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Abstract

Low-pass active filters represent fundamental building blocks in modern analog signal processing
systems. This research presents a comprehensive investigation into the design, simulation, and
performance evaluation of second-order low-pass active filters employing operational amplifiers as the
primary active elements. The Sallen-Key topology was selected for implementation due to its
simplified component count and favorable sensitivity characteristics (1. A cutoff frequency of 1.2 kHz
with unity passband gain was targeted for audio frequency applications. SPICE-based simulations were
conducted using industry-standard TLO72 operational amplifiers to validate the theoretical transfer
function predictions . The filter demonstrated a measured cutoff frequency of 1.183 kHz,
representing a deviation of merely 1.42% from theoretical calculations. Total harmonic distortion
remained below 0.37% across the passband frequency range, confirming excellent linearity
performance. Phase margin measurements indicated adequate stability with values exceeding 52
degrees under all tested load conditions ¥l Component sensitivity analysis revealed that capacitor
tolerances exhibited the most significant impact on frequency response accuracy. Temperature stability
testing over the range of 15°C to 45°C showed frequency drift of less than 2.8%, meeting commercial
grade specifications. The research findings validate the suitability of operational amplifier-based active
filters for precision audio and instrumentation applications requiring predictable frequency domain
characteristics [,

Keywords: Active filters, operational amplifiers, Sallen-Key topology, low-pass filter, frequency
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Introduction

What makes certain filter topologies superior for specific applications while others fall short?
This fundamental question drives the ongoing research into active filter design
methodologies. Active filters employing operational amplifiers have maintained their
relevance in analog signal processing despite the proliferation of digital alternatives 1. Their
ability to provide gain, low output impedance, and flexible frequency response
characteristics makes them indispensable in numerous applications ranging from audio
equipment to biomedical instrumentation [,

The selection of appropriate filter topology depends on multiple factors including required
order, component sensitivity, and implementation complexity. Sallen-Key configurations
have gained widespread adoption due to their minimal component requirements and
straightforward design equations 71, But the topology choice alone doesn't guarantee optimal
performance. Component selection, particularly operational amplifier characteristics,
significantly influences the realized filter behavior.

Previous investigations have examined various aspects of active filter design. Chen and
associates demonstrated the impact of finite gain-bandwidth product on high-frequency filter
response . Similarly, research by Thompson revealed significant frequency shifting in
Butterworth implementations when non-ideal operational amplifier models were considered
Bl These findings underscore the necessity for comprehensive simulation and experimental
validation before deploying active filters in precision applications.

The present research aims to bridge the gap between theoretical filter design and practical
implementation. A second-order low-pass Butterworth filter with 1.2 kHz cutoff frequency
serves as the design target. This specification aligns with typical audio anti-aliasing
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requirements where frequencies above the audible range
must be attenuated %, The investigation encompasses
complete design workflow from transfer function derivation
through component calculation, SPICE simulation, and
performance characterization.

Temperature stability represents a critical concern often
overlooked in academic filter design exercises. Real-world
applications demand consistent performance across
environmental variations. This research addresses thermal
effects through systematic testing and provides guidelines
for component selection that minimizes temperature-
induced parameter drift (4,

Theoretical Background

The second-order low-pass transfer function forms the
mathematical foundation for active filter design. The
general form can be expressed as H(s) = @wo*K / (s?> + s@o/Q
+ mo?), where mo represents the natural frequency, Q denotes
the quality factor, and K indicates the DC gain [*?. For
Butterworth response characteristics, Q equals 0.707,
producing maximally flat passband behavior without ripple
or peaking.

The Sallen-Key topology implements this transfer function
using two resistors, two capacitors, and a single operational
amplifier configured as a voltage follower or with modest
gain 81, Component values derive from the design
equations: R = 1/(2nfcC\2) for equal-valued resistors and
capacitors targeting Butterworth response. The operational
amplifier's finite bandwidth introduces additional poles that
can degrade high-frequency performance, necessitating
careful selection of amplifier gain-bandwidth product
relative to the filter cutoff frequency.

Sensitivity analysis reveals that the Sallen-Key topology
exhibits relatively low sensitivity to passive component
variations compared to multiple feedback alternatives 14,
The sensitivity coefficients for cutoff frequency with respect
to resistor and capacitor values equal -0.5, indicating that a
1% component tolerance produces approximately 0.5%
frequency deviation. This favorable characteristic makes the
topology suitable for applications requiring predictable
performance with standard tolerance components.

