S R R S L S L R R R R O S S S

RE% 4 : 1p_hp_1(Filt_param &px, Trans

&tx)

FEHE - w CTHZ LN BAEEICHIET D 1 RO — R A I AN A 73R
T 4 VA RIBOERERD T, HEIZLTT E24 vV -X|Z

& B ITVEISEET 5

BoONT-EBDOELY fckt TRENDMEIPEH T 711 L
fdat C/RSNDRREIEE T 7 A WCEE HT

LR S R R e S e R R R o e R R S R R R R R R R R S S S o

*/
void Cir:lp_hp_1(Filt_param &px, Trans &tx)
{
double w;
w = tx.Pr[0];
Cl=1e8;
Ip_hp_1_ag:
getcl(C1, Cly, i0);
ie0=1; i2=0;

Ip_hp_1_loop_e:
err = 0.002 * (double)ie0;
Ip_hp_1_loop:
C1 = e24[i0 +i2] * Cly;
R1=1.0/C1/w;

if((errl = getcl(R1, Rly, i1)) <= err) goto
Ip_hp_1_next:
if(++i2) < 24)  goto Ip_hp_1_loop;
1e0++; 12=0; goto Ip_hp_1_loop_e;
Ip_hp_1_exit:
switch(Iphp1_disp(w, px, tx)){
case l:goto Ip_hp_1_ag;
case 2:goto lp_hp_1_next;
case 3:goto lp_hp_1_exit;
default:break;

E 2 43 {r—F D)

Ip_hp_1_exit;
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*/

int

int

LR R e R o R e o b L R R R S R o R S S e S R R S S R S R e S R R S S R R R S

RE%: 4 : 1phpl_disp(double &w, Filt_param &px, Trans &tx)
BéRE @ Ip_hp_10 TERESNIZEHOMEEFR LT, R1ELIE C1 2L ET 50
o2 37, E24 U -XIZEET 520y, BEDETRET LT 50%
BEIRL, TRENOMEEZITV, £ % mode D& LTS

SETOHEITIE, HFoNTERDEE fckt TRINDMIEEEKT 7 AL &

fdat CTRSNDOBEHEIEY 7 A WICF S HT

L e R R o R e R o b S L R e R R S R o R R S S R R R S S R S R S S R R S S R O R o

Cir:lphpl_disp(double  &w, Filt_param &px, Trans &tx)
mode, y, y1;
y = wherey(); locate(1,y); clrblw();

printf(" 1 IkRD 7 ¢ L H [l ¥n");
if(px.fil_type == 1)
printf("%2d R1_1=%9s C1_1=%"9s AR = %.41f %%¥n",
1,i_unit(su[0],R1),i_unit(su[1],C1),err1 * 100.0);
else
printf("%2d R1_1=R1_2=%9s C1_1=%"9s &7 =%.41f %%¥n",
1,i_unit(su[0],R1),i_unit(su[1],C1),err1 * 100.0);
y1 = wherey();
printf("R1_1 #ZA® 35725 R, Cl_1 726 C, oz L5705 N¥n");
printf("E24 >V -X129 575 E, TRTRIJUE G ZANLTFEWN ")
get_lower_string(buf);

switch(buf{0]){

case 'v":px.inp_para(&R1,26,1,0.0);
C1=1.0/R1/w;mode = 1; break;

case '¢"'px.inp_para(&C1,27,1,0.0);
mode = 1; break;

case 'n""mode = 2; break;

case  'e"R1=e24[i1]] *Rly;  mode =3; break;

case 'g".

default: mode = 4; break;
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if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

if(px.fil_type == Ditx.Pr[0] = tx.Pr[2] = 1./C1/R1;}

else {tx.Pr[0] = 1./C1/R1; tx.Pr(1] = 1.3}

printf("¥n");
fprintf(fdat," 1 Yk D7 ¢ L % [A] 4 ¥n");
if(px.fil_type == 1)
fprintf(fdat,"%2d R1_1=%"9s C1_1=%9s 17 = %.41f %%¥n",
1,i_unit(su[0],R1),i_unit(su[1],C1),err1 * 100.0);

else

fprintf(fdat,"%2d R1_1=R1_2=%-9s C1_1=%9s 27 =%.41f %%¥n",
1,i_unit(su[0],R1),i_unit(su[1],C1),err1 * 100.0);
if(out_mode == 2){

search_wrt(1,"R1_%-d",R1); search_wrt(1,"C1_%-d",C1);
if(px.fil_type == 2) search_wrt(1,"R2_%-d",R1);
H
return(mode);
H
J% e e e e ek ok
BE%c4 : cal_lpat_k(int i, double &Qk2, double m, double &k)
BERE © 2RO — "R 7 4 L Z R Ipatl_2, lpat2_2 1B T
m, Qk2 ([ZBIT D, 2 >OEPLOL k=R2/R1 ZRKD D
2DINA XA T ¢ VA [EEE hpatl_2, hpat2 2 (28T
K, Qk2 IZBITDH, 2250F ¢ /" ZDik m=C1/C2 %KD DHIZIE
SlEAEG 2D, m & k OIEFZ AVEZ T LW
e e e e e ek
*/
void Cir::cal_lpat_k(int 1, double &Qk2, double = m, double &k)
{
ifi == Dk = (m - Qk2/2. + sqrt(m*(m - Qk2)) ) / Qk2;
else k =(m - Qk2/2. + sqrt(m*(m - Qk2)) ) * 2./ Qk2;
H
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/* LR R R e o R e o S e o R R S R R e o S S R S R R S R R S S L S S S o

BA%54 « cal_lpat_Qk2(nt i, double &Q,double &Qk2)
FEHE © 2RO — /"2 7 4 L XAl Ipatl_2, lpat2_2 (28T
2O0DF ¥ /XU XD m=C1/C2 Oi/ME Qk2 #RKd D

2R DINAIRAT 4 LA A hpatl_2, hpat2_2 (28T
2ODF ¥ /XU XD m=C1/C2 Oi/ME Qk2 %KD HEFE
ZOFEFEHEHAED

LR R R R e R o e o S o S R R S S S S S S R S R S R S R R S S S R S o

*/
void Cir::cal_lpat_Qk2(@int 1, double &Q,double &Qk2)
{
ifG ==1)Qk2 = 8. * pow(Q, 2.);
else Qk2 = 4. * pow(Q, 2.);
H
[* SRR A e e R e e R R R R e e ek
BE%c4, : Cirslpat(int i, int j, Filt_param &px, Trans &tx)
FERE : 2RO — A7 4 L Z[AIE lpatl_2, lpat2_2 1B\ T
T4 N RIEOERZ RO T, LEIECT E24 2 U-X(Z
R BITVMEICIERT S
i=1 725 LP1,i=2 725 LP2
BONTEBOME fckt TREINDEIFEX T 7 A L&
fdat CT/RESNDOBGEHEIEY 7 A WICF S HT
-
*/
void Cir:lpat(int 1,int  j, Filt_param &px, Trans &tx)
{
double w, Q, Qk2, m, k;
w = sqrt(tx.Scljl[1]); Q = w/ tx.Sc[jl[0];
cal_lpat_Qk2@, Q, Qk2);
Cl=1e8;
Ipat_ag:
getcl(C1, Cly, i0); ie0=1; i2=0;
Ipat_loop_e:

err = 0.002 * (double)ie0;
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Ipat_loop1:
C1 = e24[i0 +i2] * Cly;
m = Qk2; C2=Cl/m;
getcl(C2, C2y, i1); il +=24;i3=0; C2y /=10
Ipat_loop2:
C2 = e24[i1 - i3] * C2y;
m=C1/C2;
if(m < Qk2){
if(++i3) == 24) {C2y /=10.; i3 = 03}
goto Ipat_loop2;
§

if(m > 100. * Qk2){
if(++i2) < 24)  goto Ipat_loop1;
1e0++; 12=0; goto Ipat_loop_e;
H
cal_lpat_k(, Qk2, m, k);
R1=1./C2/w/sqrt(m * k);
if((err1 = getcl(R1, R1y,i4)) <= err) goto  lpat_loop4;
Ipat_loop3:
if(++i3) == 24){i3=0;  C2y /= 10.0;}
goto Ipat_loop2;
Ipat_loop4:
R2 =k * R1;
if((err2 = getcl(R2, R2y, i5)) > err) goto  lpat_loop3;
Ipat_exit:
switch(Ipat_disp(, j, w, m, k, px, tx)){
case ligoto lpat_ag;
case 2:goto lpat_loop3;
case 3:goto lpat_exit;

default:break;
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/* E R o S o o o S o o o o o b e o S e L o S o o S S S e S R S S
RE%L 4 @ 1pat_disp(int L, int  j, double&w, double &m,
double &Kk, Filt_param &px, Trans &tx)

BERE © lpat) CRIR SN EHOMEEZERSLT, Rl 721 C2 2L E T 57)
DO Z 2R3 7y, E24 2 U -XTERT 20, BUEDETET LT 50h%
BINL, ZNENOLEEITY, £ % mode OfEE LT
TETOHAIIE, GONTEROEE fckt TRENDEKX T 7 A L&

fdat TRSNDIREHEIRET 7 A /WZEHE T

i=1 725 LP1,i=2 725 LP2

LR R R e o e e S R e R o e S e e S L R R R R S S S R R R R R R e o

*/
int Cir:lpat_disp(inti, int  j, double &w, double &m,
double &Kk, Filt_param &px, Trans &tx)
{
int ord;
int mode, y, y1;
ord =j+ 1+ tx.odd;
y = wherey();  if(y > 20) {clr(Q;  y = wherey(;}
locate(1,y); clrblw();

printf("%2d C1_%-d=%"9s C2_%-d=%-9s¥n",
ord,ord,i_unit(sul0],C1),ord,i_unit(sul1],C2));
ifG == 11
printf(" R1_%-d=R3_%-d=%-9s R2_%-d = %9s =
= %.41f %%¥n",
ord,ord,i_unit(sul0],R1),ord,i_unit(su[1],R2),
sqrt(errl*errl + err2*err2)*100.);
§ else {
printf(" R1_%-d=%9s R2_%d=%9s 7% =%.41f %%¥n",
ord,i_unit(su[0],R1),ord,i_unit(sul1],R2),
sqrt(errl*errl + err2*err2)*100.);
§
y1 = wherey();
printf('"R1_%-d #Z % T 5725 R, C1 % d &b C, oMz K575 N¥n",
ord,ord);
printf("E24 >V -X2+ 575 B, ZTRTRIFNIE G ZANLTFEWY "
get_lower_string(buf);
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switch(buf{0]){
case 'v":px.inp_para(&R1,26,1,0.0);
Cl=m/R1/w/sqrt(m * k);

mode = 1; break;

case '¢":px.inp_para(&C1,27,1,0.0); mode = 1;
break;

case 'n""mode = 2; break;

case 'e"R1 = e24[i4] * R1y;
R2 = e24[i5] * R2y;

mode = 3; break;
case 'g"
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();
if(i == 1){

tx.Scljllo] = R1 + 2.*R2)/R1/R2/C1;
tx.Scljl[1] = tx.Sc[jl[4] = 1./R1/R2/C1/C2;
} else {
tx.Sc[jl[0] = (R1 + R2/R1/R2/C1;
tx.Scljl[1] = tx.Sc[jl[4] = 1./R1/R2/C1/C2;
§
printf("¥n");
fprintf(fdat,"%2d C1_%-d=%"9s C2_%-d = %-9s¥n",
ord,ord,i_unit(sul0],C1),ord,i_unit(sul[1],C2));
ifG == 11
fprintf(fdat,
" R1_%-d=R3_%-d=%-9s R2_%-d=%-9s M=
= %.41f %%¥n",
ord,ord,i_unit(sul0],R1),ord,i_unit(su[1],R2),
sqrt(errl*errl + err2*err2)*100.);
§ else {
fprintf(fdat,” R1_%-d=%-9s R2 %-d=%9s 27 = %.4If %%¥n",
ord,i_unit(su[0],R1),ord,i_unit(su[1],R2),

sqrt(errl*errl + err2*err2)*100.);
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if(out_mode == 2){
search_wrt(ord,"R1_%-d",R1); search_wrt(ord,"R2_%-d",R2);
ifG == 1)search_wrt(ord,"R3_%-d",R1);
search_wrt(ord,"C1_%-d",C1); search_wrt(ord,"C2_%-d",C2);

