LEAP FROG TECHNIQUE

Operational Simulation of LC Ladder Filters

RLC prototype —> low sensitivity
One form of this technique is called “Leapfrog Technique”
Fundamental Building Blocks are
- Integrators
- Second-order Realizations
Filters considered
- LP
- BP
- HP
- BE

jo Zeros ECEN 622 (ESS)
TAMU-AMSC



adder Filters

Typical Ladder Filter Ladder Networks
WV Elements connected in series
Vin 7 Vout and in parallel
! ) NV Zeros are easily recognized:
Zj-1 Zj+1 Zseries=infinity, or

| | Zshunt=zero

Problem:
How to design active ladder filters?
How to design inductors?



By means of a simple example it is illustrated how to implement
an active filter based on the equation of a passive RLC prototype.

Lowpass Filter

L Vout

AN

—C C=

L =(v,—V,)Y,
Vv, =(1,—13)Z,
i3 = (v, _V4)Y3
Vy = (is -0)Z,




Next we match the equations coefficients with the implementations.

Z, i1 = (Vl _VZ)Yl
Vv O—/\/RV ] vV, = (il —i3)22
- ) 1 | =(V,—V Y
v, 0\VV >_ Vx’ =11 Rdummy 3 (_2 )Y
For R dummy=1 one can make v, =(;,-0)Z,

— V,X=i1

v, =—(v,—V,)Z /R

Two key transformations:
1. If needed converter current equations to voltage equations by
multiplying by a dummy (artificial) resistor value of 1.
2. Express the relation of current and voltage of equations always as
Integrator. The integrator is the basic building block.



General Principles

li_3 N Vit + Viss —
— -3 » 1 =1 »i1+1 "i+3—
i1 i1 v liia
Vi3 i1 I
| | i+2
v "1-2 I VI v U
| -2 - |+ 2 |Vijs2
Vi—2_ Ii —I+

Interior Portion of a General LC Ladder Network
Interior components are reactive elements only:.
Rs#0 or R;=0 and R #0 (finite)
Branch voltages are voltage and current

How to select the proper “STATE” variable ?

i & dv, 1. 1¢.
a) 3—»—\|/|C—g e :vczaju(t)dt

di, 1 .

i L
b) ci—L»WLg E=EV:>|L=%jv(t)dt

i LG dv o dd) i . -1 1
C) «r»wqu il +E:>':|__cj j.(t)dt%tjv(t)dt




Systematic approach by writing voltage (KVL) and current (KCL) equations

lis .\ Vit - + Viss —
— -3 | » 1 —1 | »1+1 | M1 +3 ——
i—1 i+1 J i+3
Vizs ) " Vi |.+2
v '1-2 | VI v I+_|_
i — 2 - | + 2 Vi+2
Vi—2_ Ii —
1
Vi—p = v [li-3 —lix]
i—2
1
li_g = Z—[Vi—z - Vi]
i—1

1
Vi :Vi[li—l_liﬂ]
1
Ii+1 — Z—[Vi _Vi+2]
i+1
VAR 'R
1+2 Yi+2 1+1 1+3

- Immittance Functions
- Woltage Transfer Functions, convert | to V functions
ie, V=R



Terminations of LC Ladder Filters

Source R, |
3
a) WA A oo
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Vin V2 YZ
s
' R R '
V, =R = " [Viy — S0V — V.
1=h Zl[ n~ R Vi 7]
1 ..
V= [V, -V
2 RYZ[ 1— Vsl
b) v 2 [
+ N +
Ym Yl Vl V3
[ R
V.. =V 1 R :
YiVp=— 1"23V1:—Y{R_(Vi”_v1)—vz}
0 1 0



Load termination

Ina
__________ :Zn_l O
a) i + '
Vh_o R”§ Vi = Vout
] o

R .
Vout = Vn = ?nvn—l

or Vout = Rnl(Vn-2 = Vout) 1 Zn-1]
R R

—— "V, ,-V
out Zn—l R ( n-2 out)
R Lossy
"n
r "2 Integrator
Vout = R
1+ "N
n-1
b) """""" Zn—2 _______= ______ L -<|)—
I 5 | |
! Vn—l : Yn—l § Rn : Vn B VOUt
Sy Y —--- 3
1 R
Vo [ n—2_—V0ut]



