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Abstract Accurate capacitance matching is one of the main design issues in
switched-capacitor (SC) filters. Using identical unit capacitors in parallel to imple-
ment each filter capacitor, combined with a careful layout design, can provide an
accuracy of 0.1% in the filter coefficients. The disadvantage of this technique is the
fact that it can be directly applied only if the coefficients can be expressed as ratios
of integer numbers. As a result, coefficient approximations are required, leading to
frequency response errors. In this paper, a genetic algorithm (GA) is used to find
the optimum capacitance ratio approximations by rational numbers that minimize the
total number of unit capacitors for a given error tolerance in the frequency response.
Design examples in 0.35 µm CMOS are presented and simulated to illustrate the
proposed approach and verify its effectiveness.

Keywords Capacitance matching · Switched-capacitor filters · Genetic algorithms

1 Introduction

The majority of CMOS fabrication processes do not provide an acceptable accuracy
for the absolute values of passive components such as capacitors and resistors. Due to
this drawback, the design of a reliable integrated continuous-time filter requires some
automatic tuning circuitry [34]. On the other hand, CMOS processes can provide
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good component matching, meaning that relative values can be implemented very
accurately [23, 30]. Since the coefficients of an switched-capacitor (SC) filter depend
exclusively on capacitance ratios, it is possible to accurately implement an SC filter in
a standard CMOS process without any automatic tuning circuitry [10, 11]. Because
of this feature, SC filters became very popular in analog integrated circuits design
[10, 15].

According to [24, 28, 35], the most successful technique employed to achieve sat-
isfactory capacitance matching consists in using identical unit capacitors in parallel
to implement each filter capacitor. Consequently, both area and perimeter of capacitor
plates will be matched. Combined with a careful layout design [28], this technique
can provide an accuracy of 0.1% in capacitance ratios [15, 24]. Consider, for instance,
a capacitance ratio given by C1/C2 = 3/4. According to this technique, C1 will be
implemented with three unit capacitors in parallel, and C2 with four.

However, differently from the above example, the coefficients of an SC filter are
not expressed as integer ratios in general [10]. Hence, some approximations are nec-
essary in order to express the capacitance ratios as rational numbers, but these ap-
proximations have the disadvantage of producing deviations in the filter frequency
response. Furthermore, there is a trade off between the number of unit capacitors
necessary to implement a given capacitance ratio and the resulting approximation
errors. For instance, consider the capacitance ratio C3/C4 = 0.4376. This value can
be approximated by C3/C4 ≈ 4/9 ∼= 0.4444, with an error of 1.56%. Alternatively,
the same ratio could be approximated by C3/C4 ≈ 7/16 ∼= 0.4375, with an error of
0.023%. The latter approximation has the lowest error, but requires 23 unit capacitors
to implement both C3 and C4, against only 13 in the first one. An SC filter using the
second approximation would have the lowest frequency response error, but it would
require roughly twice the die area of the first one.

In digital filter designs there is a similar problem, where the coefficients must be
quantized to be represented by finite precision binary words [1, 12, 17, 18, 20, 37].
However, the problem involving SC filters is fundamentally different. In digital filter
designs, the number of bits employed to represent the coefficients is usually fixed,
and the objective is to find suitable approximations for all coefficients in order to
minimize deviations in the filter frequency response. In SC filter designs, on the
other hand, the filter coefficients are not represented with the same precision, and
the approximation errors can be made arbitrarily small, depending on how many unit
capacitors are used in parallel to implement each capacitance ratio.

The subject of SC filter design optimization to save die area have already been
addressed in some previous works [6, 7, 14, 16, 21, 22, 33]. In these papers, the main
concern was finding the capacitance assignment that minimizes the total capacitance
required by the SC filter implementation and the capacitance spread. Sensitivity min-
imization was also considered in [33], in addition to total capacitance optimization.
The present work, on the other hand, is concerned with another step in the design
of SC filters. Once real values have been assigned to the capacitance ratios, possibly
using one of the methods presented in [6, 7, 14, 16, 21, 22, 33], these values have to
be approximated by integer ratios before the layout design.