}
return(mode);
}
[* S dede e e de e e e e e e e e e e e e e e e e e e
BE%c4, : Cirshpat(nt L, int j, Filt_param &px, Trans &tx)
BERE @ 2D ANA /XA T 4 L Z A hpatl_2, hpat2_2 (28T
T AN RIEOERZ RO T, LEIECT E24 2 U-X(Z
R BIITVMEICIERT S
i=1 725 HP1,i=2 75 HP2
BONTERDOMEE fckt TRINDEHKKT 7 A L&
fdat TRSNDEGHEEY 7 A SES T
R
*/
void Cir:hpat(int 1, int  j, Filt_param &px, Trans &tx)
{
double w, Q, Qk2, m, k;
w = sqrt(tx.Scljl[1]); Q = w / tx.Scljll0];
cal_lpat_Qk2G, Q, Qk2);
R1=1e3;
hpat_ag:
getcl(R1, Rly, i0); 1e0=1; 12=0;
hpat_loop_e:
err = 0.002 * (double)ie0;
hpat_loop1:
R1 = e24[i0 + i2] * R1y;
k = Qk2;R2 =k * R1;
R2 = getg(R2, R2y,11); i3 =0;
hpat_loop2:
R2 = e24[il + i3] * R2y;
k=R2/R1;

if(k > 100. * Qk2)1
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if(++i2) <24)  goto hpat_loop1;
1e0++; 12=0; goto hpat_loop_e;
}
cal_lpat_k(, Qk2, k, m);
C2=1./R1/w/sqrtm * k);
if((errl = getcl(C2, C2y,i4)) <= err) goto hpat_loop4;
hpat_loop3:
if(++i3) >=24){i3=0;  R2y *=10.0;}
goto hpat_loop2;
hpat_loop4:
Cl=m* C2;
if((err2 = getcl(C1, Cly, i5)) > err) goto  hpat_loop3;
hpat_exit:
switch(hpat_disp(, j, w, m, k, px, tx)){
case ligoto hpat_ag;
case 2:goto  hpat_loop3;

case 3:goto hpat_exit;

default:break;
H
H
J% e e e e e ek
R%c4 : hpat_dispint  i,int  j, double &w, double &m,
double &k, Filt_param &px, Trans &tx)
B§RE - hpat) CTERE SN EROMEEERRL T, Rl F72ik C2 2L ET 5
G283 70y, E24 v U -XTERT 570, BUEDETRT LT 00 %
BIRL, ZNENOLEEZIT, Z1%E mode DAL L TiET
FETDOGEITIE, FONTZERDEEL fckt TREINDERHT 7 A1 L&
fdat TRESNDOBEHEEY 7 A WICF S HT
i=1 726 HP1,i=2 725 HP2
e e e e ek
*/
int Cir::hpat_disp(int i,int  j, double&w, double &m,
double &%k, Filt_param &px, Trans &tx)
{
int ord;
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int mode, y, y1;
ord =j + 1 + tx.odd;
y = wherey();  if(y > 20) {clrQ;  y = wherey(;}
locate(1,y); clrblw();

printf("%2d R1_%-d=%9s R2_%-d=%-9s¥n",
ord,ord,i_unit(su[0],R1),ord,i_unit(su[1],R2));
ifG == 1{
printf(" C1_%-d=C3_%-d=%-9s C2_%-d=%-9s R
= %.41f %%¥n",
ord,ord,i_unit(sul0],C1),ord,i_unit(sul1],C2),
sqrt(errl*errl + err2*err2)*100.);
§ else {
printf(" C1_%-d=%9s C2_%d=%9s &% =%.4lf %%¥n",
ord,i_unit(su[0],C1),ord,i_unit(sul1],C2),
sqrt(errl*errl + err2*err2)*100.);
H
y1 = wherey();
printf("R1_%-d A %E$257%5 R, C1_%d %&b C, hofFEHi% 5725 N¥n",
ord,ord);
printf("E24 >V -X29 575 E, TNTRIJNUE G ZANLTFEWL ")
get_lower_string(buf);
switch(buf{0]){
case 'v":px.inp_para(&R1,26,1,0.0);
mode = 1; break;
case '¢"'px.inp_para(&C1,28,1,0.0);
Rl1=m/C1/w/sqrt(m * k);
mode = 1; break;
case 'n"mode = 2; break;
case 'e"C1 = e24[i5] * Cly;
C2 = e24[i4] * C2y;

mode = 3; break;
case 'g".
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();
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ifG == {
tx.Scljl[0] = (C2 + 2.¥C1)/C1/C2/R2; tx.Scljl[3] = 1.0;
tx.Scljl[1] = 1./R1/R2/C1/C2;

} else {

tx.Scljl[0] = (C2 + C1)/C1/C2/R2; tx.Scljl[3] = 1.0;
tx.Scljl[1] = 1./R1/R2/C1/C2;
H
printf("¥n");
fprintf(fdat,"%2d R1_%-d=%9s R2_%-d = %9s¥n",
ord,ord,i_unit(sul0],R1),ord,i_unit(su[1],R2));
ifi == 1){
fprintf(fdat,
" C1_%-d=C3_%-d=%-9s C2_%-d=%-9s Ea 2=
= %.41f %%¥n",
ord,ord,i_unit(sul0],C1),ord,i_unit(sul1],C2),
sqrt(errl*errl + err2*err2)*100.);
§ else {
fprintf(fdat,” C1_%-d=%-9s C2_%-d=%9s i =%.41f %%¥n",
ord,i_unit(su[0],C1),ord,i_unit(sul1],C2),
sqrt(errl*errl + err2*err2)*100.);
H
if(out_mode == 2){
search_wrt(ord,"R1_%-d",R1); search_wrt(ord,"R2_%-d",R2);
search_wrt(ord,"C1_%-d",C1); search_wrt(ord,"C2_%-d",C2);
ifG == 1)search_wrt(ord,"C3_%-d",C1);
H

return(mode);
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/* LR R R R o R e o o L o S R e R o R R e o S e S L R S L R R S S R S R SR R R R R o

B%c4 : lpetl_RbCb(@nt j, doublew, Filt_param

FEBE : Ipetl

&px)

w THZ OB EEEINCRHET HMELLO 2RO T — /XA T A /3R
T4 NHAEED Rb & Cb OEHAZ RO T, LEIZLLT E24 vV -X|T

& B ITVEISEET 5

LR R R R R e o o L o S R o R o S R e o S L S L R R R R S S S R SR S R R R e o

*/

void Cir::lpet1_RbCb(int j, double w, Filt_param &px, Trans &tx)

Cb = 1e-8;
Ipetl_RbCb_ag:
getcl(Cb, Cby, i0);
ie0 =1; i2=0;
Ipet1l_RbCb_loop_e:
err = 0.002 * (double)ie0;
Ipet1_RbCb_loop:
Cb = e24[i0 + i2] * Cby;
Rb=1.0/Cb/w;
if((errl = getcl(Rb, Rby, i1)) <= err) goto
Ipet1l_RbCb_next:
if((++i2) < 24)  goto Ipet1l_RbCb_loop;
1e0++; 12=0; goto Ipet1l_RbCb_loop_e;
Ipet1l_RbCb_exit:
switch(Ipet1_RbCb_disp(, w, px, tx)){
case l:goto lpetl_RbCb_ag;
case 2:goto  lpetl_RbCb_next;
case 3:goto lpetl_RbCb_exit;
default:break;

E 2 43 {r—F D)
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*/

int

int

int

LR R R R o R e o o L o S R e R o R R e o S e S L R S L R R S S R S R SR R R R R o

B8%c4 : lpet1l_RbCb_disp(int j, double &w, Filt_param &px, Trans &tx)

BEBE : lpet1_RbCb() THEAINTZEHDOEEAFK/RL T, Rb £721L Cb 24K
T LM OBEAZTRT >, E24 2 U -RITERIT 57, BUEDM TR T
T OMETERL, ZNENDOUHZITY, £ E mode OfEL LT
=g

LR R R R R e o o L o S R o R o S R e o S L S L R R R R S S S R SR S R R R e o

Cir::lpet1_RbCb_disp(int j,double &w, Filt_param &px, Trans &tx)

ord;

mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;

else ord=j+1;

y = wherey(); if(y > 20){clr(Q;  y = wherey(;}

locate(1,y); clrblw();

printf("%2d Rb_%-d=%9s Cb_%-d=%9s it =%.41f %%¥n",
ord,ord, i_unit(su[0],Rb),ord,i_unit(sul[1],Cb),errl * 100.0);

y1 = wherey();

printf("Rb_%-d #Z % 345725 R, Cb%-d 725 C, oMz R 5725 N¥n",
ord,ord);

printf("E24 >V -X129 575 E, TRTRIJUE G ZANLTFEWN ")

get_lower_string(buf);

switch(buf{0]){
case 'v":px.inp_para(&Rb,29,1,0.0);
Cb=1.0/Rb/w;mode = 1; break;
case '¢"'px.inp_para(&Ch,30,1,0.0);
mode = 1; break;
case 'n"mode = 2; break;
case  'e"Rb=e24[i1] *Rby;  mode = 3; break;
case 'g".
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

fprintf(fdat,"%2d Rb_%-d =%9s Cb_%-d = %-9s HFE = %.41f %%¥n",
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ord,ord, i_unit(su[0],Rb),ord,i_unit(sul[1],Cb),errl * 100.0);
if(out_mode == 2){
search_wrt(ord,"Rb_%-d",Rb); search_wrt(ord,"Cb_%-d",Cb);

}
return(mode);
}
[* S dede e e e e e e e e e e e e e e e e e e e e
RE%c 4 @ Cir:lpetl(int j, Filt_param &px, Trans &tx)
BERE @ 2RO -/NAETINANAT 4 L XA Ipetl_2 123N T
T AN RIEOERZ RO T, LEIECT E24 2 U-X(Z
R BIITVMEICIERT S
BONTERDEE fckt TRINDEHKKT 7 A L&
fdat CT/RSNDHBEHEIEY 7 A VI F S HT
R
*/
int Cir:lpet1(int j, Filt_param &px, Trans &tx)
{
double w, Q, k1, k2, k3;
int L
w = sqrt(tx.Scljl[1]); Q = w / tx.Scljll0];
if(Q <= 1./3.) {
fprintf(fdat,"lpetl T ZHAHE, j = %d¥n",);
return(1);
H
Ipet1_RbCb(, w, px, tx);
k1=1./(3.*Q- 1.); k2 = tx.Scljl[4] / tx.Sc[jl[1] / tx.Sc[l[2];
k3 = tx.Scljll4] / tx.Sc[jl[1];
R1=1e3;
Ipetl_ag:
getcl(R1, R1y, i0); ie0=1; i2=0;

