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Abstract

Drowsy driving is a significant contributor to road accidents with existing detection technologies of-
ten falling short due to intrusiveness or environmental sensitivity. This thesis presents a non-invasive
method for detecting driver alertness using the Humantenna effect: the phenomenon whereby the hu-
man body passively couples with ambient 50 Hz electromagnetic fields. By capacitively coupling the
human body into a sensor in the vehicle’s steering wheel, grip strength and hand placement can be
continuously monitored without requiring any wearable devices.

This project involves experimental validation of the Humantenna effect in a controlled environment,
modelling of capacitive coupling as a function of grip strength, and the development of a custom amplifier
circuit to condition the signal. Results demonstrate a consistent and measurable relation between grip
strength and the amplitude of the 50 Hz signal. An operational amplifier-based configuration was
found to be the most suitable for reliable signal conditioning. A functional multi-sensor prototype
was developed and evaluated, indicating that the system is suitable for indoor use and scalable for
integration into vehicle systems.
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Introduction

Road traffic accidents remain a major global issue, causing approximately 1.19 million deaths and 20
to 50 million injuries annually [1]. Drowsy driving is a critical contributor, implicated in an estimated
20% of road accidents in the Netherlands [2]. This figure is likely underestimated, as drowsiness often
goes unrecorded, misattributed to other violations such as running red lights or failing to yield the right
of way [2]. A survey across 19 European countries revealed that 17% of drivers had fallen asleep at the
wheel in the past two years; of these, 7% were involved in accidents, 13.2% required hospital care, and
2.6% resulted in fatalities [3].

Beyond the loss of life, drowsy driving also imposes substantial economic costs. In 2022, road crashes
in the Netherlands cost an estimated 33 billion, which is about 3.4% of GDP covering medical services,
insurance, legal fees, and lost productivity [4]. Given its estimated 20% share of all crashes, drowsiness
likely accounts for a significant portion of this loss.

Drowsiness is a physiological state marked by an overwhelming urge to fall asleep, often caused by sleep
deprivation, circadian rhythm disruptions, or sedating medications [5, 6]. It impairs reaction time,
situational awareness, and decision-making [7]. Unlike intoxication, its onset is gradual and often goes
unnoticed by the driver.

Current driver monitoring systems generally fall into three categories: vehicle-based, behavioural, and
physiological [8]. Although vehicle-based and behavioural systems have seen some commercial adop-
tion, they face limitations such as speed dependency and sensitivity to lighting conditions [9, 10, 11, 12].
Physiological systems, while more promising in terms of early detection and accuracy, typically require
direct physical contact with the driver (e.g., EEG helmets, ECG electrodes), limiting their usability
and acceptance in real-world driving contexts [13, 14].

To bridge this gap, this research explores a passive and non-invasive sensing approach based on the
Humantenna effect: a phenomenon where the human body acts as an antenna, passively picking up
ambient 50 Hz electromagnetic fields present in most environments [15, 16]. By embedding a simple
wire-based sensor into the steering wheel, the system aims to detect grip strength and hand placement,
which are subtle but measurable indicators of driver alertness [14].

The primary focus is to determine the feasibility of using this passive grip sensor to distinguish between
touch and no-touch states and to quantify variations in grip strength. The system aims to provide
continuous, real-time monitoring without requiring drivers to wear any additional hardware, thereby
improving user acceptance and practicality.

The intended end-users are original equipment manufacturers (OEMs) within the automotive industry,
who can integrate the sensor into vehicles at scale. This solution aims to complement existing monitor-
ing technologies, offering a straightforward and scalable method to enhance driver safety and support



regulatory compliance [17].

This introduction sets the context and goals for the project, while detailed assumptions, functional and
non-functional requirements, and design constraints are further specified in the following Programme of
Requirements section in Chapter 2. Chapter 3 explains the Humantenna effect in depth and presents
experimental validation in a controlled setup. Chapter 4 examines how different coupling methods
influence signal quality and grip detection. Chapter 5 explores how grip strength can be quantified
using the sensed signals. Chapter 6 discusses the design and evaluation of several amplifier circuits
suited to this application. Chapter 7 details the prototype implementation and presents both simulated
and real-world results. The report concludes with a discussion in Chapter 8 and a summary of key
findings in Chapter 9.



Program of requirements

At its core, the product is a low-cost, passive grip sensor designed to detect driver awareness and
drowsiness. The initial target market is original equipment manufacturers (OEMs) in the automotive
industry, as this allows access to a large customer base and enables straightforward integration of the
sensor directly into existing vehicle systems.

2.1. Assumptions

e The ambient electromagnetic environment is stable and contains consistent 50 Hz signals.
e The setup is in a controlled environment, minimizing external electromagnetic interferences.

e The user will not move excessively during measurement to minimize signal disruptions.

2.2. Mandatory requirements

2.2.1. Non-functional requirements
e The system must require no special or expensive equipment.

e The system must be non-invasive and require no wearable devices.
e The system must be passive, emitting no signals or radiation during operation.

e The hardware must be compatible with the input specifications of the signal processing system.

2.2.2. Functional requirements
e The system must continuously monitor the grip strength and position of the driver’s hands on the
steering wheel using the humantenna effect sensors embedded in the steering wheel.

e The hardware shall detect distinguishable grip strength variations corresponding to different ap-
plied forces.

2.3. Trade-off requirements

e The cost of the sensor and amplifier components should be minimized without significantly com-
promising signal quality.

e The hardware design should aim to minimize complexity to reduce manufacturing costs and im-
prove reliability, even if this limits some advanced features.

e Sensor placement and setup should be as simple as possible, even if this leads to a slight decrease
in measurement precision.



Concept

This chapter defines the Humantenna effect and presents experimental validation demonstrating that
it occurs reliably within the context of our prototype system. In particular, we show that electrically
coupling a human body to a measurement device, significantly increases the amplitude of ambient 50
Hz signals, confirming the feasibility of using this effect for passive, non-invasive sensing.

3.1. The Humantenna effect

The Humantenna effect describes the phenomenon whereby the human body acts as a passive antenna,
coupling with ambient low-frequency electromagnetic fields, primarily the 50 Hz signals emitted by AC
power infrastructure. These ambient fields induce a small voltage in the body, which can be measured
when the person makes contact with a wire connected to a high-impedance amplifier [15].

The induced signal typically lies in the millivolt range [18] but can reach up to several volts peak-to-
peak depending on environmental conditions. In our environment, we observed peak-to-peak amplitudes
around 3 V, although this value can vary significantly from day to day. Notably, this effect requires no
active transmission or wearable electronics and relies solely on the constant presence of the 50 Hz signal
found in most indoor and vehicular environments. Because of its passive nature, the Humantenna effect
is ideal for applications requiring minimal invasiveness and low hardware complexity.

3.2. Experimental confirmation in a controlled setup

To confirm the presence of the Humantenna effect in our system, we developed a test setup consisting
of a conductive wire embedded in a prototype steering wheel and a connection to a high-impedance
amplifier. The environment was controlled to minimize electromagnetic interference and to ensure the
presence of a stable ambient 50 Hz signal.

Figure 3.1 shows a direct comparison between the signal amplitude when the sensor is untouched versus
when a human hand is in contact with the conductive wire. The result demonstrates a substantial
increase in the amplitude of the 50 Hz signal upon touch.
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No Touch vs Touch Signal Amplitude at 50 Hz
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Figure 3.1: Measured 50 Hz signal amplitude: no-touch vs. touch

The high contrast between these two conditions confirms that the human body couples with the sur-
rounding electromagnetic field and amplifies the induced voltage. This proves that the Humantenna
effect is active and measurable in our setup using minimal hardware.

