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ABSTRACT
In this paper, the analysis of noise and sensitivity for different BP filter designs is observed. Calcu-
lation of the voltage noise spectral density, root mean square (RMS) value of the noise voltage,
Schoeffler sensitivity and the multi-parameter sensitivity is done for the simply designed (SD)
active RC, noise and sensitivity optimized (NO and SO) active RC, operational transconductance
amplifiers (OTA-C) and switched capacitor (SC) filter designs. This is observed for the fourth-order
Chebyshev band-pass filter, with central frequency fc = 4 kHz, bandwidth 1 kHz and pass-band
ripple αmax = −0.1 dB. Cascade of two second-order sections is used for fulfilment realization
of all four observing designs. Programming tools, such as MATLAB and SPICE (LTspice), are also
used for the analyses.

Highlights

• Weused three different designs and optimization (noise and sensitivity) procedure for design
and optimize the fourth-order Chebyshev band-pass filter

• Our results suggest which design is best to use for improving noise and sensitivity of this filter
• MATLABandSPICE softwarewere used for calculations and simulations of different band-pass

filter designs and analysis of noise and sensitivity
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1. Introduction

In practice, we have different ways to realize the same
transfer function of the filter. The most frequently
used realization is the one with operational amplifiers
(OA). The OA realization provides a continuous-time
output voltage as well as low output impedance. Fur-
thermore, the realization with the general transcon-
ductance amplifier (OTA-C) is used for the purpose
of the high impedance output. Moreover, the realiza-
tionwith switched capacitors (SC) is another frequently
used type of the realization of the same filter transfer
function [1–3]. The SC realization of filter is suitable for
monolithic integrated technology conception. In this
conception, the filter is entirely made in a chip using
the thick and thin film technology.

During the design of the filter, we usually need to
fulfil specifications on amplitude and phase filter char-
acteristics. Furthermore, some other additional param-
eters of quality filter design can be observed. Some
of them are noise and sensitivity. The main goal is to
reduce noise and sensitivity to the maximum extent
possible, because the important transmitted informa-
tion can be covered with the superposition of noise on
the main signal. On the other hand, sensitivity shows

us a change in amplitude and in phase filter character-
istics during the change element values of a filter. This is
important because of the decision to choose appropri-
ate tolerance of elements for the application of a filter. In
this paper, designs, based on OA, OTA-C and SC real-
ization techniques to reduce noise [4] and sensitivity
[5,6] in a filter, will be shown. This paper is an extension
of the conference paper [4].

2. Realization

For our research, we used Chebyshev band-pass filter
with the normed transfer function shown in the below
equations [4]:

H(s) = H1(s) · H2(s) (1a)

H1(s) = 0.4525s
s2 + 0.2456s + 0.7066

(1b)

H2(s) = 0.4525s
s2 + 0.3475s + 1.415

(1c)

H(s) = 0.2048s2

s4 + 0.5931s3 + 2.207s2 + 0.5931s + 1
(1d)
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Figure 1. Fourth-order OA band-pass filter [4].

Chebyshev band-pass filter is denormed on a fre-
quency of 4 kHz. The transfer functions of the fourth-
order denormed Chebyshev band-pass filter and its
sections are shown below [4]:

H(s) = H1(s) · H2(s) (2a)

H1(s) = −5.3542 · 103s
s2 + 4.1764 · 103s + 7.5469 · 108 (2b)

H2(s) = −6.3969 · 103s
s2 + 3.4956 · 103s + 5.2869 · 108 (2c)

H(s) = 3.4251 · 107s2
s4 + 7.672 · 103s3 + 1.2979 · 109s2+
+4.8462 · 1012s + 3.99 · 1017

(2d)

2.1. Continuous-time active RC filters

The Single Amplifier Biquad (SAB) topology of the
band-pass filter is shown in Figure 1.

The cascade of two second-order sections is used for
realization. The transfer function of the circuit [4] is
shown as

H(s) =
∏

i=1,2
Hi(s) (3a)

Hi(s) =
−

(
1 + G4i

G3i

)
G11i
C1i

s

s2 + s
(
G2i
C1i

+ G2i
C2i

− G1iG4i
C1iG3i

)
+ G1iG2i

C1iC2i

(3b)

Element values can be calculated using manipulation
and comparison of Equations (2a) to (2c) with (3a) and
(3b), where C1i = C2i and R1i = R2i. Values in Table 1
are taken from [7].