Ipetl_loop_e:
err = 0.002 * (double)ie0;
Ipetl_loopl:
R1 = e24[i0 + i2] * Rly;
R4 =R1/k1;
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if((errl = getcl(R4, R4y, i1)) > err) goto Ipetl_loop2;
R2 =k2 * R4;

if((err2 = getcl(R2, R2y, i3)) > err) goto Ipetl_loop2;
R3 =k3 * R4;

if((err3 = getcl(R3, R3y,i4)) <= err) goto Ipetl_exit;

Ipetl_loop2:

if(++i2) >= 24){ie0++;  i2=0; goto  lpetl_loop_e;}
goto Ipetl_loopl;

Ipetl_exit:

/*

*/

int

int

int

switch(Ipet1_disp(, px, tx){
case ligoto Ipetl_ag:;
case 2:goto  lpetl_loop2;
case 3:goto lpetl_exit;
default:break;

H

return(0);

LR R R R e o e o S R e R o o S e e S S L R R e R R R S S S R R R R R R o

RE%c4 : lpetl_disp(int  j, Filt_param &px, Trans &tx)

FERE : Ipet1) TRHEAINTZEBDOMEZEZFR R LT, R4 Z2EHETH )
DB Z PRS2y, E24 V-T2, BUEDE TR T L350 %
BIRL, ZNENOLEEZIT, Z1%E mode DAL LT

SET O, BN EROMEE fckt TRENDEEK T 7 AL &
fdat TRESNDOBEHEEY 7 A WICF S HT

LR R R R o S L R R o R o e e R S S L R R o R R R e S R R S R R S R R R S o

Cir::lpet1_disp(int j, Filt_param &px, Trans &tx)

ord;

mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;

elseord =j + 1;

y =wherey();  if(y > 20)iclr(); y = wherey(;}

locate(1,y); clrblw();

printf("%2d R1_%-d=%9s R2_%-d=%9s R3_%-d=%9s R4 %-d=%9s &
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7% = %.41f %%¥n",ord,ord,i_unit(sul0],R1),ord,i_unit(sul[1],R2),
ord,i_unit(su[2],R3),ord,i_unit(sul3],R4),
sqrt(errl*errl + err2*err2 + err3*err3) * 100.);
y1 = wherey();
printf("R1_%-d 2 HF 4575 R, thoEz 75725 N¥n",ord);
printf("E24 > V-XZF 575 E, TR TRIFIUX G Z AJJLTRESW ")
get_lower_string(buf);
switch(buf{0]){
case 'v":px.inp_para(&R1,26,1,0.0);
mode = 1; break;
case 'n"mode = 2; break;
case 'e"R4 = e24[i1] * R4y;
R2 = e24[i3] * R2y;
R3 = e24[i4] * R3y;

mode = 3; break;
case 'g"
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

tx.8c[][0] = 3.*R1/(R1 + R4)/Cb/Rb;
tx.Scljl[1] = pow(Cb * Rb, -2.);
tx.Scljl[2] =R3 /R2; tx.Scljl[4] = R3 / R4 * tx.Scljl1];
printf("¥n");
fprintf(fdat,"%2d R1_%-d = %-9s R2_%-d = %-9s R3_%-d = %-9s R4_%-d = %-
9s A7 = %.41f %%¥n",ord,ord,i_unit(sul0],R1),ord,i_unit(sul[1],R2),
ord,i_unit(su[2],R3),ord,i_unit(sul3],R4),
sqrt(errl*errl + err2*err2 + err3*err3) * 100.);
if(out_mode == 2){
search_wrt(ord,"R1_%-d",R1); search_wrt(ord,"R2_%-d",R2);
search_wrt(ord,"R3_%-d",R3); search_wrt(ord,"R4_%-d",R4);
§

return(mode);
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/* LR R R R o e o S o S R R S S S e S L S R S R S R S R S S S S R S o

RE% 4 @ Cir:lpet2(int j, Filt_param &px, Trans &tx)
FEHE © 2RO B /XRAFT2INA/NAT 4 L Z[AE Ipet2_2 128V T
T AN REIBEOERZ RO T, LEIECT E24 ¥ U-X(Z
&b ITVWEISEET
BoNTEROMEE fckt TRINDEEX T 7 A1 &
fdat CT/RSNDBEHEIEY 7 A W ICF S HT
R —
*/
int Cir:lpet2(int j, Filt_param &px, Trans &tx)
{
double 1pG, wz2, wp2, wz, wp, 1pQ, kk, kd, kr;
IpG = tx.Scfjl[2];
wz2 = tx.Scljl[4] / 1pGs;
wp2 = tx.Sc[jl[1];
1pQ = sqrt(wp2) / tx.Scljl[0];
iflpQ <=0.5) {
fprintf(fdat,"lpet2 T ZH#RHE, j = %d¥n",j);
return(1);
H
lpet2_c1(, sqrt(wz2), px, tx);
if(wz2 >=wp2) lpet2_L(, wp2, wz2, 1pQ, kk, kd, px, tx);
else lpet2_H(, wp2, wz2, 1pQ, kk, kd, px, tx);
lpet2_c2G, kk, kd, IpG, px, tx);
kk=R3/R5+ 1.; kd =2.* C2/ Cb; kr =2.* Rb / R2;
wz = 1./ Cb /Rb; wz2 =wz * wz;
tx.Scljl[0] = (kd + kr + 4. - 4.* kk) * wz / (1. + kd);
tx.Scljl[1] = 1.+ kr) / (1.+ kd) * wz2;
tx.Scljl[2] = kk * R4/ (1.+ kd) / R6;
tx.Scljl[4] = tx.Scljl[2] * wz2;

return(0);

]
]
]
]
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[* S de e e e e e e e e e e e e e e e e e e e R
RE%L 4 @ 1pet2_cl(int j, doublew, Filt_param  &px)
BERE < w T2 BB BREITHIET B BT 2 ko R — S XA 52
742D Rb & Cb,R1, C1 OEHEZRDT,
VEIZIEUT E24 ¥V - R bITWEISEEIT %
S dede e e e de e e e e e e e e e e e e e e e e e e R
*/
void Cir::lpet2_c1(nt j, double w, Filt_param &px, Trans &tx)
{
int v, y1;
Cb = 1e-8;
Ipet2_c1_ag:

getcl(Cb, Cby, i0);
1e0=1; 12=0;

Ipet2_c1_loopl:

Cb = e24[i0 + i2] * Cby;
Rb=1./Cb/w;

errl = getcl(Rb, Rby, i1);

if(errl <= 0.002 * (double)ie0) goto

Ipet2_c1_loop4:

if((2++) >=24)  {ie0++ i2=0}
goto Ipet2_c1_loopl;

Ipet2_c1_loop2:

C1=2.*Cb; 1el =10;
err2 = getcl(C1, Cly, i3);

Ipet2_c1_loop3:

if(err2 <= 0.002 * (double)iel) goto
iel +=5;

ifGel < 21) goto Ipet2_c1_loop3;
goto Ipet2_c1_loop4;

Ipet2_c1_loopb:

R1=Rb/2; 1e2 = 10;
err3 = getcl(R1, Rly, i4);

Ipet2_c1_loop6:

if(err3 <= 0.002 * (double)ie2) goto

1e2 +=5;
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Ipet2_c1_loop2;

Ipet2_c1_loopb;

Ipet2_c1_exit;
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ifie2 < 21) goto Ipet2_c1_loop6;
goto Ipet2_c1_loop4;

Ipet2_cl1_exit:

/*

*/

int

int

int

switch(Ipet2_c1_disp(, w, px, tx)){
case ligoto Ipet2_cl_ag;
case 2:goto lpet2_c1_loop4;
case 3:goto lpet2_cl_exit;
default:break;

LR R R e o e e S R e R o e S e e S L R R R R S S S R R R R R R e o

BE%c4 : lpet2_cl_disp(int j, double &w, Filt_param &px, Trans &tx)

BEHE : lpet2_c10 TRHRE SNIZEHDOEEFRFLT, Rb £k Cb #4H
T H MG Z TR D, E24 2V -RISERIT 570, BUEDOMET
SETETOMNEEIRL, TNENOAEEITY, £ % mode DI
ELTEY

LR R R R e o e o S R S R o e S e e R e R R R S S S R S R R R R e S o

Cir:lpet2_c1_disp(int j, double &w, Filt_param &px, Trans &tx)

ord;

mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;

else ord=j+1;

y = wherey(); if(y > 20){clr(Q;  y = wherey(;}
locate(1,y); clrblw();

printf("%2d Rb_%-d = %-9s Cb_%-d = %-9s R1_%-d = %9s C1_%-d = %9s #

i

7

7 = %.41f %%¥n",ord,ord, i_unit(sul0],Rb),ord,i_unit(su[1],Cb),

ord,i_unit(su[2],R1),ord,i_unit(sul[3],C1),

sqrt(errl*errl + err2*err2 + err3*err3) * 100.0);

y1 = wherey();

printf("Rb_%-d #Z % 325725 R,Cb_%d 725 C, sz 75725 N¥n",
ord,ord);

printf("E24 >V -X2+ 575 B, ZTRTRIFNIE G ZANLTFEWY "

get_lower_string(buf);
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switch(buf{0]){
case 'v'":px.inp_para(&Rb,29,1,0.0);
Cb=1.0/Rb/w;mode = 1; break;
case '¢":px.inp_para(&Cb,30,1,0.0);
mode = 1; break;
case 'n""mode = 2; break;
case 'e"Rb = e24[i1] * Rby; mode = 3;
C1=e24[i3] * C1y; R1 = e24[i4] * R1y;
break;
case 'g"
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}

locate(1,y1); clrblw();
fprintf(fdat,"%2d Rb_%-d = %-9s Cb_%-d = %-9s R1_%-d = %-9s C1_%-d = %-
9s 7= = %.41f %%¥n",ord,ord, i_unit(su[0],Rb),ord,i_unit(sul[1],Cb),

ord,i_unit(su[2],R1),ord,i_unit(sul3],C1),

sqrt(errl*errl + err2*err2 + err3*err3) * 100.0);

if(out_mode == 2){
search_wrt(ord,"Rb_%-d",Rb); search_wrt(ord,"Cb_%-d",Cb);
search_wrt(ord,"R1_%-d",R1); search_wrt(ord,"C1_%-d",C1);

H

return(mode);
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/* L R o R e R o o o e R L R e S S R o R e R S R S S R S R R R R S S R R S R R R o