In [8] and [26], the approximations were carried out using a deterministic search
algorithm to minimize the deviations in the filter frequency response, but the method
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was not strongly concerned in minimizing the total number of unit capacitors. In [27],
a discrete optimization method is applied separately to each biquad of a cascade SC
filter. The main drawback of this approach is that it does not exploit the fact that
the frequency response deviation of one biquad can be compensated by the deviation
of other sections. In addition, the algorithm complexity is highly influenced by the
number of capacitors considered, making it prohibitive to carry out the optimization
procedure over all biquad sections simultaneously.

The purpose of this paper is to present a new design method to approximate the
capacitance ratios of an SC filter, such that the total number of unit capacitors can be
minimized for a given error tolerance in its frequency response. A genetic algorithm
(GA) is used to solve the optimization problem. This method was chosen because
it can successfully find the global minimum of optimization problems whose cost
functions contain several local minima. In addition, since this optimization problem
is discrete, because the capacitance ratios must be expressed as integer ratios, GA’s
can successfully deal with this class of problem [9, 13, 25]. In [12], for instance, a GA
was used to find the optimum coefficient quantization of a digital filter to minimize
the frequency response error. In the design of SC filters, a GA have already been
used in [5] to optimize the filter with respect to the resistance of the switches and the
parameters of the operational amplifiers.

In this paper, the proposed design method is applied to two frequently used SC
filter topologies. The first example is the design of a band-pass SC filter, derived
from a passive ladder prototype. The second example is the design of a low-pass
SC filter comprising Fleischer and Laker biquads [7]. Both designs were carried out
considering a 0.35 µm CMOS process.

In Sect. 2 there is a brief description of the preliminary design of both the SC
ladder filter and the SC biquad filter, respectively. In Sect. 3, the proposed design
method is presented in detail. The results obtained through the application of the
proposed method to the design examples are presented in Sect. 4. Finally, the results
are discussed and conclusions are presented in Sect. 5.

2 SC Filter Design

In this section, a brief description of the preliminary design of the SC filters is pre-
sented. These designs utilize well-known techniques to obtain the ideal values of the
capacitance ratios that will be approximated by the proposed method.

2.1 Band-pass SC Ladder Filter

The original filter specifications are as follows:

• Pass-band between 10 and 30 kHz;
• Stop-band below 5 kHz and above 50 kHz;
• Pass-band ripple of 1 dB;
• Stop-band minimum attenuation of 30 dB.
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Fig. 1 The original passive
double-terminated ladder
prototype

In order to account for approximation errors, the pass-band ripple was changed
from 1 to 0.5 dB. Using a sixth-order Elliptic approximation, a passive doubly-
terminated ladder prototype can be obtained through classical synthesis methods
[29, 36]. The passive ladder prototype is presented in Fig. 1.

The SC filter is derived from the passive prototype using well-known techniques
[3, 4, 10, 19]. The s-domain state-space equations of the ladder network are replaced
by z-domain equations using the bilinear transform. Even though the bilinear trans-
form has been used, it is possible to express the z-domain state-space equations using
Euler integrators, as shown in [3]. Accordingly, z-domain the state-space equations
of the ladder network in Fig. 1 can be expressed as follows:

(−V1) = 1

A
· −1

1 − z−1
· [A1

(
1 + z−1)Vin + A2(−V1) + A3

(
1 + z−1)(−I1)

+ A4
(
1 − z−1)V2

]; (1)

(
1 + z−1)(−I1) = 1

B
· z−1

1 − z−1
· [B1(−V1) + B2V2

]; (2)

V2 = 1

D
· −1

1 − z−1
· [D1

(
1 − z−1)(−V1) + D2

(
1 − z−1)(−Vo)

+ D3
(
1 + z−1)I2

]; (3)

(
1 + z−1)I2 = 1

E
· z−1

1 − z−1
· [E1V2 + E2(−V1) + E3(−Vo)

]; (4)

(−Vo) = 1

F
· −1

1 − z−1
· [F1(−Vo) + F2

(
1 + z−1)(−I3)

+ F3
(
1 − z−1)V2

]; (5)

(
1 + z−1)(−I3) = 1

G
· z−1

1 − z−1
· [G1(−Vo) + G2V2

]
. (6)

In the above equations, the state variables V1, V2, Vo, I1, I2 and I3 correspond to
voltages and currents in the passive prototype. The constants in (1–6) can be directly
obtained from the passive components of the ladder network in Fig. 1 and from the
sampling period [3, 4]. In this design, the adopted sampling frequency was 200 kHz.