3.3. Implications for grip sensing

While this experiment focuses on confirming the presence of the Humantenna effect, it also establishes
the foundation for using the effect to sense grip force. The dramatic signal change upon touch shows
that contact conditions influence signal amplitude. In subsequent experiments, we explore whether
variations in grip strength can be measured as distinct voltage changes. This lays the groundwork for
developing a passive driver monitoring system based on touch-based interaction with the steering wheel.



Coupling

This chapter considers the coupling between the human palm and the device to measure grip strength.
In this chapter, a simple model for the coupling will be derived.

According to the requirements in Chapter 2, the sensor also needs to be simple to integrate and non-
invasive with respect to the driver.

4.1. Galvanic vs capacitive coupling

The first question to answer is whether to couple the driver to the sensor galvanically (direct sensor to
skin contact) or capacitively (dielectric between the sensor and the skin).

In Table 4.1, three different couplings are tested with a test setup of the mentioned lengths of wire taped
to a plastic cylindrical object. From these tests, it is clear that if the only goal is to detect presence,
galvanic coupling is the correct approach. It has the highest detected signal of any of the sensors when
touch is applied, and it does not depend on the length of the wire. The goal of this project is to detect
drowsiness and this can be better derived from grip strength changes than solely touch detection. Since
the capacitive coupling has a difference in signal when changing grip strength, that coupling was chosen.

The capacitive coupling is dependent on the length of the wire. It can be seen that with a longer wire,
the ratio Weak Touch / No Touch is larger, and as such, it is easier to detect presence. However, the
ratio Strong Grip / Weak Touch is lower, showing that shorter wire segments can be used for coupling,
but possibly more amplification of the signal will be needed.

Table 4.1: Measured Voltage under Different Conditions and Coupling

Condition Galvanic  Capacitive Short (8 cm) Capacitive Long (36 cm)
No Touch [Vp] 0.25 0.15 0.20
Weak Touch [Vp] 2.30 0.24 0.75
Strong Grip [Vp] 2.30 0.49 1.40
Weak Touch / No Touch 9.20 1.60 3.75
Strong Grip / Weak Touch 1.00 2.04 1.87

4.2. Capacitive coupling in relation to grip strength

The Humantenna effect is based on how the human body picks up electric fields from the surrounding
environment, particularly those generated by 50 Hz power lines (see section 3.1). To understand and
work with this effect, a simple model is needed that captures how the body interacts with these fields
at such low frequencies. Electric fields at 50 Hz change slowly. Thus, magnetic or radio-like effects can
safely be ignored and the focus is on how the system behaves like a network of capacitors. In this setup,
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it’s not actual current flowing through wires that matters, but the tiny displacement currents caused
by changing electric fields. In Figure 4.1 the full model and its parts are depicted.

C_base

||
0.1p

C_source
[

N
100p

C_coupling
]
]

100p . C_ground Rinput
10Meg

Figure 4.1: Full circuit representation of the model

The human body itself, while electrically complex, will be approximated as an equipotential conductor
at these low frequencies, as its internal impedance becomes negligible relative to the high impedance of
the capacitive coupling to external structures [19]. Thus, the body serves primarily as a conductor for
transferring an electric-field-induced displacement current from the environment to a sensing wire.

The coupling between the human body and nearby power lines can be modelled as a capacitance,
Csources typically on the order of 100 pF [20]. This capacitance arises from the electrostatic interaction
between the human body and the ambient electric field generated by power lines. Because the position
and posture of the person relative to the power lines do not change significantly during the experiments,
Csource Can be considered constant for the given environment.

The body is then considered to be coupled to the ground with 100 pF capacitance Cgrouna [21]. These
two capacitances, by applying Thevenin’s theorem can be combined as 200 pF, and halving the source
voltage.

The Rj,pye is the input impedance of the measurement device. For the measurements, this was consid-
ered as 10 MQ due to the oscilloscope probe’s internal impedance.

The capacitance Cy,,s is formed by the input of the measurement device and the power lines. This
capacitance can be approximated by using the measurements of the insulated wire in the No Touch
scenario showed in table 4.1. considering a voltage divider.

Rin

put —

R 7 *Vsource = VNo Touch (41)
input + Zcbase

At 50 Hz, it is assumed that Xcpase Will be so high that it will be dominant over Rj,py¢, thus solving
for Xcpase:

Veour 325V
Xcbase = Rin * (ﬁ) =R10MQ - (

= 21.7GQ 4.2
VNo Touch 0.15 V) G ( )
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1
Chase = 350, 217G~ O LPF (4.3)

4.2.1. Grip-dependent capacitance C o piing

The second capacitance represents the coupling between the body, specifically the hand or palm, and
the insulated wire, depicting in Figure 4.2. Unlike Cyg e, this capacitance is sensitive to how the user
physically interacts with the wire. Factors such as:

e Grip force
e Tissue composition in the hand
e Contact area

e Insulation thickness and permittivity

All influence the effective capacitance Ceoypiing: When the hand lightly touches the insulation, the air
gaps and reduced contact area result in a lower capacitance. As grip tightens, the contact area increases
and the average separation distance decreases, increasing Ceoupling, While the different tissues are moved
around in the palm, changing the capacitance of the palm. This effect introduces a change in coupling:
the signal strength at the wire changes depending on how firmly it is held.

CONDUCTIVE TISSUE
OF BODY

SKIN
DIELECTRIC WIRE INSULATION
COPPER

CAPACITOR MODEL

Figure 4.2: Capacitor model of palm and sensor.

4.2.2. Capacitor combination
Combining these two capacitors in series and connecting them to the measurement device will form a
voltage divider together with the input impedance of the measurement device. This voltage is measured
and compared with the grip strength. From Equation 4.4 it is visible that the lowest capacitance will
always dominate the combined value.

Csource : Ccoupling

Ceq = ~ Ccoupling (44)

Csource + Ccoupling

4.2.3. The coupling capacitor
Taking into account the previous assumptions, the value for Ceoypling can be approximated from the
circuit depicted in Figure 4.3:
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C_I?lase
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0.1p
C_COI.”Jling
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325V T
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N

Figure 4.3: Simplified model with Thevenin equivalent

With superposition principle applied and Ry, being a relatively low impedance, the equations for the
calculation of Cy 44 follows as:

Vsource/2 ) ( 325V >
Xccoupling = Rin * =10MQ - [ ———= ] =48GQ 4.5
Cooupling (VStrong_Grip - VNO_TouCh 049 - 0.15V ( )

1

I L=
coupling 27 -50Hz - 4.8GO

~ 0.66 pF (4.6)

Table 4.2: Different capacitance values for the coupling

Capacitive Short (8 cm) | Capacitive Long (36 cm)
No Touch [pF] 0.14 0.19
Weak Touch [pF] 0.17 1.08
Hard Grip [pF] 0.66 2.35

Through modelling and experimental validation, it was shown that the dominant variable capacitor in
the system is the coupling between the user’s palm and the insulated wire. This coupling capacitance,
increases with grip force due to greater contact area (length of wire) and reduced dielectric spacing.
The measured signal amplitude is compared with grip strength, and quantitative estimates show that
varies from 0.14 pF (No Touch) to more than 2 pF (Hard Grip), depending on the length of the wire
and the contact of the hand. This model gives a good indication of capacitance values, and thus voltage
levels, to consider when conducting further measurements.



Quantifying grip strength

This chapter discusses the measurements performed to quantify how the Humantenna effect interacts
with the coupling based on grip strength.