Material and Methods

Material

The research was conducted at the Electronics Laboratory of
Lyon Institute of Technology from September 2023 through
February 2024. Filter prototypes were constructed using
through-hole components mounted on FR-4 prototype
boards with 1.6mm thickness. Metal film resistors with 1%
tolerance (Vishay MRS25 series) provided the required
resistance values of 12.7kQ and 29.4kQ. Polypropylene film
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capacitors (WIMA MKP2) with 2.5% tolerance supplied the
10nF capacitance required for the designed cutoff
frequency.

Texas Instruments TLO72 dual operational amplifiers served
as the active elements due to their favorable combination of
3MHz gain-bandwidth product, low input bias current
(65pA typical), and modest cost [*51. Power supply consisted
of regulated +15V rails derived from a dual-tracking
laboratory  supply unit (Keysight E3631A). All
measurements utilized calibrated instrumentation including
an Agilent 33220A function generator for stimulus signals
and Keysight DSOX3024T oscilloscope for time and
frequency domain characterization.

Methods

The design methodology followed standard active filter
synthesis procedures beginning with specification definition
and culminating in performance validation. Target
specifications included: cutoff frequency fc = 1.2 kHz 5%,
passband gain = 0dB (unity), stopband attenuation >40dB at
10fc, and total harmonic distortion <1% for input signals up
to 1Vrms.

SPICE simulations employed LTspice XVII software with
manufacturer-provided operational amplifier macromodels.
AC analysis swept frequency from 10Hz to 100 kHz with
100 points per decade logarithmic spacing. Transient
simulations verified time-domain response and measured
total harmonic distortion using FFT analysis with 65536-
point transforms. Monte Carlo analysis with 1000 iterations
assessed statistical performance variation due to component
tolerances.

Simulation Parameters

LTspice XVII served as the primary simulation platform
running on a workstation equipped with Intel Core i7-11700
processor and 32GB RAM. The TL072 operational
amplifier macromodel from Texas Instruments captured
non-ideal characteristics including finite gain-bandwidth
product, input offset voltage, and slew rate limitations.
Simulation convergence required maximum timestep of 1us
during transient analysis with relative tolerance set to 0.001.
AC analysis parameters included start frequency of 10Hz,
stop frequency of 100 kHz, and decade sweep type with 100
points per decade. Noise analysis evaluated input-referred
noise density from 1Hz to 100kHz. Temperature sweep
simulations covered the range from -10°C to 70°C in 5°C
increments to characterize thermal stability. All simulations
used default semiconductor junction temperature of 27°C
unless otherwise specified.

Results

Table 1: Comparison of simulated and measured filter parameters

Parameter Theoretical Simulated Measured Deviation (%0)
Cutoff Frequency (kHz) 1.200 1.197 1.183 1.42
Passband Gain (dB) 0.00 -0.02 -0.08 0.08
Quality Factor Q 0.707 0.703 0.698 1.27
Phase at fc (degrees) -90.0 -89.4 -88.7 1.44
Stopband Attenuation at 12kHz (dB) -40.0 -39.6 -38.9 2.75
THD at 1kHz, 1Vrms (%) - 0.31 0.37 -

THD: Total Harmonic Distortion; measured values represent mean of five repeated measurements.
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Fig 1: Systematic design flowchart for low-pass active filter development showing iterative optimization loop

The design flowchart illustrated in Figure 1 outlines the systematic
approach employed throughout this research. Initial specifications
drove the selection of filter order and topology. Component values
were calculated using standard Butterworth design equations,

followed by iterative refinement through simulation until
performance targets were achieved. The feedback loop
between simulation analysis and component calculation
proved essential for achieving the final optimized design.
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Fig 2: Performance comparison across different active filter topologies showing gain accuracy and phase response metrics

Comparative analysis across multiple filter topologies
revealed notable performance differences as shown in
Figure 2. The state variable configuration achieved the
highest scores for both gain accuracy (91.4%) and phase
response (94.7%), though at the cost of increased
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component count. The Sallen-Key topology used in this
research demonstrated competitive performance with 87.3%
gain accuracy and 92.1% phase response while requiring
minimal components.
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Fig 3: Frequency response characteristics comparing first, second, and fourth-order filter implementations

The frequency response curves in Figure 3 demonstrate the
relationship between filter order and stopband attenuation
rate. The second-order design employed in this research
provides -40dB/decade rolloff after the cutoff frequency,

representing a balanced tradeoff between complexity and
performance. The -3dB point occurs precisely at the
designed 1.2kHz cutoff frequency as indicated by the
vertical dashed line.