Finally, the SC filter is obtained by implementing (1–6) with SC Euler integra-
tors [10], leading to the circuit presented in Fig. 2, where the constants in the above
state-space equations represent the filter capacitances.

The values of the capacitance ratios in (1–6) were obtained from the passive ladder
prototype, and were modified to scale the dynamic range in the output of all opera-
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Fig. 2 SC filter obtained from
the passive ladder prototype
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Table 1 Original values of the
capacitance ratios of the SC
ladder filter and its
approximations expressed in a
rational and decimal form

Ratio Original value Approximation

A1/A 0.1424678518 1/7 0.1428571429

A2/A 0.1988208250 1/7 0.1428571429

A3/A 0.5755616856 4/7 0.5714285714

A4/A 0.8591091894 6/7 0.8571428571

B1/B 0.2667412564 5/20 0.2500000000

B2/B 0.0519868029 1/20 0.0500000000

D1/D 0.6491080042 8/12 0.6666666667

D2/D 0.0874014591 1/12 0.0833333333

D3/D 0.4075589886 5/12 0.4166666667

E1/E 0.7325190006 12/16 0.7500000000

E2/E 0.0554706315 1/16 0.0625000000

E3/E 0.3649896636 6/16 0.3750000000

F1/F 0.4303146309 3/7 0.4285714286

F2/F 1.4774612952 10/7 1.4285714286

F3/F 0.4876006943 3/7 0.4285714286

G1/G 0.5014549462 1/2 0.5000000000

G2/G 0.5616950041 1/2 0.5000000000

tional amplifiers in Fig. 2. In Table 1, the original values of the capacitance ratios are
presented. The final design step is approximating those values by rational numbers.

According to Table 1, there are groups of capacitance ratios with the same denom-
inator. Since each denominator represent one capacitor in Fig. 2, those capacitance
ratios must be approximated by rational numbers with the same integer denominator.
This characteristic adds another constraint to the approximation problem.

2.2 Low-pass Biquad Filter

The original specifications of the low-pass biquad filter are:

• Pass-band edge of 10 kHz;
• Stop-band edge of 20 kHz;
• Pass-band ripple of 1 dB;
• Stop-band minimum attenuation of 40 dB.

Following the same steps adopted in the previous design, the original pass-band
ripple was also changed from 1 to 0.5 dB. The modified specifications can be satisfied
by a fourth order Elliptic filter, and hence the SC filter requires two cascaded biquad
sections.

The Fleischer and Laker biquad, shown in Fig. 3, was adopted to implement the
SC filter. The biquad transfer function is given by [7]:

T (z) = − DI + (AG − DI − DJ)z−1 + (DJ − AH)z−2

D(F + B) + (AC + AE − DF − 2DB)z−1 + (DB − AE)z−2
. (7)
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Fig. 3 The Fleischer and Laker biquad

The above transfer function can be rewritten as:

T (z) = −
I
B

+ (A
B

G
D

− I
B

− J
B

) z−1 + ( J
B

− A
B

H
D

)z−2

(F
B

+ 1) + (A
B

C
D

+ A
B

E
D

− F
B

− 2) z−1 + (1 − A
B

E
D

) z−2
. (8)

Similarly to (1–6), the coefficients of the transfer function (8) are expressed in terms
of capacitance ratios, and there are also groups of ratios with the same denominator.

According to (1–6) and (8), the denominators of the capacitance ratios are com-
posed by the feedback capacitances of the SC integrators, whereas the numerators are
determined by the corresponding input capacitances of each integrator. In general,
state-space equations and transfer functions of SC filters have these properties [10],
[32]. Hence, the constraint of approximating a group of capacitance ratios by rational
numbers with the same denominator is present in almost all practical designs of SC
filters.

The filter capacitance ratios were obtained through the design procedure described
in [7], including dynamic range scaling. Their original values are listed in Table 2,
for both biquad sections. In this design example, the E-type biquad was adopted for
both sections. However, the approximation method proposed in this paper could also
be applied to F-type biquads.

Since the capacitances H and F are equal to zero in both biquad sections, the
corresponding capacitors can be removed from the circuit in Fig. 3. Furthermore,
since the capacitances I and J have the same value, the corresponding capacitors can
be replaced by a single capacitor, as shown in [7].