5.1. Why quantify

To accurately estimate the force applied during gripping, it is first necessary to understand how the
sensor signal varies with grip strength and identify the relevant variables that influence the sensor-driver
interaction. As described in Chapter 4, the measured voltage of the sensor is not solely dependent on
grip force. It is also affected by external and individual-specific factors, including the strength of
ambient 50 Hz electromagnetic fields, the body type of the person involved, and the composition of
the hand. Therefore, to extract the part of the signal specifically related to grip force, a simultaneous
measurement must be conducted using a separate sensor that directly reflects the force of the grip
applied to the coupling. This dual-sensor approach allows for the comparison between the capacitive
signal and actual grip force to be established, while also enabling an investigation into how body type
and gender influence the interaction.

5.2. Test setup

In this test, to quantify grip strength, a grip strength item was designed using a Force Sensitive Resistor
(FSR). While FSRs do not offer the greatest resolution or repeatability, they do offer a similar use case
to the grip strength sensor, which is researched in this project. As such, the applied force to the sensors
can be related, but with a large error margin.

The test item is a cylindrical object, shown in Figure 5.1, which the user can hold, and grip. It contains
the FSR and the coupling for the Humantenna sensor. The force applied to the item is applied to
the coupling for the hummantenna sensor, a 15 cm long insulated wire taped to the surface of the
grip strength sensor, and transfers through the FSR located in the middle of the grip strength sensor,
allowing it to directly measure the force applied. The compliant structure of the part allows the sensor
to be placed in the item, but such that it can still move to transfer force and that the item only takes
a predictable amount of force away from the grip.

10
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Figure 5.1: Grip Strength Test Item

To test the device a single person conducted ten measurements within a short time period in the same
location to keep the test environment constant. The measurements are plotted in Figure 5.2, where it
is observable that there is a significant variation in the readouts. This is expected to be due to the
repeatability constraints of the FSR.

Force vs Amplitude (Smoothed)
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w o
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6
Force (N)

Figure 5.2: Test measurements of the same person ten times

Using this test item, multiple people were asked to first lightly hold, but do not touch, and then gradually
grip the test item firmer for 15 seconds. Both the coupling’s and the force sensor’s output signals were
noted. The voltage peaks of the 50 Hz signal were detected, then data was put into a Minimum Mean
Squared Error, linear regression algorithm, from which a model was derived that allows to compare the
grip strength and the Humantenna signal.

5.3. Results

The measurements with the grip strength item are plotted in Figure 5.3. The plot includes 11 recordings
at the same location in the same controlled setting for 11 individuals, within the time period of one
week.
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Force vs Amplitude (Smoothed)
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Figure 5.3: Controlled environment measurements of 11 individuals.

The horizontal axis in the plot represents the applied force as measured by the FSR. The vertical axis
shows the amplitude of the 50 Hz component extracted from the voltage signal corresponding to 50 Hz
radiation coupled through the body. Although the FSR used in this experiment showed limited preci-
sion and noticeable variance, a clear correlation is observed between the grip force and the amplitude
of the induced 50 Hz signal.

Both male and female participants were included in the test, with red and blue lines representing indi-
vidual measurements from female and male subjects, respectively. No significant differences in signal
behaviour was observed between genders. When compared to Figure 5.2 it is also observable that there
is more variance between measurements in test subjects than the variance caused by the grip strength
test item.

Overall, the results support the conclusion that the amplitude of the induced signal increases with grip
force, demonstrating a measurable and consistent relationship between physical contact force and the
strength of the Humantenna effect. Quantitatively, signal amplitudes ranged from approximately 0.2 V
at rest to over 0.7 V at maximum grip. For most subjects, especially beyond three Newtons of applied
force, a roughly linear relationship is observed. The average slope across participants was approximately
0.03 to 0.05 V/N, though this varied due to sensor noise and hand placement.



Amplifier circuit design

This chapter evaluates and compares three amplifier configurations for enhancing bio-electrical signals
in human-device interaction, specifically for detecting grip on a steering wheel using the Humantenna
effect. Because the signals involved are low in amplitude, the application demands circuits with high
sensitivity, stability, and linearity.

The amplifier topologies considered are:

1. The Tandem NPN/PNP Pair
2. The Sziklai Pair
3. A Non-Inverting Operational Amplifier (OpAmp) Configuration

Each circuit offers distinct characteristics in terms of gain, frequency response, linearity, and imple-
mentation complexity. While the tandem and Sziklai pairs are known for their high gain, the Op-Amp
configuration provides accurate signal conditioning, active filtering, and is well-suited for integration
with ADCs in microcontroller-based systems.

To assess their suitability for amplitude tracking, the designs are evaluated using a Harris Profile with
criteria tailored to this context: amplitude linearity, gain stability, DC offset impact, saturation risk,
signal loading, and bandwidth.

Through both simulation and experimental analysis, this chapter identifies the most effective amplifier
configuration for reliable signal acquisition in bio-interactive sensing applications.

6.1. Various amplifier configurations

In previous experiments involving grip detection via the Humantenna effect, discrete transistor-based
amplifiers such as the Tandem NPN/PNP pair and the Sziklai pair were implemented to amplify the
weak bio-electrical signals produced by human contact [18, 14]. This section builds on that work by
re-evaluating those two configurations and introducing a third approach: a non-inverting operational
amplifier (OpAmp) circuit. All three designs are analysed and compared in terms of their signal
amplification behaviour, with emphasis on their suitability for accurate, stable signal acquisition in
bio-interactive sensing systems.

6.1.1. Tandem NPN/PNP pair

This configuration consists of a cascaded NPN and PNP transistor as shown in 6.1a [14], forming a
simple but highly sensitive amplifier. Due to the complementary nature of the transistors, this circuit
exhibits very high gain and is capable of amplifying the small input signals produced by the human
body when in contact with the steering wheel.

However, this high gain comes at the cost of linearity. The Tandem pair shows strong non-linear behav-
ior, with output signals often switching between the positive and negative supply rails. In simulation

13
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(b) Simulation Tandem NPN/PNP Pair

Figure 6.1: Tandem PNP/NPN Pair

and real-world measurements, this was observed as a form of saturation or "rail-to-rail" switching as
can be seen in 6.1b, particularly for input signals near 1V peak-to-peak at 50 Hz. As a result, the
output is less suitable for applications requiring accurate amplitude tracking.

Overall, the overall performance is hindered by its non-linearity and risk of clipping, especially in un-
controlled environments or with variable input amplitudes.

6.1.2. Sziklai pair

The Sziklai pair uses a similar arrangement of NPN and PNP transistors, but in a different configuration
[18]. Unlike the Darlington pair, which multiplies current gain, the Sziklai pair offers high gain with
improved thermal stability and lower base-emitter voltage drops. This makes it slightly more robust
across varying environmental conditions.

Despite these advantages, the Sziklai pair also suffers from non-linear response and a limited linear
output range. It does not include active filtering, meaning that additional circuitry would be required
to limit the frequency range of the amplified signal. This makes it less optimal for integration into
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Figure 6.2: Tandem PNP/NPN Pair

systems requiring precise filtering and signal shaping.

Both the Tandem and Sziklai configurations are relatively simple and built from inexpensive discrete
components, but their limitations in linearity, susceptibility to saturation, and inconsistent gain make
them less suitable for applications demanding accurate signal fidelity, such as interfacing with analog-
to-digital converters in microcontroller-based systems.

6.1.3. Operational amplifier

The non-inverting OpAmp amplifier was designed to condition the signal for digitization by a micro-
controllers analog-to-digital converter (ADC). This approach combines high precision, flexibility, and
simplicity, making it ideal for applications requiring accurate amplitude measurements.

Simulation Active OpAmp
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o
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(a) Active filter OpAmp configuration (b) Simulation Active filter OpAmp

Figure 6.3: Active filter OpAmp

Signal conditioning and offset

The OpAmp circuit serves two primary functions: amplification and active filtering. Additionally, a DC
offset is applied to the signal to ensure it fits within the input range of the ADC. Since the ADC operates
from 0 to 5 V, the signal is centred around 2.5 V, allowing both positive and negative components of
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the input waveform to be captured without clipping.

