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ABSTRACT

In this study, we explore the design, simulation, and deployment of a passive RC low-pass
filter, specifically targeting its integration within Internet of Things (IoT) applications. We
employed a symbolic computing environment to theoretically model the filter's frequency
response, analytically deriving the transfer function and numerically validating it through
simulation. Experimental verification was conducted using a virtual prototyping platform, where
the filter was tested with various input signals. As a practical demonstration, the filter was
implemented within a Python-based simulation of an IoT node, emulating a microcontroller setup
for capturing analog signals with additive noise. The real-time processing of filtered outputs
validated the filter’s capacity to diminish high-frequency noise prior to digital conversion. This
study highlights the ongoing importance of analog filtering techniques in enhancing data accuracy
in contemporary loT systems.

Keywords: RC low-pass filter, Internet of Things, numerical optimization.

INTRODUCTION

The IoT has transformed the way data is acquired, transmitted, and processed across
numerous domains, from smart homes to industrial automation and environmental monitoring. At
the core of these systems are sensor nodes that often operate under strict energy, size, and cost
constraints. Despite the growing role of digital signal processing in embedded applications, analog
signal conditioning remains a vital first step, particularly when high-frequency noise threatens to
degrade the accuracy of analog-to-digital conversion. In such contexts, low-pass filters are usually
employed to attenuate undesirable high-frequency components before digitization. By doing so,
they help preserve the integrity of the measured signal and prevent aliasing. This is especially
important in low-power devices where computational resources are limited, and software-based
filtering is either infeasible or insufficient. Analog filtering, therefore, complements digital
processing and plays an important role in maintaining data quality in IoT environments.

Recent studies have addressed the challenges of designing analog filters suitable for
embedded systems. For example, authors in (Yuan et al., 2024) proposed an active RC low-pass
and band-pass filter with automatic frequency tuning, enabling dynamic reconfiguration between
Wi-Fi (Wireless Fidelity) and BLE (Bluetooth Low Energy) modes. Their work highlights the
importance of tunability and integration in modern baseband circuits. In parallel, (Liao et al., 2022)
developed a virtual low-pass filter for wind energy systems, where the filter was integrated into a
power control loop to smooth output fluctuations without requiring physical filtering components.
Both approaches illustrate how low-pass filtering, whether physical or emulated, can enhance
system stability and performance across very different domains. Beyond active-RC designs, other
analog filter topologies have also been investigated. For example, Gm-C filters, which rely on
transconductance elements rather than discrete resistors, offer advantages in terms of compactness
and bandwidth. However, they typically suffer from limited linearity and sensitivity to process
variations, especially at low supply voltages (Ding et al., 2012). As a result, active-RC filters are
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often preferred in precision applications due to their improved noise and linearity characteristics.
While such architectures are essential in high-performance systems, they may be unnecessary in
simpler sensing tasks. In many IoT applications, where fixed bandwidth and low energy
consumption are sufficient, passive RC low-pass filters offer a practical and efficient solution.
Their minimal component count, predictable behavior, and ease of integration make them
particularly attractive for early-stage signal conditioning. Motivated by this, the present study
focuses on the design and simulation of a passive RC low-pass filter for use in IoT sensor nodes.
The analysis combines symbolic modeling of the filter’s frequency response with numerical
simulations in Python. To complement the theoretical findings, a virtual prototyping environment
is used to visualize the filter’s behavior in time and frequency domains. Finally, the filter’s
performance is evaluated in a simulated IoT scenario, where it is applied to a noisy analog signal
prior to digital conversion. Through this workflow, we aim to demonstrate that passive analog
filtering remains highly relevant in contemporary embedded systems, not only due to its simplicity
but also because of its measurable contribution to signal fidelity.

The remainder of this paper is organized as follows. Section 2 presents the theoretical
foundation of the RC low-pass filter, including derivation of its transfer function and analysis of its
frequency-domain behavior. Section 3 describes the numerical implementation and simulation
results obtained using Python, with particular attention to signal smoothing in a simulated noisy
environment. In Section 4, we introduce a virtual experimental setup developed in NI Multisim to
visualize and validate the filter’s behavior under different input conditions. Section 5 explores the
integration of the filter into a Python-based IoT simulation framework, emulating real-world sensor
data and analog preprocessing. Finally, Section 6 discusses the results, highlights the benefits and
limitations of passive filtering in embedded applications, and outlines potential directions for
future research.

THEORETICAL FRAMEWORK
A passive RC low-pass filter is a canonical example of a first-order linear time-invariant

system, widely used for analogue signal conditioning. It consists of a resistor, &, in series with a
capacitor €, where the output voltage, V4y¢, is taken across the capacitor. This configuration,

presented in Fig. 1, suppresses high-frequency components of the input signal, 17;;,, while allowing
low-frequency components to pass through with minimal attenuation (Li et al., 2017).

