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Abstract

This paper presents general fully balanced structures of
continuous-time OTA-C filters based on multiple loop
feedback (MLF) configurations. Both simple all pole and
complex arbitrary zero fully balanced implementations
are described. The general explicit iterative design for-
mulae for the filters based on the important LF structure
are presented. The design of fifth-order fully balanced LF
filters is considered.

1. Introduction

Multiple loop feedback (MLF) active filters [1] have the
advantage of both low sensitivity and arbitrary trans-
mission zeros, compared with cascade structures that
have high sensitivity and ladder topologies which can
implement only imaginary axis zeros. Note that non-
imaginary-axis zeros are required, for example, in equal-
izer design. OTA-C filters with multiple loop feedback
configurations have received considerable attention in
high frequency integrated continuous-time filter design [2-
11]. Both integrators [2-8] and biquads [9-11] are used in
the design. Integrator-based techniques may be most gen-
eral, as biquads themselves are constructed based on in-
tegrators. This is especially true in integrated OTA-C fil-
ter design, because single-OTA biquads are no longer at-
tractive as single-Opamp biquads in discrete Opamp-RC
filter design. References [2, 3] have proposed integrator-
based universal architectures using the IFLF structure
with output summation and input distribution respec-
tively. References [4, 5] have systematically explored the
generation and design of integrator-based multiple loop
feedback OTA-C filters with a new general unified design
~method having been developed and many new structures
obtained including the LF configuration.

Note that fully balanced structures are most widely uti-
lized in continuous-time integrated filter design, because
balanced structures can achieve a very high common-
mode rejection ratio and reduce both the even-order har-
monic distortion components and the effects of power sup-
ply noise. Also, in practice, the LF feedback configuration
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is one of the most important multiple loop feedback struc-
tures, since it has very low sensitivity. In this paper, we
hence propose a general method for generation of fully
balanced multiple loop feedback OTA-C filters and give
explicit design formulae for the filter design based on the
LF feedback structure.

2. General Fully-Balanced OTA-C
Structures

The general form of all-pole transfer functions can be ex-
pressed as

Hy(s) = Ao/(Bns™ + B 1" 4. .4+ Bis+1) (1)

The general single-ended all-pole multiple integrator
loop feedback OTA-C model [4, 5] can be converted into
the balanced equivalent by using differential four input
and two output OTAs (for example, the one in [6]) in in-
tegrators and mirroring the feedback network in the up-
per part to the lower part, as shown in figure 1. With
7; = Cj/gm; denoting the voltage integration constant of
the jth integrator and f;; the voltage feedback coefficient
from the output of the jth integrator to the negative in-
put terminal of the ith integrator, the transfer function
can be derived as

H(s) = 25 = 1/14(0)

(2)

where |A(s)| is the determinant of system coefficient ma-
trix A(s) of

st + ful fi2 fi3 fin
-1 st + f22 fa3 fon
-1 573 + fa3 fan

8Tn + fan

(3)

The feedback coefficent matrix F' = [f;;] has the prop-
erty that f;; # 0 if there is feedback between the negative
input terminal of integrator ¢ and the output of integra-
tor j; and otherwise, it is zero. The nonzero feedback
coefficient can always be realized using an OTA voltage
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amplifier and the zero feedback coefficient can be obtained
simply by an open circuit. The unity feedback coefficient
can also be achieved by direct wire connection. If all the
nonzero feedback coefficients are unity and are realized
with pure wire connection, the whole system then has
the minimum number of components.

Similarly, we consider fully balanced OTA-C structures
for the synthesis of the universal transfer function

Aps™ + Ap 15" o+ Ags + Ao
B,s* + B,_js" 1+ .-+ Bys+1

Hq(s) = (4)

The first general fully balanced OTA-C model for im-
plementing arbitrary filter characteristics is shown in fig-
ure 2. As depicted, this model is composed of a multiple
loop feedback OTA-C network and an output surnmation
OTA network. Denoting k; = gqj/gr, we derive the cir-
cuit transfer function

/
H(s) = Lf -
mn

}: A ()

where A;;(s) represent the cofactors of matix A(s). The
system poles are determined by 7; and f;; and the trans-
mission zeros may be controlled arbitrarily by transcon-
ductances g,; through weights k;.

The second fully balanced structures for implementa-
tion of finite transmission zeros is shown in figure 3. In
this configuration the voltage signal is applied to cir-
cuit nodes by an input distribution OTA network. With
Bj = 9aj/gmj and v = gmo/gr, we can formulate

Es)l Z ﬂJ'AJ'" (3)]

Again, any filter transmission characteristics may be re-
alized through adjusting distribution weights 3;, that is,
the associated g,;.