Active filter design

An active band-pass filter is implemented using a single OpAmp per channel, which helps to keep the
overall cost and complexity low. The filter blocks very low frequencies (providing DC blocking) and
high-frequency noise, allowing the relevant signal band to pass through. These bounds are chosen to
match the signal characteristics from the Humantenna effect while minimizing interference.

The filter and gain are determined by a minimal component set: two resistors and one capacitor in the
OpAmps feedback network. Using Slicap!, the full transfer function of the circuit was determined and
is shown in Equation 6.1.

Vour _ C1C3R1Ry5% + 5 (CiRy + C3Ry + C3R,) + 1
Vin  CiC3RiR;s2+s(CiR; + C3Ry) + 1
A detailed analysis of this transfer function can be found in Appendix B. However, for practical
design purposes, the filter can be approximated by simpler formulas. The gain is set by the resistor

ratio, as shown in Equation 6.2, and the cut-off frequencies are approximated by their respective RC
combinations in Equation 6.3 and Equation 6.4.

(6.1)

cain— 14 B2 4 470KO
ain = — = =
Ry 470 KQ
This gain was selected based on the amplitude of the input signal measured during the controlled setup,
which was about 1 V peak-to-peak at 50 Hz. The gain was chosen to ensure the amplified signal fits well
within the microcontrollers ADC input range (0-5 V), maximizing resolution while preventing clipping
near the supply rails. This careful calibration preserves linearity and maximizes measurement accuracy.

(6.2)

The cut-off frequencies of the filter depend on the capacitor and resistor values, controlling the shape
and bandwidth of the signal passed through.

1 1
~ 2mRC  2m-470-103-1-107°
1 1

Jt=52R¢ = 2n-470-10° - 100-10-¢
The high-frequency cut-off is set slightly above the expected upper signal content to ensure minimal
attenuation of the desired signals while effectively reducing high-frequency noise, harmonics, and mirror
signals. The low-frequency cut-off is set extremely low to provide DC blocking, eliminating offset or
drift, while preserving the integrity of signals in the relevant frequency range as shown in 6.4.

fa ~ 340 Hz (6.3)

~ 0.0034 Hz (6.4)

Frequency Response Active amplifier

1071 10° 10! 10?
Frequency

Figure 6.4: Frequency response of OpAmp

ISlicap is a SPICE-like circuit analysis tool integrated into LTspice.
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While frequency response is important, simulations also included startup behaviour. This due to big DC
blocking capacitors being used. To make sure those capacitors don’t effect the performance, a startup
simulation was performed. Figure 6.5 shows this simulation, and shows that the system reaches steady
state after 5 seconds. This is fast enough that it does not affect the performance of the design.

Startup Response Active amplifier

4 — \Vout
—— Vin

V1
N

Time [s]

Figure 6.5: Op amp Circuit startup simulation

Performance and practical benefits
Compared to discrete transistor configurations, the OpAmp offers several critical advantages:

e Excellent linearity, ensuring faithful reproduction of the input signals amplitude

e Stable gain, unaffected by temperature or component variation

e Low input impedance, minimizing loading effects on the signal source

e Reduced risk of clipping, as the DC offset ensures the signal stays within the ADCs voltage range

Because only one OpAmp is used per channel and the supporting components are minimal, this con-
figuration remains cost-efficient and compact while delivering high performance. In controlled testing,
the amplifier provided clean, reliable signals without distortion, even with varying input amplitudes.

Conclusion

Among the three configurations evaluated, the Non-Inverting Op-Amp offers the best performance for
amplitude measurement. It combines high linearity, stable gain, low offset, and minimal signal loading,
while also integrating active filtering and DC offset for seamless ADC compatibility.

In comparison, the Tandem and Sziklai transistor pairs provide high gain but suffer from non-linearity
and saturation. Although simple and low-cost, they require additional filtering stages and offer less
consistent performance.



Prototype and results

Building on the amplifier configurations discussed in Chapter 6 and the sensor theory and experiments
from Chapter 4, this chapter presents a working prototype for grip strength detection. The prototype
brings together the key findings from the previous chapters, starting with the design of the steering
wheel sensor, followed by the amplifier circuitry that enables reliable performance across a range of use
cases.

7.1. Sensor prototype

During this project many different sensors configurations were built and tested. These iterations led to
the development of an optimal sensor shape and configuration.

Chapter 2 highlights the need for a non-invasive and easily integrable sensor. Based on this requirement,
and due to the capacitive nature of the sensor, it was decided to embed the sensor beneath the surface of
the steering wheel. To achieve this, a sleeve was developed with the sensor integrated into its structure,
allowing it to be easily mounted onto any standard steering wheel. This is shown in Figure 7.1b.

Chapter 4 also shows the effect of different lengths of wire on the Humantenna effect. From this ex-
periment it was determined that longer wire and thus greater contact area are better for detection
of the Humantenna effect. As such it was decided to make a snaking pattern over the outside of the
steering wheel, as shown on the prototype in Figure 7.1b, where the contact area with the hand is largest.

Finally, the steering wheel was divided into six separate sensing sections (see Figure 7.1a). This design
offered two key benefits:

e Reduced ambient signal pickup when not in use
e Basic hand placement detection, based on which sensors are in contact with the user’s hands

During testing, participants were asked to maintain continuous contact with the sensors to ensure con-
sistent readings and reduce the need for advanced signal processing.

7.2. Amplifier hardware

While the simulations from Chapter 6 provide valuable information, a prototype was needed to validate
the design in practice. This section outlines the hardware development process across several iterations.

7.2.1. Breadboard

Initial experiments were done on a breadboard to evaluate signal characteristics and determine the
required gain to achieve good signal strength. While this setup provided flexibility during early testing,

18
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(a) Graphical view of the 6 sections (b) Picture of the 2 section prototype

Figure 7.1: Prototype

it suffered from unreliable connections, which led to inconsistent measurements.

7.2.2. Protoboard

To address the limitations of the breadboard, a more stable protoboard was developed. This version
aimed to provide more consistent signal acquisition and used an external analog-to-digital converter
(ADC). The internal ADC of the ESP32 had problems, including limited voltage range (0-3.3 V) and
poor stability. This made it so that in many situations, the OpAmp would already start clipping at
very low gain, but not be able to receive a signal in other situations due to that low gain.

The protoboard utilized the MCP3208, a discrete ADC capable of accepting input voltages up to 5 V
and converting them to 12 bits, and communicating those to the ESP32 via SPI. This not only resolved
the voltage limitation but also provided eight channels, enabling data acquisition from all six sensors
using a single chip.

7.2.3. PCB

The final version of the prototype was realized in the form of a compact PCB using surface-mount
devices (SMD). This allowed for a reduction in size while enhancing performance.

The PCB design integrates the MCP3208 ADC and two OPA4338 'quad op amps. The OPA4388
was chosen for its ultra low bias current, and its rail to rail output, preserving the low power signal
and reducing the chance of clipping respectively. All eight channels of the ADC are utilized, with
each connected to a dedicated channel of the op amps. This setup enables simultaneous sampling of
all sensors, providing reliable hardware for applications such as hand placement detection, which is
currently under development by the software team.

Isection C.1
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Figure 7.2: 3D render of the final PCB

7.3. results

Although the prototype meets all requirements in an indoor environment, it is not yet suitable for
outdoor use. The size of the device also remains larger than ideal for the final product. These limits
show a path for further miniaturization and diversification in future revisions.

It did show that measuring multiple simultanious channels of 50Hz interference is not only possible,
but easy to do. This circuit together with the grip measurments from Chapter 5 allows for reliable grip
estimation, which can be used for drowsiness detection.

