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Synthesis of Leap-Frog Multiple-Loop
Feedback OTA-C Filters

Yichuang Sun, Senior Member, IEEE

Abstract—Operational transconductance amplifier and ca-
pacitor filters based on the leap-frog (LF) structure are studied
from the viewpoint of multiple-loop feedback (MLF) and coeffi-
cient matching. The LF configuration is obtained from an MLF
model, which has the minimum number of components and only
grounded capacitors. Explicit and iterative design formulas are
derived for the synthesis of arbitrary filter characteristics. All-pole
filters are realized using the basic LF structure, and filters with
arbitrary transmission zeros are synthesized by adding the input
distributor or output summer.

Index Terms—Active filters, analog circuits, continuous-time
filters, operational transconductance amplifier and capacitor
(OTA-C) filters.

1. INTRODUCTION

HE leap-frog (LF) structure is one of the most popular
Tchoices in active-RC filter design [1], [2] due to its lower
sensitivity than the cascade method. LF operational transcon-
ductance amplifier and capacitor (OTA-C) filters have been de-
rived by simulating passive RLC ladder prototypes [2]-[5] and
using a systematic multiple-loop feedback (MLF) approach [2],
[6], [7]. The difference between the LF OTA-C filter structures
based on the two approaches is that circuit component values are
obtained from simulated RLCs in the former and determined by
coefficient matching equations in the latter. Active filter design
based on the RLC ladder simulation approach needs knowledge
of passive RLC filters and treatment of input and output termi-
nated impedances, while the MLF approach does not have these
problems. More important is that the LF MLF approach can re-
alize any transmission zeros, whilst the LF simulation method
can only realize imaginary zeros. One of the most important ap-
plications of OTA-C filters is the linear phase filtering in com-
puter hard-disk-drive systems. In this application, real zeros are
normally required, which may only be realized by the MLF ap-
proach when using the LF structure. In communication receivers
and video systems, equalizers with certain transmission zeros
are often required for stringent phase requirements, for which
the LF simulation approach may not be suitable.

Compared with other MLF configurations, such as the
follow-the-leader feedback (FLF) and inverse-follow-the-
leader-feedback (IFLF) structures that have similar sensitivity,
the LF MLF configuration has the minimum sensitivity [1], [2].
Unlike the FLF and similar to IFLF, it does not have a multiple
feedback input summation node, which may simplify the IC
implementation in practice because the summing node usually
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has high-frequency parasitic effects. When the OTA parasitics
are considered, in particular, the input capacitance in the dif-
ferential applications, the FLF and IFLF configurations may
suffer more serious performance degradation because of long
feedback paths from the nth node to the input node. Because
each path is capacitive coupling, the effects on circuit poles and
zeros appear at high frequencies. Obviously, the extent of those
effects can be considered as proportional to the ratio of parasitic
capacitance to circuit integrating capacitance. The LF structure
is also advantageous over the cascade configuration [1], [2].
Recent investigations have demonstrated that LF MLF OTA-C
filters offer better passband magnitude sensitivity, maximum
input voltage, and magnitude frequency response considering
OTA nonideality effects over IFLF and cascade OTA-C filters
[8]. In particular, the noise performance of the LF filters has
been shown to be much better than that of the IFLF filters.
Furthermore, promising results from recent research of use of
the LF MLF OTA-C filters for read channel applications show
that the LF MLF design method could be an attractive alter-
native to other methods [9]. However, the synthesis of the LF
MLF structure is not as simple as the FLF and IFLF structures.
While simple explicit formulas exist for the FLF [10], [11] and
IFLF [12], [13] configurations that can be easily used [14], an
iterative process is required for LF synthesis. As well as general
iterative equations, straightforward formulas for the most often
used orders of filters should be derived for ready use.

The synthesis of LF OTA-C filters for realizations of both
transmission poles and zeros can be conducted using the general
MLF approach [2], [6], [7]. This synthesis method, however, is
based on matrix manipulation and requires knowledge of the
general MLF theory. In this paper, we present an alternative
iterative approach for synthesis of LF MLF OTA-C filters based
on coefficient matching.