Figure 2. Frequency response of the fourth-order continuous-
time active-RC SD [4].

Figure 3. Fourth-order OTA-C band-pass filter [4].

Frequency responses of the filter are shown in Figure
2. Using a simulating circuit, shown in Figure 1 and
element values fromTable 1, simulated values of the fre-
quency response are shown. The frequency response of
the calculated values is given using filter transfer func-
tion (2a) to (2c). A marginal difference between simu-
lated (dashed) and calculated (solid) characteristics can
be seen in the zoomed inset of Figure 2.

2.2. OTA-C filter

The cascade of two second-order general transconduc-
tance amplifier sections [8] is used for realization, as
shown in Figure 3.

Table 1. Element values of simply designed (SD), noise optimized (NO) and sensitivity optimized (SO) continuous active-RC filters
[7].

SD NO SO

1st section 2nd section 1st section 2nd section 1st section 2nd section

R11i 53.1915 k� 44.5208 k� 21.3238 k� 21.3238 k� 17.9569 k� 17.9569 k�
R12i 3.9075 k� 4.81995 k� 1.5299 k� 1.8538 k� 0.7667 k� 0.9238 k�
R2i 3.6401 k� 4.3491 k� 9.2824 k� 11.0902 k� 18.0187 k� 21.5280 k�
R3i 7.3529 k� 7.35294 k� 0.9866 k� 0.9866 k� 0.2025 k� 0.2025 k�
R4i 3.9789 k� 3.9789 k� 3.9789 k� 3.9789 k� 3.9789 k� 3.9789 k�
C1i 10 nF 10 nF 10 nF 10 nF 10 nF 10 nF
C2i 10 nF 10 nF 10 nF 10 nF 10 nF 10 nF
ki 1 1 2.55 2.55 4.95 4.95
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Figure 4. Frequency response of the fourth-order OTA-C band-
pass filter [4].

Table 2. . Element values of OTA-C filter.

1st section 2nd section

gm1i 2.7472mS 2.2993mS
gm2i 2.7472mS 2.2993mS
gm3i 0.41764mS 0.34956mS
gm4i 0.53542mS 0.63969mS
C1i 100 nF 100 nF
C2i 100 nF 100 nF

The transfer function of the circuit is shown as

H(s) =
∏

i=1,2
Hi(s) (4a)

Hi(s) =
(
gm4i
C2i

)
s

s2 + s
(
gm3i
C2i

)
+

(
gm1igm2i
C1iC2i

) (4b)

Element values of the OTA-C filter were calcu-
lated using a comparison of Equations (4a), (4b) with
(2a)–(2c). These element values are shown in Table 2.
Figure 4 shows frequency responses of theOTA-C filter.

2.3. Discrete time SC filter

Figure 5 explains the discrete time SC filter based on the
Sallen-Key (SAK) topology [9].

The forward Euler transformation (s = > (z-1)/Ts)
has been implemented for the calculation of the discrete
transfer function [10]. The sampling time Ts has been
calculated as Ts = 1/fs where fs = 4900fc.

H(z) = H1(z) · H2(z) (5a)

H1(z) = 5.8023 · 10−4 · (z − 1)
z2 − 1.9997z + 0.9997

(5b)

H2(z) = 5.8023 · 10−4 · (z − 1)
z2 − 1.9996z + 0.9996

(5c)

H(z) = 3.3667 · 10−7(z2 − 2z + 1)
z4 − 3.9992z3 + 5.9977z2−
−3.9977z + 0.9992

(5d)

The discrete transfer function of SC filter built on the
Sallen-Key topology is given by [4]

H(z) =
∏
i=1,2

Gi · a1i · (z − 1)
a2i · z2 − a3i · z + a4i

(6a)

Gi = 1 + C4i/C5i (6b)

a1i = C1iC2iCR1i (6c)

a2i = C2
1iC2i + C1iC2iCR1i + C2

1iCR2i

+ C1iC2iCR2i + C1iCR1iCR2i

+ C2iCR1iCR2i + C1iC2iCRfi

+ C1iCR2iCRfi + C2iCR2iCRfi (6d)

a3i = 2C2
1iC2i + C1iC2iCR1i + C2

1iCR2i

+ C1iC2iCR2i + C2iCR1iCR2i

+ C1iC2iCRfi + C2iCR2iCRfi

+ GiC1iC2iCRfi (6e)

a4i = C2
1iC2i + GiC1iC2iCRf (6f)

Figure 5. Fourth-order SC band-pass filter (SAK topology) [4].
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Figure 6. Frequency response of the fourth-order SC band-
pass filter [4].