The approach to map a passive RLC prototype is to pick the state-variables
which can be expressed as integrators, since integrators are the basic
building block. By applying KCL, KVL, KCL, ..., as many times as the order
of the filter, one can write the state-equations that can be implemented
by active filters. an example is shownlbelow:
2
— VO

—— W0

R |+
Vin@  GTVi 70 =Ry

A Typical Passive RLC Filter

1 R . '
KL vy = Vin —V1) -V 15a
1 SRCl{RS( In 1) 2} ( )
where
V, =1,R, Ris an arbitrary value (15b)
R
KVL v2=S—L(v1—vo) (16)
1 R
KCL V, = Vy ——V, 17
° SRCZ[ > RL 0} )



Signal Flow Graph of RLC Prototype of Fig. Shown in previous page.



Low-Pass Ladder Filters
(Zeros at Infinity)  (All Poles)

Example: A Fifth-Order LP Filter
5 State Variables [l;, V,, I3, V4, I5]
5 State Equations

—> Iy — |3 — |g
 AN—N A VYN
+ Ron L1, + 1 L3 4+ L5, -
Vin \ —~Con —~Cun § Ron Vout
_ \V, _
KVL-KCL-KVL-KCL-KVL (Sequence)
*
V. —1, (Rqn + SL1 -V, =0
In 1( Oon n) 2
Current Analogs Vi=R
V1| = i [\/ln _Vz - Ron Vll] (1)

sL. R

In



|1 - |3 _SCZHVZ =0

1

/. 2
SRC,, [V = Vel (@)

V2:

V2 —SL3n|3—V4 :O

Vs =

sL3n [Vo — V4] (3)

|3 —SC4nV4 - |5 = O

1
SRC 4

V4 —SL5n|5 - |5R6n == 0

Re
V, ——ony,
L5n[4 B -]

V, = [V - V5] (4)

Vs =

But |
V
Vout — I5R6n :ESRBn
R6 R R6n R
=— V V
out R SI—Sn[ 4 R out R6n

— ()



Active RC Building Blocks

11j/Cj

—AM—

C.

J




%
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%
%

Y

%%

V, = V, — V-
2 sRCZn[ 1— V3]
RC, = R3C,
V2 RCZI’] = R3C2
Vs, = V, -V
3= 5L3n[ > =Vl
R4C3=Ls, /R
V3 R4C3 = |_3n /IR
V=1 [Va — V]
4 SRC,. 37 Vs
B R:C4 = RCy;,
Va R5C4 =RCyp
Ren Rg
Out_? L [ 4_?V0ut
5n
——o, R«C: =L /R
V5 6~5 — bHn 6n

ReCs =Lz, /Rgp

R

R6n

]



Low-Pass bth-Order Active -RC

Leapfrog Filter




Ron /R

Vi n

—1| —1| _R6n/|R
B N |
R |V 1 R |V3 1 R M
0
SI—ln SRCZI’] V2 SL3n SRC4n V4 SL5n VO
| | |
| | |
-Ryn /R -1 -1
4 4
| |
R/Ron?l Rfl | RIR |
SLqj /R+1 SRCZI’] SL3n SRC4n SLSn/RGn +1 VO



Vino—

° _|_\
OTA-C Implementation v | Gm
=
Vo=~
R R . gmj
V, =V, -V, -2V, e
1 SLin [\/]J'] 2 R 1] —
Thus, EQ (1) is implemented as Ve .
m4 3
Vjo— -
| C
. 0_\ 3
Vi +gml oV, 9m _ Lin ;
Voo—=— ; C, R |
'O_X C Vo 0—
Vi Im2 = ' Om2 _ Lin 3 +gm5 oVy
J__+/ C2 Ron V50__ C
= T \
\/j o—
o v, EQ@
e ms _re
IC2 C2 - 2n

oV
Ci
—

EQ (3)
9ma _ Lan
C; R

EQ (4)
9ms

=RC
C4 4n
EQ (5)
Ime — Lsn
CS Ron
Im7 — I—5n
C5 Ron



v”“ sy,

ClI
= = C, C4j=: J: CEsi

N |

5th-Order OTA-C Leapfrog Implementation



Voltage Scaling of OTA-C All Pole Leapfrog Filters.

