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Decoupling is a technique to provide a noise-free power supply to digital ICs including
sensors and is generally recommended for every such IC. Recommendations often contradict
each other, and they are usually only given for an assumed clean, stable, power supply. This
is contrasted by factors like cost concerns, especially when using i.e. ferrite beads, inrush
current concerns when using very large capacitors, or space constraints in small devices.

In this thesis first the recommendations by manufacturers for decoupling were examined, to-
gether with an analysis of the theoretical performance using SPICE simulations of different
components for decoupling. The accuracy of the used simulation models by manufactur-
ers in combination with practical effects like trace, power plane, and via impedance were
tested with an impedance analyzer, and manufacturer data was shown to accurately model the
impedance compared to the actual in-circuit impedance within component tolerance. Mul-
tiple common decoupling circuits were then examined practically, in combination with the
HDC2080 and ADS1115 digital sensors, and the sensors’ performance was examined with
different decoupling and noise conditions. Degraded performance was found if decoupling
is insufficient.



Symbols and abbreviations

Latin characters

C Capacitance

én Voltage Noise Density

f Frequency

fo Resonance Frequency

f3dB 3 decibel attenuation frequency
L Inductance

R Resistance

Vv Voltage

Vn RMS Noise Voltage

V4 Complex-Valued Impedance

Zno resonance L heoretical impedance without effect of resonance

Abbreviations

ADC Analog-Digital Converter
BOM Bill of Materials

DC Direct Current

EMC Electromagnetic Compliance
EMI Electromagnetic Interference
ESL Equivalent Series Inductance
ESR Equivalent Series Resistance
IC Integrated Circuit

LC Inductor-Capacitor

MLCC Multi-Layer Ceramic Capacitor
PCB Printed Circuit Board

PDN Power Distribution Network
QFN Quad Flat No-Lead

RC Resistor-Capacitor

RL Resistor-Inductor

RLC Resistor-Inductor-Capacitor
SMD Surface-Mount Device

SOIC Small utline Integrated Circuit
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Sensor noise measurements under different decoupling conditions without
injected noise. Clear outlier values were marked in red.

Sensor noise measurements with injected square wave noise with no decou-
pling components. Clear outlier values were marked in red.

Appendix: List of components used in this thesis. Capacitors are rated for

16 V unless otherwise specified.



1 Introduction

All digital sensors require a steady, acceptably noise-free power supply in order to reach their
ideal performance. If noise reaches such sensors it can have effects such as increased output
noise, decreased output accuracy, or even failure of the sensor if the strong noise couples

into the communication link or causes internal damage.

Power stability and noise are the primary issues that have to be solved in any application with
digital switching, which is present in any circuit with digital sensors; not only is there always
switching for communication lines and switching inside the sensor and controlling device,
but power supply generation and other higher power switching applications are common in
almost any application of electronics. This usually gives two kinds of decoupling: decou-
pling of digital component switching noise with potentially high frequency, produced also
inside the decoupled chip, and decoupling of external noise, which is effectively EMI/EMC
(Electromagnetic interference/compatibility) mitigation. The goal of decoupling is to pro-
vide a steady power supply, free of noise and fluctuations, to the decoupled component or
circuit section, in the context of this thesis specifically digital sensor ICs (integrated cir-
cuits). To model the behavior of the noise voltage and decoupling effectiveness, the parasitic
properties of the involved circuit component, as well as the traces connecting it, the power
supply components, and the components used for decoupling all have to be taken into con-
sideration. Some parts can be neglected for the purpose of this work, while other parts
are absolutely fundamental, as for example inductive parasitic quantities are very important,
but on-die capacitance of an IC is only important for analysis at very high frequencies and
also generally not easily quantifiable. Here, radio-frequency effects like wave reflections
and trace capacitance are not included in models as their effects are only significant at very
high frequencies above the ones measured in this thesis and also above frequencies where
manufacturer-recommended decoupling methods would be effective, as this type of noise is

more easily mitigated on-chip than externally.

Previous papers, like L. D. Smith, 1994, have laid the theoretical groundwork for decoupling
of noise from digital switching. It is shown what capacitors are needed, how they comple-
ment each other, and what considerations have to be taken to model the PCB (Printed Circuit
Board) power planes. This would make decoupling a simple topic, except for some key ques-
tions, which are usually left unanswered in the specifications of modern chips: What amount
of noise is tolerable? What is the effect of power-rail noise? Can a trade-off between less
decoupling, hence needing less space as well as decreasing cost, and higher sensor noise be

made?

Without these answers, simulation can only be used to simulate the behavior of decoupling
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components, particularly their impedance at various frequencies, but not to determine the
resulting effects on sensors. Without knowledge of the switching behavior of modern sen-
sors, calculation methods from L. D. Smith, 1994 can not be applied to calculate decoupling
needs. The effects of insufficient decoupling are still mostly unclear, and are only sometimes
investigated for singular sensors, as done in Gilroy, 2020 where the effects of power rail
noise on image sensors was investigated. This was done by quantifying the output image
noise, and then measuring the noise with this algorithm while injecting power-rail noise of
a specific frequency with a function generator. The frequency is then swept across a range,
and with the resulting data the sensor susceptibility to different frequencies can be quantified.
While some generalization of the results for singular sensors would be possible, for example
possibly to other image sensors using the same or similar technologies, further generalization

of such results is not possible.

In addition, manufacturer’s resources and other academic sources like Bogatin, 2021 give
differing advice on how decoupling should be accomplished. There is little current research,
with general decoupling methods generally being assumed to be known. Instead, in cur-
rent research, more advanced decoupling challenges are tackled; one such example is power
decoupling at high voltages, as is the case in photovoltaic converters. Decoupling there is
commonly done with electrolytic capacitors, which limit the lifespan of devices. Research
primarily focuses on active (switched) decoupling methods to solve this challenge, most
recent relevant research on this topic can be found in Tang & Blaabjerg, 2015, Qin et al.,
2016, and Hu et al., 2013. Other research focuses on on-chip decoupling techniques, as in
Popovich et al., 2008, or discusses new potential capacitor technologies for decoupling as in
Schaper & Thomason, 2007.

Throughout this thesis various decoupling methods are introduced, their performance is ana-
lyzed theoretically, and the used theoretical models of components are compared to measured
results using the Wayne Kerr 6500-B Precision Impedance Analyzer. This was done as there
is not much recent research into the use and precision of the simulation models provided by
manufacturers for decoupling components. There is also differing advice on how decoupling
should be accomplished, particularly on combining multiple decoupling capacitors and on
adding ferrite beads to decoupling circuits. The results from simulated combined decoupling
impedance and noise voltage show the effects of such added components, and the tradeoffs
that can come with the addition of these components, mostly in the shape of additional modes
of resonance from parasitic quantities. Additionally, two sensors were tested with different
decoupling setups and with noise injection to find possible effects of bad decoupling. It is
found that the manufacturer-provided models accurately model the impedance of compo-

nents within tolerance if used in real circuits, and that insufficient decoupling can lead to
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decreased accuracy in sensor measurement results. These results are not generally applica-
ble to all sensors without specific testing, but the methods used can be generally applied to

find possible decoupling issues or determine the effects of insufficient decoupling on other

SENSOors.
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2 Overview of Decoupling

First, an overview of existing decoupling methods and the corresponding terminology will
be introduced. Then, equivalent circuit models and their noise-reduction performance will
be analyzed using LTSpice, leveraging manufacturer-provided data. This is compared to
real measurements and finally a short investigation into the actual effects of insufficient de-
coupling is done by looking at the consistency of sensor outputs under different power-rail

conditions.

2.1 Terminology

Decoupling and bypassing, noise and fluctuation, and other terms are often used somewhat
interchangeably when discussing decoupling. Nonetheless it is important to differentiate

between them.

Both the terms decoupling and bypassing are often used interchangeably when talking about
creating a stable and noise-free supply for subcircuits. Decoupling specifically refers to
separating two sections from each other, in this case in terms of noise; bypassing on the other
hand refers to creating a low-impedance path for noise to ground, away from the protected
components. Bypassing almost always refers to one or multiple (bypass-)capacitors, while

decoupling can, but does not have to, consist of additional components.