Note that if the maximum order in the numerator is
required to be n — 1, then we can remove the g,o OTA,
and the g,,0 and g, OTAs for ¥ = 1 and simply output the
voltage Vj, directly in the distribution case (this leads to
an advantage that the resistive summing node that will
have effects of the parasitics at very high frequencies is
avoided), while for the summation the g,o OTA should
be deleted. It is also of interest to note that when the
transadmittance functions are required, we can eliminate
the g, OTA in both the input distribution and ouput
summation configurations.

Vout-)—
Ving =v[Bo +

H(s) = (6)

3. Fully-Balanced LF Structures and
: Design Formulae

The design methods and formulae discussed systemati-
cally in [4, 5] are completely suitable for the design of

fully balanced structures presented in the above. We
now further give the design formulae for the important
LF feedback structure that corresponds to fi; = 1 for
j=1+1,i=1,2,---n—1and f,, = 1, and for the other
i’ja féj =0.

For the distribution form, A;, can be formulated in an
iterative way as

A1n(s) =1, Agn(s) = 715,

Ajn(s) = srj—lA(j—l)n (S) -+ A(j_z)n(s) (7)

where j = 3,4,5,---,n
For the summation type we determine Aq;(s) using

Aln(s) =1, Al(n—l)(s) =sm + 1,

A1j(s) = sTit1 A+ () + Arsa) (8)

where j=n—-2,n—-3,n—4,---,1.
|A(s)| can be obtained by

A= (e 4] = A ()
9
For any order, using the above iterative formulae and
equations (2), (5) and (6) we can derive the corresponding
transfer function H(s) = Vourt /Vin+ = N(s)/D(s). Take
the fifth-order as an example. In the all-pole case, using
(2) and (9) we have N(s) =1 and

5 4
D(s) = mmaTaT58° + T3S (Mo T3+ T Ty s+ T1TaTs

+737475) 8> +(T1 T2+ T T+ TaTa) s7 4+ (T + T34 T5)s+1 (10)

For the input distribution structure, using (6) and (7)
we have the numerator of the transfer function as (y = 1)

N(s) = BoTiTaTsTaTss® + (Bo + ;55)7'17'27'37'434

+Bo(rimaTs + TiTeTs + T TaTs + T3TaTs) + ByT17a73)s>
+[(Bo+PBs)(rime+T1Ta+T37a) + B3] + [Bo(T1+ T3+ T5)
+B4(m1 -+ 73) + Bami)ls + (Bo+ Bs + B+ B1)  (11)
For the output summation type, the numerator of the
transfer function is formulated using (5) and (8) as

4
N(S) = k‘()‘l']7“2T3T4T5.5‘5 + (k0T1T2T3T4 + ’C1T2T3T4T5)5 -+

[ko(TimaTs+T1Te Ts+T1 TaTs+T37aTs )+ k1T TaTa+ko T34 T5)5°
+ko(Ti 72 + T1Ta + T37a) + k1 (7273 + ToTs 4 TaTs) + kaTaTa
+hsrars]s® + [ko(ry + 73+ 75) + k172 + 74) + ka(7s + 75)

+hats + kats)s + (ko + k1 + ko + ks + ka + ks)  (12)

To realize the fifth-order transfer function in (4), the
pole parameters, 7; in the denominator of the transfer
function in (10) are determined as

Bs B,
T3 =
B ! B3—Bz7'5’ 3

B3 — BT
Bz — (B] - T5)T4’

T5 = T4 =
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_ By —(B1— 1)1y

T = (13)

o —— yM=Bi—-m—15
The numerator parameters, §; for the distribution type
and k; for the summation can be easily determined from
(11) and (12) with comparison with (4) in an iterative
way respectively, since 7; are determined by (13). Figure
4 shows a fifth-order low-pass filter realizing the numer-
ator coefficients of 4; =0, j =1,3,5, which is obtain-
able from figure 3 by removing the g,o OTA (5 = 0),
replacing the g0 and g, OTA’s by a direct connection,
and removing the gq2 and goa OTAs (B, = By = 0).
The numerator parameters can be determined as 5 =
As/By, 83 = (Ay — BsB3)/T172, b1 = Ao — (B3 + Bs)-

It can be shown that for any order n in any case of
all-pole and arbitrary zero realizations, the parameters,
i, kj or f; all can be determined explicitly. This will be
discussed separately.

4. Conclusions

General fully balanced multiple loop feedback OTA-C fil-
ter structures have been constructed based on the single-
ended counterparts previously proposed by the authors.
The design formulae for the low sensitivity LF feedback
structure have also been derived. The results in the pa-
per can also be extended for the design of current-mode
multiple loop feedback OTA-C filters [7, 8].
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