L
—C,
\7a Vy \7b
v Om2 —i_g N V, = V.-V,)/sC
O ome m3 x =9m2(Ve = Vi) /sC;
v, Ve
C— —C
L "
::C?

<

L V, /K i V,
T/ Vo) o) o
V, C l

T

Changing V, —>% without changing V,, V,, V., and V;
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System Level Representation: 5t"-Order LP Leapfrog Filter



SCALING
MAXIMUM
(Ron A k koksk, DYNAMIC

| RANGE
|

\. f\ V4 a
)j %2 %4

= > | |« p—o0
u vi v,
Vi, =1
V, V,
V4—V(Sﬁ+R6 j Vomax: . Vomax:kl
3 max 1 max
V,
V, _T(s)(s—+ Rﬁn) oM —k,
R V2max
V,
0 max :k4




Current Level Scaling Technique

R represents input resistance of a current-mirror

Il» V,
lo =—0,,/sC

ImR
V.=l R=—
0 0 SC

option 1 g, — Ko
option 2 C—>C/k

g
kl, =—-k=2m
0 sC

V, =kl R

If V, needs to be constant, then R must be decreased by k.

option 1 g, —>kd, & R-—->R/K

In summary _
option 2 C—»>C/k & R—->R/k

Case 2 C, represents input impedance of next block
Ii h Ii’ V | — 9m
T. S c=—Im
x C
C C e
: L I 1

V,=1,—
0 oSC2



LC Ladder Filters with Finite Zeros

— 1 Yiu \
T
s i, i 2] 143
— T Zig T Zi1 T =
+ I_) + I +
. i+1
Vi Yi_ -1 Vi Y; i Viio Yiio
B i I
I|_1 I|+1
||_3 |_2 — | - Ii+3
_ — 0 Z 0 Z A >
T -1 T 1+1 T
+ + +
Viig Vi, Yi2, i Vil Yi Y in Viea| Yieo |Yis, is2

+
K. . .V
n B i+2, 1 Vi+2 4
i : B _,
B () Ki—2, i Viz2 -




or

:> Dependent Sources to Replace the
Bridging Admittances

KCL at 1—-2
lis—li_1 = Yi2Vio +Yia[Vio — Vil

Vi, :{ Yia }V- L tia—liag
i— . i '
Yi_o+Yia Yi_o +Yig

(lisa—1i-1)
Via =Kj iaVi+ IYS =

i-2,i-1
KCL @ NODE i
Ii—l - |i+1 = YIVI —Yi_l(vi_z _VI) + Y|+1(V| _VI +
or | |
Vi = Yi_l : Vi—2 +— Yi+l ' Vi+2 +— Ii+1_ Ii—l .
Yio1+Yi+Yjy Yig+Yi+Yig Yi +Yi+Yiy
Vi, —Vi_
Vi =Ki_p,iVieg +Kiyp Vi + - —1=
i-1, 0, i+1

In a similar for KCL for node 1+2 and solving for V;_, results
Vira =K is2Vi + (Vi = Visa) IRYG i



LC Ladder Simulation

. Start from the desired LC LP prototype network satisfying
SPECS.

. Eliminate shunt elements in the series branches or series
element in the shunt branches.

. Normalize and transform the network If the realization is

not low-pass.
dx

. Select the state variables such that o f(x, us)

. Solve for each state variable in terms of the other states

and output variable including the proper scaling.

. Synthesize each equation with its corresponding building block.



Example: Low-Pass With FiniteJ® Zeros

%
-~ — 885
Ron I—2n ‘0|‘
/\/\/\/‘I‘ L2n + I I ! -_C_ _____ E
T I I 1 C4n i -~ sn ;ROH VOUt
C V3 __C3n ! |
: \V, = oo Bre TR =
VI 1 Cln _O
C12n = Cln + CZn - -
C234n = C2n + C3” + C4“
Cien =Cyp +Cs,
C
K — 2n I
. C12n R |2 i) 0
C v o T +
n 2n C > § on
C + Vin - 45n
K, =—2 V1 = Cizn + Vout
. C234n B 3 K53V5_ () +<>
C4n + K35V3
K, = V. + o
® Cy <>_K31 3 Q KisVy -
- 0