The noise that has to be decoupled generally has a frequency range of interest for decou-
pling; usually, this will be the range with the highest amount of noise. The trace supplying
the decoupled component with parasitic impedance and the commonly used decoupling ca-
pacitors form a filter, primarily filtering noise in a specific frequency range. Low-frequency
fluctuations, for example below 50Hz, should usually be addressed at a power-supply(-
filtering) level. This is because decoupling methods are generally only effective at higher
frequencies due to the filter only having low resistance and inductance from traces, which
determine the cutoff frequency. Sometimes this is not an option and additional decoupling
methods, for example with very big electrolytic capacitors, may need to be used to decrease
the noise cutoff frequency sufficiently. At very low frequencies, an additional voltage regu-
lation stage like a linear regulator can also be used, however these come with their own con-
straints like limited output current. In addition, at high frequencies, the decoupling capacitor
will rise in impedance due to ESL (equivalent series inductance), which limits the efficacy
of a simple capacitor at high frequencies in addition to the finite capacitance increasing the

impedance at lower frequencies, as shown in later simulations and measurements.
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2.2 The principles of noise reduction

All noise reduction techniques shown in this thesis can be understood as voltage dividers as
long as all parts of the circuit are sufficiently well understood. This includes components’

parasitic qualities and their equivalent circuits.

2.2.1 Introduction to Low-Pass filters

——F -

Figure 1: Schematic diagrams of an RC and of an LC filter.

Low-Pass filters are commonly built as either RC (resistor-capacitor) or LC (inductor-capacitor)
filters. They function because the first component’s impedance stays high (or increases) with
increasing frequencies and the capacitor’s impedance ideally approaches 0 €. This forms
a voltage divider, where the output voltage for high frequencies is very low, with the exact
noise amplitude depending on the components’ values for an ideal RC/LC filter. These filters
are usually dimensioned using their f3,p, the frequency where the output amplitude is 3 dB
less than the input amplitude. Filters can be described as first-order, second-order, or higher
order filters, which describes their attenuation. First-order filters, such as RC filters, have
an attenuation of 6 dB/octave, while second order filters such as LC filters have twice the
attenuation at 12 dB /octave. LC filters can exhibit resonance where the input noise voltage

is actually increased (Figure 1), and may need damping to avoid this.
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Figure 2: Frequency response of an ideal RC and LC low-pass filter. Used values were
R =100Q, C = 100nF, and L = I mH. To damp the resonant response of the LC-filter, a
series resistance of 1 Q was added to the inductor.
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2.2.2 Decoupling methods

Capacitors are the most common method used for decoupling, effectively shorting noise
away due to their low impedance at high frequencies as they form an RLC low-pass filter with
the trace. Commonly recommended in most digital components’ datasheets is a capacitor in
the 10nF to 100 nF range, these are usually multi-layer ceramic capacitors (MLCC). An
overview of manufacturer recommendations for mainly recently released high-performance
sensors was compiled below in Table 1. The information is based on text recommendations

and provided example circuits by Texas Instruments and Analog Devices. Not all manufac-

turers provide information on decoupling in datasheets.

Table 1: Decoupling recommendations given by manufacturers.

Part name and Manufacturer Price each in $ (1kU) Description Release year Recorpmended Notes
capacitance (uF)
TMP4719, Texas Instruments 0.40 Temperature sensor (local and external) 2026 0.1 1
TMP411D-Q1, Texas Instruments 0.37 Automotive temperature sensor (local external) 2025 0.1 1
TMP461-EP, Texas Instruments 13.25 Military and aviation temperature sensor (local and external) 2025 0.1 1
TMPIRO1-SEP, Texas Instruments 520 Space hardened high reliability temperature sensor (local and external) 2025 0.1 1
TMP112D-Q1, Texas Instruments 0.50 Local automotive temperature sensor 2025 0.1 2,3
HDC2080, Texas Instruments 1.26 Local high precision temperature and humidity sensor 2018 0.1 1
MAX30210, Analog Devices 1.34 High power small footprint local temperature sensor 2022 0.1
AD7415, Analog Devices 1.26 Local temperature sensor 2006 0.14+10
MAX30207, Analog Devices 1.56 Robust and precise local temperature sensor 2021 0.1 4
LTM2985, Analog Devices 23.38 Isolated thermocouple temperature sensor 2021 22410 5
OPT4048, Texas Instruments 1.1 Tristimulus optical sensor 2022 0.1
ADXL366, Analog Devices 1.6 Low power 3-axis MEMS accelerometer 2025 0.1 6,7

Note 1: Manufacturer specifies that better decoupling may be necessary in case of low quality
power supply. Note 2: Higher capacitances are also accepted. Note 3: An RC filter circuit is
given as an option for better decoupling. Note 4: Power is unconventionally supplied through
communication pins. Note 5: Decoupling capacitors are internal. Note 6: Decoupling may
be improved with an RC filter (100 Q) or ferrite bead. An additional 1 uF tantalum capacitor
may also be added in parallel. Note 7: Multiple supplies are used; single-supply is possible,
in this case there is separate decoupling for both pins and a resistor between them.

While some ICs have slightly differing suggestions, the traditional 100 nF value is recom-
mended for almost all digital sensors by manufacturers as sole decoupling method unless

power-rail noise makes further decoupling necessary.

One important factor that is usually not mentioned by manufacturers of sensors is the di-
electric that should be used for decoupling. Surface-mount (SMD) capacitors are available
in various types, such as X7R, X5R or others. The just mentioned capacitors are classified
as “Type 2” capacitors, and have the important property of capacitance derating with bias
voltage, meaning that at rated voltage the capacitor’s capacitance is much lower than nomi-
nally specified. Other capacitor properties can, for example, include acting piezoelectrically,
as is also the case for type 2 capacitors. Capacitance, reactance and series resistance as a
function of frequency are usually provided by manufacturers. In this thesis it is assumed

that DC-bias-derating is not affecting the capacitance significantly; in practical testing, this
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was accomplished by using capacitors with 16 V rating in 3.3 V circuits. For example, the
measured 100 nF 0402mil 16 V capacitor used in this thesis is specified to have about —4 %
capacitance change at 3.3 V. Sometimes desired capacitor type and properties are mentioned,

most commonly “low ESL” is desired in sensor datasheets.

Multiple capacitors can also be connected in parallel, with one capacitor having a smaller
capacitance than the other, commonly by an order of magnitude. This complements the first
capacitor’s decoupling in the higher frequencies, where the first capacitor gains impedance
due to ESL, while the smaller capacitor will usually have a lower ESL. Due to the parasitic
properties of capacitors and their connecting traces this can cause unintended resonances
which need to be considered. If the capacitor impedance at target frequencies only needs to

be lowered slightly, two equal-value capacitors can be used.

RC filters with decoupling capacitors are sometimes recommended by manufacturers as
a possible decoupling method if insufficient power quality is present. This is realized with a
single low value resistor leading to the IC’s supply and decoupling capacitor. While effective,
as shown later in simulation and practice, it can also create bigger voltage fluctuations if
the decoupled component has significant current spikes, creating a voltage drop across the
resistor. Because of this caveat this method should only be used according to manufacturer
recommendations or with sufficient performance testing, as the effects of produced voltage

drop can exceed the effects of insufficient decoupling.

Inductors/Chokes can be used to stop low-frequency power rail fluctuations from reach-
ing the decoupled area if used in combination with one or multiple capacitors, forming an LC
filter. While often necessary in highly noisy environments, the relatively high costs of induc-
tors in addition to their big footprints are often problematic. In addition, the formed LC cir-
cuit can resonate at specific frequencies, creating high voltages which can damage connected
components. Decoupling circuits with inductors are rarely recommended by manufacturers
and not investigated further here and can usually be considered an aspect of EMI/EMC mit-

igation.

Ferrite beads in the form of surface mount parts are another possibility of stopping noise
from passing. While the price of ferrite beads can be higher than that of capacitors, they
are useful if high-frequency noise needs to be impeded. Ferrite beads have an impedance
very close to 0 Q at DC, but reach a specified impedance at higher frequency. The specified
impedance is usually given at 100 MHz. There is also a phase-shift, as the impedance is
composed of both resistive and inductive components; manufacturers often provide an ap-
proximate curve of all components relative to frequency. A simulated frequency response of

these quantities can be seen in Figure 4. In contrast to capacitors, ferrites dissipate energy
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as losses, as can be seen from their resistive component. As the impedance increases at high
frequencies, a voltage divider is effectively formed with the decoupling capacitor or capac-
itors following the ferrite bead. Attention needs to be paid to ferrite saturation, where the
effectiveness of the ferrite bead decreases strongly with higher bias currents, even far below
the rated maximum current (Bacmaga et al., 2020). Other considerations are the chip’s need
for high-frequency current and the ferrite bead’s DC-resistance, which was measured later in
this thesis (Figure 21).

Purpose-built components exist for particularly demanding high-frequency applications.
One such example are X2Y® EMI filtering capacitors, developed and patented by X2Y At-
tenuators LLC. Purpose-made simulation and documentation are available by manufacturers
such as Johanson Dielectrics, with an overview of their available products at Johanson Di-
electrics, 2026. They are not normally used for digital sensors as investigated here, but
rather in high-frequency circuits. Despite their good performance both in terms of footprint
and ESL, they are not widely available and are expensive compared to MLCCs and ferrite
beads.