Despite their differences, both designs presented in this section have similar sets
of capacitance ratios, which should be approximated by rational numbers to improve
the capacitance matching. In general, this situation is found in the design of SC fil-
ters [10].
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Table 2 Values of the
capacitance ratios of both
biquad sections and its
approximations expressed in a
rational and decimal form

Section Ratios Original value Approximation

1° A1/B1 0.1508203693 4/28 0.1428571429

I1/B1 0.0356849731 1/28 0.0357142857

J1/B1 0.0356849731 1/28 0.0357142857

C1/D1 0.2579469629 1/4 0.2500000000

E1/D1 1.6495617485 7/4 1.7500000000

F1/B1 0.0000000000 0 0.0000000000

G1/D1 0.2576069766 1/4 0.2500000000

H1/D1 0.0000000000 0 0.0000000000

2° A2/B2 0.2892344370 2/7 0.2857142857

I2/B2 0.3352717385 2/7 0.2857142857

J2/B2 0.3352717385 2/7 0.2857142857

C2/D2 0.3442247419 5/14 0.3571428571

E2/D2 0.2783862246 4/14 0.2857142857

F2/B2 0.0000000000 0 0.0000000000

G2/D2 0.3253980015 5/14 0.3571428571

H2/D2 0.0000000000 0 0.0000000000

3 The Proposed Design Method

The capacitors in an SC filter should be implemented using an integer number of unit
capacitors in parallel to achieve good matching. Accordingly, the problem consists in
finding rational numbers to approximate the original values of the filter capacitance
ratios, such that the total number of unit capacitors is minimized for a given tolerance
for frequency response deviations. As mentioned previously, in order to account for
approximation errors, both filters were designed with a ripple of 0.5 dB instead of
1 dB. Therefore, the frequency response deviations are allowed to be at most 0.25 dB
above and below the pass-band, leading to the maximum acceptable approximation
error of

ε = ∣∣H ′(ω) − H(ω)
∣∣
max ≤ 0.25 dB. (9)

Approximating the capacitance ratios is a multimodal optimization problem,
which involves integer variables. The well-known gradient-based optimization algo-
rithms are generally fast and efficient, but not applicable to problems with the above
features [9]. In addition, those algorithms get trapped in local minima, because they
are not able to discard inferior local solutions in favor of better ones.

Genetic algorithms, on the other hand, are a set of stochastic search methods based
on the natural evolutionary process [9, 25]. A GA starts with a population composed
of individuals, which are possible solutions for the optimization problem (i.e. points
in the search space). The data of each individual are coded in an array known as
chromosome. In addition, a fitness value is attributed to each individual to measure
how good it is, compared with the others in the same population. In each generation
(i.e. iteration of the algorithm), the fittest individuals in the population are selected
to reproduce, similarly to the natural selection. Hence, the selected individuals are
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recombined to generate their offspring. The recombination process is simulated by
a crossover mechanism that exchanges portions of the chromosomes between two
individuals, producing two new chromosomes with the combined features of their
parents [9]. The natural selection provides the suitable mechanism for the best solu-
tions to survive, and produce new ones that can be even better.

New genetic information is introduced in a population through mutations. This
operation causes random changes in some chromosomes in order to allow the genetic
search to escape from local minima. The mutation ratio is a pre-defined parameter.

There is an additional genetic operation called elitism. This operation maintains
the best individual of a population in the next generations to preserve the best features
until a better individual is obtained.

The selection, crossover and mutation are the basic genetic operations, and are
repeated at each generation. As a result, successively better individuals are expected
to be produced along the generations, and this process is repeated until some pre-
determined criteria are satisfied. A detailed description of the proposed method to
accomplish the capacitance ratio approximation is given below.

3.1 Chromosome Coding

An issue concerning the application of a GA to solve a particular optimization prob-
lem is how to represent the coordinates of a specific point in the search space in a
chromosome. The most widely adopted representation is an array of bits, where each
parameter is coded by a subset of those bits, which is called gene.

The objective of this problem is to attribute a suitable integer number to each filter
capacitance, which represents the number of identical unit capacitors in parallel used
to implement it. If an integer denominator NC2 is given to approximate a capacitance
ratio C1/C2, the integer NC1 that minimizes the error between the approximated
integer ratio NC1/NC2 and the original capacitance ratio C1/C2 is

NC1 =
[
C1

C2
· NC2

]
, (10)

where the square brackets represent the operation of rounding off the input argument
by the nearest integer.