II. ALL-POLE LF FEEDBACK OTA-C FILTERS

A. Formulation of Circuit Transfer Function

The general all-pole LF OTA-C filter configuration [2], [6] is
depicted in Fig. 1. It has the minimum number of components
and uses only grounded capacitors. With time constant 7; =
C; / g5, we can write the equations of the circuit as

Vor = (Vi1 = Vo2)/(115)

Voj = (Vo(i—1) + Vij = Vo(i41))/(755)
Von = (Vvo(n—l)'i'vvin_von)/(’rns)v J = 2737“'7”_ 1 (l)
where s is the complex frequency, V,,; is the output voltage of
the jth integrator, and V;; can be imagined as a voltage source
inserted between the output (V,(;_1)) of the (j — 1)th inte-
grator and the noninverting terminal of the jth OTA. Note that
Vit = Vvinpu‘w Von = output and (‘/o(j—l) + ‘/L]) can be viewed
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Fig. 1. General all-pole LF configuration.

equivalently as the input voltage (to the noninverting terminal)
of the jth OTA. Introducing V;; is mainly for the convenience
of defining G functions below and facilitating derivations in
Section III. For noise analysis, V;; are input-referral noise
sources and G functions are the intermediate functions [2], [8].

Defining the transfer function from the filter input to the
output of integrator j as

Hj(s) = Vo;/Vii = Nuj(s)/D(s),  j=1,2,3,....n (2)

it can be shown from (1) that

Npgn(s) =1
Nem-1)(8) = Tus + 1
Nij(s) = Tj+15Nu(i11)(s) + N (j42)(5)s
j=n-2n-3....1 3)
D(s) = 11sNg1(s) + Nga(s). 4

Note that (3) and (4) show that Ny ;(s) and D(s) can be
obtained in an iterative way.

Defining the transfer function from the input of integrator j
to the filter output as

Gj(s) = Vou/Vij = Ngj(s)/D(s), j=1,2,3,...,n (5)

from (1) we can obtain

NGZ(S) =T1S8
Ng;(s) = 7j—15Ng(j-1)(s) + Ne(j-2)(s),
j=34.. . .n ©)
D(s) = (tns + 1)Ngn(s) + Ng(n_l)(s). @)

Again, note that Ng;(s) and D(s) in (6) and (7) can be deter-
mined iteratively.

It can be shown that the H and G functions have the following
relation:

D(s) = Ngj(s)Nm(j-1)(s) + Naj-1)(s)Nmj(s),
i=23,....n. (8)
For any order, using the iterative formulas in (3), we can ob-

tain all associated numerator polynomials of the H functions.
For order n = 3,4, 5, and 6, it can be shown that

TL:3ZNH3(S):1
Ngo(s) =138+ 1
Ngi(s) = 797387 + Tos + 1 )

TL:4NH4(S):1
Nys(s) =ms+1
Nio(s) = 137482 + 135 4+ 1

Np1(s) = 7om3748% + Tom38% + (10 + 74)5 + 1 (10)
n=>5:Nygs(s) =1

Npa(s) =158+ 1

Nis(s) = 77582 + 145+ 1

Nia(s) = 1374758 + 13748% + (13 4+ 75)5 + 1

NHl(S) = 7'2’7'37'47'584 + T2T3’7'483 + [7'2(7'3 + T5) + 7'47'5]82

+ (o +ma)s+1 (11)

n==6:Ngg(s) =1

Nys(s) =165+ 1

Nia(s) = 157682 + 155 + 1

Nus(s) = TuT5TeS" + TaTss” + (ra+76)s+1

Nia(s) = T374ms5765™ + 1374755 + [13(74 + 76) + T576]s>

+ (3 +75)s+1
Ny1(8) = ToT37aTs5768° + ToT3TaTs8*
+ {[r3(7a + 76) + 57672 + TaT5T6 }5”
+ [r2(73 + 75) + T475]82
+ (2 +Ta+76)s + 1. (12)

Also, using the iterative formulas in (6), we can obtain corre-
sponding Ng;(s) for order n = 3,4, 5, and 6, given as

n:3:NG1(s):1
NGZ(S) =T1S8

Nga(s) = mimas® + 1 (13)
n=4:Ngi(s)=1

Ngo(s) =118

Ngs(s) = 118”4+ 1

Nega(s) =7'17'2T383+(T1 + 73)8 (14)

n=>5:Ngi(s)=1

Ngo(s) =118

Ngs(s) = 1728”4+ 1

Nga(s) = 1112138 4 (11 + 73)8

Ngs(s) = Timamsmas? + [11m0 + (11 4+ 73)1a]s> + 1 (15)

=+ {T1T27'3 + [7'17'2 + (’Tl + 7'3)7'4]7’5}83

+(7'1 +T3+7'5)S. (16)

Note that the formulated numerator polynomials of the re-
spective H and G functions are useful for filter sensitivity, max-
imum input voltage, and noise analysis [8].
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If V;; is taken as the overall input and V,, as the overall
output, the overall transfer function H (s) can be obtained using
either the H or G functions, given by