A flaw of the current prototype is that it uses relatively expensive components, including the ESP32,
0OPA4338, and MCP3208 ADC. While these parts were chosen for their reliability and ease of integration
during development, they may not be cost-effective for a final product. With further testing, cheaper
alternatives could be identified without compromising performance.



Discussion

The experimental results validate the feasibility of using the Humantenna effect for detecting grip
strength as an indirect indicator of driver drowsiness. The relationship between grip strength and in-
duced voltage amplitude was consistently observed across multiple subjects, though with some variation
due to individual test subjects. This variability highlights the need for further personalization or adap-
tive calibration algorithms to enhance detection robustness in real-world applications.

The choice of capacitive coupling over galvanic coupling allowed for better differentiation of grip strength
levels, a valuable parameter in detecting drowsiness-related changes in hand behaviour. The amplifier
circuit design, especially the use of a non-inverting operational amplifier, proved to be a reliable solution
in terms of gain stability, linearity, and low signal distortion, outperforming simpler transistor-based
configurations.

As future work, we propose implementing a voltage-controlled amplifier with an integrated control cir-
cuit to mitigate the effects of ambient electromagnetic field variations. Additionally, to improve the
quantification of the relationship between grip strength and signal coupling, a more robust and precise
test device is needed. Ensuring the device is consistently positioned relative to nearby power lines would
reduce measurement variability, and simultaneously monitoring the ambient field during testing could
enhance data accuracy.

Expanding the study to include a larger and more diverse group of test subjects would further improve
statistical validity. Collecting demographic and biometric data, such as the height and weight of each

participant, may help identify relevant correlations or normalisation factors.

In summary, the results are promising but indicate that further research is needed to move from a
laboratory prototype to an automotive-grade product.
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Conclusion

This project successfully demonstrated a passive, non-intrusive system for detecting driver alertness
using the Humantenna effect. By leveraging the natural electromagnetic coupling between the human
body and a sensor-embedded steering wheel, the system can track grip strength and hand contact with
minimal hardware complexity.

A detailed analysis of coupling models, experimental signal characterization, and amplifier circuit evalu-
ation led to the development of a robust prototype. Among various amplifier designs, the non-inverting
OpAmp configuration offered the best performance for this use case, enabling real-time monitoring of
grip strength.

While the system performs well in controlled environments, further research is required to improve
performance in varied electromagnetic conditions and reduce component costs for commercial viability.
Nonetheless, the findings lay a strong foundation for scalable integration into automotive driver moni-
toring systems and contribute to the growing field of passive human-machine interaction.

It is expected that the detected signal out in the field would be weak and varied in amplitude. Therefore,
a variable gain amplifier that can adjust to the ambient strength of the 50 Hz electromagnetic radiation
should be designed. The recommendation for future designs would be to experiment with multiplexing
before the input of the amplifier, therefore only one amplifier will be needed. Further research could
also look into rectifying the signal and using a peak detector circuit, greatly reducing the computational
load after analogue to digital conversion.
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Code

A.1. Linear Regression Code

import matplotlib.pyplot as plt

#Input calibration values
Force = [0.128, 0.256, 0.259, 0.518, 0.750, 1]
R = [20 % 10*%3, 10 % 10%%3, 9.1x10x%3, 5 % 10%%x3, 2.7 *x 10*%3, 2.1 * 10%x%3]

#Check the graph
plt.loglog (Force, R)
plt .show ()

#Convert Resistance to Vout
Vout = []
for i in R:
Vout.append (3.2 x ((2.2%10%%3)/((2.2%10%%3) + (i))))

plt.loglog (Force, Vout)
plt .show ()

#Use Scipy for linear Regression
from scipy import stats

y = Force
x = Vout
slope, intercept, r, p, std err = stats.linregress(x, y)

print (f"Force,—=,{slope}u*,Vout +, {intercept}")

def myfunc(x):
return slope * x + intercept

mymodel = list (map(myfunc, x))

plt.scatter(x, y)
plt.plot (x, mymodel)
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plt .show ()

# Output: Force = 0.6420370502794951 * Vout + —0.11073969207645945

A.2. Grip Graphmaker

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
from scipy.signal import find peaks
import os

def plotesv (filename ):

# —— Load CSV using full file path —
df = pd.read csv(filename) # Update this path

# Extract columns

time = df|'timestamp']. values
sine signal = df['osc_ch2'].values =« 10
voltage signal = df['osc_chl'].values x 10

# Step 1: Detect peaks in sine signal
# Since frequency is 50 Hz and sample rate 1000 Hz,

# minimum distance between peaks T 1000/50 = 20 samples
peaks, = find peaks(sine signal, distance=20)

peak times = time [peaks]

peak amplitudes = sine signal|peaks|

# Step 2: Convert voltage to force using your formula
# force signal = 4.201e6 * voltage signal xx —1.1
force signal = voltage signal

# Step 3: Get force values at the peak points
force at peaks = force signal[peaks]

# —— Moving average smoothing function —
def moving average(x, w):
return np.convolve(x, np.ones(w), 'valid') / w

# Sort data by force so smoothing makes sense
sorted indices = np.argsort (force at peaks)

force sorted = force at peaks|[sorted indices]
amps_sorted = peak amplitudes|[sorted indices|

# Smooth the amplitudes with window size w (try w=10)

w = 10

amps_smooth = moving average(amps_sorted, w)

force _smooth = force sorted|[w//2: —w//2 + 1] 4 align x with smooth y

force _smooth = ( 0.64204x% (force smooth) — 0.111 ) % 9.81

#indices = []
#for i in range (len (force smooth)):
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# if 0 < force smooth[i] < 10:

+# pass

# else:

# indices .append (i)

#

#force smooth = np.delete (force smooth,indices)

#amps _smooth = np.delete (amps smooth,indices)
# Step 4: Plot

#plt.plot (force at peaks, peak amplitudes, 'o', alpha=0.3, label='Raw Peaks')

plt.plot (force smooth, amps smooth, '—'  linewidth=2, label=filename)
if name — " mamn_ "
plt . figure(figsize=(10, 6))

(
plt.xlabel ('Force,(N) ")
plt.ylabel ('Amplitude,of Sine Peaks")
plt.title ('Force,vs,Amplitude of Sine Peaks,(Smoothed) ")
plt.grid (True)
plt.tight layout ()

dir = "GripSensorTests"
for i in os.listdir (dir):

plotesv (f"{dir}/{i}")
plt.legend ()

plt .show ()

A.3. GripMeasurment code

import threading
import time

import csv

import signal
import numpy as np
import dwipy as dwf
import datetime
import serial

T

IMPORTANT NOTE —
YOU NEED TO INSTALL DIGILENT WAVEFORMS AS WELL AS THE DWFPY AND PYSERIAL PACKAGE

1

# —— Parameters ——

Record time = 15

SAMPLE RATE = 1000 +# Hz

BUFFER_SIZE = 10000  # Samples

READ INTERVAL = 1x(BUFFER_SIZE/SAMPLE RATE) # Seconds (50 ms)
CSV_FILE = "GripSensorTests/recM2.csv"
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# —= Thread control flag

running = True

# —— Shared queue to pass data from thread to logger
osc_queue = |[]

esp_queue = |[]

# —— Oscilloscope Thread Function

def record oscilloscope ():
with dwf.Device() as device:

print (f"Connected,to: {device.name} ({device.serial number})")
scope = device.analog input

for c¢h in [0, 1]:
scope[ch].setup (range=5)
scope [1].setup (range=2)

scope.sample rate = SAMPLE RATE

scope . buffer size = BUFFER_SIZE

scope.scan_shift (sample rate=SAMPLE RATE,
buffer size=BUFFER_SIZE,
configure=True,
start=True)