BE%c4, : Cirtlpet2_L(int j, double wp2, double wz2, double Q,
double &Xkk, double &kd, Filt_param &px)
FERE @ lpet2_2 128\ T, 7 A LZ N 2D -/ A[A B OSE
T4 VA RIEOES R2,C2 ZKRDT, LEIGLT E24 vV -XZ
B IITVWMEISIEE T %
S
*/
void Cir:lpet2_L(nt j, double wp2, double wz2, double Q,
double &kk, double &kd, Filt_param &px, Trans &tx)
{
double wp, wz, kda, kdb, kr, C2yorg;
wp = sqrt(wp2); wz = sqrt(wz2);
kda = wz2 / wp2 - 1.;
kdb = (Q*(wz2 - wp2) + wz*wp) / (Q*(wz2 + wp2) - wz*wp);
if(wz2 == wp2) kdmin = 1./(2.*Q - 1.);
else kdmin = ((kda > kdb) ? kda‘kdb);
C2 =kdmin * Cb / 2.;
Ipet2_L_ag:
getcl(C2, C2y, i0); 1e0=1; 12=0; C2yorg = C2y;
Ipet2_L_loope:
err = 0.002 * (double)ie0;
Ipet2_L_loopl:
C2 = e24[i0 + i2] * C2y;
if((kd = 2.*C2 / Cb) > kdmin) goto Ipet2_L_loop2;
Ipet2_L_loop3:
if(++i2) >= 24){

C2y *=10.; 12 = 0;
if(C2y > 100.*C2yorg) {C2y = C2yorg; 1e0++; goto
lpet2_L _loope:}

H
goto Ipet2_L_loop1;
Ipet2_L_loop2:
kr=wp2 * (1. + kd) / wz2 - 1.;
R2 =2.*Rb / kr;
if((errl = getcl(R2, R2y, i1)) > err) goto lpet2_L loop3;
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Ipet2_L_exit:
switch(pet2_L,_disp(j, wp2, wz2, px, tx){
case ligoto Ipet2_L_ag;
case 2:goto lpet2_L_loop3;
case 3:goto lpet2_L._exit;

default:break;
}
kk=(kd+kr+4-wp*(1+kd)/wz/Q/4.;
}
[* S
RE%c4 : Ipet2_L_disp(int j, doublewp2, double wz2,
Filt_param &px, Trans &tx)
PEHE : Ipet2_LO THAINIZERDOEALFRL T, R2 2ZEET 25, C2 »
DBz PRT 7y, E24 V-T2, BUEDETRE T L3250 %
BINL, ZNENOLEEZITY, F1%Z mode OfEE L TIKT
S
*/
int Cir:lpet2_L_disp(int j, double wp2, double wz2,
Filt_param &px,Trans &tx)
{
int ord;
int mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;

else ord=j+1;

y = wherey(); if(y > 20){clr(Q;  y = wherey(;}

locate(1,y); clrblw();

printf("%2d R2_%-d=%9s C2_%-d=%9s A = %.41f %%¥n",
ord,ord, i_unit(su[0],R2),ord,i_unit(sul[1],C2),errl * 100.0);

y1 = wherey();

printf('"R2_%-d #ZE T 5725 R, C2_%d &b C, oMz K575 N¥n",
ord,ord);

printf("E24 LV -X2+ 575 B, TRTRINIE G ZANLTFEWY "

get_lower_string(buf);

switch(buf[0]){
case 'v":px.inp_para(&R2,32,1,0.0);
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C2 = Cb * (wz2*(1+2.*Rb/R2)/wp2 - 1.0) / 2.;
mode = 1; break;

case ‘¢ printf("C2 1% %-9s LLEDEIZZ2 Y F£9¥n",
i_unit(sul0],kdmin * Cb / 2.));
px.inp_para(&C2,28,1,0.0);

mode = 1; break;

case 'n""mode = 2; break;

case 'e"R2 = e24[i1] * R2y; mode = 3; break;

case 'g'.

default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

fprintf(fdat,"%2d R2_%-d=%9s C2_%-d=%9s RS = %.41f %%¥n",
ord,ord, i_unit(su[0],R2),ord,i_unit(sul[1],C2),errl * 100.0);
if(out_mode == 2){
search_wrt(ord,"R2_%-d",R2); search_wrt(ord,"C2_%-d",C2);
§

return(mode);

/* LR R R o R e o e R R e S o e R S S R R e R S R R S S R S R R R R R o

RE%c4, : Cirslpet2_H(nt j, double wp2, double wz2, double Q,
double &Kk, double &kd, Filt_param &px, Trans &tx)
BERE - lpet2_2 ITBWT, 7 4 /LE D 2D NA N AR DOHE
T4 VA REIEOES R2,C2 ZKRDT, LEISLT E24 ¥V -X
R BITVMEICIERT S
S S
*/
void Cir:lpet2_H(int j, double wp2, double wz2, double Q,
double &kk, double &kd, Filt_param &px, Trans &tx)
{
double wp, wz, kra, krb, kr, R2yorg;
wp = sqrt(wp2); wz = sqrt(wz2);
kra =wp2/wz2 - 1.
krb = (Q*(wp2 - wz2) + wz*wp) / (Q*(Wz2 + wp2) - wz*wp);
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krmin = ((kra > krb) ? kra‘krb);
R2 =2.* Rb / krmin;
Ipet2_H_ag:
getcl(R2 / 10., R2y, i0);
12 = 24; 1e0=1; R2yorg = R2y;
Ipet2_H_loope:
err = 0.002 * (double)ie0;
Ipet2_H_loop1:
R2 = e24[i0 + i2] * R2y;
if((kr = 2.* Rb / R2) > krmin) goto Ipet2_H_loop2;
Ipet2_H_loop3:
if((-i2)==0) |
R2y /= 10.; 12 = 24;
if(R2y < R2yorg/100.) {ie0++; R2y =R2yorg; goto
lpet2_H_loope;}
H
goto Ipet2_H_loop1;
Ipet2_H_loop2:
kd =wz2 * (1. + kr) / wp2 - 1.
C2=kd*Cb/2;
if((err1 = getcl(C2, C2y, i1)) > err) goto Ipet2_H_loop3;
Ipet2_H_exit:
switch(Ipet2_H_disp(, wp2, wz2, px, tx){
case ligoto lpet2_H_ag;
case 2:goto lpet2_H_loop3;
case 3:goto lpet2_H_exit;
default:break;
H
kk=(kd+kr+4-wp* (1 +kd)/wz/Q/4.;
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*/

int

int

int

E 2 43 {r—F D)

LR R R R o R e o o L o S R e R o R R e o S e S L R S L R R S S R S R SR R R R R o

BE%c4 : lpet2_H_disp(int j, double wp2, double wz2,
Filt_param &px, Trans &tx)

PERE : lpet2 HO TEAEINEROMEEFRLT, R2 #ZEHT 50, C2 7

M ZRT D, BE24 U -XIZHEld 50, BEOETRET LT 560%

BEIRL, ZNENOUHZITY, Z1E mode OfE & L TikT

LR R R R R e o o L o S R o R o S R e o S L S L R R R R S S S R SR S R R R e o

Cir::lpet2_H_disp(int j, double wp2, double wz2,
Filt_param &px,Trans &tx)

ord;

mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;

else ord=j+1;

y = wherey(); if(y > 20){clr(Q;  y = wherey(;}

locate(1,y); clrblw();

printf("%2d R2_%-d=%9s C2_%-d=%"9s AR = %.41f %%¥n",
ord,ord, i_unit(su[0],R2),ord,i_unit(sul[1],C2),errl * 100.0);

y1 = wherey();

printf("R2_%-d #ZE+576 R, C2_%d 725 C, ol 75725 N¥n",

ord,ord);
printf("E24 >V -X|29 575 E, TRTRIFUE G ZANLTF&EN
get_lower_string(buf);
switch(buf{0]){
case iprintf("R2 1% %-9s LLFIZ72 0 £9¥n",
i_unit(sul0],2.* Rb / krmin));
px.inp_para(&R2,32,1,0.0);
mode = 1; break;
case '¢":px.inp_para(&C2,28,1,0.0);
R2 =2.* Rb / (wp2*(1+2.* C2/Cb)/wz2 - 1.0);

mode = 1; break;
case 'n"mode = 2; break;
case  'e"C2=e24[i1] * C2y;  mode =3; break;
case 'g".
default: mode = 4; break;
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¥
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

fprintf(fdat,"%2d R2_%-d=%9s C2_%d=%9s  ii# = %.41f %%¥n",
ord,ord, i_unit(su[0],R2),ord,i_unit(sul[1],C2),errl * 100.0);
if(out_mode == 2){
search_wrt(ord,"R2_%-d",R2); search_wrt(ord,"C2_%-d",C2);
H

return(mode);
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[* S de e e e e e e e e e e e e e e e e e e e R
B4« lpet2_c2(int j, doublekk, double kd,
double G, Filt_param  &px, Trans &tx)
FERE : w TH R LN BTS2 MERO 2RO\ — /S AT NA 78 A
7 4 FEEED R3 L R4,R5,R6 OERAZRDT,
VEIZIEUT E24 ¥V - R bITWEISEEIT %
S dede e e e e e e e e e e e e R e e e e e e e R
*/
void Cir:lpet2_c2(int j, doublekk, double kd,
double G, Filt_param  &px, Trans &tx)
{
R5=1e4;
Ipet2_c2_ag:

getcl(R5, Rby, i0);
ie0=1; i2=0;

Ipet2_c2_loopl:

R5 = e24[i0 + i2] * R5y;

R3 = (kk - 1) * R5;

errl = getcl(R3, R3y, i1);

if(errl <= 0.002 * (double)ie0) goto Ipet2_c2_loop2;

Ipet2_c2_loop3:

if(++i2) == 24) {ie0++ i2=0}
goto Ipet2_c2_loopl;

Ipet2_c2_loop2:

switch(Ipet2_c2_disp1(, kk, px, tx){
case ligoto Ipet2_c2 ag;
case 2:goto  lpet2_c2_loop3;
case 3:goto lpet2_c2_loop2;
default:break;

H

R6 = 1le4;

Ipet2_c2_ag2:

getcl(R6, R6y, i0);
1e0=1; 12=0;

Ipet2_c2_loop4:
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R6 = e24[i0 + i2] * R6y;
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R4 =(1.+kd) * G * R6/ kk;
errl = getcl(R4, R4y, i1);
if(err1 <= 0.002 * (double)ie0) goto Ipet2_c2_exit;
Ipet2_c2_loop5:
if(++i2) == 24) {ie0++ 12=0;}
goto Ipet2_c2_loop4;
Ipet2_c2_exit:
switch(Ipet2_c2_disp2(, kk, kd, G, px, tx)){
case ligoto Ipet2_c2_ag2;
case 2:goto lpet2_c2_loop5;
case 3:goto lpet2_c2_exit;

default:break;

H

H

[* S
BE%c4 : Ipet2_c2_displ(int j, double kk, Filt_param &px, Trans &tx)
BEBE : lpet2_c20 THEINIZEHOMEEF LT, R3 £721L R56 24 %
T2 DER A TR )y, E24 2V -XZERT 272y, BUEDH TR T LT5
METIRL, ENENOLBEEZITY, £iE mode DOfE & L TR
B S

*/

int Cir:lpet2_c2_disp1(nt j, double kk, Filt_param &px, Trans &tx)