2.2.3 Parasitic effects of capacitors and conductor traces

The parasitic effects of capacitors and conductor traces are extremely important to determine
the actual frequency response of a Power Distribution Network. Multiple models exist to
model capacitors with an equivalent circuit. By far the most commonly used in these applica-
tions is the model of capacitance with series resistance and inductance (ESR and ESL). Using
this model it is possible to understand the actual frequency response of a capacitor compared
to its ideal behavior. However, this model does not depict actual capacitor behavior exactly;
ESR and ESL are both a function of frequency. Because of this more exact data was used in
simulations, using provided capacitor simulation models from Samsung Electro-Mechanics,
2026.

Conductor traces must be understood as having resistance and inductance, as well as a mostly
negligible amount of capacitance, with capacitance being in the single digit pF/cm range as
calculated by the SaturnPCB PCB Toolkit for 2-layer 1.6 mm boards, while 10 pF at 1 GHz
still has an impedance of around 16 Q. Capacitance can be significant in case of multiple
power planes with low separation or for precise analysis at very high frequencies, this case

is not investigated here as it is uncommon for most applications of digital sensors.

Vias can also add a significant amount of inductance which can’t commonly be neglected.
The relative placement is also of concern if both power and ground signals are routed to

a component with vias: for single vias, values for via impedance can be calculated from
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Figure 3: Rendering of a capacitor connected by vias-in-pad with vias placed as close to
each other as possible. It is more common for the vias to lead to separate power planes on
multi-layer PCBs instead of traces, as is depicted here for clarity.

tools like the SaturnPCB PCB Toolkit, but if both pins of a capacitor are routed through
vias, then the magnetic fields of the vias will interact with each other. As shown in Roy,
L. Smith & Prymak, 1998, where different pad layouts are compared and a method of ESR
measurement is presented, the effective inductance drops with vias that are as close to each
other as possible. The ideal via layout shown is with vias-in-pad, depicted in Figure 3, with
the vias directly next to each other, with an inductance of about 1.4 nH compared to over 4 nH
for distant vias. Vias-in-pad are generally not preferred for production reasons, but in some
cases compromises may have to be made. For an understanding of the filtering mechanisms,

it is important to know that circuit traces, including their vias, act primarily inductively.

The connection leads of ICs, both outside the package as well as from bonding wires on
the inside, also act primarily inductively like traces. Values can fairly strongly vary between
package types, with simulated data from Mortan & Wright, 2004 showing values from below
1 nH pin inductance in low pin-count QFN packages which have no external leads, to almost
5nH of inductance in SOIC packages, which roughly corresponds to 5 mm of trace length,
as shown in Section 4.2.1. The data from Mortan & Wright, 2004 also includes resistive and

capacitive components.

2.2.4 The effects of parallel and series resonance

As a real capacitor has both inductance and capacitance, series resonance occurs at the fre-
quency fo = ﬁ, where capacitance and inductance cancel each other out. At this fre-
quency the capacitor reaches its minimum impedance equal to ESR. Importantly, above this
frequency impedance increases again, and filtering efficacy decreases. A single capacitor
can only be below a desired impedance within a specific frequency range because of this,

resulting impedance responses are shown in Section 4.1.1.
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Further, the inductive traces and the decoupling capacitor can create parallel resonance,
where the total impedance rises significantly. At these frequencies higher noise levels than
without decoupling capacitors can be possible. Resulting simulated impedance curves can
be found in Section 4.1.4 in the case of two capacitors connected in parallel when a trace

inductance and resistance between the two capacitors is included in the simulation.

Literature often points out, for example in Bogatin, 2021, that such modes of resonance
can also exist between multiple decoupling capacitors, particularly capacitors of different
capacitance. In scientific literature the focus is particularly about on-die decoupling capacitance
for high-frequency applications, a comprehensive resource on selecting and modeling on-die
decoupling is Larsson, 1998, where on-die decoupling dimensioning is discussed with a par-
ticular focus on damping the parasitic RLC networks. It is often suggested that adding, for
example, a 1 uF capacitor in parallel with a 100 nF capacitor can reduce performance, instead
of improving it. L. D. Smith, 1994 however argues the opposite, for multiple capacitors not
too different in capacitance. These resonances are not immediately clear mathematically, and
it is investigated in this thesis both if these modes occur in simulation using manufacturer-

provided simulation models and also if these modes occur in real circuits.

Another important effect that can occur, the effects of which were not encountered in this
thesis, is that series resonance of a trace or inductor with a bypass capacitor can create large
voltages at their junction, where ICs are generally connected. The effects, if not avoidable
by choice of a different capacitor or trace inductance, can be mitigated with a series resis-
tor to damp the oscillation. More information on this effect is shown in Analog Devices

Incorporated, 2009.

2.2.5 The impedance of ferrite beads

While the impedance of resistors, inductors, and capacitors is rather easily understood, the
impedance of ferrite beads behaves rather differently. The electromagnetic effects creating
the impedance are not of importance for this thesis; rather, the resulting impedance curve is

taken as a given characteristic of ferrite beads.

Ferrite beads have a very low DC resistance, and only increase in impedance at higher fre-
quencies. Their specified impedance is generally measured at 100 MHz, and it rises higher
above that. At a certain component-specific frequency impedance drops once again, as can
be seen in later results (Figure 21) with impedance not falling below 100 € up to the sim-
ulated 1 GHz. In this thesis it is assumed that these high frequencies do not significantly
affect the sensors; this is a reasonable assumption as manufacturers don’t recommend any

decoupling methods for these frequencies for these ICs.
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Figure 4: Simulated impedance of the BLM18BBI121SN1 ferrite bead with nominal
impedance of 120 Q at 100 MHz. The data also shows the resistive and inductively-reactive
components, as well as the resulting phase shift as a function of frequency.

Not all ferrite beads behave the same. The frequency with maximum impedance varies
between models. In addition, impedance can significantly decrease under bias currents
much lower than the ferrite’s rated maximum current, as measured in Bacmaga et al., 2020,
where ferrite beads with a rated current of 6 A were characterized. A significant decrease in
impedance was already found at 1 A bias current. Lastly, ferrites act both as resistors and
inductors, with the ratio depending on the frequency. Datasheets often give a precise curve,
either for each component or for each line of components. In addition, simulation models
are often available, which model the bead accurately under certain conditions like frequency

range and usually O bias current.

2.2.6 The involved components in a model of decoupling

To do calculations and simulations all of the components connected to the PDN (Power
Distribution Network) and their parasitics need to be considered. A complete model needs

to include these components:
e The capacitor with ESL and ESR components (or a precise simulation model)

e The trace between the chip and its decoupling capacitor

e The resistive and inductive components of any used ferrites at the frequency and bias
current of interest, or a simulation model which takes the frequency response and

possible bias current effects into account

e Any larger buffer-capacitors and their parasitic parts. The parasitic components are

considered constant as a function of frequency here, as trace inductance and resistance
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is much greater. For more detail Wittmaack, Schwitzgebel & Ebel, 2025 presents
current electrolytic capacitor parasitic values and efforts in ESL reduction, as new ca-
pacitors are developed for use in transcranial magnetic stimulation, where high-current

pulses are needed.
e The trace or wire going to the actual power supply

e The noise injection

More elements can be included depending on the available information and the desired level

of accuracy, one such example would be IC on-die capacitance.

Noise injection in the simulations in this thesis is done with injected currents. This has two
advantages: firstly, the calculated or simulated voltages correspond to impedance (if 1 A is
injected, 1 V equals to 1 Q circuit impedance). Secondly, noise is most often created through
the switching of charges creating current bursts, so this method is accurate for these cases.
Capacitively coupled noise also acts as a current source. Importantly, noise injection would
need to be done differently if, for example, the noise was magnetically coupled and acting
as a voltage source. In these cases an equivalent noise injection resistance would also have

to be determined to get accurate results.

2.3 The cost of different decoupling methods

Usually, every digital IC on a PCB needs decoupling components. While the costs of a single
component may be low, this nonetheless means that a single PCB can have many decoupling
capacitors and other decoupling components. Due to the resulting amount, particularly when
mass-produced, this can result in significant costs which need to be considered when design-

ing decoupling circuitry.

Searches were run on DigiKey in April 2026 for the cheapest components of specific val-
ues. Lowest prices were generally available when buying full reels. An overview of the

approximate starting prices of components can be found below in Table 2.

Electrolytic capacitors were found to be at a much higher price, about 0.02€ per piece, with
surface-mount varieties being even more expensive, even though they may be desirable be-
cause of reduced assembly costs and gained space on the back of the PCB; all other prices
except for the specialized X2Y decoupling capacitors were found to be rather consistently
low, with not much variation between components at volume. The prices of the specialized
capacitors are much higher than the prices of other components, nonetheless, using the pro-

vided simulation documentation by the manufacturers, they can be considered if necessary.
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Table 2: Approximate decoupling component starting prices, full reel amounts, searched on
DigiKey.