12.7kQ
R3

29.4kQ
R2

| I

R1
12.7kQ
C1
10nF

Vin

T

c2
10 nF

l_'_l_l

Specifications:
fc=1.2 kHz
Gain=23(7.2d8)
Filter Type: Butterworth
Order: 2nd

Topology: Sallen-Key
Q=0.707

Vout

Fig 4: Complete circuit schematic of the implemented second-order Sallen-Key low-pass filter with component values

Performance Evaluation: Validation measurements
confirmed close agreement between simulated predictions
and hardware performance. The measured cutoff frequency
of 1.183 kHz deviated only 1.42% from the theoretical value
of 1.200 kHz, well within the +5% specification tolerance.
Phase measurements at the cutoff frequency indicated -88.7
degrees compared to the theoretical -90 degrees,
representing excellent phase accuracy.

Total harmonic distortion remained below 0.37% for input
signals up to 1Vrms at 1 kHz, substantially exceeding the
<1% specification requirement. The filter demonstrated
linear behavior across the intended operating range with no
evidence of clipping or slew rate limiting at the specified
signal levels. Output noise measured 23.7uVrms over the
20Hz to 20 kHz bandwidth, suitable for audio applications
requiring dynamic range exceeding 85dB.

Comprehensive Interpretation
The  results collectively  demonstrate
implementation of the design objectives.

successful
Frequency

response accuracy benefits from the selection of 1%
tolerance resistors and 2.5% tolerance capacitors. The
TLO72 operational amplifier's 3MHz gain-bandwidth
product provides adequate margin over the 1.2 kHz filter
cutoff, ensuring that finite bandwidth effects remain
negligible. Monte Carlo simulations predicted 95% of
production units would meet specifications with the chosen
component tolerances, a prediction consistent with the five
prototype samples tested.

Discussion: The research outcomes align with theoretical
expectations while revealing several practical considerations
for active filter implementation. The 1.42% deviation in
measured cutoff frequency from theoretical predictions falls
within acceptable limits and can be attributed primarily to
capacitor  tolerance variations. Polypropylene  film
capacitors were selected for their low temperature
coefficient and tight tolerance availability, though even
2.5% tolerance introduces measurable frequency
uncertainty.
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The TLO72 operational amplifier proved well-suited for this
application, providing sufficient gain-bandwidth product to
avoid significant frequency response degradation. Previous
research by Martinez indicated that gain-bandwidth product
should exceed the filter cutoff frequency by at least factor of
100 for negligible high-frequency errors 161, The 3MHz
bandwidth of the TLO72 exceeds this criterion by factor of
2500, ensuring minimal amplifier-induced distortion.
Temperature stability testing revealed frequency drift of
2.8% over the 15°C to 45°C range, primarily attributable to
capacitor temperature coefficient. This drift rate meets
commercial grade requirements but would necessitate
component upgrades for instrumentation grade applications
demanding tighter stability. Negative temperature
coefficient capacitors could potentially compensate for
resistor drift, though such compensation schemes add design
complexity.

Comparison with published literature confirms that the
achieved performance metrics represent typical results for
Sallen-Key implementations. The topology's inherent
sensitivity to component variations appears acceptable for
applications where +5% frequency accuracy suffices.
Applications demanding higher precision would benefit
from alternative topologies such as state variable filters,
which offer independent adjustment of frequency and Q
factor.

Conclusion

This research has demonstrated the successful design and
implementation of a second-order low-pass active filter
using operational amplifier technology. The Sallen-Key
topology with TLO72 amplifier achieved the targeted 1.2
kHz cutoff frequency with deviation of only 1.42% from
theoretical predictions. Measured performance parameters
including passband flatness, stopband attenuation, and
harmonic distortion met or exceeded all specified
requirements.

The systematic design approach encompassing theoretical
analysis, SPICE simulation, and experimental validation
proved effective for achieving predictable filter
performance. Component selection guidelines derived from
this work provide practical recommendations for designers
targeting similar specifications. Metal film resistors with 1%
tolerance and polypropylene capacitors with 2.5% tolerance
represent the minimum quality levels for reliable operation.
Temperature stability emerged as a critical consideration
that warrants attention during component selection. The
observed 2.8% frequency drift across the commercial
temperature range suggests that precision applications may
require either tighter tolerance components or active
temperature compensation schemes. Future investigations
could explore digital trimming techniques or switched-
capacitor implementations for enhanced stability.

The findings support continued use of operational amplifier-
based active filters in contemporary analog signal
processing applications. While digital filtering offers
advantages in flexibility and programmability, analog
implementations remain relevant for applications requiring
continuous-time processing, low latency, or operation
without analog-to-digital conversion. The established design
methodology provides a reliable framework for addressing
such requirements.

Practical implementation considerations including power
supply decoupling, grounding strategies, and board layout
merit attention in production designs. The prototype
construction employed in this research utilized conservative
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layout practices that contributed to the favorable noise
performance observed. Production implementations should
maintain similar attention to electromagnetic compatibility
and signal integrity for consistent results across
manufacturing variations.
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