# Initialize time tracking

dt = 1 / SAMPLE RATE

sample index = 0

start time = time.perf counter ()

while running:
time . sleep (READ INTERVAL)
scope.read status(read data=True)
chl np.array (scope [0].get data())
ch2 np.array (scope[1].get data())

# Compute timestamps from sample index
ts _start = start time + sample index x dt
osc_queue.append ((ts_start, chl.tolist (), ch2.tolist ()))

sample index 4= len(chl)

def record esp32 serial(port="COM6", baud=921600):
try:
ser = serial.Serial (port, baud, timeout=0.5)
print (f"Connected,to ESP32,0n,{port} @ {baud}_ baud.")
except serial.SerialException as e:
print (f" [ERROR],Could not open serial port:, {e}")
return

try:
while running:
try:
line = ser.readline ().decode(errors="ignore').strip ()
if line:
try:
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parts = [int(x.strip()) for x in line.split(',"')]

if len(parts) — 2:
esp_time = parts[0] / 1 _000_000 +# ts to sec
val parts [1]
host time = time.perf counter ()
esp_queue.append ((host time, [esp time, val]))
else:

print (" [ESPLUPARSE ,WARNING| ,Invalidline: {line}")
except Exception as e:
print (" [ESPLPARSE_ERROR| Line: {line }, u{e}")
except Exception as read err:
print (f"[ESP32 Read Error ]| {read err}")
break
finally :

ser.close ()
print ("ESP32,serialclosed.")

# ——= Signal handler for Ctrl4C ——
# Define stop all so it works for both signal and timer
def stop all(sig=None, frame=None):

global running

print ("Stopping,recording ... ")

running = False

# Register Ctrl+C handler
signal.signal(signal .SIGINT, stop all)

# Start auto—stop timer

stop _timer = threading.Timer(Record time, stop all)
stop_timer.start ()

signal.signal(signal .SIGINT, stop all)

# ——= Data Saver (Main Thread)
def gather and save():
all_rows = |[]

osc_sample rate = SAMPLE RATE +# same as used in record oscilloscope
print ("Logging,to,CSV. .. Press, Ctrl4+Cytostop . ")

empty loops = 0
max empty loops = 40 # 72 seconds idle

while True:
wrote data = False

—— Handle oscilloscope batches
while osc_queue:
ts, chl, ch2 = osc_queue.pop(0)
dt = 1 / SAMPLE RATE
for i in range(len(chl)):
t _sample = ts + i * dt

all_rows.append ([t_sample, chl[i], ch2[i], None, None])
wrote data = True
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# —— Handle ESP32 real —time samples
while esp queue:
host ts, val = esp_ queue.pop(0)
esp_time, sensor val = val
# You can choose to use “host ts ' or ‘esp time’
all rows.append ([host ts, None, None, esp time, sensor val])

wrote data = True

if not wrote data:
empty loops +=1
if not running and empty loops > max empty loops:
print ("Queues,idle and stopped. Exiting, logger.")
break
else:
empty loops = 0

time.sleep (0.005)

# =—— Sort by timestamp ——
all _rows.sort (key=lambda row: row][0])

# —— Write to CSV
with open(CSV_FILE, "w", newline='") as f:
writer = csv.writer (f)
writer . writerow (["timestamp",
"osc_chl",
"osc_ch2" |

"esp timestamp"
"esp_ value"])
writer. writerows (all rows)

print ("Recording,complete.")

osc_thread = threading.Thread(target=record oscilloscope)
esp_ thread = threading.Thread (target=record esp32 serial)

# make them daemon threads so they wont hang the process if something goes wrong
osc_thread.daemon = True
esp thread.daemon = True

osc_thread.start ()
esp thread.start ()

# wait for the autostop timer to fire, which calls stop all()
stop _timer.join () # blocks until Record time elapses

# now both threads will naturally exit their loops (running=—False)
print ("Waiting,,foryacquisition threads,to,finish")

osc_thread.join (timeout=1.0) # give them up to 1s to wrap up
esp thread.join (timeout=1.0)

# now safely gather whatevers left in the queues and write the CSV
gather and save()



A.4. Slicap Op Amp Analysis
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print ("All threadsyjoined . Program ended.")

print ("All threadsyjoined . Program ended.")

A.4. Slicap Op Amp Analysis

import SLiCAP as sl
import sympy as sp

sl.initProject ('InitialAmplifier ', notebook=True)
cir = sl.makeCircuit("InitialAmplifier.kicad sch")

sl.img2html("InitialAmplifier.svg", width=300)

MNA = sl.doMatrix(cir)
sl. matrices2html (MNA)

gain = sl.doLaplace (cir ,
transfer = "gain",
source="V1",
detector="V_Vout",
lgref = 'circuit ')
sl.eqn2html('V_out/V_in', gain.laplace)

poles = sl.doPoles(cir,
transfer = "gain" |
source="VI1"
detector="V_Vout",
lgref = 'circuit')
sl.eqn2html('p',poles.poles)

zeros = sl.doZeros(cir,
transfer = "gain",
source="V1",
detector="V_Vout")
sl.eqn2html("Z", zeros.zeros)

numGain = sl.doLaplace (cir ,
pardefs="circuit",
numeric=True,
source="V1" ,
detector="V_Vout")

sp.simplify (gain.laplace)
sl.eqn2html('V_out/V_in', gain.laplace)

#0nly works if R1 and R2 arent symbolic
figMag = sl.plotSweep ('RCmag',

'"Magnitude characteristic

numGain ,

17

"10k "',

100,

yUnits = '-',
show = True)

!

)



Analysis of Active Band-Pass Amplifier

The following chapter derives the formulas for the op amp circuit based on the Slicap analysis of the

circuit in Figure B.1
ﬁ .
< N1
Vi ( \/

Vaout

;\ Value: {vi) J7
I.\-“-/.I
- O o
< Value: {C1}
R3
Value: {R1}
S

[ ]

+| R4
Value: {R2}

c2

Value: {C3}

+H

=<

Figure B.1: Slicap Simulation circuit

Transfer Function and General Characteristics

The general form of the transfer function for the active band-pass amplifier under analysis is given by:
Vour _ C1C3RRys% + 5 (CiRy + CsRy + C3Ry) + 1
Via  CiC3RR,;52 +5(CiRy + C3Ry) + 1

This is a second-order band-pass filter, which can be analyzed in the standard second-order form:

(B.1)
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His) = a,s> +a;s+1
() = bys? +b;s+1

where:

a; = C1(3R4R;

a, = C1R{ + (3R + (3R,
by = C1C3R1R;

b, = CiRy + (3R,

Derivation of Natural Frequency

The natural frequency w is derived by comparing the denominator to the standard second-order system:

Hes) =
Zs2 4 —s+1

2
wp Quwg

From this form, the coefficient of s? in the denominator gives:

1 1
— = C1C3R1R2 = Wo = (B3)

(1)0 \[C1C3R1R2

Derivation of Quality Factor

To find the quality factor Q, we use the coefficient of the s term in the denominator:
1
Q_Q)O = C1R1 + C3R2

Rewriting in terms of Q:

1
wo(C1R1 + C3Ry)

Substituting the expression for wy from Equation B.3:

Q=

1

Q =
1
(7 ) @R+ CR)
C.:C:R{R
_ V0l Ry (B.4)

" CyR, + C3R,

Cutoff Frequencies

The 3-dB cutoff frequencies w; and wy correspond to the frequencies at which the gain drops to % of
the maximum. Start from the denominator of the standard second-order transfer function:

w/wg

J (1 - /ooy + ()

At the cutoff frequencies, |H(jw)| = % X |H(jwg)|. Solving this yields:

|[HGw)| =
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1 1
©HL _ g4 +—
wo 402 ~ 20