Component \ Approximate starting price in €

Ceramic capacitor (10 nF, 100 nF) 0.001€
Ceramic capacitor, 1 uF 0.002€

Resistor (10 Q, 1kQ) 0.0018€

Ferrite bead (different impedances) 0.0016€
Electrolytic capacitor (through-hole, 100 uF) 0.02€
Electrolytic capacitor (SMD, 100 uF) 0.05€
Specialized X2Y passthrough capacitor 0.08€

Another cost factor that has to be considered is the assembly cost; PCB assembly has various
charges that might be influenced by additional unique parts and additional placed parts; the
cost to add a part that is not already on the BOM (Bill of Materials) of a board increases the
price by multiple euros, as a component feeder (placer) has to be loaded and programmed
for the component. Pricing seems to currently, with Chinese manufacturing, be at around
0.001€ per solder joint and a couple of euros per loaded component, for example offered
at JiaLiChuang Co., Limited, 2026. Of course, the most common decoupling components,
for example 100 nF capacitors, will already be present on the BOM. Nonetheless, it seems
that assembly costs will often be above the component cost for all decoupling components
investigated in this thesis except for electrolytic capacitors, however generally not many
of the latter are needed for decoupling as they don’t need to be positioned directly at the

decoupled pin.

When compared to the prices of many sensors, see Table 1, the costs of decoupling com-
ponents are quite insignificant. Nonetheless, there may be incentives to save at large scale
with cheap sensors, particularly on electrolytic capacitors. Space constraints can be another

reason that one might want to use fewer decoupling components.
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3 Methods

To determine the effectiveness of different decoupling methods, the behavior of singular and
combined components was simulated and measured with physical test setups, and finally the

effects of noise on sensors was measured.

First, simulations and measurements of capacitor and ferrite bead impedance were compared,
both to each other and to an RLC-model (Resistor-Inductor-Capacitor-model) obtained from
the simulated data for capacitors. Simulations and measurements were also similarly done
for two capacitors in parallel, with the simulation having a case including a parasitic trace

impedance and one without corresponding to a very short distance between components.

An approximate equivalent of a real circuit was simulated to determine the effects of includ-

ing different decoupling components.

Finally, a PCB with digital sensors was used to determine what effects different decoupling
configurations have on the sensor without noise, and to determine how increased noise levels

create sensor output deviations.

3.1 Comparison of actual component behavior to their models and provided
data

To verify that simulation results can be used to model real decoupling behavior, the actual
component behavior needs to be compared to the claimed manufacturer characteristics. This
was done by measuring the components’ and PCB-components’ impedance characteristics
with the Wayne Kerr 6500-B Impedance Analyzer with custom test PCBs and then com-
paring them to the expected impedance frequency responses. For capacitors, comparisons
were done with the manufacturer-provided SPICE model impedance generated with LTSpice
as well as with the impedance behavior of an RLC-equivalent circuit. The components of
the RLC-circuit were set based on the rated capacitance and simulated resonance frequency,
even though all three components vary somewhat by frequency. This was done to determine
if the precise model is necessary for such calculations. Traces were compared to expected in-
ductance and resistance values from the SaturnPCB PCB Toolkit. Ferrites were compared to
their manufacturer-provided SPICE model, which was made for 0 A of bias current, but can
be considered applicable here as digital sensors usually have very low current draws com-
pared to the ferrite’s rated current; as an example, the four channel ADC (Analog-to-Digital
Converter) ADS1115 has a current consumption of only 150 uA in continuous-conversion

mode.
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3.1.1 Simulation of models’ impedance using LTSpice

A circuit’s impedance across a frequency range can be determined with small-signal AC
analysis in LTSpice, by injecting an AC current into the circuit. Division of the voltage and
current phasors as shown in Equation 1, where all quantities are complex-valued phasors,

gives the equivalent impedance in ohms at the measured frequency:
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I
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Where Z is the impedance phasor, V is the voltage phasor, and I is the current phasor.

Phase-shift can also be calculated by LTSpice, but was not used here, as the magnitudes are
of greater importance in this application. Simulations were made for manufacturer-provided
models for capacitors ranging from 10 nF to 10 pF, and for package sizes (in mils) from 0402
to 0805 for 100 nF capacitors. In addition, ferrites with nominal impedances from 120 Q to

2 kQ were tested. Simulations were run with a frequency range of 1 kHz to 1 GHz.
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Figure 5: Simulation setup used in LTSpice to measure component impedance, here the
capacitor on the right is measured.

In order to obtain the equivalent, simplified RLC-circuit of a capacitor, the impedance fre-
quency response can be read to get values for both resistance and inductance. ESR is the
lowest impedance of the capacitor, and is the only effectively occurring impedance in se-
ries resonance. ESL can be calculated easily using the series resonant frequency f and the

resonance frequency equation:

1
- 2nV/IC
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Where fj is the resonant frequency, L is inductance, and C is capacitance.

The circuit simulated to measure component impedance is depicted in Figure 5. It injects
current of a swept frequency into the measured component, and then the relation of output
voltage and current, as well as their relative phase shift, are used to calculate the complex

impedance, according to Equation 1. This calculation can be done automatically by LTSpice.

Multiple sets of impedances were investigated using the impedance measurement simulation:

1. The impedance of the simulation models
2. The impedance of two capacitors in parallel

3. The impedance of two capacitors in parallel, but with trace inductance and resistance
corresponding to 5 mm between the capacitors. Out of both capacitors, the smaller-

value capacitor was put closer to the measurement point.

This was done by connecting the measured components as simulation models in the setup
of Figure 5 to the current source and determining the impedance response from the resulting
voltage and current response of the current source. Using these simulations the effects of

parallel resonance were determined, as well as the possible interaction with short traces.

3.1.2  Simulation of noise on a simple equivalent circuit of a real circuit

Another set of more realistic simulations was done based on another circuit (Figure 6), where
trace impedance, power supply impedance, and resonance with multiple capacitors was an-
alyzed. The circuit represents a sensor’s power supply which should be decoupled on the
far right, and a noise source on the left. Various capacitors were removed or modified to
gather information about their effects upon the decoupling effectiveness in terms of noise
arriving at the output terminal. In addition the effect of an added ferrite bead was tested. The
general setup was based on Analog Devices Incorporated, 2009, where it is recommended
to use a decoupling capacitor as close as possible with a bigger 10-100 uF capacitor up to
5 cm away. The noise injection is another 5 cm away, distance is modeled by “traces” with
inductance and resistance as calculated by the SaturnPCB PCB Toolkit tool with settings of
0.2 mm trace width, 1 oz/ ft> copper and 5 cm trace length. The ESR of the 100 uF capacitor
was based on the datasheet of the MAL215097803E3 capacitor by Vishay (Vishay Intertech-
nology Incorporated, 2026) and was set to 0.2 Q. For ESL a value was not available on
the datasheet, so an estimate of 10 nH was used based on literature, such as Shenzhen Shen
MaoXin Electronics Co., Limited, 2020.

This type of simulation can be used in other situations too, as long as rough trace measure-

ments and PCB properties like copper thickness are known a simple equivalent circuit model
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Figure 6: Simulation setup used in LTSpice to measure the amount of noise per injected
ampere at the decoupled point (right). In this setup the decoupling setup has a ferrite bead
and 100 nF 0805mil capacitor.

can be made. This method can thus generally be used to find potential weak decoupling fre-
quencies, where noise is not well filtered, or it could be used to find unnecessary decoupling
components which produce no relevant improvement in decoupling. The choice of noise in-
jection, using either a voltage or current source, depends on the nature of the noise that needs
to be decoupled in every specific situation. Often noise is based on switched charges or ca-
pacitively coupled, which corresponds more to a current source, while inductively coupled

noise will act as a voltage source instead.

3.1.3 Measurement of components’ impedance using an impedance analyzer

To measure components’ and PCB-parts’ impedances two PCBs were designed and manu-
factured, details about the boards can be found in appendix 2. The board to measure compo-
nent impedance is also depicted below in Figure 7. It is a two layer board where connections
to the impedance analyzers can be made through the inner or outer through-hole pins with
pin-headers, connections from inner to inner pins (“inner-inner”’) and from outer to outer
pins (“outer-outer’”’) were used for measurements. This allowed comparison between long
and short traces. To determine the effects of vias and ground planes, one PCB was made
with a ground plane and connecting via. The other PCB connects the measured component
directly, without ground plane or any other traces. Impedance measurement sweeps were
done with the Wayne-Kerr 6500B with a voltage amplitude of 2 V from 100 Hz to 120 MHz
and no DC bias, corresponding to the machine’s default settings. The machine was recali-

brated for open-circuit and short-circuit impedance before measurements.