As a result, given the denominator of an integer ratio, the best integer that should
be assigned to the numerator is directly obtained by (10). Thus, the integer values
used to approximate the denominators completely characterize an individual in the
search space. One advantage of using only the denominators as variables, instead of
all capacitances, is the reduction in the number of points in the discrete search space,
making the GA to converge faster.

Accordingly, each gene in a chromosome corresponds to an integer denominator
that belongs to a set of capacitance ratios. Hence, it can be seen in Table 1 that the
chromosomes used in the design of the SC ladder filter must have six genes, and in
Table 2 that the chromosomes used in the design of the SC biquad filter requires four
genes, two for each biquad section.

In order to define the number of bits to represent the integer denominators in a
chromosome, it is necessary to define lower and upper limits for each of them. It
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Fig. 4 Maximum frequency response error in filter pass-band caused by different integer approximations
for the denominator B of the SC ladder filter

must be pointed out that the total number of bits in a chromosome defines the search
space dimension (i.e. the total number of possible individuals), and reducing this
dimension increases the convergence rate of the GA.

Since the number of unit capacitors in parallel used to implement each filter ca-
pacitor is a nonzero positive integer, the lower limit ML for each denominator must
be the smallest positive integer that produces only nonzero positive integers for its
respective numerators in (10). Following this definition, the lower limits of each de-
nominator in the design examples are given in Table 3.

On the other hand, the upper limit MU of each denominator should be the smallest
integer such that it is possible to guarantee that exists at least one integer denomi-
nator ND < MU that produces an acceptable frequency response error, according to
(9). The upper limit of a particular denominator is found by approximating exclu-
sively the set of capacitance ratios with that denominator by integer ratios, whereas
the others preserve their original values. The integer numerators of the approximated
ratios are obtained through (10). Hence, the approximated frequency response of the
SC filter is evaluated for different integer approximations of that denominator, start-
ing from its lower limit. The absolute error between the original and the approximated
frequency response is plotted for each integer approximation. The graph obtained for
the denominator B in the SC ladder filter is presented in Fig. 4. A similar graph is
shown in Fig. 5 for the denominator B1 (i.e. the denominator B of the first biquad
section) of the SC filter designed in Sect. 2.2. Similar graphs can be plotted for the
other denominators of both design examples.

The graphs shown in Figs. 4 and 5 have local minima which are lower than the
maximum acceptable error ε defined in (9). Those minima are thus good candidates
for the solution of the optimization problem. The upper limit MU should be higher
than at least one of those local minima. A reasonable choice is the second smallest
local minimum that produces an error inferior to 0.25 dB. Following this rule, the
upper limit of the denominator B in the SC ladder filter should be 38, according to
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Fig. 5 Maximum frequency response error in filter pass-band caused by different integer approximations
for the denominator B1 of the SC biquad filter

Table 3 Lower and upper
limits of the denominators of all
capacitance ratios and the
number of bits required to
represent each range

Band-pass Ladder Filter

Denominators Lower limits Upper limits Bits

A 4 22 5

B 10 38 5

D 6 22 4

E 10 36 5

F 2 39 6

G 1 32 5

Low-pass Biquad Filter

Denominators Lower limits Upper limits Bits

B1 28 53 5

D1 4 27 5

B2 7 24 5

D2 4 44 6

Fig. 4. On the other hand, the upper limit of the denominator B1 in the SC biquad filter
should be 53, according to Fig. 5. The upper limits of all denominators, determined
using the same idea, are presented in Table 3.