Table 3. . Element values of SC filter [4].

1st section 2nd section

CR1i 37.9 pF 53.7 pF
CR2i 2.82 pF 2.52 pF
C1i 120 nF 120 nF
C2i 3.3 nF 3.3 nF
CRfi 125.5 pF 313.5 pF
C4i 2.15 nF 1.53 nF
C5i 2.55 nF 5.1 nF

Figure 7. Equivalent electrical noise circuit of the fourth-order
SD and NO band-pass filter [4].

Element values were calculated using a comparison of
Equations (5a)–(5c) with (6a)–(6f). Element values of
the SC filter are outlined in Table 3.

When comparing Figure 6 with Figure 2, we
can establish that Z-transformation has no unwanted
impacts on filter specifications.

3. Noise

3.1. Noise in filter with OA

An equivalent circuit of the active-RC filter for the cal-
culation of the voltage noise spectral density is shown
in Figure 7.

Current noise sources: Ini = √
4kT/Ri have been

inserted parallel to the resistors. Moreover, voltage

noise sources En = 2.5 nV/
√

Hz (for LT1007) have
been inserted at the input of the operational ampli-
fier. The value of the input current noise source
(In = 0.4 pA/

√
Hz) of the operational amplifier is

much lower than that the voltage noise source, and was
therefore neglected.

Equation (7) was used for the calculation of the
voltage noise spectral density [11]:

V2
n(ω) =

m∑
|TI,k(jω)|2(In,k)2 +

n∑
|TV ,l(jω)|2(En,l)2

(7)

In Equation (7), the transfer functions of the voltage
noise sources En,i and the current noise sources In,i
are denoted by TV ,l and TI,k, respectively. Total voltage
noise spectral density and noise components for both
sections are shown in Figure 8.

Using theoretical values based on thermal noise
sources in calculations and real elements noise mod-
els using SPICE, we can see the difference between
calculated and simulated values. Equation (8) shows a
calculation for the RMS value:

(E2n)ef =
∫ ω2

ω1

V2
n(ω)dω (8)

We used the optimization algorithm given in [7]
becausewewanted to reduce voltage noise spectral den-
sity of the filter. For decreasing noise results, all element
values were taken from [7], recalculated and tested in
MATLAB and SPICE. Figure 9(a) shows the total volt-
age noise spectral density of NO filter design, while
noise components are specified in Figure 9(b,c) for both
sections.

We can conclude that the noise-optimized filters
(NO) produce a smaller RMS noise value than the
non-noise-optimized filters (SD).

3.2. Noise in OTA-C filter

Figure 10 shows the equivalent circuit for the calcula-
tion of the voltage noise spectral density of the observed
OTA-C filter.

Voltage noise spectral density is calculated using
Equation (7). Figure 11 shows the total voltage noise
spectral density. Using theoretical values based on ther-
mal noise sources in calculations by MATLAB and
real elements noise models by SPICE, we can ascer-
tain the distinction between calculated and simulated
values. The noise components for both sections are
shown in Figure 11(b,c). In this design, LT1228 was
used as a transconductance amplifier. The mentioned
transconductance amplifier has the input voltage noise
source of En = 6 nV/

√
Hz and the input current noise

source In = 1.4 pA/
√

Hz. Considering these facts, the
current noise source is much lower than the voltage
noise source, and for this reason it was neglected in the
calculation.
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Figure 8. Noise voltage spectral density of the fourth-order SD band-pass filter and its components. (a) Total noise voltage spectral
density: simulated (dashed) and calculated (solid). Noise RMS value is En = 54.556 μV. (b) Section 1 noise voltage spectral den-
sity components. Noise RMS value is En = 34.805 μV. (c) Section 2 noise voltage spectral density components. Noise RMS value is
En = 42.011 μV [4].