These measurements proved to be very close to the simulation model properties. This means
that for components where a model is available, physical measurement is usually not neces-
sary; however, measurement and characterization can still be generally applied to determine

the properties of unknown, untrustworthy, or less-documented components.
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Figure 7: Board layout of impedance measurement PCB 1.

3.2 Measurement of decoupling effects on a real PCB

Using a physical PCB with sensors and a highly reconfigurable decoupling configuration,
two measurements can be achieved: primarily, the results from the sensors under different
decoupling and noise conditions can be measured and analyzed for consistency. Here, sam-
pled average and sample standard deviation over 512 samples were measured with an exter-
nally connected microcontroller. Additionally, the actual noise amplitude can be measured
at the sensors’ power pins, to see how much noise actually arrived at the sensors in the case

of injected noise.

These types of measurements are sensor specific, even if clear trends become apparent. This
can be more generally applied to other sensors if their behavior under different circumstances

needs to be known.

The sensors analyzed are the Texas Instruments ADS1115 12 bit Analog-to-Digital Con-
verter and the HDC2080 temperature and humidity sensor. For the latter, only temperature
was analyzed further, as humidity measurements are very noisy due to the nature of the
measurement: the sensor claims high precision, yet typical accuracy is +2 % relative humid-
ity. The measured voltage of the ADS1115 was generated with a REF3425 2.5V voltage
reference, whose output noise is below the measurement resolution of the ADC; a rough
integration of the noise graph of the datasheet gives an RMS noise of around 30 uV in the
range of 10 Hz to 100 kHz using the equation

= [ s 3)

Where v, is the resulting RMS noise voltage within the integrated frequency range and e, (f)
is the voltage noise density as a function of frequency f in V/v/Hz (Horowitz & Hill, 2017).

The smallest measurement increment of the sensor is 125 uV at the measurement range used,
so these output deviations would not be detected. The datasheets of these sensors can be

found at Texas Instruments Incorporated, 2024 and Texas Instruments Incorporated, 2021,
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the datasheet of the voltage reference can be found at Texas Instruments Incorporated, 2026.

3.2.1 Decoupling configurations used and their equivalent circuits

Different decoupling configurations were realized with the PCB presented in appendix 2.3.

The configurations tested were:

e 100 pF + 100 nF 0805mil + 600 Q Ferrite
e 100 nF 0805mil + 600 Q Ferrite
e 100nF 0805mil

e No decoupling components

These were chosen to show decoupling configurations of different complexities. The 100 nF
capacitor was directly next the sensors’ pins, while the 100 uF electrolytic capacitor was
located about 8 cm away. Including traces, and neglecting very short traces as well as
trace capacitance for visibility, the equivalent circuit of the first configuration can be seen
in Figure 8. The power supply input is on the left, and the sensor power connector is on the
right. The corresponding equivalent circuit of the other circuits are the same, just with the
corresponding components removed.

Trace 6mm Trace 77mm Trace 5mm

11.3mR 144.5mR Z=500R 9.4mR

4.5nH 58.1nH /7 3.8nH
+
{7 T 100uF T 100nF
GND
L L :
Capacitor Capacitor
Parasitics Parasitics
R R
v <

GND GND

Figure 8: Equivalent circuit of the decoupling setup on PCB 3 used for sensor measurements.
Some small components were left out for simplicity.

The microcontroller and voltage reference were supplied from USB power and routed far
away from the sensor power rail, hence they should not have been affected by the noise

injected at the power rails of the sensors.
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4 Results and Analysis

In this section, first simulation results of component impedance are presented and then com-
pared to theoretical models. Simulation results of the noise levels in the equivalent circuit
model are plotted and presented numerically to show the effect of different decoupling com-
ponents. Then, using real-world measurements, trace and via impedance are analyzed, and
the simulation impedance results are compared to measured values. Finally, the effects of

different decoupling methods on sensors are presented and analyzed.

4.1 Simulated impedances of different decoupling setups

Using simulation models component-level and combined decoupling performance was first
analyzed here. As shown later in Section 4.2, these results are applicable as the simulation

models proved to be accurate.

4.1.1 Effect of package size on capacitor behavior
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Figure 9: Simulation results for 100 nF capacitors with package size ranging from 0402mil
to 0805mil, as well as a comparison to the impedance of an ideal capacitor.

From Figure 9, and particularly the extrapolated ESR and ESL found in Table 3, it can be
seen that capacitors of different package size behave extremely similarly. ESR can be seen to
not be conclusively impacted by package size. While the 0402 capacitor has a significantly
lower ESL, the 0805 capacitor actually has a slightly lower one than the 0603 capacitor. It
is important to point out here that the inductance of the connecting pads with vias is roughly
one order of magnitude higher than the ESL of the capacitor simulated here, when compared
to values from Roy, L. Smith & Prymak, 1998. This means that the value differences for
ESL are mainly important because they affect the capacitors’ self-resonant frequency, which

means that smaller package capacitors can offer increased performance.
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Table 3: Calculated ESR and ESL of the simulated capacitors.

’ Package size in mil \ ESR in mQ \ ESL in pH ‘

0402 23.1 253.3
0603 22.6 383.4
0805 24.4 366.1

4.1.2 Impedance of simulated capacitor compared to RLC equivalent circuit
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Figure 10: 0805mil 100 nF capacitor simulated impedance compared to impedance of RLC
equivalent circuit with previously extracted values and ideal capacitor.

To determine the error of approximating a capacitor with an RLC-equivalent circuit, the
theoretical impedance of the equivalent RLC circuit was plotted against the actual simu-
lated impedance. Additionally, impedance of only capacitance was plotted as an even easier
approximation. A representative plot is found in Figure 10; results were similar for all ca-
pacitors. As the difference is small, a difference plot was made (Figure 11). It can be seen
that the RLC model is more accurate at very high frequencies of > 100 MHz, yet particularly
in the GHz range also the RLC approximation as used here may not be sufficiently correct.
It can also be seen that there is a large error at frequencies below 100 kHz, with impedance
being around 40 Q underestimated for this particular shown capacitor in the RLC and C mod-
els. However, as Figure 10 shows, the difference is small in relation to the total impedance,

and would, for example, easily be within tolerance of 10 %.
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Figure 11: Impedance error compared to simulation impedance for RLC- and C-equivalent
circuit for 0805mil size.

4.1.3 Impedance of two simulated parallel capacitors

To determine when and how significantly resonance effects happen with parallel capacitors,
various combinations of two parallel capacitors were simulated, most commonly with 0805
package as it has the highest parasitic values for a possibly more pronounced resonance
response. This could also be considered a worst case scenario, at least in the context of
MLCCs. Higher variations in impedance because of resonance are then expected. No trace
impedance between the capacitors was included in these simulations, with the assumption

that the capacitors are directly next to each other. The combinations simulated are:

e 100nF + 100 nF (0805)

e 100nF (0805) + 100 nF (0402)
e 100nF + 1 pF (0402)

e 100nF + 1 pF (0805)

e 10nF + 1 pF (0402)

e 10nF + 1 uF (0805)

e 10nF + 10 uF (0805)

To determine the magnitude of the resonance response when connecting two capacitors in
parallel effectively, the parallel simulated impedance was compared to the parallel combina-

tion of the absolute impedance of each capacitor separately (Figure 12) with the equation

21| |22
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Where Z; and Z; are the impedances of each capacitor and Zq resonance 1S the absolute

impedance that would be created by the capacitors in parallel if resonance did not occur.

Absolute values have to be used, as complex-valued impedances would actually take the

effects of resonance into account and produce the same resonance as simulated.

T

10nF
10uF |
Parallel (simulated)

abs(Z1) || abs(Z2)
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10° 10% 10° 108 107 108 10°
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Figure 12: The simulated single-component impedance of 0805 capacitors, as well as their
simulated parallel impedance and calculated Zyq resonance-

The difference graph of the simulated impedance with resonance, and the calculated impedance
without resonance is highlighted in Figure 13 for unequal capacitors with resonance, where
each peak corresponds to a mode of parallel resonance. The peak value of this difference

was gathered for all combinations in Table 4.
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Figure 13: Difference between impedance with and without resonance effects, using the
same values as in Figure 12. Resonance creates a sharp peak in impedance at the resonance
frequency.
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Table 4: Impedance rise due to resonance in different dual-capacitor configurations.

| Capacitor sizes | Maximum impedance rise (mQ) |
100 nF+100 nF (0805) 0
100 nF (0805) + 100 nF (0402) 3.8
100 nF+1 pF (0402) 18.1
100 nF+1 pF (0805) 22.6
10 nF+1 pF (0402) 54.8
10 nF+1 pF (0805) 115.1
10 nF+10 pF (0805) 69.4

From Table 4 some expected trends are discernible. Using the same capacitor configura-
tion with a smaller package results in less increase in impedance due to resonance; this is
expected, due to the lower parasitic inductance and resistance. Capacitors with a larger dif-
ference in value also seem to have a more resonance with the same package size. Finally,
identical capacitors do not exhibit any parallel resonance behavior. Of course, real capac-
itors are never fully identical, so this is only an approximation and would only be reached
in reality by combining capacitors with manually matched ESR, ESL, and capacitance in

combination with careful PCB layout to have all parasitic properties the same.