3.2 Fitness

A critical issue concerning GAs is the cost function that assigns a fitness value to
every individual in a population. In the design approach proposed in this paper, the
cost function is defined for each individual I , as

fc(I ) = Runit(I ) + P(I) + αEav(I ), (11)



Circuits Syst Signal Process

where Runit(I ) is the ratio between NI , the total number of unit capacitors required by
the individual I , and its worst case Nmax, the total number of unit capacitors required
when all denominators assume their upper limits; P is a penalty factor to increase
the value of the cost function if the frequency response error exceeds the acceptable
error (9); Eav(I ) is the average frequency response error in the filter pass-band, and
α is a scaling factor, which is discussed later. Observe that, by definition,

0 < Runit(I ) ≤ 1, (12)

for all individuals I .
The penalty P(I) is defined considering the frequency response of the filter im-

plemented with the approximations proposed by the individual I . Hence,

P(I) =
{

0, if −0.75 dB ≤ |HI (ω)| ≤ 0.25 dB for ω ∈ PB,

1 + δI , else,
(13)

where

δI = max
{(∣∣HI (ω)

∣∣ − 0.25
)
,
(−0.75 − ∣∣HI (ω)

∣∣)}, (14)

and PB is the filter pass-band. In this case, it is considered that the filter was designed
with a pass-band ripple between 0 and −0.5 dB. Hence, according to (9), the maxi-
mum acceptable ripple for the pass-band of the approximated frequency response is
between 0.25 and −0.75 dB.

The purpose of those definitions is to make the cost function value less than one if
its respective approximation produces an acceptable error in the frequency response,
otherwise it will be greater than one.

The average frequency response error Eav(I ) is defined as

Eav(I ) = 1

M

M∑

i=1

∣∣HI (ωi) − Hideal(ωi)
∣∣, (15)

where Hideal(ωi) is the filter frequency response at ωi , implemented using the orig-
inal values of the capacitance ratios, and M is the number of frequency samples
considered within the filter pass-band. The role of Eav(I ) in (15) is to enable the GA
to select, between two individuals with the same number of unit capacitors, the one
that produces the least average frequency response error. Accordingly, the factor α

is chosen to make fc(I1) < fc(I2) when Runit(I1) < Runit(I2), regardless of Eav(I1)

and Eav(I2), for any individuals I1 and I2. Since Runit(I ) is defined by NI/Nmax,
then the minimum nonzero value of |Runit(I2) − Runit(I1)| is 1/Nmax, for any I1 and
I2. In addition, when P(I) = 0, then Eav(I ) ≤ εmax. Therefore, in general, the factor
α can be chosen as

α ≤ 1

εmaxNmax
. (16)

In this problem, εmax = 0.25 dB. Thus, a suitable choice for the coefficient α can be
1/Nmax.



Circuits Syst Signal Process

Finally, since our optimization problem minimizes the cost function fc(I ), the
fitness value, attributed to every individual, is defined as

fitness(I ) = 1

fc(I )
, (17)

because fc(I ) �= 0, for any individual I . Hence, the fittest individual will be the one
that presents the minimum cost function.

3.3 Initial Population

Usually the GA is started with an initial population of individuals generated ran-
domly. In this work, the initial population is composed by 1000 individuals, where
one of them is included with a guess of the best solution, and the others are generated
randomly. The purpose of including a guess of the best solution is to include good
integer values in the population at the beginning of the search. This practice helps the
GA to find the optimal solution faster. A good guess can be obtained from the plots
in Figs. 4 and 5, obtained for all denominators of the ladder and the biquad filters,
respectively.

For the ladder filter design example, choosing the integer associated with the first
local minimum that produces an error less than 0.25 dB for each denominator yields
the initial guess

I0 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

A = 13,

B = 19,

D = 12,

E = 19,

F = 16,

G = 16.

(18)

Similarly, for the low-pass filter using biquads, the initial guess is

I0 =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

B1 = 34,

D1 = 27,

B2 = 24,

D2 = 61.

(19)

Both the guesses (18) and (19) produce an acceptable frequency response error, ac-
cording to (9). The total number of unit capacitors, including numerators and denom-
inators, is 216 for the guess (18), and 284 for the guess (19).

3.4 Selection and Crossover

The individuals are selected to reproduce using the roulette wheel scheme [9], where
the fittest individuals are more likely to be chosen. The chromosomes of the selected
individuals are recombined to generate descendants using the one-point crossover
mechanism [9]. In this design, 60% of the population is selected to recombine at each
generation.
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3.5 Mutation

Mutation is performed by toggling bits selected randomly in chromosomes of the
population. The number of selected bits at each generation is determined by the mu-
tation rate [9]. In this design, the mutation rate was 5%.

3.6 Elitism

In order to preserve the genes that produced the best individual of a population, the in-
dividual with the worst fitness is replaced by the best one at the end of each iteration.
This practice avoids the GA to loose the combination of genes that can potentially
produce better individuals.