{

int ord;

int mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;

else ord=j+1;

y = wherey(); if(y > 20){clr(Q;  y = wherey(;}

locate(1,y); clrblw();

printf("%2d R3_%-d=%9s R5_%-d=%9s  ii7% =%.4If %%¥n",
ord,ord, i_unit(sul0],R3),ord,i_unit(su[1],R5),errl * 100.0);

y1 = wherey();

printf("R3_%-d ZZH 45725 3,R5_%d 725 5, oz 7575 N¥n",
ord,ord);

printf("E24 >V -X(2+57%5 B, TRTRIFNIE G ZAHNLTFEWL "
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get_lower_string(buf);
switch(buf{0]){
case '3":px.inp_para(&R3,33,1,0.0);
R5=R3/(kk -1.);

mode = 1; break;
case '5"'px.inp_para(&R5,34,1,0.0);
mode = 1; break;
case 'n""mode = 2; break;
case 'e"R3 = e24[i1] * R3y; mode = 3; break;
case 'g"
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

fprintf(fdat,"%2d R3_%-d=%9s R5_%-d=%9s RS = %.41f %%¥n",
ord,ord, i_unit(su[0],R3),ord,i_unit(sul[1],R5),errl * 100.0);
if(out_mode == 2){
search_wrt(ord,"R3_%-d",R3); search_wrt(ord,"R5_%-d",R5);
§

return(mode);
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/* LR R R R o R e o o L o S R e R o R R e o S e S L R S L R R S S R S R SR R R R R o

BE%4 : Ipet2_c2_disp2(int j,double kk,double kd,double G,
Filt_param &px, Trans &tx)
PEHE : Ipet2_c20 TRHAINIERDOEALFRL T, R4 £7213 R6 24
T2 OGB4 TR D, E24 2 U -XITERT 27, BUEDOHETET LT
MEENL, TNENORIHEZITV, £i%x mode DfEE L TIRY
S
*/
int Cir::lpet2_c2_disp2(int j,double kk,double kd, double G,
Filt_param &px, Trans &tx)

{
int ord;
int mode, y, y1;

if(px.fil_type < 3)ord =j + 1 + tx.odd;
else ord=j+1;
y = wherey(); if(y > 20){clr(Q;  y = wherey(;}
locate(1,y); clrblw();
printf("%2d R4_%-d=%9s R6_%-d=%"9s AR = %.41f %%¥n",
ord,ord, i_unit(su[0],R4),ord,i_unit(sul[1],R6),errl * 100.0);
y1 = wherey();
printf('R4_%-d AT 575 4,R6_%d 725 6, oEHi% 15725 N¥n'",
ord,ord);
printf("E24 >V -X129 575 E, TRTRIJUE G ZANLTFEWN ")
get_lower_string(buf);
switch(buf{0]){
case '4":px.inp_para(&R4,35,1,0.0);
R6=kk *R4/G /(1. +kd);

mode = 1; break;
case '6":px.inp_para(&R6,36,1,0.0);
mode = 1; break;
case 'n""mode = 2; break;
case  'e"R4 =e24[il] *R4y;  mode =3; break;
case 'g".
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
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locate(1,y1); clrblw();
printf("¥n");
fprintf(fdat,"%2d R4_%-d=%9s R6_%d=%9s  ii# = %.41f %%¥n",
ord,ord, i_unit(su[0],R4),ord,i_unit(sul[1],R6),errl * 100.0);
if(out_mode == 2){
search_wrt(ord,"R4_%-d",R4); search_wrt(ord,"R6_%-d",R6);

§
return(mode);
§
/* E R R L o S o o o S
RE%c4, : bpatl(int j, Filt_param &px, Trans &tx)
BERE @ 1ROV RN T 4 )V Z IO ER Z KD T,
VB U T E24 2V -XITh bty MEIEE 5
BONTZEROMEZ fckt TREINDEIEX T 7 A L&
fdat TRSMDEREHEEY 7 A VICEE T
E R R o o o S S o e o R o e L R R R
*/
int Cir:bpatl(int j, Filt_param &px, Trans &tx)
{

double wp2, wp, IpG, IpQ, kc2, kr2;
wp2 = tx.Sc[jl[1]; wp = sqrt(wp2);
1pQ = wp / tx.Sc[j1[0]; IpG = tx.Sc[jl[3] / tx.Sc[jl[0];
if(pQ <= sqrtdpG /2)) |
fprintf(fdat,"bpatl T ZE#AEE, j = %d¥n",));

return(1);
H
R1=1e4; ke2 =1pQ / 1pG / wp;
kr2 =1pG/ (2.* 1pQ * 1pQ - IpG);
bpatl_ag:
getcl(R1, R1y, i0);
12=0; 10=1;

bpatl_loope:

err = 0.002 * (double)ie0;
bpatl_loopl:

R1 = e24[i0 + i2] * R1y;
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C1=kec2/R1;
errl = getcl(C1, Cly, i1);
iflerrl <=err) goto  bpatl_loop2;
bpatl_loop3:
if(++i2) == 24){ie0++;  i2=0; goto  bpatl_loope;}
goto bpatl_loopl;
bpatl_loop2:
R2 =kr2 * R1;
err2 = getcl(R2, R2y, 13);
if(err2 > err) goto  bpatl_loop3;
R3=2.*1pG * R1;
err3 = getcl(R3, R3y, i4);
if(err3 > err) goto  bpatl_loop3;
bpatl_exit:
switch(bpat1_disp(, ke2, px, tx){
case ligoto bpatl_ag;
case 2:goto  bpatl_loop3;
case 3:goto bpatl_exit;

default:break;
H
return(0);
H
[* S
RE%c4 : Ipatl_disp(int j,double ke2, Filt_param &px, Trans &tx)
HAE : lpatl) CTRASNIZEROMHEEZFRLT, Rl £/ C1 2ZLET 50
G2 8T 70y, E24 v U -XTERT 50, BUEDETRT LT 00 %
BIRL, ZNENOLEEZIT, Z1%E mode DAL LT
B S
*/
int Cir:’bpatl_disp(int j,double kc2, Filt_param &px, Trans &tx)
{
int ord;
int mode, y, y1;

ord=j+1;

y =wherey();  if(y > 20)iclr(); y = wherey(;}
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locate(1,y); clrblw();
printf("%2d R1_%-d =%9s C1_%-d = %-9s R2_%-d = %-9s R3_%-d = %-9s
7= = 9%.41f %%¥n",ord,ord, i_unit(sul0],R1),ord,i_unit(su[1],C1),
ord,i_unit(su[2],R2),ord,i_unit(sul3],R3),

sqrterrl*errl + err2*err2 + err3*err3) * 100.0);

=111}

o~

y1 = wherey(;

printf("R1_%-d 22 ¥ 4575 R,Cl % d 756 C, hofEfiz R 5725 N¥n",
ord,ord);

printf("E24 > V-XZF 575 E, TR TRIFIUX G Z AJJLTRESW ")

get_lower_string(buf);

switch(buf{0]){
case 'v":px.inp_para(&R1,26,1,0.0);
mode = 1; break;
case '¢"'px.inp_para(&C1,27,1,0.0);
R1=ke2/C1;
mode = 1; break;
case 'n"mode = 2; break;
case 'e"C1 = e24[il] * Cly;
R2 = e24[i3] * R2y; R3 = e24[i4] * R3y;
mode = 3; break;
case 'g'
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

printf("¥n");

tx.Scljl[0] = 2./C1/R3;

tx.Scljl[1] =(R1+R2)/R1/R2/R3/C1/C1;

tx.Scljl[3] =R3/2./R1 * tx.Sc[jl[0];

fprintf(fdat,"%2d R1_%-d = %-9s C1_%-d = %-9s R2_%-d = %-9s R3_%-d = %-

9s FE7E = %.41f %%¥n",ord,ord, i_unit(sul0],R1),ord,i_unit(sul1],C1),

ord,i_unit(su[2],R2),ord,i_unit(sul[3],R3),
sqrt(errl*errl + err2*err2 + err3*err3) * 100.0);

if(out_mode == 2){
search_wrt(ord,"R1_%-d",R1); search_wrt(ord,"C1_%-d",C1);
search_wrt(ord,"R2_%-d",R2); search_wrt(ord,"R3_%-d",R3);
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}
return(mode);
}
[* oAt de e e e e e e dede e e e e e e e e e e e e e e e e e
RE%0 4 : bpat2(int j, Filt_param &px, Trans &tx)
BERE © 1IRD AN RARRAT 4 V2 RO ERZ KD T,
VEIZIEUT E24 ¥V - R bITWEISEEIT %
BoNTEROMEE fckt TRINDEEX T 7 A1 &
fdat CT/RESNDHBEHEIEY 7 A VI F ST
R
*/
int Cir:’bpat2(int  j, Filt_param &px, Trans &tx)
{
double wp2, wp, IpG, 1pQ, kc2, kr2;
wp2 = tx.Sc[jl[1]; wp = sqrt(wp2);
1pQ = wp / tx.Sc[jl[0]; IpG = tx.Sc[jl[3] / tx.Sc[jl[0];
if(pG < 1) {
fprintf(fdat,"bpat2 T ZHLAHE, j = %d¥n",j);
return(1);
H
R1=1e4;
bpat2_ag:

getcl(R1, Rly, i0);
i2=0; 1ie0=1;

bpat2_loope:

err = 0.002 * (double)ie0;

bpat2_loopl:

R1 = e24[i0 + i2] * R1y;
C1=2*1pQ/R1/wp;

errl = getcl(C1, Cly, i1);

iflerrl <=err)  goto bpat2_loop2;

bpat2_loop3:

if(++i2) == 24)ie0++;  i2=0; goto  bpat2_loope;}
goto bpat2_loop1;

bpat2_loop2:
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R2 =R1/(2.* 1pQ);
err2 = getcl(R2, R2y, 13);
if(err2 > err) goto bpat2_loop3:;
bpat2_loop4:
switch(bpat2_disp1(, 1pQ, wp, px))1
case ligoto bpat2_ag;
case 2:goto  bpat2_loop3;
case 3:goto  bpat2_loop4;
default:break;
H
R4 =1le4;
bpat2_ag2:
getcl(R4, R4y, i0);
i2=0; 1e0=1;
bpat2_loope2:
err = 0.002 * (double)ie0;
bpat2_loop5:
R4 = e24[i0 + i2] * R4y;
R3 =(pG - 1.) * R4;
if(R3 == 0) errl =0;
else errl = getcl(R3, R3y, i1);
iflerrl <=err) goto  bpat2_exit;
bpat2_loop6:
if(++i2) == 24){ie0++  i2=0; goto
goto bpat2_loopb;
bpat2_exit:
switch(bpat2_disp2(, px, tx)){
case ligoto bpat2_ag2;
case 2:goto  bpat2_loop6;
case 3:goto bpat2_exit;
default:break;
H

return(0);
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*/

int

int

int

LR R R R o R e o o L o S R e R o R R e o S e S L R S L R R S S R S R SR R R R R o

BE%c4, : bpat2_displ(int j,double 1pQ, double wp,Filt_param &px)

BERE © lpat20 TRRE SN EHOMEEERRFLT, Rl £721L C1 2L E T 57)
o2 37, E24 U -XIZEET 520y, BEDETRET LT 50%
BIRL, ZNENOLEEZIT, Z1%E mode DAL L TET

LR R R R o R e o o L S S R e R o S R e o S L S L R R L R R S S R S R SR S R R R e T o