4.1.4 TImpedance of two parallel capacitors with consideration of trace impedance

In Figure 14 various simulated cases of two capacitors in parallel are compared between the
previously presented ideal case without trace impedance and the case of 5 mm of connecting

trace between the two capacitors represented as inductance and resistance.
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Figure 14: Absolute simulated impedance of two capacitors in parallel with and without
trace parasitics between the capacitors. Dotted lines include an equivalent of 5 mm of trace
length between the capacitors.
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Very clearly the somewhat short distance of added trace length between the capacitors very
notably causes resonance and an increase in impedance, in some cases to over 3 Q where
ideally impedance would be far below an Ohm. Clearly any separating trace length between
decoupling capacitors has a very strong negative effect on their combined effectiveness, both
because of resonance and also because of the continuous rise in impedance of the connecting

trace as frequency increases further.

4.1.5 Simulation of noise levels on equivalent circuit model

The noise magnitude produced in the equivalent circuit (Figure 6) was measured in V/A in
relation to the magnitude of the injected current. The output noise in different frequency
ranges is shown in Table 5. The last simulated case is noteworthy, as the big, distant,
capacitor C1 was removed from the simulation. It can be seen that without this capacitor
noise levels are a lot higher, particularly at low frequencies. The frequency responses of

simulated decoupling combinations are shown in Figure 15.
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Figure 15: Magnitude of simulated noise based on the circuit in Figure 6, relative to injected
current. The package size of the 100 nF capacitor used was 0805mil.

Table 5: Relative noise voltage of simulated circuit at different frequency ranges.

Configuration Noise voltage in V/A of injected current
1—10kHz | 10— 100kHz | 0.1 — 1MHz | 1 —10MHz | 10— 100MHz | 100MHz — 1GHz

10 nF (0805) 1604 255 213 2770 798 4994
100 nF (0805) 1602 254 245 548 71.2 5688
100 nF (0402) 1603 254 240 620 43.1 3016
100 nF (0805) — 100 uF Capacitor | 1.63 x 10° | 1.66 x 10° 1.69 x 10* 1718 235.6 2181
10 uF (0805) 1488 235 120 9.28 40.24 3099
100 nF (0402) + Ferrite 600 1603 255 850 97.0 2.03 71.9
100 nF (0805) + Ferrite 120 Q 1602 254 562 625 15.7 479
100 nF (0805) + Ferrite 600 Q 1602 254 810 80.2 3.85 136
100 nF (0805) + Resistor 10 Q 1602 254 170 34.4 67.9 1335
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Other trends visible are similar to the previous simulation results: smaller package sizes
perform slightly better, and higher capacitance values reduce impedance at lower frequen-
cies more effectively. It is also unsurprising that ferrite beads significantly lower noise at
higher frequencies, where they start increasing in impedance up to and beyond their speci-
fied impedance. In Figure 15 it can, however, also be seen that the effectiveness of the ferrite
becomes reduced when approaching the GHz-range. Another visible effect in Figure 15 is a
mode of resonance that originates from the 100 pF capacitor close to 200 MHz. This mode
of resonance is likely caused by a combination of the 100 uF capacitor’s 10 nH inductance

and a parasitic parallel capacitance of the capacitor, which would be around 65 pH.

Another conclusion that can be drawn from the impedance responses is that while the impedance
of a single capacitor is usually higher than that of multiple capacitors it is also extremely
predictable. Other methods can form many different resonances both due to the component
parasitic quantities but also due to their exact positioning and connecting trace lengths as

some components may not be placed directly at the power pins.

4.2 Measurement of impedance on real PCB

In this section, impedance measurements of traces, vias, and previously simulated compo-
nents obtained with the Wayne-Kerr 6500B are analyzed and compared to the simulation and

literature results.

4.2.1 Trace Impedance

The impedance of a long and short segment of trace were measured as a function of fre-
quency, then the obtained difference in trace impedance measurements were converted into
resistance and inductance, assuming negligible capacitance as explained previously, using

the equation

Z=R+ joL (5)

where Z is complex impedance, R is resistance, @ is the angular frequency, and L is induc-

tance.

The resulting frequency response of resistance and inductance are shown in Figure 16. Any
offset by contact resistance or meter calibration were excluded by measuring impedance

across a short and longer trace and then doing the analysis on the difference in impedance.

It can be seen that resistance is very consistent across frequencies as should be expected,
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Figure 16: Measured and converted resistance and inductance of trace with 7.25 cm length,
0.2 mm width, 1.6 mm board thickness and 1 0z/ ft*> copper, measured as the difference be-
tween a longer and shorter trace length to measure only the properties of the difference in
trace length.

until around 1 MHz where resistance starts rising. Similarly, at this threshold, inductance
falls slightly. Both of these are probably a result of the skin effect, which is around 65.2 um
in copper at 1 MHz and drops further below 20 um at around 10 MHz. This increases resis-
tance and can affect inductance, as shown in Weeks et al., 1979, where values for resistance
and inductance as well as mutual inductance were measured and modeled as a function of
frequency in rectangular conductors such as PCB traces. Inductance measurements below
100 kHz are clearly very noisy, due to the smaller reactance at lower frequencies because of

the linear relationship to frequency.

As a result of these effects, the resistance and inductance per centimeter was calculated
for resistance up to 1 MHz and for inductance from 100 kHz to 1 MHz. Values found were
17mQ/cm and 10.2 nH/cm. Values calculated by the Saturn PCB Toolkit software are close,
18.8mQ/cm and 7.53 nH/cm. The differences are likely due to geometry, manufacturing
tolerances, and possibly measurement error. Nonetheless, the results show that the calculated
values are quite close to the measured values, but they also show that the model of constant
resistance and inductance no longer applies at higher frequencies above 1 MHz with the skin

effect significantly increasing resistance.

4.2.2 Measured via resistance and inductance

Via resistance and inductance were similarly attempted to be measured. The impedance of
the ground plane was assumed to be negligible, and the trace length (3 mm) that was replaced

with the ground plane was accounted for by subtracting an equivalent amount of resistance
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and inductance. The difference in impedance between this reference response from PCB 1
and PCB 2 with via was measured (Figure 17). Both PCBs were measured from the inner

contacts.

The via was configured as 0.3 mm hole size and 0.6 mm diameter; plating thickness is un-
known, it was left unchanged from the default (25.4 um) in the Saturn PCB Toolkit. Predicted

values from the program give an expected inductance of 1.3 nH and 1.34 mQ.
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Figure 17: Measured and converted resistance and inductance of via with 0.3 mm hole size,
0.6 mm diameter, 1.6 mm board thickness and 1 o0z/ ft> copper, measured as the difference
between test-PCBs with and without a via.

As can be seen from the resultant resistance and inductance (Figure 17), these values were
not successfully measured. This is likely due to the resistance and inductance of the via being
very small in comparison with the trace impedance included in the measurement, which was
presumably not fully successfully calibrated out. The primary conclusion that can be seen
here is in the resistance graph, showing that vias can have a lower resistance than traces at
high frequencies when trace resistance increases more strongly due to the skin effect. It can
also be seen that clearly these values are very small, as they were too small to be measured
successfully, with predicted values making vias roughly equivalent to just above 1 mm of

added trace length.

4.2.3 Component impedance compared to simulation models

The impedance of capacitors and ferrites was measured similarly as before, with the board’s
short-circuit impedance subtracted to only measure the component impedance. Multiple
plots were made for capacitors, to show the difference across package sizes and across

capacitance values (Figures 18 and 19).
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Figure 18: Measured and simulated impedance of different capacitors by capacitor values.
All capacitors were 0805mil size. Simulation results are in dashed lines.

It can be seen that, in general, the simulation models behave quite true to reality once factors
like capacitance tolerance are considered. While ESR values are clearly not quite identical,
they still follow the general trends seen previously. After the resonance valley the behavior
of simulation and measurement differs in most measurements by a fraction of an Ohm, which
should not make a difference in most situations. The reason might be interaction with trace
inductance creating a second mode of series resonance or measurement error considering
the low impedance differences; a clear conclusion can not be formed based on the restricted
frequency range that was measured. More data at higher frequencies would be required to
determine if the decrease in impedance is caused by another mode of resonance, forming

another valley. A different response would be found if the decreasing impedance was caused
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Figure 19: Measured and simulated impedance of different capacitors by footprint size. All
capacitors were 100 nF. Simulation results are in dashed lines.
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by another factor, like measurement error or the frequency dependence of capacitance or

inductance.