O VWA O

O O

Figure 1. Schematic representation of a first order RC low-pass filter. The input voltage Vs, is applied across

the series combination of resistor R and capacitor C, with the output voltage V7 5,+ measured across the
capacitor.

The behavior of the circuit presented in Fig. 1 is governed by Kirchhoff’s voltage law
(Coppens, et al., 2017):

vin(t) = vr(2) +vc () (1
where the voltage drop across the resistor is given by Ohm’s law as Vg (t) =R i(t), and

1,.
the voltage across the capacitor relates to current by the integral relation Vg (t) = EJ i(t)dt.
Using these expressions, we obtain the governing differential equation:
Avgye (L)
Vin (t) = RC c::t + vout(t) (2)
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To analyze the system in the frequency domain, we apply the Laplace transform to Eq. (2).
This transformation requires assumptions about the system's initial state. For a passive filter that
has not yet been energized, it is physically justified to assume that the capacitor is uncharged at

t = 0. This implies: ¥5y¢ (t = 0) = 0. With this initial condition, the Laplace transform of the

derivative becomes: L[d vy (t)/dt] = sV,yt(S). Applying the transform to Eq. (2) yields
the algebraic relation:

T?m(s) — (SRC + 1)”01&(5) 3
from which we obtain the transfer function:

_ Vout (5) _ 1
H(s) = vin(s)  14sRC )

This parameter characterizes the system’s response to sinusoidal excitation across all

frequencies. For a steady-state sinusoidal input, we substitute § = je to obtain the frequency
response:
1

H(}G)) - 1+jwRC )
The magnitude and phase of this complex function are given by:

H(jw)| = —— 2H(jw) = —tan"}[wRC] (6)

Ji+{wrC)?'

These expressions describe how the filter attenuates signals of different frequencies. At low
frequencies @ << 1/RC, the gain tends toward unity and the phase shift approaches zero.
Conversely, at high frequencies w >> 1/RC, the gain decreases proportionally to 1/, and the

phase shift approaches —1r/2.
The transition point between the passband and attenuation region is known as the cutoff
angular frequency:

We = o= @)

which corresponds to a frequency:

fo=— ®

"~ 2mRC

At this frequency, the magnitude drops to —1/4/2 & 0.707, corresponding to a power

reduction of 50% or —3 dB. For applications involving signal analysis and logarithmic
visualization, it is convenient to express the gain in decibels:

|H(jw)|qg = —101log;o(1 + (wRC)?) )

The slope of the Bode magnitude plot (see Section 3) asymptotically approaches —20 dB/
decade beyond the cutoff frequency, which is consistent with the first-order nature of the filter. The

phase response similarly transitions from 0 to —90° with the inflection point occurring at

@ = wg. This mathematical formulation provides a complete frequency-domain description of
the RC low-pass filter. It serves as the analytical foundation for the numerical simulations and
virtual prototyping to be discussed in the following sections.
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NUMERICAL SIMULATION IN PYTHON

To assess the theoretical model under controlled conditions and to explore the RC filter’s
performance in typical IoT-like scenarios, we carried out a numerical simulation using Python.
This enables us to track how the filter suppresses high-frequency noise and preserves the structure
of low-frequency signals. Moreover, this method provides insight into signal behaviour prior to
any physical implementation, which is particularly useful when designing embedded systems
where testing is often constrained. Such numerical evaluations are frequently applied during early-
stage development of sensor interfaces, especially in low-power systems where analogue
preprocessing is tightly coupled with digital acquisition and conversion stages.

The simulation relies on a discrete-time formulation of the Eq. (2), derived in Section 2.
Using a backward Euler approximation (Yeh et al., 2007), the system is represented by the
recursive expression:

Vout [n] = Uout[n — 1]+ “(T?m[n] — Vgut [n —1]). (10)

with @ = At/(RC + At), where At is the simulation time step. This relation imitates the
dynamic behavior of the analog circuit and is numerically stable, making it suitable for digital
implementation on microcontrollers. A synthetic input signal was constructed as the sum of a 5 Hz
sine wave and additive white Gaussian noise, representing a simplified model of analogue sensor
output contaminated by environmental interference. The filter was applied to this signal using the
recursive relation (see Eq. (10)). As shown in Fig. 2, the output signal maintains the underlying
structure of the sinusoid while significantly reducing high-frequency fluctuations.

—— Noisy input
15 f — Filtered output

Amplitude (V)

-1.5

-2.0

0.00 0.25 0.50 0.75 1.00 125 150 175 2.00
Time (s)

Figure 2. Simulated input (red) and filtered output (blue) in the time domain.