Cir::bpat2_disp1(int j,double 1pQ, double wp,Filt_param &px)

ord;

mode, y, y1;

ord=j+1;

y =wherey();  if(y > 20)iclr(); y = wherey(;}

locate(1,y); clrblw();

printf("%2d R1_%-d = %9s Cl_%d = %9s R2 %d = %9s R

= %.41f %%¥n", ord,ord, i_unit(su[0],R1),ord,i_unit(sul[1],C1),

ord,i_unit(sul2],R2),sqrt(errl*errl + err2*err2) * 100.0);
y1 = wherey();
printf("R1_%-d #Z£%E$257%5 R, C1_%d %&b C, fhofFEHi% 5725 N¥n'",
ord,ord);
printf("E24 >V -X29 575 E, TRTRIJUE G ZANLTFEWL ")
get_lower_string(buf);
switch(buf{0]){
case 'v":px.inp_para(&R1,26,1,0.0);
mode = 1; break;
case '¢"'px.inp_para(&C1,27,1,0.0);
R1=2*1pQ/wp/Cl;
mode = 1; break;
case 'n"mode = 2; break;
case  'e"Cl=e24[i1] * Cly;
R2 = e24[i3] * R2y;

mode = 3; break;
case 'g".
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
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locate(1,y1); clrblw();
fprintf(fdat,"%2d R1_%-d = %9s C1_%d = %-9s R2 %-d = %9s =
= %.41f %%¥n", ord,ord, i_unit(su[0],R1),ord,i_unit(sul[1],C1),

ord,i_unit(su[2],R2),sqrterr1*errl + err2*err2) * 100.0);
if(out_mode == 2){

search_wrt(ord,"R1_%-d",R1); search_wrt(ord,"R2_%-d",R2);

search_wrt(ord,"C1_%-d",C1);

}
return(mode);
H
[* S
BE%c4 : lpat2_disp2(int j, Filt_param &px, Trans &tx)
PERE : Ipat20 CTHHAESNIZEROMEAZF LT, Rl £721% C1 2EE T 5
DBz PRT 7y, E24 V-T2, BUEDETRE T L3250 %
BINL, ZNENOLEEZITY, F1%Z mode OfEE L TIKT
S
*/
int Cir::bpat2_disp2(int j, Filt_param &px, Trans &tx)
{
int ord;
int mode, y, y1;
ord=j+1;
y = wherey(); if(y > 20){clr(Q;  y = wherey(;}
locate(1,y); clrblw();

printf("%2d R3_%-d=%9s R4 _%-d=%9s 7 =%.41f %%¥n",

ord,ord, i_unit(su[0],R3),ord,i_unit(sul[1],R4),errl * 100.);
y1 = wherey();
printf("R4_%-d ZZF 35725 R, OBMi%Z 75725 N¥n"ord);
printf("E24 LV -X2+ 575 B, TRTRIFNIE G ZANLTFEWL "
get_lower_string(buf);
switch(buf[0]){

case 'v":px.inp_para(&R4,35,1,0.0);

mode = 1; break;
case 'n"mode = 2; break;
case 'e"if(R3 != 0) R3 = e24[il] * R3y;
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mode = 3; break;
case 'g'.
default: mode = 4; break;
H
if(mode != 4) {locate(1,y); clrblw(); return(mode);}
locate(1,y1); clrblw();

printf("¥n");

tx.Scljl[0] = 2./C1/R1;

tx.Scljl[1] = pow(C1 * R2, -2.);

tx.Scljl[3] = (R3 + R4) / R4 * tx.Sc[jl[0];

fprintf(fdat,"%2d R3_%-d=%9s R4_%d=%9s ii7%E =%.41f %%¥n",
ord,ord, i_unit(su[0],R3),ord,i_unit(sul[1],R4),errl * 100.);

if(out_mode == 2){
search_wrt(ord,"R3_%-d",R3); search_wrt(ord,"R4_%-d",R4);

H
return(mode);
H
[* A

BA%54 : getcl(double d, double &yd, int &)

e - B onic d OREEIOER, E24 v U —XD &L
BOLILWAEFRE LT, i ICE0OFFE, yd IO
fE 10"nd ZWWI T, FRELZBEEIE L L TRT

AR R AR R e e e R R R ek

*/
double Cir::getcl(double d, double &yd, int &1)
{
double md,ld,nd,errl,err2;
int 10;
1d = modf(log10(d), &nd);
if(ld < 0){nd -= 1.0; 1d +=1.0;}

md = pow(10.0, 1d);

10 = (int)(1d * 24.0 + 0.5);
if(md < e24[i0]) i0-;

errl = (md - e24[i0]) / md;
err2 = (e24[i0+1] - md) / md;
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/*

*/
double
{
double

int

E 2 43

iflerrl > err2)  {i0++ errl =err2:}
ifG0 >= 24){nd++; i0 -= 243}
i=1i0; yd=pow(10.0, nd);

return (errl);

E R R e R e o e o S R o S e R S R S S R e R S R S S R S R S R S S R S R R o

RE%4: : getg(double d,double &yd,int &i)

FERE - B2 bhe d OREEOMEICK LT, E24 ) —X
TENLY LS LW EOFSEZFHE L,
1 IZZEOFE T, yd ITFREEROMEZ A,
L LT, d Kv/h&E<eny E24 ) —XD
filfl 354

LR R R e o e R R R S S R R S e S R R S S R R R R

Cir::getg(double d,double&yd,int &i)

mec,yc;

10;

getcl(d, yc, 10);  mc = e24[i0] * yc;
if(me < d) 10++;

ifG0 >= 24){ yc *=10.0;  i0 -= 243}
mc = e24[i0] * yc;

yd = yc;

1=10;

return mc,

Lor—F > Dl
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/* L R S R R R R e o S e S R R o R R e S L S L R e S L R S R S S L

BA%%4 : search_def(void)

FERE : forg TREND T 7 AN D, 1ATHAHAAT
.define OXFHNNHIUZX, ckt_prt % .define D
WETHEDTRY, Z2iFL
fckt TREND T 7 ANMIED 1T HEZHT

R R R R R o R e o S e S R R R e R L R S S R L S L R R S S L L R

*/
int Cir::search_def(void)
{
while(!feof(forg){
fgets(ckt_str,250,forg);
if((ckt_ptr=strstr(ckt_str,ckt_def)) != NULL)}
ckt_ptr +=ckt_len;
return(1);
§
fputs(ckt_str,fckt);
§
return(0);
}
i et e e e ek o
RE%4 @ search_wrt(int ichar *s1,double d)
FERE - 1 DNAR D, s1 23T E LTV,
FEFELITERLEXE LT 1 2EHIE
d ZHAAfTEDOLFINEBM LT b D EFEE LT
forg TREIND T 7 A N DREAIAATE LITDOLFHID
define DEAITIEML TG, fckt TREND T 7 A /WMZEEHT
S e e e e e ek
%
void Cir::search_wrt(int 1, char *s1, double d)
{
if(search_def() == 0) return;
if(d <= 1e-9) sprintf(ckt_bufl,"%-.41fp",d * 1e12);
else if(d < 1e-3) sprintf(ckt_bufl,"%-.4lfu",d * 1e6);
else if(d < 0.1) sprintf(ckt_bufl,"%-.41fm",d * 1e3);
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else if(d >=1e9) sprintf(ckt_bufl,"%-.41fG",d / 1e9);
else if(d >= 1e6) sprintf(ckt_bufl,"%-.4IfMEG",d / 1e6);
else if(d >= 1e3) sprintf(ckt_bufl,"%-.41fK",d / 1e3);
else sprintf(ckt_bufl,"%-.41f",d);
ifG < 0) sprintf(ckt_buf2,"%s %s¥n",s1,ckt_bufl);
else {

sprintf(ckt_buf3,s1,i);

sprintf(ckt_buf2,"%s %s¥n",ckt_buf3, ckt_bufl);
H
strepy(ckt_ptr,ckt_buf2);
fputs(ckt_str,fckt);
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MCACT2 BE#FFaAUFb
1994,05,/04 =W m&

(1) INSA—2DAH
TG A= AL T, REREHRETD2OICHERNRTA—ZETHTDH
ANER L 1T E AT LR, 2130k EE AT+ 5

1—1 8= RAT A NERONAINAT 4 )V HF
a, NF—TU—2X inp_paral (
1, fp, attp, xs, attsx@ANILT
m, fcZxEHTDH
2, m, fcEANTH
b, Fxzbtv =z inp_para?2 (
1, fp, attp, xs, attsx@ANILT
m, attp, fchEEHTD
2, m, fc, attpaANTH ({pbEHKHTH)
co WiTFzb =7 inp_para3 ()
1, fp, attp, xs, attsx@ANILT
m, atts, fchEEHTD
2. m, fc, attp, xsZAHNLT
m, atts, fcZ®EHTD (f pbEHTD)

1_ V109w 1 cosh{mcosh*1 (xs)}

&

atts = 1010g10(1 + Lj

o
fe=1
d. HEHBEE inp_parad ()
1, fp, attp, xs, atts#ANLT
m, attp, fc. xsZHEHFTH
2, m, fc, attp, xs&EANTSD (f pbFHTD)
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1—2 NURNRT 4 )VH
a, NF—TU—2X inp_parab ()
1, fpl, fp2, xs, attsxAILT
m, bw, fcZEHTS (attp=3. 0103&753)
2, m, fpl, fp2%A/JLT
m, bw, fcZEHTS (attp=3. 0103&753)
b, Fxzbtvx=7 inp_para6 ()
1, fpl, fp2, attp, xs, atts&@AALT
m, bw, fc, attp&a¥HFTH
2., m, fpl, fp2, attpx@AALT
m, bw, fc, attp&a®HFTH
c, MFbT =7 inp_para?7 (
1, fpl, fp2, attp, xs, attsZ@AHLT
m, bw, fc, attsZFEHFTH
2. m, fpl, fp2, attp, xsZ#AHLT
m, bw, fc, attsZFEHFTH

1. V10“#"* _1 cosh{ mcosh™ (—fﬁ =/ j
& fp2 - fpl

atts = IOIOgIO(l + Lz)
&
= fﬁfﬁahﬁ:zﬂtﬂz_f;)
d., fEMBE%K inp_paras8 ()

1, fpl, fp2, attp, xs, attsZ@AHNLT
m, bw, fc, attpZEHTA

2. m, fpl, fp2, attp, xs&ZANLT
m, bw, fc, attpZEHTA
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1—3 RNy Rz Ix— a7 4%
a, NF—TU—2X inp_para99 (
1, fpl, fp2, xs, attsxAILT
m, bw, fcZEHTS (attp=3. 0103&753)
2, m, fpl, fp2%A/JLT
m, bw, fcZEHTS (attp=3. 0103&753)
b, Fxzbtvx=7 inp_paralO (
1, fpl, fp2, attp, xs, atts&@AALT
m, bw, fc, attp&a¥HFTH
2., m, fpl, fp2, attpx@AALT
m, bw, fc, attp&a®HFTH
c, MFbT =7 inp_parall (
1, fpl, fp2, attp, xs, attsZ@AHLT
m, bw, fc, attsZFEHFTH
2. m, fpl, fp2, attp, xsZ#AHLT
m, bw, fc, attsZFEHFTH

1_ V10“?/"° —1 coshs mcosh™ (—fpz — fle
& Jo=ta

atts = 1010g10(1 + Lz)
&£

Jo= fﬁfﬁabﬁ:zﬂtﬂz_f;)

d. FEHBEI%K inp_paral?2 ()
1, fpl, fp2, attp, xs, attsZ@AHNLT
m, bw, fc, attp&a®EHFTH
2. m, fpl, fp2, attp, xsZ%AHLT
m, bw, fc, attp&a®EHFTH