Figure 9. Noise voltage spectral density of the fourth-order NO band-pass filter and its components. (a) Total noise voltage spectral
density: simulated (dashed) and calculated (solid). Noise RMS value is En = 20.412 μV. (b) Section 1 noise voltage spectral den-
sity components. Noise RMS value is En = 12.422 μV. (c) Section 2 noise voltage spectral density components. Noise RMS value is
En = 16.197 μV. [4].
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Figure 10. Equivalent electrical noise circuit of the fourth-order OTA-C band-pass filter [4].

Figure 11. Noise voltage spectral density of the fourth-order OTA-C band-pass filter and its components. (a) Total noise voltage
spectral density: simulated (dashed) and calculated (solid). Noise RMS value is En = 2.4384 μV. (b) Section 1 noise voltage spectral
density components. Noise RMS value is En = 1.5715 μV. (c) Section 2 noise voltage spectral density components. Noise RMS value
is En = 1.8645 μV. [4].

3.3. Noise in SC filter

Figure 5 shows the fourth-order SC band-pass filter.
The calculation of voltage noise spectral density [12]
of the equivalent circuit was based on [13]. The total
voltage noise spectral density and its components are
shown in Figure 12.

3.4. Noise comparison

Table 4 shows the RMS voltage noise value as the indi-
cator of noise reduction.

This value is measured between 0.1fc and 10fc,
where fc is the centre frequency of the band-pass filter.
The voltage noise spectral density, for all filter designs
studied in this paper, is shown in Figure 13.
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Figure 12. Noise voltage spectral density of the fourth-order discrete time SC band-pass filter and its components. (a) Total noise
voltage spectral density: simulated (dashed) and calculated (solid). Noise RMS value is En = 5.3954 μV. (b) Section 1 noise voltage
spectral density components. Noise RMS value is En = 3.2451 μV. (c) Section 2 noise voltage spectral density components. Noise RMS
value is En = 4.3022 μV. [4].

Figure 13. Noise voltage spectral density for: SD (dashed), NO
(dashed-dot), OTA-C (solid), SC (dot-dot) [4].

Table 4. . Noise RMS value comparison [4].

SD NO OTA-C SC

En 54.556 μV 20.412 μV 2.4384 μV 5.3954 μV

4. Sensitivity

4.1. Sensitivity in a filter with OA

A method for analysing sensitivity is described in [14].
Sensitivity analysis can be specified as the impact of
the deviation of passive element values xi on the filter

amplitude response characteristic |H(jω)|. The Schoef-
fler sensitivity was calculated using Equation (9), taken
from [14]:

I2s (ω) =
∑
i

(S|H(jω)|
xi )

2
(9)

where

S|H(jω)|
xi = d|H(jω)|

dxi
· xi
|H(jω)| (11)

For the comparison of the results, the multi-parameter
sensitivity was calculated by Equation (11):

M =
∫ ω2

ω1

I2s (ω)dω (11)

Furthermore, the simulation of filter sensitivity was
done using SPICE software for the Monte Carlo anal-
ysis. This analysis has been run over 100 passes with
±1% element tolerance.

The total Schoeffler sensitivity of the fourth-order
SD band-pass filter is given in Figure 14(a). Moreover,
Figure 14(b,c) shows the Schoeffler sensitivity compo-
nents for both filter sections. These values were calcu-
lated with MATLAB.

By monitoring Figure 14, we can conclude that the
sensitivity of R2i element in both sections has strongest
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Figure 14. Schoeffler sensitivity of the fourth-order SD band-pass filter. (a) Total Schoeffler sensitivity. The multi-parameter sensi-
tivity calculated in the bandwidth area is M = 2.3957·104. (b) Section 1 Schoeffler sensitivity components. (c) Section 2 Shoeffler
sensitivity components.

Figure 15. Monte Carlo analysis of the fourth-order SD band-
pass filter run over 100 passes with±1% element tolerance.

influence on the total amount of multi-parameter sen-
sitivity. To prove the results shown in Figure 14, Monte
Carlo analysis has been simulated with SPICE. Figure
15 shows Monte Carlo analysis of the fourth-order SD
band-pass filter.

We used optimization algorithmgiven in [7] because
wewanted to reduce sensitivity of the filter. For decreas-
ing sensitivity results, all element values were taken
from [7], recalculated and tested in MATLAB and

SPICE. Figure 16(a) shows the total sensitivity of the SO
filter design, while sensitivity components are specified
in Figure 16(b,c) for both sections.