’ 1 1
= Wy =Wy 1+4—in%

Center Frequency Gain

(B.5)

The gain at the center frequency w, is determined by evaluating the magnitude of the transfer function

at w = wy. Simplifying the result gives:

Vout
Vin

(3R,

=1+

Acenter =

wW=wq

Putting in the numbers

Given component values:

R, =R, = 470kQ = 470 x 103 Q
¢, =1nF=1x10"°F
C; = 100 uF = 100 x 1076 F

Center Frequency

1
wy = ~ 6.72rad/s
J(1'x 1079)(100 x 10-6)(470 x 103)2
=90 L1071
fo = o Z
Quality Factor
1 x 10-9)(100 x 10-6)(470 x 103)2
0 V( )( )( ) . 0.00316

~ (1x 1079)(470 x 103) + (100 x 10-6)(470 x 10%)

Cutoff Frequencies

/ 1 1
oy ~672x| |1+ 355+ 55 ~21275rad/s = fy ~339Hz

1 1
w, =672 x| [1+ @0 0.269rad/s = f, ~0.043Hz
Center Frequency Gain
47
Acenter = 1+ 556047 127 ~ 20

Summary
e Center frequency: fy, = 1.07 Hz

e Low cutoff frequency: f; =~ 0.043 Hz
e High cutoff frequency: fy = 339 Hz

e Gain at center frequency: Acenter = 2.0

(B.6)
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OPAXx388 Precision, Zero-Drift, Zero-Crossover, True Rail-to-Rail, Input/Output
Operational Amplifiers

1 Features

* Ultra-low offset voltage: £0.25 pVv
» Zero drift: £0.005 pVv/°C
* Zero crossover: 140-dB CMRR true RRIO
+ Low noise: 7.0 nVVHz at 1 kHz
* No 1/f noise: 140 nVpp (0.1 Hz to 10 Hz)
* Fast settling: 2 ys (1 V to 0.01%)
* Gain bandwidth: 10 MHz
» Single supply: 2.5Vto 5.5V
* Dual supply: £1.25V to £2.75 V
* True rail-to-rail input and output
» EMI/RFI filtered inputs
* Industry-standard packages:
— Single in SOIC-8, SOT-23-5, and VSSOP-8
— Dual in SOIC-8 and VSSOP-8
— Quad in SOIC-14 and TSSOP-14

2 Applications

* Merchant network and server PSU
* Notebook PC power adapter design
*  Weigh scale

* Lab and field instrumentation

+ Battery test

* Electronic thermometer

* Temperature transmitter

Rs
25kQ

REF5025

+SENSE
o

:

Vour

O
Q

GND < 5 Load Cell
GND <7

The OPA388 in a High-CMRR, Instrumentation
Amplifier Application

3 Description

The OPAx388 (OPA388, OPA2388, and OPA4388)
series of precision operational amplifiers are ultra-low
noise, fast-settling, zero-drift, zero-crossover devices
that provide rail-to-rail input and output operation.
These features and excellent ac performance,
combined with only 0.25 pV of offset and 0.005
pV/°C of drift over temperature, makes the OPAx388
a great choice for driving high-precision, analog-to-
digital converters (ADCs) or buffering the output of
high-resolution, digital-to-analog converters (DACs).
This design results in excellent performance when
driving analog-to-digital converters (ADCs) without
degradation of linearity. The OPA388 (single version)
is available in the VSSOP-8, SOT23-5, and SOIC-8
packages. The OPA2388 (dual version) is offered in
the VSSOP-8 and SO-8 packages. The OPA4388
(quad version) is offered in the TSSOP-14 and
S0O-14 packages. All versions are specified over the
industrial temperature range of —40°C to +125°C.

Device Information

PART NUMBER PACKAGE(") BODY SIZE (NOM)
SOIC (8) 4.90 mm x 3.90 mm
OPA388 SOT-23 (5) 2.90 mm x 1.60 mm
VSSOP (8) 3.00 mm x 3.00 mm
SOIC (8) 4.90 mm x 3.90 mm

OPA2388
VSSOP (8) 3.00 mm x 3.00 mm
SOIC (14) 8.65 mm x 3.90 mm

OPA4388
TSSOP (14) 5.00 mm x 4.40 mm

(1) For all available packages, see the package option
addendum at the end of the data sheet.

253 3

2.52 2
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< 251
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o
©
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n Nt
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S
&®

N

Re=1kQ
2.47 3
-100 -80 -60 —40 -20 O 20 40 60 80 100
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The OPA388 Allows Precision, Low-Error
Measurements

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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5 Pin Configuration and Functions

~ ) )
O O
NC 1 8 NC
ouT —1 5 V4 ] ]
N [ ]2 7 ] v+
V- 2
+N -3 6] ] our
+IN -3 4- -IN v- [ ] 4 s [ ] nc
Not to scale Not to scale
Figure 5-1. OPA388 DBV Package, 5-Pin SOT-23, Figure 5-2. OPA388 D and DGK Packages, 8-Pin
Top View SOIC and VSSOP, Top View
Pin Functions: OPA388
PIN
NAE OPA388 o DESCRIPTION
D (SOIC),
DGK (VSSOP) DBV (SOT-23)

—IN 2 4 | Inverting input

+IN 3 3 | Noninverting input

NC 1,5,8 — — No internal connection (can be left floating)

ouT 6 1 (0] Output

V- 4 2 — Negative (lowest) power supply

V+ 7 5 — Positive (highest) power supply

4 Submit Document Feedback Copyright © 2022 Texas Instruments Incorporated
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Figure 5-3. OPA2388 8-Pin SOIC (D) Package and
8-Pin VSSOP (DGK) Package, Top View

s N\
O
outa [ |- 14-_] outp
-INA ]2 13- ] -ND
+NA [ |3 12— ] «ND
vi (] 4 i A

+NB [ |5 10-[ ] +INC
-NB [_]-s - ] -iNncC
ours [_|-7 s—|_] outc

\ J

Not to scale

Figure 5-4. OPA4388 14-Pin SOIC (D) and
TSSOP-14 (PW) Packages, Top View

Pin Functions: OPA2388 and OPA4388

PIN
OPA2388 OPA4388 o DESCRIPTION
NAME D (SOIC), D (SOIC),
DGK (VSSOP) | PW (TSSOP)
-IN A 2 2 | Inverting input, channel A
-INB 6 6 | Inverting input, channel B
-INC — 9 | Inverting input, channel C
—-IND — 13 | Inverting input, channel D
+IN A 3 | Noninverting input, channel A
+IN B 5 | Noninverting input, channel B
+IN C — 10 | Noninverting input, channel C
+IND — 12 | Noninverting input, channel D
OUT A 1 1 (0] Output, channel A
ouTB 7 (0] Output, channel B
ouTC — (0] Output, channel C
OuUTD — 14 (0] Output, channel D
V- 11 — Negative (lowest) power supply
V+ 4 — Positive (highest) power supply

Copyright © 2022 Texas Instruments Incorporated
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6 Specifications
6.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)(")
MIN MAX UNIT
Single-suppl 6
Supply voltage Vg = (V+) = (V-) 9 PRY \%
Dual-supply +3
Common-mode (V-)-0.5 (V+)+ 0.5
Voltage \%
Signal input pins Differential (V+)-(V—)+0.2
Current +10 mA
Output short circuit(® Continuous Continuous
Operating, Ta -55 150
Temperature Junction, T, 150 °C
Storage, Tsig -65 150

(1)  Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress
ratings only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under
Recommended Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device

reliability.

(2) Short-circuit to ground, one amplifier per package.

6.2 ESD Ratings

VALUE UNIT
o Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001(") +4000
V(Esp) Electrostatic discharge - — \%
Charged-device model (CDM), per JEDEC specification JESD22-C101(2) +1000

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.