(1) XTI A=HZDAS
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(2) NSA—EQLEERUOEHKEFET S
1 RADEEEUNTIR ORRIARATT D
Bs+C N Pr[1]s + Pr[2]
s+ A s+ Pr[0]

2 W DARENIIR DERARATT D
Cs*+Ds+E N Sc[v][2]s® + Sc[v][3]s + Sc[v][4]
s’ + As+ B s>+ Sc[v][0]s + Sc[v][1]

(3) 1BEBEET 4 VX NVT A NVEIZERTD

1 IR DOFRENIR OBRIZR AT D
Pr{lls + Pr{2] __ Pr{l]+ Pr{2]="

s+ Pr[0] 1+ Pr[0]z”"

2 IR DOREUTIR DFRICRAFT D
Sc[v][2]s® + Sc[v][3]s + Sc[v][4] N Sc[v][2]+ Sc[v][3]z™" + Sc[v][4]z~
s>+ Sc[v][0]s + Sc[v][1] 1+ Sc[v][0])z™" + Sc[v][1]z">

(2) 5 (3) ~OEHBAITKDO L S b
YoV AR L s E LT, ts=1/ s EHAWT
LRIV T, py=Pi0]  p,=Pifl]  p,=Pr2] 2 LT
_ * %k _ %
pr{o]= "2 p 2P P gy 2Pk pytis
2+ p, *ts 2+ p, *ts 2+ p, *ts

0

Do = Sec[ v][O] p = Sec[v][l] D, = Sec[ v][2] L

2 kAT VTR,
ps=Sec[v[3]  p,=Sedv]4]

4-2pt, +p1ts2

4+2pt, +p1ts2

4p, +2pit + p,t> 2—4p, +pt]
p2 p3 s p42s SC[V][S]: ( 2 4 2)
4+2p0t‘v +p1ts 4+2p0tv +p1ts

4p, =2 p,t, + p4lf
4+2pt, +p1ts2

2(-4+ptl)
4+2pgt, + pltsz

s v]i]=

s )=

sv][2] =

S v][4]=

(2) NITA=E P AREHBOREEFHE S D
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(4) 7Fur7 7 4 VZOARAEEWIZBIT L7 A DR

s=jo j=-1LLT. A=0
1 kAUZHOWTIE, p,=Pr[0]  p,=Pr[l] p,=Pr[2]& LT

14+=20kgw{ahip1*S+Pzn
A-=20log,, {abS(S +p0)}

2 AT DN T,

2RO ZIp+1ET5 &,
for(v=0v<=Ip;v++){

A+ =20log,, {abs(p2 *5° + p, *s+p4)};

A-= ZOlogm{abs(s2 +p, *s+ pl)};

(5) 7Fm 774 NZOMEERwWIZBIT HMHEOFE
s=jo j=--1LLT. A=0
1 kAUZHONWTIE, p,=Pr[0]  p,=Pr[l] p,=Pr[2]& LT
A=arg adjust{A +arg(p, *s+ pz)}
A=arg adjust{A — arg(s + Do )}
arg_adjust(double  A){
if (A>n)A—=2r;
if(A<—-m)A+=2r;
return( A);

}

py=Sec [0 p=Sec[ V1] p, =See[ 2]
py=Sec[ V]3] p,=Sec ][4

2 WAUZ DV T, LLT

2RADEE ZIp+1ETD L,

(2) NITA=E P AREHBOREEFHE S D
443 / 461



TIT 4T T 4 NE DR AR
MCACT2 B RFo Ak

for(v=0,v<=Ip;v++){
A= arg_adjust{A + arg(p2 *5° + p, *S+p4)};

4 =arg_adjust{A—arg(s” + p, *s+ p, );
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(5) T4 YHNT 4 NZORAREHWIZET D51 DFA
2t mew(-jort)  j=NTELT, A=
LRAUZOVTIE, py=Pr{0]  p =Pr{l]  p,=Pr2]& LT
4+ =20log,, {abs(p, + p, *="")}

A—-=20log,, {abs(l +p ¥z )}

2 IkUZ >N T,

2RADEEZIp+1ETD L,
Jor(v=0;v<=Ip;v++){
A+ =20log,, {abs(p2 +p, ¥z +p, *272)};
A-= 2010g10{abs(1 +p, ¥z + p, *2"2)};
b
(6) T4 THNT 4 NEOAEEEWIZEIT DA OFHE
z =exp(— jo*t,) j=A-1&LT, A=0
1 RAUZDW T, p, =Pr[0]  p, =Pr[l] p,=Pr[2]& LT
A=arg_ adjust{A + arg(pl +p, *z’l)}
A=arg_ adjust{A — arg(l +p, ¥z )}
arg_adjust(double  A){

if (A>n)A— =2,
if(A<—-m)A+=2r;

return( A);,
b
=S 0 =S 1 =S 2
2 RAUZ DN TR, Po C[ V][ } o C[ V]H P2 c[ V}[ }ELT
ps=Sc[ V3] py=Sc[v][4]
2O ZIp+1L 35 &,

(2) NITA=E P AREHBOREEFHE S D
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for(v=0,v<=Ip;v++){
A= arg_adjust{A + arg(p2 + D, *z7h 4 P *Zﬁz)};
A= arg_adjust{A - arg(l +p, ¥z + p, *2_2)};
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2, MIB)L—F > DR

ST A AP DI,

(1)para01 Low Pass Butter WEHAT L7ewn
Again:

attp <-- attp3;

f pFoR ——> AJj —> fp

attpFm —> AJ; —> attp

X s FN ——> AJ] ——> xs

attsFmnr ——> AJ] ——> atts

fs = fp * xs;

cal_P_S();

d = log10(SS/PP)/2.0/1og10(xs);

m = (int)ceil(d); d = (double)m;
ifGisu_chk(m))  goto Again;
fc = fp / pow(PP,1/(2.0 * m));

(2)para02 Low Pass Chev  &EAT L7
Again:

get_attp();

HEWTREE R R

f p R —> AJ; ——> fe= 1p

attopF ——> AJ] ——> attp

X s TN ——> AJS] —> xs

attsFmm ——> AJ] ——> atts

fs = fp * xs;

cal P_S();

attpbuf = attp;

d = acosh(sqrt(SS/PP))/acosh(xs);
m = (int)ceil(d); d = (double)m;
ifGisu_chk(m))  goto Again;

(3)para02 Low Pass InvChev I T L7
Again:

get_attp();

TR ZOR

f p iR —> AJ; ——> fe= fp

attpHRR —> AJ1 ——> attp

X s /R ——> AJ] ——> xs

attsFER —> AJS] ——> atts

fs =fp * xs;

cal_P_S();

attpbuf = attp;

d = acosh(sqrt(SS/PP))/acosh(xs);
m = (int)ceil(d); d = (double)m;
ifGisu_chk(m))  goto Again;

fc =fs;
(4)para02 Low Pass Ellipse AT L7gwn
Again:

get_attp();
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{ p&R
attpFR
X s TR
att s R
fs =1fp * xs;
cal_P_S();
attpbuf = attp;
cal_daen_m();
ifGisu_chk(m))

(5)para03

Again:

attp <-- attp3;
f p&R
attpFR
X s RN
att sz
fs =fp/xs;
cal P_S();

——> AJ] ——> fc=fp
——> AJ] —> attp
_“_‘> ]\jj ‘_‘_‘> X S

——> AJ] ——> atts

adjust_m(m, atts); //FEEEDa t t sfEIL attsbuf
goto Again;

High Pass Butter &EHAT L7
—> AJi ——> fp

——> AJ] ——> attp

——> AJS] —> x s

——> AJS] ——> atts

d = log10(SS/PP)/2.0/1og10(xs);

m = (int)ceil(d);
ifGisu_chk(m))

d = (double)m;
goto Again;

fc = fp * pow(PP,1/(2.0 * m));

(6)para04

Again:

get_attp();
TR R R

f pFoR
attpFmr
X s TR
attsFER
fs =fp/xs;

cal P_S();
attpbuf = attp;

High Pass Chev  EATIL72\
——> AJ] ——> fc= fp

——> AJ] ——> attp

——> AJ] ——> xs

——> AJ] ——> atts

d = acosh(sqrt(SS/PP))/acosh(xs);

m = (int)ceil(d);
ifGisu_chk(m))

(7)para04

Again:

2, WHILV—F o DfE

get_attp();
HEWT R R

f p R
attpFmR
X s TR
attsFR
fs =fp/xs;
cal_P_S();
attpbuf = attp;

d = (double)m;
goto Again;

High Pass InvChev KA L7g\
——> AJ) ——> fe= fp

——> AJ] ——> attp

——> AJ] ——> x5

——> AJ] ——> atts

d = acosh(sqrt(SS/PP))/acosh(xs);

¢
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m = (int)ceil(d);
ifGisu_chk(m))
fc =fs;

(8)para04

Again:

get_attp();

E T RR P 2
f pFm
attpFEnR
X S &N
attsFmnr
fs = fp / xs;

cal P_S();
attpbuf = attp;
cal_daen_m();

TUT 4T T VB DEE LB
Windowshi Mcact2 WHEHL—F O

d = (double)m;

goto Again;

High Pass

——> AJ
——> AJ
——> AJ
——> AJ

Ellipse &REAT L7

adjust_m(m, atts);

Butter WEATI L7720

fc= I p
attp
X s

atts

HEBED a t t sfElL  attsbuf ZA

fpl
fp2
attp
X S

atts

WEAT) L2
—> fpl
—> fp2
——> attp
—> X s
——> atts

WEAT] L7z

%)

if(jisu_chk(m))  goto Again;
(9)para05 Band Pass
Again:

attp <-- attp3;

[ pl1=FRm ——>  AJJ

f p 28R ——> A/

attpFmR ——> A/

X s F/R ——> AJ]

attsFnR ——> AN

fs1 =fpl/xs; fs2 = fp2 * xs;

cal_P_S();

d = 1og10(SS/PP)/2.0/1og10((fs2 - fs1) / (fp2 - fp1));

cal_m_fc_bw();

if(jisu_chk(m))  goto Again;
(10)para06 Band Pass Chev
Again:

get_attp();

HEWT R R

f pl1&FER ——> AT

f p 2% ——> AT

attpFmr —> AJ

X s TR ——> AJ]

attsFER ——>  AJ]

fs1 =fpl/xs; fs2 = fp2 * xs;

cal P_S(); attpbuf = attp;

d = acosh(sqrt(SS/PP))/acosh((fs2 - fs1) / (fp2 - fp1));

cal_m_fc_bw();

ifGisu_chk(m))  goto Again;
(11)para06 Band Pass InvChev
Again:

get_attp();

2, WHILV—F o DfE
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FEHTREE TR
fpl1&~R
fp2F~
attpFR
X s TR
att s
fsl =1fpl/ xs;
cal_P_S();

——> AJ] —> fpl
——> AJ] —> fp2
——> AJ] —> attp
—_——> )\jj ——> X S
——> AJ] ——> atts
fs2 = fp2 * xs;

attpbuf = attp;

d = acosh(sqrt(SS/PP))/acosh((fs2 - fs1) / (fp2 - fp1));

cal_m_fc_bw_i();

ifjisu_chk(m))  goto Again;
(12)para06 Band Pass Ellipse AT L7232
Again:
get_attp();
HEWTREE R R
fpl1#ER —> A1 —> fpl
fp2FR —> AJj] ——> fp2
attopFn ——> AJ] ——> attp
X s TR ——> AJ] ——> xs
attsFEmn ——> AJ] ——> atts
fs1 =fpl/xs; fs2 = fp2 * xs;
cal P_S();

attpbuf = attp;
cal_daen_m();

swap_xs( )
ifGisu_chk(m))