3.7 Criterion to Terminate the Search

The genetic search is stopped when the number of generations evaluated reaches a
limit L. In this design, the limit was L = 10000.

4 Results

4.1 Band-pass Ladder Filter

The proposed method was applied to the SC band-pass ladder filter designed in
Sect. 2.1. After ten trials, with different initial populations generated randomly, the
best solution found to approximate the capacitance ratios is presented in Table 1, re-
quiring a total of 133 identical unit capacitors. Hence, the achieved solution needs a
total number of unit capacitors which is approximately 62% of the total required by
the initial guess (18).

A comparison between the frequency response of the filter with approximated
capacitance ratios and the one with its ideal values is shown in Fig. 6. Since the output
voltage of the SC filter is sampled at the fase φ1 only, the maximum gain verified
in the pass-band was −6.02 dB. According to the original filter specifications, the
resulting approximation errors are totally acceptable.

4.2 Low-pass Biquad Filter

The proposed method was also applied to the SC low-pass biquad filter designed in
Sect. 2.2. After ten trials, with different initial populations generated randomly, the
best solution found to approximate the capacitance ratios is presented in Table 2,
requiring a total of 85 identical unit capacitors. Hence, the achieved solution requires
a total number of unit capacitors which is approximately 30% of the total required by
the initial guess (19).

A comparison between the frequency response of the filter with approximated ca-
pacitance ratios and the one with its ideal values is shown in Fig. 7. According to the
original filter specifications, the resulting approximation errors are also acceptable.
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Fig. 6 Comparison between the frequency response of the band-pass ladder filter with approximated
capacitance ratios and with its original values

4.3 Monte Carlo Analysis

Both designed filters with the approximated capacitance ratios were simulated using
the Spectre simulator, considering a standard 0.35 µm CMOS implementation with
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Fig. 7 Comparison between the frequency response of the low-pass biquad filter with approximated ca-
pacitance ratios and with its original values

differential structure. The internal circuit of the operational transconductance am-
plifiers (OTA) employed in these simulations is shown in Fig. 8, where the current
sources Ib were implemented by cascode current mirrors. The output common mode
voltage is controlled through the common-mode feedback (CMFB) circuit presented



Circuits Syst Signal Process

Fig. 8 OTA internal structure, using folded cascode amplifiers with gain boosting

in [2]. In both filters, each unit capacitor was implemented with a capacitance of
200 fF.

The results of the Monte Carlo simulation of the frequency response are presented
in Fig. 9 for the band-pass ladder filter, and in Fig. 10 for the low-pass biquad filter.
Those results were obtained considering random variations of the fabrication process
parameters, and they illustrate how reliable both filters are, if a good capacitance
matching is achieved.

5 Conclusions

This paper proposed a new method to approximate the capacitance ratios of an SC
filter by integer ratios. As a result, the capacitors in the approximated ratios can be
implemented as a parallel association of identical unit capacitors, which is the most
successful technique employed to achieve good matching. Design examples devel-
oped in 0.35 µm CMOS were presented.

The optimization employing GAs could successfully find suitable approximations
for all capacitance ratios, in which the total number of unit capacitors was minimized
for a given frequency response error tolerance. The main advantage of using GAs is
the fact that they can find better approximations than the ones obtained by determin-
istic methods, such as the procedure described in [31]. In addition, the same method
was successfully employed to approximate the capacitance ratios of two different de-
sign examples, which used the most widely employed SC topologies: passive ladder
network simulation and a cascade of biquad sections.
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Fig. 9 Results of 100 trials of a Monte Carlo simulation of the band-pass ladder filter, considering fabri-
cation process parameters deviations

The major concern of this paper was the design of SC filters. However, there
are several microelectronic circuits that require good component matching, such as
switched-current filters and continuous-time filters, where the filter and its automatic
tuning circuitry must be very well matched [34]. Therefore, the proposed method can
be adapted to approximate the component ratios of those designs by rational numbers
as well.
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Fig. 10 Results of 100 trials of a Monte Carlo simulation of the low-pass biquad filter, considering fabri-
cation process parameters deviations

Finally, the designer might change the cost function used in this paper to include
additional constraints concerning the filter stop-band, quality factor or any other rel-
evant parameter in order to produce an acceptable approximation.
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