Sometimes the behavior between different package sizes within a single capacitance value
is not quite as similar as measured here for 100 nF (Figure 19), however; a graph of the
impedance compared to package size, with simulation results and measurements, for 1 uF
capacitors, is shown in Figure 20, where clearly the real measurements showed the same
tendencies as the simulation, but not as clearly as in Figure 19 for 100 nF capacitors. The
deviations are still very small, all in the range below 1, so these differences could easily
be caused by part-to-part tolerances or measurement inconsistency, for example from solder

resistance differences.
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Figure 20: Measured and simulated impedance of different capacitors by footprint size. All
capacitors were 1 uF. Simulation results are in dashed lines.

The frequency responses of simulations and measurements of the impedance of ferrites are
shown in Figure 21. For the tested ferrite with nominal 2 k€2 impedance no simulation model
was available. The most striking difference between measured and simulated impedance is
in the behavior of the 600 Q ferrite, which actually has a much lower DC-resistance than
simulations showed. Particularly around 100 MHz where ferrite performance is specified
both methods show extremely similar values. Altogether it can again be seen that the simu-
lation models and reality match quite closely, especially considering the large tolerances that

ferrite beads can have.
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Figure 21: Measured and simulated impedance of different ferrite beads. All ferrite beads
were 0603mil size. Simulation results are in dashed lines, no simulation model was available
for the 2kQ ferrite bead. It can be seen that the ferrite beads clearly approach their DC-
resistance at reduced frequencies.

4.2.4 Difference between capacitors with different voltage ratings

To determine a possible difference between capacitors that are identical except for the max-
imum voltage rating, S0V 100 nF capacitors were tested and compared to the previously

measured data, where the voltage rating was 16 V.

T T T T
oL — 0402 | |
107 ¢ —— 0603 ]
" 1
£
=
o
s R
() "":,..
€ 101+ '’ i
© b s, R
ho E N\ : BUTRPRLINC
0] ]
o
e N\ S
10—2 . . . . M| ; ; ; L
108 107 108

Frequency in Hz

Figure 22: Measured impedance of 16 V and 50 V 100 nF capacitors. Measurements from
50 V-rated capacitors are shown in dotted lines. Below 1 MHz no difference in impedance
was visible.

As can be seen in Figure 22, where the 50 V-rated capacitor measurements are depicted with
dotted lines, the behavior is very similar. It can however also be seen that the capacitors with

higher rated voltage had a higher resonance frequency suggesting a lower ESL, while ESR
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was very similar. This continues the trend of capacitors generally behaving very similarly up
to the resonance point, where behavior diverges slightly. These small differences likely are
too small to matter in most applications, and once tolerances are considered should also not

be relied on for decoupling.

4.2.5 Measured impedance of two parallel capacitors

In measurements, two parallel capacitors performed worse than expected from simulation
results (Figure 23). While from simulation results multiple impedance minima should be
expected as seen in the graph, these are not seen in the measurements, likely due to the
large trace distance between capacitors reducing the effectiveness of the smaller capacitor.
In addition, it can be seen that adding capacitors adds more impedance peaks because of
more possible resonances. This is unavoidable, but the frequencies where these occur might
change depending on the connecting trace length due to the differing inductance, which will

determine the resonance points according to Equation 2.
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Figure 23: Measured and simulated impedance of two parallel capacitors. Simulations took
no trace impedance between capacitors into account. Simulation results are shown in dashed
lines. Measurements were done using PCB 1 shown in appendix Section 2.1.

Also, it seems that adding a 10nF capacitor in parallel to 1 uF gives no improvement in
performance, but rather it decreases it. Generally, from this it can be concluded that even the
small trace length between the capacitors of around 3 mm involved in the measurements here
made the 10 nF ineffective for decoupling. This demonstrates how such low-value capacitors

need to be directly at the decoupled point to be effective.

On the other hand, for the case of two parallel 100 nF capacitors, a rather notable perfor-
mance increase can be seen at lower frequencies, with no additional modes of resonance as

the capacitors are identical within tolerance. While the performance after resonance suffers,
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and the resonance point shifts to a lower frequency likely due to the doubled capacitance with
inductance not falling as sharply, such an additional capacitor may be useful at effectively

decoupling specific noise frequencies.

It is notable that there seems to be a clear impedance increase at higher frequencies for the
measured capacitor traces (Figure 23). Even though the impedance analyzer was calibrated
before the measurements, this impedance increase might also partially be measurement error,

and not fully caused by trace inductance.

4.3 Effect of noise on sensor accuracy

Noise in output results of sensors were measured by measuring the average value u and
sample standard deviation s of the measured value. The sensors used were the HDC2080,
constantly polled for the newest temperature measurement, and the ADS1115, configured to
measure at 860 samples per second. First, measurements of sensor precision with different
decoupling methods were done without additional injected noise, and then precision was
measured without decoupling with injected square wave noise of different amplitudes and

frequencies.

4.3.1 Sensor accuracy without noise under different decoupling conditions

Using PCB 3 different decoupling setups were arranged, with the details of how they can
be wired explained in appendix 2.3. Then, without any injected noise, but with varying
decoupling methods, the sensor performance was measured (Table 6). Some variations in
temperature average are expected, due to room temperature fluctuations and heating from
soldering. The average values were calculated with 3 measurements of 512 samples to detect

outlier values.

Table 6: Sensor noise measurements under different decoupling conditions without injected
noise. Clear outlier values were marked in red.

HDC2080 ADSI1115
Decoupling Configuration pLCO [ 50 | puV) [5@V)
100 uF 4 100nF 0805+ Ferrite 600 Q | 23.944 | 0.0161 | 2.499717 70
100 nF 0805+ Ferrite 600 Q 24.567 | 0.0142 | 2.499752 | 71.3
100 nF 0805 25.442 | 0.0106 | 2.499851 | 66.7
Ferrite 600 Q 22.615 | 0.6194 | 2.499193 137
None 23.296 | 0.2130 | 2.499763 116
Median Value 23.944 | 0.0161 | 2.499752 | 71.3

It can be seen that with decoupling configurations without the 100 nF bypass capacitor near

the chip, even without injected noise, results get noticeably worse due to the sensors’ internal
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switching. Results are also worse if a ferrite bead is included without the bypass capacitor,

which is a result of the ferrite bead making high-frequency current unavailable to the chip.

Also of note is the reduced standard deviation of the HDC2080 with just the 100 nF bypass
capacitor. This could either be due to reduced performance in other test cases due to the
previously explained effects from the ferrite bead, or it could be an effect where the error of
the average is increased and the standard deviation falls, which will be commonly seen in

the next section’s results.

4.3.2 Sensor accuracy with injected noise without decoupling

To determine the effects of injected noise upon the measured sensors, square wave noise was
coupled into the power supply through a 1 pF film capacitor. While the noise amplitude was
rather high in all cases, it can also be seen that at 200 mV the results are not affected very
strongly at 10 kHz, showing that lower noise levels may not have had a noticeable effect on
the measured results. The resulting power-rail noise measured at the sensor without decou-
pling can be seen in Figure 24. The resulting sensor output noise is presented in Table 7,

with outlier values again marked in red.

Table 7: Sensor noise measurements with injected square wave noise with no decoupling
components. Clear outlier values were marked in red.

HDC2080 ADS1115
Noise Generator Configuration | u (°C) | 5(°C) n(v) [5@v)
No noise 24.079 | 0.2164 | 2.499400 127

f=10kHz, V,, =200mV 21.897 | 0.0778 | 2.499514 | 201
f=100kHz, V;,, =200mV | 22.229 | 0.0902 | 2.498704 | 142
f=1MHz,V,, =200mV 23.753 | 0.3815 | 2.325643 | 708
f=10kHz, V,, = 400mV 22.114 | 0.1526 | 2.499395 | 357
f=100kHz, V,,, =400mV | 23.101 | 0.3824 | 2.496338 | 1148
f=1MHz, V,, =400mV 25.877 | 0.9689 | 2.448094 | 363

Median Value 23.101 | 0.1526 | 2.496338 | 201

The first expected result is that output noise is higher with increased noise amplitude, this
is particularly visible in the deviation of the temperature measurements. It can also be seen
that both sensors seem to generally be more sensitive to the higher frequency noise. As low-
frequency noise is commonly filtered with bulky electrolytic capacitors, this result might be

useful to potentially exclude these capacitors.