To quantify the effect of filtering, the signal-to-noise ratio (SNR) was calculated before and
after applying the filter. The SNR was defined as (Mittal et al., 2024):

2.
SNR = 10log, (%) (1)

where 0'521- gna1 and O ],zwi se denote the variances of the clean signal and noise, respectively. In

our simulation, as shown in Fig.3, the initial SNR was approximately 7.68 dB, while the filtered
output reached 12.34 dB, indicating a notable improvement in signal clarity.
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Figure 3. Signal-to-noise ratio before and after filtering.

To verify the frequency-domain behaviour of the RC low-pass filter, the magnitude response
was first computed using the analytical expression given by Eq. (9). This function describes the
gain in decibels as a function of angular frequency and reveals the characteristic profile of a first-
order low-pass filter (Aye and Hla, 2025): constant gain at low frequencies and attenuation beyond
the cutoff point.

Magnitude (dB)
)

10° 10! 107 10° 10*
Frequency (Hz)

Figure 4. Theoretical Bode magnitude plot of the RC low-pass filter.

Fig. 4 shows the corresponding magnitude response obtained through numerical simulation of
the discrete-time implementation. The curve exhibits a flat passband region followed by a smooth
roll-off at higher frequencies, in line with the expected —20 dB per decade slope. This confirms that
the discrete-time filter preserves the essential frequency-selective properties of its continuous
counterpart, making it suitable for noise suppression in embedded signal acquisition systems.

VIRTUAL PROTOTYPING IN NI MULTISIM

To complement the analytical and numerical analyses, a virtual prototype of the RC low-pass
filter was constructed in NI Multisim. This environment allows for realistic circuit simulation
based on SPICE models and provides tools for both time-domain and frequency-domain
evaluation. The objective was to replicate the filter behaviour under conditions that closely
resemble hardware implementation, using the same component values adopted in previous sections

(R =1kQ, € = 1pF). Unlike the Python simulation in Section 3, which incorporated
synthetic noise to model sensor-level disturbances, the Multisim simulations focus exclusively on
the behaviour of the circuit. By removing noise, we isolate the effect of the filter components and
better visualize how signal characteristics change solely due to variations in capacitance. The
schematic used in the simulation is shown in Fig. 5. A 5 Hz sine wave of 1 V is applied to the RC
network using a function generator (XFG1). The output is observed across the capacitor using a
virtual oscilloscope (XSC1).
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Figure 5. Schematic of the RC low-pass filter simulated in NI Multisim (R = 1k, C = 1 pF).

The measured input and output waveforms for two capacitance values are shown in Fig. 6.

With € = 1 pF, the output signal (green trace) closely follows the input (red trace), with minor
attenuation and a small phase lag. This behavior is consistent with the fact that the input frequency

(5 Hz) is much lower than the cutoff frequency of the filter, fr = 1/2mRC ~ 159 Hz, so most

of the signal passes through unaltered. When the capacitance is increased to 10 pF, the cutoff
frequency drops to approximately 15.9 Hz. Although the input frequency remains the same, it is
now closer to the filter’s corner frequency. As a result, the circuit responds more gradually: the
output becomes smoother, attenuated, and increasingly delayed in phase. Physically, this reflects
the greater energy storage capacity of the larger capacitor, which charges and discharges more
slowly, effectively dampening rapid voltage changes.

Xpos.on): 0 Yoos.Dv): O
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Figure 6. Comparison of time-domain responses for C = 1 nF (left) andC = 10 LlF (rlght) Increasing

capacitance introduces stronger attenuation and phase lag, reflecting the slower charging dynamics of the
capacitor.

The results presented in Fig. 6 highlight a fundamental trade-off in RC filtering: increasing
capacitance enhances noise suppression and signal smoothing but also introduces a delay and
attenuates even low-frequency components if the cutoff becomes too low.

To analyse the frequency response, we used Multisim’s Bode plot tool. Fig. 7 shows the
magnitude plots for both configurations. The classic first-order roll-off of —20 dB/decade is evident

in both cases, with a clear shift of the cutoff frequency when C increases. This confirms that the

filter’s bandwidth is inversely proportional to the RC product and that tuning C enables flexible
control over the signal passband.
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Figure 7. Bode magnitude plots for C = 1 PF (left) and C = 10 pF (right). Higher capacitance lowers the
cutoff frequency, narrowing the filter’s bandwidth.
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Together, the simulations presented in this section demonstrate how passive RC filters shape
the temporal and spectral characteristics of signals. Even in idealized conditions, the observed
behaviours align well with theoretical predictions and provide a useful foundation for
implementing such filters in real-world analog or embedded systems.