H(S) = Voutput/Vinput - Hn(s) = Gl(s) = 1/D(S)

Using (4) and (7) and corresponding H and G functions, one can
obtain the denominator polynomial D(s) of respective overall
transfer functions as

7)

n=3:D(s) = 1ymo735> + Ty198” + (11 +13)s + 1 (18)
n=4:D(s) = TTaT3Tys* + T1T2T38>
+ (11T + 71Ty 4 T37a) 82 + (11 713)s + 1

n=>5

(19)
: D(s) = Ty ToT3TyTs S + T ToTaTyst

+ (7'17'27'3 + T1ToTs + T1T4Ts +7'37'47'5)83

+ (7'1’7'2 +T174 +T3T4)82 + (Tl + 73 +T5)S +1 (20)
n=6:D(s) = T ToT3TyTsTes® + TITaTaT4Ts S0

+ (T1T2T3Ta + T1T2T376

-|-T17'27'5’7'6-|-T17'47'5T6+7'37'4T5T6)S4
+ (7'1’7'27’3 + T1T2T5 + T1T4Ts +7'3T4T5)83
+ (TiTo + T1Ta + T1TG + T3Ta + T3Ts

+ 7576)52 +(rm+7+75)s+ 1. 2n

B. Formulas for Determination of Parameter Values

To realize the general unity gain all-pole transfer function

Hy(s)=1/(Bps™ 4+ Bp 15" ' +---4+ Bis+1) (22

the explicit expressions for determining parameter values can be
obtained from the coefficient matching equations based on the
comparison between the coefficients of H(s) and those in (22).
The following are the derived design formulas:

’I’L:?):Tg:Bg/Bz
T2 = B2/(B1 — 73)

T1=D8B1—T73 (23)
_4 — B4
n = LTy = B3
e By — By14
By — By14
Ty — ————
? By — 13
n=DB1—73 (24)
5 Bs
n = 1Ty = —
T B,
By
Ta =
' By — Bars
B3 — BaTs
Ta =
° By — (B1 - 7'5)7'4
_ B2—(Bl—7'5)7'4
To =
Bl—Tg—T5
T1:Bl—7'3—7'5 (25)
6 Bs
n==~0: = —
T6 B5
Bs
T5

963

L

Fig. 2. Universal LF structure with input distribution OTA network.

_ By — B3Tg
T By - (B2 — B176)7s5
= B3 — (By — B176)Ts
By — (By — 15)74 — B176
= By — (By — 75)74 — B17s

By —T13—1Ts
’T1:B1—7'3—T5. (26)
III. LF MLF OTA-C FILTERS WITH TRANSMISSION ZEROS

A. Functions and Formulas for Input Distributor Type

By adding the input distribution OTA network to the all-pole
LF structure in Fig. 1 to produce zeros, the desired general
transfer function in (27) can be realized:

Aps® + Ap1s™ L4+ Ars+ Ag
Hd(s) = 1 .
Bn,5n+Bn—lsn ++Bl$+1
The resultant general structure is shown in Fig. 2.

Denoting 35 = ga;/9j,Y = gni1/gr, and Brt1 = Ga(ni1)/ Gni1
the circuit equations can be written from Fig. 2 as

27)

T158Vo1 = —Vo2 + B1Vinput, J=2,34,...,n—-1
78Vo; = Vo(i—1) = Vo(j+1) + B Vinput
Tn$Von = Von—1) — Von + BnVinput
Voutput = Y(Von + Br+1Vinput)

where, equivalent to (1), we have V;; = 3;Vinput.

The set of equations in (28) can be rearranged with H;(s) =
Voj/Vinput and Ng;(s) as

(28)

Ne2(s)Hi(s) = —Ha(s)+

h
Ne(h41)()Hn(s) = =Nan(s)Hps1(s)+ >_BiNaj(s),

j=1
h=2,3,...,n—1

(Tns+1)Nan(8)Hn(s) = —Ng(n-1) (S)Hn(s)"‘ZﬁjNGj ().
7j=1

(29)

From the last equation in (29), we can solve for H,(s) to
obtain

Von
H,(s) = V-
Inpu
1 n
— Noi(s).
(Tns + 1)NGTL(S) + NG(n—l)(s> ;ﬂj GJ(S)

(30)
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The expression of the overall transfer function is obtained
from the last relation in (28) as

H(S) = Voutput/‘/input = ’Y(ﬁn+1 + Hn(8>> 3D

By substituting (30) into (31), we obtain the transfer function as

> -1 BiNaGj(s)

HE) =3 o 4 (S Nan(®) + Nagr )

] (32)

where Ng;(s) can be obtained from (6) iteratively and those for
n = 3-6 have been given in Section II-A.