The comparison concludes that the optimized fil-
ter has lower multi-parameter sensitivity values. The
Monte Carlo analysis of the fourth-order SO band-pass
filter is shown in Figure 17.

4.2. Sensitivity in OTA-C filter

Moreover, the Schoeffler sensitivity was calculated
using Equation (9) for the fourth-order OTA-C band-
pass filter and the results are shown in
Figure 18.

The strongest influence on multi-parameter sensi-
tivity of the fourth-order OTA-C band-pass filter in
both sections has a sensitivity of elements C1i, C2i, gm1i
and gm2i. Figure 19 shows Monte Carlo analysis of the
fourth-order SD band-pass filter.

Comparing Figures 15 and 17 with Figure 19, we
can conclude that the Monte Carlo analysis in Figure
19 shows much lower spreading in comparison with
the others, which is also confirmed with results of the
multi-parameter sensitivity.
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Figure 16. Schoeffler sensitivity of the fourth-order SO band-pass filter. (a) The total Schoeffler sensitivity. Themulti-parameter sen-
sitivity calculated in the bandwidth area is M = 8.2052·103. (b) Section 1 Schoeffler sensitivity components. (c) Section 2 Shoeffler
sensitivity components.

Figure 17. Monte Carlo analysis of the fourth-order SO band-
pass filter run over 100 passes with±1% element tolerance.

4.3. Sensitivity in SC filter

The total sensitivity of each component for both sec-
tions is calculated as in [4]. The total sensitivity of
the SC filter design is shown in Figure 20(a). Sensitiv-
ity components for both sections are shown in Figure
20(b,c).

The strongest influence on multi-parameter sensi-
tivity of the fourth-order SC band-pass filter in both

Table 5. . Multi-parameter value comparison.

SD SO OTA-C SC

M 2.3957·104 8.2052·103 7.2710·103 6.3969·103

sections gives a sensitivity of CR2i, C1i and C2i ele-
ments. TheMonteCarlo analysis of the fourth-order SC
band-pass filter is shown in Figure 21.

In comparison with all other observed filters, the
SC filter design in the bandwidth area has the lowest
spreading of amplitude response curve in Monte Carlo
analysis.

4.4. Sensitivity comparison

If the multi-parameter sensitivity is measured between
3500 and 4500Hz as the indicator of sensitivity reduc-
tion, comparison of sensitivity in all observed designs
is given in Table 5. Figure 22 shows the Schoeffler
sensitivity of all filter designs studied in this paper.

5. Conclusion

The noise and sensitivity comparison of different fil-
ter designs is analysed in this paper. Four different
designs were observed. The RMS voltage noise and
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Figure 18. Schoeffler sensitivity of the fourth-order OTA-C band-pass filter. (a) The total Schoeffler sensitivity. The multi-parameter
sensitivity calculated in thebandwidth area isM = 7.2710·103. (b) Section1 Schoeffler sensitivity components. (c) Section2 Shoeffler
sensitivity components.

Figure 19. Monte Carlo analysis of the fourth-order OTA-C
band-pass filter run over 100 passes with ±1% element toler-
ance.

multi-parameter sensitivity were used as a measure.
The calculation of RMS voltage noise value (0.1fc to
10fc) indicated that the noise improvement for NO
design is 2.5 times, OTA-C design 20 times and SC
design 10 times, lower in comparison with SD (Šverko
et al., 2019). Comparing the RMS voltage noise as a
numeric indicator, it can be concluded that the OTA-C
filter results in the lowest noise. Moreover, the calcu-
lation of the multi-parameter sensitivity between 3.5
and 4.5 kHz showed us that the sensitivity improve-
ment for SOdesign is 2.9 times,OTA-Cdesign 3.3 times
and SC design 3.75 times, lower in comparison with
SD. According to that, the best sensitivity reduction is
acquired using SC design.
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Figure 20. Schoeffler sensitivity of the fourth-order SC band-pass filter. (a) The total Schoeffler sensitivity. Themulti-parameter sen-
sitivity calculated in the bandwidth area is M = 6.3969·103. (b) Section 1 Schoeffler sensitivity components. (c) Section 2 Shoeffler
sensitivity components.

Figure 21. Monte Carlo analysis of the fourth-order SC band-
pass filter run over 100 passes with±1% element tolerance.
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