Particularly notable is the high variation in measurement averages. While this is hard to de-
termine exactly with the temperature sensor, the measurements of the voltage sensor should

never vary by more than 100 uV in the measurement setup due to the low noise of the voltage
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Figure 24: Measured injected noise at sensor pins at injected noise frequency of 10 kHz. The
DC part of the square wave is strongly blocked by the power supply and coupling capacitor;
nonetheless consistent noise injection during the switching transients is achieved.

reference combined with the averaging of many readings from the ADC. However, there are
case such as at 100 kHz 200 mV where the average drifts strongly and the standard deviation
actually drops. While standard deviation changes might be explainable by noise at the sensor
input, such noise should not affect the average, particularly as the sampling frequency was

consistent across all measurements.

This shows that a sensor without sufficient decoupling can be inaccurate both in average
value and standard deviation, so it would, for example, not be possible to simply average out
multiple measurements to justify a lesser decoupling circuit. While some changes in sensor
precision might be rather small, for example with the voltage sensor the reading initially only
changing by a fraction of a percent, these will still likely be unacceptable in most applications
where such a high-precision sensor is used. If only a very low level of precision was needed
despite the high-precision sensor, then such levels of noise might be fully tolerated, but this
would be a very rare case. The same conclusions can be made for the temperature sensor

based on the measured results.
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5 Discussion & Conclusions

The methods shown here can be used for other sensors or for alternative decoupling ap-
proaches; using simulation, impedance measurements, and resulting noise measurements is
a general way to estimate decoupling performance at different frequencies, and can be used
on the component or component-network level. Sensor-specific testing can also be used
much more in-detail than done here if necessary for high-noise applications, where the ef-
fects of noise need to be well known. Such further testing is shown in Gilroy, 2020, where
both the underlying mechanisms and the susceptibility as a function of noise frequency is
measured quantitatively. It is clear from the measurements in this thesis that a more precise
measurement setup would be needed to precisely determine via impedance, if that is needed
for an application. However, for most applications estimation values from software toolkits

are likely precise enough.

It was found that manufacturer-provided simulation models generally give a very good de-
piction of actual component performance, within reasonable tolerance margins, which is ac-
ceptable for decoupling applications. Similarly, measured values for trace impedance were
very close to expected values, however it was found that the skin effect must be considered
at f > 1 MHz for trace resistance, even if this will usually work to attenuate noise, not to

increase it.

It was found that a combination of large electrolytic capacitor, closeby MLCC, and fer-
rite bead was most effective at reducing noise. It was, however, also found that in reality
there are often multiple series resonance peaks particularly caused by interaction with the
electrolytic capacitor’s parasitics, where decoupling effectiveness is significantly decreased.
This shows that, if a specific frequency noise source should be decoupled, the effectiveness
at this specific frequency should be estimated. This can be accomplished using simulation, or
measured if a sufficiently accurate model of the circuit cannot be made, for example if com-
ponent parasitics are unclear or the noise coupling mechanisms or frequency spectrum aren’t
fully understood. Another method would be the measurement of the frequency response of
the impedance of components to then form a simulation model. A main result was that the
frequency response is by far the most predictable with just a single decoupling capacitor, as
all other configurations may have a higher impedance at specific frequencies where resonant
circuits are formed due to parasitic components, despite their improved performance at other

frequencies.

Another finding was that the series inductance of MLCCs is generally very small, only
slightly rising with package size. The series resistance of capacitors grows with decreasing

capacitance, with capacitors of higher capacitance only having slightly higher impedance
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than smaller capacitance ones at frequencies where the low-capacitance capacitors reach
self-resonance. Hence, it may be reasonable to increase the capacitor capacitance for mostly
reduced impedance, but this will always be a tradeoff to electrical constraints, cost, and

possibly board space.

Regarding two capacitors in parallel, it was found both in simulation and measurement that
below capacitor self-resonant frequency impedance was significantly reduced. Measure-
ments with a few mm distance between capacitors showed that above the resonant frequency
of the larger capacitor very little impedance reduction compared to a single capacitor was
visible, and instead a significant resonance peak was observed in some measurements. In
simulations without additional trace length between the capacitors however, a decrease was
also found a higher frequencies, still with additional resonance peaks. This shows that us-
ing multiple capacitors is effective at reducing noise below resonance frequencies (about
10 MHz in the measured results here), but only useful at higher frequencies with extremely
short traces, demonstrating how decoupling needs to happen in the immediate vicinity of the

decoupled pins.

Testing of sensor behavior under different decoupling conditions without injected noise
showed the datasheet-recommended 100 nF capacitor to perform well, with no notable fur-
ther improvements available through better decoupling. This shows that in a noise-free envi-
ronment the datasheet recommendations realize the sensors’ potential. With noise injection,
it was shown that sensors can fail both in standard deviation and average measured value, so
a worse decoupling strategy can generally not be overcome by simple compensation methods

like averaging more samples.
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Appendix 1 List of tested Components

Every component used for testing in this thesis can be identified from this table, based on
the component type, package size, and value. Capacitor simulation models were taken from
Samsung Electro-Mechanics, 2026, ferrite simulation models were taken from Murata Elec-
tronics, 2026.

Table 8: Appendix: List of components used in this thesis. Capacitors are rated for 16 V
unless otherwise specified.

| Component Type | Value | Package Size (mil) | Mfg. Part name |
Capacitor 10nF 0402 CLO5B103KOSNNNC
50V Capacitor 10nF 0805 CL21B103KBANNNC
Capacitor 100 nF 0402 CLO5B104KO5SNNNC
Capacitor 100 nF 0603 CL10B104KO8NNNC
Capacitor 100 nF 0805 CL21B104KBCNNNC
50V Capacitor | 100nF 0402 CLO5B104KB54PNC
50V Capacitor | 100nF 0603 CL10B104KB8NNNC
Capacitor 1 uF 0402 CLO5A105KO5NNNC
Capacitor 1 uF 0805 CL21B10SKOFNNNE
Capacitor 10 uF 0603 CL10A106MO8SNQNC
Capacitor 10 uF 0805 CL21B10SKOFNNNE
Ferrite 120Q 0603 BLM18BBI121SN1D
Ferrite 600 Q 0603 BLM18BD601SN1D
Ferrite 2kQ 0603 ACML-0603-202-T
Resistor 10Q 0805 WROSX10ROFTL
Sensor HDC2080DMBR
Sensor ADSI1115BQDGSRQI1
Voltage Reference REF34251DBVR




Appendix 2 Test board layouts

Three PCBs were made. The first PCB was used to measure component and trace impedance,
as can be seen in Figure 25. PCBs were made with KiCad. Board thickness was 1.6mm, all
boards were ordered as 2-layer boards, even if PCB 1 did not include any copper on the
bottom copper layer. Copper thickness was 1oz, ft2, trace width 0.2mm for all tested traces,

and via diameter 0.6mm with 0.3mm hole diameter.

2.1 PCB1

. S .

Figure 25: Board layout of impedance measurement PCB 1.

The tested component or components, 2 can be in parallel, can be mounted in the middle
to be measured. To measure trace impedance and to create a calibration impedance that is
later subtracted from other measurements, the central pads can be shorted to measure only

connection and trace impedance.

Connections were made with 2.54mm-pitch pin headers, which can either be in J1 and J2 for
a short connection (“inner-inner”), or in J3 and J4 for a longer connection (‘“outer-outer”);
the difference in impedance can be correlated to the difference in trace length to get trace

impedance values per distance.

22 PCB2

Figure 26: Board layout of via impedance measurement PCB 2.

The intention of PCB 2 was to be identical to PCB 1, but to instead include a via connected
to a ground plane, to measure the impedance of the via. Connections of components and

measurement device were the same as for PCB 1.



Precise impedance measurement proved to be unsuccessful, as the PCB included both different

trace length and an additional via, and it was not possible to fully mathematically calibrate

out the removed trace length.

23 PCB3

PCB 3 was used for measuring the effects of noise on sensors. It offers a decoupling setup

that can be fully reconfigured by changing populated components and solder-bridge config-

uration. The groups of capacitors C1-C4 and C5-C8 each only represent a single capacitor;

they were used to create a stacked footprint that any package size of capacitor from 0402mil
to 0805mil would fit. The same strategy was used for PCB 1 and PCB 2.
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Figure 27: Schematic diagram of sensor noise-impact measurement PCB 3.

The connectors J2 and J8 served as mounts for 100uF electrolytic capacitors.

The testing of the sensors was then done by a NUCLEO-UO83RC development board con-

nected directly to J1, which then supplied the digital communication, ground connection,

and power for the voltage reference used as input to the ADC-sensor.




Figure 28: Board layout of sensor noise-impact measurement PCB 3.
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