Using (6) and (32), we can derive the numerators N (s) of
the transfer functions and the corresponding design formulas
to determine the distribution parameters (3; when realizing the
general function in (27) for n = 3-6 as

n=3:N(s)= BaT1TaT3s> + (Bs + ,[33)7'17'232
+ [Ba(m1 + 73) + Bari]s + (Ba + B3 + B1) (33)
Ba = A3/ Bs
B3 = Az/Bs — 4
B2 = (A1 — BaB1) /7
pr1 = Ao — (B + Bs) (34)
n=4:N(s) = Psrimar3rss® + (85 + Ba)T172738>
+ [Bs (T2 + T174 + T374) + BaTi72]5>
+[(Bs + Ba)(11 + 73) + Pami]s
+ (Bs + B3 + 1) (35)
Ps = A4/ By
Bs= A3/B3 — B,
B3 = (Aa — B5B2) /1172
fo = [A1 — B5B1 — fa(m1 + 73)] /71
P1= Ao — (B + B3) (36)
n=>5:N(s) = BeT1ToTaTsTs5"

+ (B6 + B5) 1723748t

+ [Bs(T1 7273+ 11 ToTs + T TaTs + T3 TaTs )+ BaTi T2 T3]
+ [(Bs + B5) (1172 + T17a + T3Ts) + BaT172]5?

+ [Bo(m1 + 73 + 75) + Ba(1 + 73) + P271]s

+ (Bs + B5 + B3 + 1) (37)
Bs = As/Bs
Bs = As/Ba — Be
Bs = (A3 — BsB3)/T17273
B3 = [A2 — (Bs + B5) B2 — B5 Ba] /7172
B2 = [A1 = B6B1 — Ba(m1 + 73)] /71
Br = Ao — (Bs + B5 + 3) (38)
n=6:N(s) = Brr172r374T5765°

+ (Br + Bo)TiTaT3TaTs 8

+ [Br (12734 + TIToT3TE + TITRT5T6 + TITAT5T6
+ 73747576 ) + BsT1TaT3Ta] 5

+ [(B7 + B6)(T1T2T3 + T1T2Ts + T1T4Ts + T374Ts)
+ ,847'17'273]33

+ [(B7 + B5)(T172 + 7174 + T37T4)

S

I

v 99§ 9y

Fig. 3. Universal LF structure with output summation OTA network.

+ B7(T176 + T3T6 + T5T6) + BaTiT)s?
+ [(B7 + Be) (11 + 13 + 75) + Pa(T1 + 73) + [a7i]s

+ (87 + Bs + B3 + B1) (39
Br = A/ Bs
Bs = As/Bs — fBr
Bs = (Ay — BrBy) [ T1m27374
Ba = [As — (B7 + Bs)Bs]/m17273
Bs = [Aa — BrBy — B5(T1Te + 174 + T374)]/T1T2
B2 = [A1 — (B7 + B6) B — Ba(11 + 73)] /71
pr= Ao — (Br + B5 + B3). (40)

Note that the denominators of the corresponding transfer
functions have already been derived in Section II-A and the
design formulas for the pole parameters 7; of the respective
orders have also been given in (23)—(26).

B. Functions and Formulas for Output Summer Type

Similarly, by adding the output summation OTA network to
the all-pole LF structure in Fig. 1 the general transfer function in
(27) can be realized and the resulting circuit structure is shown
in Fig. 3.

Defining H;(s) = Voj/Vinpus, the circuit equations for the
integrator OTAs can be written from Fig. 3 as

Hl(s) = (1 — Hz(S))/Tls
Hj_1(s) = 7jsH;(s) + Hj41(s)
Hy 1(8) = (tas + 1)Hy(s),

which corresponds to (1) with V;; = 0,5 =2,3,...,n

Note that (41) shows that, by a complete feedforward sub-
stitution, we can obtain H,,(s). Then, beginning from H,(s),
we can compute H,,_1(s), H,—2(s), ..., Ha(s), Hy(s) consec-
utively.

Finally, by weighted summation and denoting o; = gaj/ g,
we can attain the overall transfer function of the circuit as

j=23,...,n—1 (@4l

H(S) = Voutput/‘/input

=+ Za]-H 5
j=1

H(s) =g+

(42)

ZQJNHJ

Note that Ny ;(s) can be obtained 1terat1ve1y as shown in (3)
and given in Section II-A for n = 3-6.