INTEGRATION INTO PYTHON-BASED 10T SIMULATION FRAMEWORK

Following the theoretical, numerical, and virtual analyses presented in previous sections, we
now turn to a practical scenario in which the RC low-pass filter is integrated into a simulated loT
sensor node. While Section 3 explored the filter’s numerical behaviour using synthetic signals and
Section 4 offered a component-level perspective through virtual prototyping in NI Multisim, this
section bridges the gap between simulation and application by emulating a simplified embedded
sensing system.

In this section, we recreate a situation common in real-world IoT deployments: a sensor
provides continuous analog readings of a slowly varying physical quantity, such as temperature or
pressure, which are then contaminated by environmental or electronic noise. Before this signal can
be digitized and processed, analog filtering is typically employed to reduce high-frequency
interference that could compromise measurement accuracy or exceed the ADC's bandwidth. To
realistically model this process, the clean sinusoidal signal obtained in Section 4 via Multisim was
adopted as the true reference signal, the ideal physical variable we aim to measure. Gaussian noise
was numerically added to simulate the distortions encountered in real-world sensing. The resulting
signal thus mimics a corrupted analog input to a microcontroller. This noisy waveform was then
passed through the recursive digital filter implemented in Section 3, using the same values for

resistance and capacitance (R = 1 k), € = 1 puF), ensuring direct comparability with earlier
results. The outcome of this simulation is shown in Fig. 8. The red curve represents the noisy
signal, whose high-frequency fluctuations obscure the true dynamics of the underlying physical
quantity. The black dashed line corresponds to the original, noise-free signal reused from the
virtual experiment in Multisim. The blue curve shows the output of the filtering process. It is
evident that the filtered signal follows the slow variations of the original waveform, while the fast
oscillations are effectively suppressed. This confirms the filter’s ability to enhance signal quality
by isolating relevant low-frequency components and rejecting high-frequency noise.

Voltage (V)
o

—— Noisy sensor signal
-2 4 — Filtered output
=== Simulated signal (from Section 4)

0.00 0.25 0.50 0.75 1.00 125 150 175 2.00
Time (s)

Figure 8. Simulated sensor acquisition in a Python-based IoT node. The red curve represents a noisy input
signal. The blue curve is the filtered output using the RC low-pass filter. The black dashed line denotes the
original signal waveform extracted from the Multisim simulation in Section 4.

The result presented in Fig. 8 confirms the low-pass behavior of the RC filter. The signal
components at low frequencies (around 5 Hz in this case) are transmitted almost undistorted, while
rapid fluctuations introduced by noise (which span a broad frequency range) are heavily attenuated.
This selectivity stems from the fact that the capacitor’s reactance decreases with frequency,
shunting high-frequency components away from the output node. As a result, the filter’s output
predominantly consists of the frequency components within the passband, with minimal
contribution from higher frequencies. This experiment reinforces the practical utility of analog
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filtering in IoT systems. Even in the presence of significant noise, a simple first-order RC circuit
provides meaningful improvement in signal clarity without requiring additional digital resources or
power. The filtering operation is local, passive, and computationally free making it ideal for
constrained edge devices. Furthermore, by using the same reference waveform as in Multisim
simulations, we verify that the filter’s performance translates consistently across different
implementation layers, from physical hardware to software reproduction.

CONCLUSIONS

This paper explored the behavior and practical utility of a passive RC low-pass filter across
theoretical, numerical, and simulated environments. Starting from the differential equation model,
we derived the filter’s transfer function and described its response in both time and frequency
domains. Python-based simulations showed that the filter significantly improves signal clarity by
attenuating high-frequency noise. These results were consistent with the expected —20 dB per
decade roll-off and the preservation of low-frequency content. The filter was then implemented in
a virtual NI Multisim environment, using identical component values. The comparison between
different capacitances illustrates how increasing capacitance lowers the cutoff frequency,
enhancing filtering while introducing more delays. These trends aligned well with analytical
predictions and offered insight into real-world circuit behavior. Finally, we integrated the filter into
a simplified IoT simulation. A noisy sensor signal was passed through the RC circuit before
digitization. The output confirmed that analog filtering remains a valuable preprocessing step,
particularly for low-power systems where digital resources are limited. By using the same
reference waveform throughout all stages, we ensured consistency across theory, simulation, and
practical modeling. In summary, even a simple passive filter can provide meaningful
improvements in signal quality. Its predictable behavior, low cost, and zero computational load
make it well suited for embedded and IoT applications. Future work could involve physical
implementation on microcontrollers, exploration of adaptive filter tuning, or extension to higher-
order analog networks.
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