(13)para07 BE Flt
Again:

attp <-- attp3;

f p1&mR

f p2Fmnr

attpHEn

Imt = sqrt(fp2 / fp1);

X s FoR
attsFER
fs1 =fpl * xs;
cal_P_S();

xsbuf = (fs2 - fs1)/ (fp2 - fp1); swap_xs();
adjust_m(m, atts); //FEEDa t t sfEIL attsbuf
cal_m_fc_bw();

goto Again;

Butter RIS L7220

——> Afy —> fp1
——> AJ] ——> fp2
——> AJj] —> attp
——> AJ] ——> xs
——> AJ] ——> atts
fs2 = fp2 / xs;

d =1og10(SS/PP)/2.0/1og10((fp2 - fp1) / (fs2 - £s1));

cal m_fc bw();
ifGisu_chk(m))
(14)para08 BE Flt
Again:
get_attp();
HERTREPER R
fplFEmR
f p2%F&mr
attpFxRR

Imt = sqrt(fp2 / fp1);

X s &R
attsFER
fs1 =fpl * xs;

2, WHILV—F o DfE

goto Again;

Chev WHEATI L

——> AJ)] ——> fp1
——> Af) ——> fp2
——> AJ1] ——> attp
—> AJ1 —> xs
——> AJ] ——> atts
fs2 = fp2 / xs;
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cal_P_S();

attpbuf = attp;

d = acosh(sqrt(SS/PP))/acosh((fp2 - fp1) / (fs2 - fs1));
cal_m_fc_bw();

ifGisu_chk(m)) goto Again;

(15)para08 BEFlt InvChev &AL
Again:
get_attp();
HEWTRFME R R
fp 13w ——> AJ) ——> fpl
f p 23R —> A5 —> fp2
attpHRn ——> AJ) —> attp
Imt = sqrt(fp2 / fp1);
X s TR ——> AJ] ——> xs
attsFER ——> AJ] ———> atts
fs1 =fpl * xs; fs2 = fp2/ xs;
cal_P_S();

attpbuf = attp;

d = acosh(sqrt(SS/PP))/acosh((fp2 - fp1) / (fs2 - fs1));
cal_m_fc_bw_i();

ifGisu_chk(m)) goto Again;

(16)para08 BEFlt Ellipse &HEAS LW
Again:
get_attp();
HEWTRFE R R
fplafr ——> AJZ) ——> fpl
f p 23R —> AJj —> f[p2
attpFER ——> AJJ —> attp
Imt = sqrt(fp2 / fp1);
X s FoN ——> AJ] ——> xs
attsF R —> AJ] ——> atts
fs1 =1fpl * xs; fs2 = fp2/ xs;
cal_P_S();
attpbuf = attp; xsbuf = (fp2 - fp1)/ (fs2 - fs1); swap_xs();
cal_daen_m(); adjust_m(m, atts); /EEDa t t sfllL attsbuf ITAD
swap_xs(); cal m_fec bw();
ifGisu_chk(m)) goto Again;
(17)para09 Low Pass Butter &EAIT 5
Again:
m#oR —> AJJ ——> m
f p R ——> AJj ——> fc=fp
X s F/R ——> AJS] ——> xs
ifGisu_chk(m))  goto Again;
attp <-- attp3;
cal fs atts(); T 7%V EFDxsTatts iHEL, attsbuf ITAN
%
(18)paral0 Low Pass Chev WEANTD
Again:
get_attp();
mZF&ER —> AJ] —> m
f p R —> AJj —> fc=1p
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attp&m ——> AJ] ——> attp

X S ZsN ——> AJ] ——> xs

if(jisu_chk(m))  goto Again;

attpbuf = attp;

cal_fs_atts(); 774V FDxsTatts& L, attsbuf IZAR

%
(19)parall Low Pass InvChev A T)T %
double inveps;
Again:
get_attp();
HEWT AR R R
mZ& R —> AJ] —> m
f p &R —> AJj] ——> fc=1p
attpFn —> AJ] —> attp
X s N ——> AJ] ——> xs
if(jisu_chk(m))  goto Again;
attpbuf = attp;  fs =fp * xs; cal_P_S(); fc = fs;
inveps = sqrt(PP) * cosh((double)m * acosh(xs)); eps = 1/ inveps;
attsbuf = 10.0 * log10(inveps * inveps + 1.0);
(20)parall Low Pass Ellipse &#HANIT 5
Again:
get_attp();
HEWT R R R
m#ER ——> AJ] —> m
f p&R —> AJj] ——> fc=1p
attpFmr ——> AS] —> attp
X s FN ——> AJ] ——> xs
ifGisu_chk(m))  goto Again;
attpbuf = attp;  fs =fp * xs; cal_P_S();
attsbuf = cal LL__EE();
(21)paral2 High Pass Butter &EATIT 5
Again:
m#ER —> AJ] —> m
f p#x —> Af) ——> fec=1p
X s /R ——> AJ] ——> xs
if(jisu_chk(m))  goto Again;
attp <-- attp3;
cal_fs_atts(); T 7%V EDxsTattsH HHEL, attsbuf ITAN
%
(22)paral3 High Pass Chev  WEAIT 5
Again:
get_attp();
mzFER —> AJ] —> m
f p 2R ——> AJj ——> fc=fp
attpHER ——> AJ] ——> attp
X s FR ——> A} ——> xs

ifGisu_chk(m))  goto Again;
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attpbuf = attp;
cal_fs_atts(); HFZ7x)LrDxsTattsH%HEL, attsbuf IZAR

%)
(23)parald High Pass InvChev A TIT %
double inveps;
Again:
get_attp();
HEWT AR R R
mZ& R ——> AJ] —> m
f pFoR —> AJj ——> fc=1p
attpFm —> AJ; —> attp
X s FN ——> AJ] ——> xs
ifGisu_chk(m))  goto Again;
attpbuf = attp;  fs =fp/xs; cal_P_S(); fc =fs;
inveps = sqrt(PP) * cosh((double)m * acosh(xs)); eps = 1/ inveps;
attsbuf = 10.0 * log10(inveps * inveps + 1.0);
(24)paral4 High Pass Ellipse &EHANT 5
Again:
get_attp();
HEWTREIE R R
m#FER —> AJ) —> m
f p &R —> AJj] ——> fc=1p
attpFn —> AJ] —> attp
X s FN ——> AJ] ——> xs
ifGisu_chk(m))  goto Again;
attpbuf = attp;  fs=fp/xs; cal_P_S();
attsbuf = cal LL_EE();
(25)parals Band Pass Butter WwHAIIT5
Again:
m#ER —> AJ] —> m
fpl&kR ——> AJ] ——> fpl
f p 2&KR ——> AJ] ——> fp2
X s R ——> AJ] ——> xs
if(jisu_chk(m))  goto Again;
attp <-- attp3;
cal_m_fc_bw();
cal_fs_atts(); T 7%V EDxsTattsH HHEL, attsbuf ITAN
%)
(26)paral6 Band Pass Chev WEANTD
Again:
get_attp();
m#FER —> AJl ——> m
fpl&r ——> AJJ —> fpl
fp2f&r ——> AJj] ——> fp2
X s FIN ——> AJ] ——> xs
attpFRmnr ——> AJ] ——> attp

ifGisu_chk(m))  goto Again;
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attpbuf = attp;
cal_m_fc_bw();
cal_fs_atts(); Hfstatts HHEL, attsbuf ITAND

(27)paral? Band Pass InvChev A T)T %
double inveps;
Again:
get_attp();
HEWT AR R R
mZFoR —> AJ] —> m
fpl13mrw —> AJj ——> fpl
fp 2%~ —> AJj] ——> fp2
attpFmnr ——> AJ) ——> attp
X s F/R ——> AJ] ——> xs
ifGisu_chk(m))  goto Again;
attpbuf = attp;  fsl =fpl/xs; fs2 = fp2 * xs;
cal P_S();

inveps = sqrt(PP) * cosh((double)m * acosh((fs2 - fs1) / (fp2 - fp1)));
eps = 1/ inveps;

attsbuf = 10.0 * log10(inveps * inveps + 1.0);

cal_m_fc_bw_i();

(28)paral? Band Pass Ellipse &EHEAT 5
Again:

get_attp();

HEWT R R R

m#ER ——> AJ] —> m

fpl1&m= ——> AJ;] —> fpl

f p2FmR ——> AJj] —> ([p2

attpFmr ——> AJ] ——> attp

X s TR ——> AJ] ——> xs

ifGisu_chk(m))  goto Again;
attpbuf = attp;  fsl =fpl/xs; fs2 = fp2 * xs;

cal P_S();
xsbuf = (fs2 - fs1) / (fp2 - fp1);
swap_xs(); attsbuf = cal LL_ EE();  swap_xs();

cal_m_fc_bw();

(29)paral8 BE Flt Butter &AL T %
Again:
m#oR —> AJ] —> m
fp1FR —> AJ; —> fpl
f p2FR —> AJ;j —> fp2
X s FIN ——> AJ] ——> xs

ifGisu_chk(m))  goto Again;

attp <-- attp3;

cal_m_fc_bw();

cal fs atts(); T 7%V FDxsTatts iHHEL, attsbuf ITAN

%
(30)paral9 BEFlt Chev &REAIT5
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Again:
get_attp( );
m#&R —> AJJ ——> m
fpl1FER —> AJ1 —> fpl
fp 2%~ —> AJj] ——> fp2
X s TN ——> AJ] ——> xs
attpFm —> AJ; —> attp
ifjisu_chk(m))  goto Again;
attpbuf = attp;
cal_m_fc_bw();
cal fs_atts(); /[T 74V bhDxsTattskitfilL, attsbuflZAiLd
(31)para20 BE Flt InvChev &I ATIT %
double 1inveps, Imt;
Again:
get_attp();
HEWTREE R R
m#FER —> AJ) —> m
fpl1#ER —> A1 —> fpl
fp2FR —> AJj] ——> fp2
Imt = sqrt(fp2 / fp1);
attopFn ——> AJ] ——> attp
X s TR ——> AJ] ——> xs
if(jisu_chk(m))  goto Again;
attpbuf = attp;  fs1 =fpl * xs; fs2 = fp2 / xs;
cal P_S();
inveps = sqrt(PP) * cosh((double)m * acosh((fp2 - fp1) / (fs2 - fs1)));
eps = 1/ 1inveps;
attsbuf = 10.0 * log10(inveps * inveps + 1.0);
cal_m_fc_bw_i();
(32)para20 BE Flt Ellipse ®¥AJT %
double 1mt;
Again:
get_attp();
HEWT R R
m#F&R —> A}l ——> m
fpl&kR ——> AJ] ——> fpl
f p2FR —> AJ; ——> {p2
Imt = sqrt(fp2 / fp1);
attpFR —> AJ)] —> attp
X s R ——> AJ] ——> xs

if(jisu_chk(m))  goto Again;
attpbuf = attp;  fs1 =1fpl * xs; fs2 =1p2/ xs;

cal_P_S();
xsbuf = (fp2 - fp1) / (fs2 - fs1);
swap_xs(); attsbuf = cal_ LL__EE();  swap_xs();

cal_m_fc_bw();
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