Using (3) and (42), we can formulate the numerators N (s) of
the transfer functions and the corresponding design formulas of

T18NH1(8) + Nga(s
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summation parameters «; when realizing the general function
in (27) for n = 3-6, given as

n=3: N(S) = 0507'17'2’7'383 + (0407'17'2 + OZ17'2T3)82

+ [ao(T1 + T3) + @172 + aoTs]s

+ (o + a1 + as + a3) (43)
oo = A3/ B3
a1 = (Az - OéoBz)/T27’3
g = (A1 — By — a172) /73
ag = Ag — (ap + a1 + a9) (44)
n=4:N(s)= agmimam3mys’
+ (aoT17273 + a1 T2T3Ty) 8>
+ [ao(T17o 4+ T1Ty + TaTy) + a1 ToT3 + apT3Ty)]S?
+ [ao(T1 + 73) + a1 (72 + 74) + @73 + azTy)s
+ (g 4+ a1 + as + as + ay) (45)
Qo = A4/B4
a1 = (As — agB3)/T2T3Ta
Q2 = (Az — agBa — 6117'27'3)/7'37'4
a3 =[A1 — aoB1 — a1(m2 + 74) — aaTs]/7y
(46)

oy = Ag — (o + a1 + g + az)
n=>5:N(s) = agTiTaT3T4Ts5"
+ (T T2TsTs + Q1 T2T3TTS)S"
+ [oo(T172T3 4+ T1T2Ts + T1TuTs 4 T3T4Ts)
+ 1 ToT3Ty + oT3TyTs)S>
+ [o(T1i72 + T17a + T374) + @1(T2T3 + ToT5 + TaTs)
+ o737y 4 3TyTs]8?
+ [oo(m1 + 73 + 75) + 1 (72 + 7a) + @2(73 + 75)

+ azmy + @aTs|s+

(o + a1 + s + az + ag + a3) 47)
oo = As/Bs
a1 = (Ag — agBy) [/ TaT37475
o = (A3 — ao B3 — a1 7eT37a) /T37aTs
az = [As — agBy — a1 (723 + ToT5 + T4Ts)
— aaT37y]/TuTs
as = [A1 — aoB1 — aq (12 + 1) — aa(13 + 75)
- Ol3’F4]/’F5
as = Ao — (ap+ a1 + ag + az + aq) (48)

n=6:N(s) = agrToTsT4Ts765°
+ (@oT1T2T3TaTs + (11727'37'4'r576)55
+ [0 (11727374 + T1T2T3Te + TIT2T5Te
+ T1T4T5T6 + T3T4T576)
+ a1 ToT3TyTs + a27374T5T6]84
+ [oo(T172T3 4+ T1T2Ts + T1TuTs + T3T4Ts)
+ oy (T2T3Ty + ToT3T6 + ToTsTe + TaTsT6)
+ QT35 + a374757'6]s3
+ [ao(T172 + 7174 + T1T6 + T34 + T3T6 + T576)
+ a1 (Tom3 + ToT5 + T4T5) + (1374 + 376 + T5TE)

2
+ a3TaTs + @4T5TE]S

965

+ [ao (1 + 73 4+ 75) + @1 (12 + T4 + 76) + Q213 + 75)
+ as(1q + 76) + aa7s + @576
+ (g + a1 +as+az+as+ as+ ag)
oo = Ag/Bg
ay = (A5 — aoBs)/TaT3TaT5 T

(49)

oy = (Ay — aoBy — a1 ToT374Ts) [ T3T4T5To

a3 = [A3 — 2Bz — a1 (127374 + ToT3T6 + ToT576 + TaT576)
— Q2T3T4T5]/TaT5Te

ay = [Ay — agBy — a1 (T3 + ToTs + T4T5)
— ao(7T37T4 + TaTe + T5T6) — Q3TaTs|/T5T6

as =[A1 —apBy — ai(m2 + 74+ 76) — aa(13 + 735)
— as(m4 + 76) — @a75)/76

aG:Ag—(a0+a1+a2+a3+a4+a5). (50)

IV. CONCLUSION

The synthesis of low-sensitivity LF MLF OTA-C filters based
on coefficient matching has been presented. The filter structures
are canonical, and every node has a grounded capacitor. All-pole
filters are realized using the basic LF structure, and filters with
arbitrary transmission zeros are synthesized using either input
distribution or output summation OTA networks. The explicit
and iterative design formulas derived (up to n = 6) are simple
and useful for quick design of LF-based all-pole and arbitrary
transmission zero filters without the need for reformulation.
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