Cion =C1n +Cop
Cozan =Con +C3y +Cyyy

C
K1 = c n
12n
C
K53 _ - 4n
234n
C
Kiz = c =
234n
K35 _ C4n




Vi

V3

_ 1 Vin — Vl —V + K31V3 (1)
SC12n Ron Ron
° r 11 r Cl
Vin o—\W\ WA .
] /\/\/\/ - — 0
R2 £+ £+ Vl
V10 /\/\/\/ -
1 R3
VZO /\N\/ R
Vo — V, — V. 2
2 SLZn [ 1 3] ( )
: R — '
r 2N
Vl O_/\/I\’/\/_ [ C2
V3 0—/\/\/\/—"_/\/\/\/— R 1
~ 4
:‘+ W {>_0V2
e +



1

V3 = SRC 30 [Vy —V4]+KsgVs +Kap Vs 3)
n
- 1 . . |
Vs = SRC 30 [Va = V2]-Ks3Vs —Kz1Vy (3)
n
Vs o RAGEISE %3
K,.C
Vyo o3
N r Rs
Vy o= WM >—0V3
£+
Rg L
VZC /\/\/\/
' R L
Vy = [-V3 = Vout (4)
SL4n ou
o R Cy ReCa = Lan /R
V3 o—W, I

R7C4=L4n /R

Vout 0 /\/\/\/ - \
R7 £+ Vg



} ~K35V3 (5)

>Vout



Active RC Fifth-Order Elliptic Filter



OTA-C Elliptic Implementation

1 |V, V, V.
Vi= { - 2} +KapVs €
SClZn Ron Ron R
vmo_+g\ —
1 o—11
Vyjo—= "2 ‘ J_ 031
P C [+
VZ Omi- ; | Y
J__+/ - 1
V3 o— —
% - C12nRon 031 = K31gr
A 0 CionRon
931 _ gml - —Cl
== =Kz Ks1
Or )
. R .
V, = [V + V3] (2)
I—2n
Vyo




1 S
[V4 — Vo] Kg3Vs — K31V 3)

SRC34n

__ov3
L

[-V3 — Vout (4)

R
SL4n

V, =

C&6=L4n/R




1 |V, V _
Vout = V5 = { 4 Om}— KzsV3 (5)

V3 0 = __O out
L




IH 2
+ | }A
|”;| | I .
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<
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\ Y
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= = 2T
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+

Fifth-Order OTA-C Elliptic Filter



Simulating Floating Capacitors (Elliptic Filters)

—(O vout

i3
C3 T
vi Rl V2 L2 .
O, NN O vout 1I3=(v2)sC3 - (vout)sC3
- L 7 L i
T 1 R5
c1 c4
v v 11
C3II
i3 l Cc3 I AN, I
R1 -
N\ RS
, C1 L2/R2 AN —
i R1 Ll— —H R = 02 [
v O—w él a4y &b I ca
V2
R a;
R -1
IZTJ\/\/ x
-1| ICI3 ||C3




Finite jo Zeros: An Alternative Approach

C2n C4n
1 1
Ron Lon L4n
l, 4 Con—R
(HVi, ViTe, V3==Cs, Vs="5"=Ron V,
V V.
SCinVi=—" -l ——=—=5Cy,(V, - V3) 1)
on on '
V
V, = I,R , =—2
2 2. 2= %
V; V. V. '
SCinVp = = ——2 ——L —sCy (V- Va) 1)




\Z

Sbon " =V1— Vs (2)

SC3, V3 = % — VH‘I‘ +SCon (V] —V3) —5Cyy (V3 — V5) (3)
s%v;1 =V, - Vs (4)

sCe, Vg = V% _ Vs SCy4n (V3 —Vs) (5)

6N

Component Calculations for an OTA-C implementation
C; C

g :ClnRon 9—3: RCSn
ml m4
C L
R — Ron 7 — 4n
Oms R
g ! 1
2 " A~ =
m Ron Ome R
C L 1
6 _ =2n Om7 =
Om3 R Ren

Note that if Ry, =R then the OTA# 7 can be eliminated and the
output of OTA # 6 can be simply connected to its negative terminal.
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