6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX UNIT
Supply voltage, Vg = (V+) — (V-) Single-supply 25 55 Y
Dual-supply +1.25 +2.75
Specified temperature -40 125 °C
6.4 Thermal Information: OPA388
OPA388
THERMAL METRIC(" D (SOIC) DBV (SOT-23) DGK (VSSOP) UNIT
8 PINS 5 PINS 5 PINS

ReaJa Junction-to-ambient thermal resistance 116 145.7 177 °C/W
Reyc(top) | Junction-to-case (top) thermal resistance 60 94.8 69 °C/W
ReJs Junction-to-board thermal resistance 56 43.4 100 °C/W
Y1 Junction-to-top characterization parameter 12.8 24.7 9.9 °C/W
Y Junction-to-board characterization parameter 55.9 431 98.3 °C/W
Reycmoty | Junction-to-case (bottom) thermal resistance N/A N/A n/a °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application

report.

6 Submit Document Feedback
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6.5 Thermal Information: OPA2388

OPA2388
THERMAL METRIC(") D (SOIC) DGK (VSSOP) UNIT
8 PINS 8 PINS
Regia Junction-to-ambient thermal resistance 120.0 165 °C/W
Reuc(top) Junction-to-case (top) thermal resistance 52.3 53 °C/W
RgJs Junction-to-board thermal resistance 65.6 87 °C/W
Y1 Junction-to-top characterization parameter 9.6 4.9 °C/W
Y Junction-to-board characterization parameter 64.4 85 °C/W
ReJc(bot) Junction-to-case (bottom) thermal resistance N/A N/A °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report.

6.6 Thermal Information: OPA4388

OPA4388
THERMAL METRIC(") D (SOIC) PW (TSSOP) UNIT
14 PINS 14 PINS
Rgya Junction-to-ambient thermal resistance 86.4 109.6 °C/W
ReJcitop) Junction-to-case (top) thermal resistance 46.3 274 °C/W
Reus Junction-to-board thermal resistance 41.0 56.1 °C/W
WY Junction-to-top characterization parameter 1.3 1.5 °C/W
Yig Junction-to-board characterization parameter 40.7 54.9 °C/W
Reuc(bot) Junction-to-case (bottom) thermal resistance N/A N/A °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report.

6.7 Electrical Characteristics: VS =+1.25V to +2.75V (VS =2.5t0 5.5 V)

at Tp =25°C, Vem = Vout = Vs / 2, and R pap = 10 kQ connected to Vg/ 2 (unless otherwise noted)

PARAMETER TEST CONDITIONS ‘ MIN TYP MAX| UNIT
OFFSET VOLTAGE
OPA388, OPA2388 +0.25 5
Vg=55V OPA4388 +2.25 +8
Vos Input offset voltage pv
Ta =—-40°C to +125°C OPA388, OPA2388 7.5
Ta=-40°C to +125°C, Vg=5.5V |OPA4388 +10.5
_|Ta=—-40°C to +125°C OPA388, OPA2388 +0.005 +0.05
dVg/dT |Input offset voltage drift uv/°C
Ta =-40°C to +125°C, Vs=5.5V |OPA4388 +0.005 +0.05
o iecti OPA388, OPA2388 0.1 +1
pSRR | Power-supply rejection | _ 4400 1o +125°C WV
ratio OPA4388 +1.25 +3.5

Copyright © 2022 Texas Instruments Incorporated
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6.7 Electrical Characteristics: VS =+1.25V to £2.75V (VS = 2.5 to 5.5 V) (continued)

at Ty =25°C, Vem = Vout = Vs / 2, and R pap = 10 kQ connected to Vg / 2 (unless otherwise noted)

PARAMETER \ TEST CONDITIONS \ MIN TYP MAX| UNIT
INPUT BIAS CURRENT
+30 +350
Ry = 100 kQ, OPA388, OPA2388 | 1A= 0°C 10 +85°C +400
Ta=-40°C to
+125°C 700
Ig Input bias current
+30 +500
Rpy = 100 kQ, OPA4388 Ta=0°Cto +85°C 600
Ta =—-40°C to
+125°C +800
pA
+700
R = 100 kQ, OPA388, OPA23g8 | 1A= 0"C 10 *85°C +800
Ta=-40°C to
| Input offset t +125°C o0
nput offset curren
os P £1000
Ri = 100 kQ, OPA4388 Ta=0°C to +85°C +1100
et £1100
NOISE
En Input voltage noise f=0.1 Hzto 10 Hz 0.14 uVpp
f=10Hz 7
i f=100 Hz 7
en Input_voltage noise nVNAZ
density f=1kHz 7
f=10 kHz 7
Iy :jnput_current noise f=1KHz 100 ANFZ
ensity
INPUT VOLTAGE
Common-mode voltage
Vewm range (V-)-0.1 (V+)+0.1 \Y
Vg =+1.25
Vv OPA388, 124 138
OPA2388
(V=)-0.1V<Vey<(V+)+0.1V Ve = 1125 102 o
\% OPA4388
c g Vg =42.75V 124 140
ommon-mode
CMRR rejection ratio Vs =125 dB
\% OPA388, 114 134
(V=) <Vou < (V+) + 0.1V, OPA2388
Tp =—-40°C to +125°C v 125
s =%1.
v OPA4388 102 107
(V=)=0.05V<Vey<(V+)+0.1V, _
Th = —40°C to +125°C Vg =12.75V 124 140
INPUT IMPEDANCE
Differential input
Zig impedance 100 || 2 MQ || pF
2 Qommon-mode input 60 4.5 TQ || pF
impedance
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6.7 Electrical Characteristics: VS =+1.25V to £2.75V (VS = 2.5 to 5.5 V) (continued)

at Ty =25°C, Vem = Vout = Vs / 2, and R pap = 10 kQ connected to Vg / 2 (unless otherwise noted)

PARAMETER TEST CONDITIONS ‘ MIN TYP MAX‘ UNIT
OPEN-LOOP GAIN

(V=) +0.15V < Vg < (V+)=0.15V, R oap = 10 kQ 126 148

(V=) +0.15V <V < (V+)-0.15V,

RLoap = 10 kQ, OPA388, OPA2388 120 126

Ta =-40°C to +125°C

(V=) +0.15V <V < (V+)-0.15Y,

Rioap =10kQ, Vg=55V OPA4388 120 126
AoL Open-loop voltage gain | Ta =—40°C to +125°C dB

(V=) +0.25V < Vg < (V+)-0.25V, R poap =2 kQ 126 148

(V=) +0.30V <Vo < (V+) - 030 V.| 5ppzgg, opA238s 120 148

(V=) +0.30V<Vg<(V+)-0.30V,

Rioap =2kQ,Vg=55V OPA4388 120 126

Ta =-40°C to +125°C
FREQUENCY RESPONSE
GBW Unity-gain bandwidth 10 MHz
SR Slew rate G =1, 4-V step V/us

Total harmonic _ _ _ o
THD+N distortion + noise G=1,f=1kHz, Vo =1VgRus 0.0005%
Vg=425V,G=1
0, ) )

To 0.1% 1-V step 0.75 us

ts Settling time v 25V G 1
) s=+2.0V,G=1,

To 0.01% 1-V step 2 us
tor Overload recovery time |V|y x G =Vg 10 us
OUTPUT

No load 1 15

Positive rail R oap = 10 kQ 5 20

RLOAD =2kQ 20 50
Vo VoItagg output swing No load 5 15 my
from rail

Negative rail RLoap = 10 kQ 10 20

RLOAD =2kQ 40 60

Ta =—40°C to +125°C, both rails, R oap = 10 kQ 10 25

Vg=55V 160 mA
Isc Short-circuit current

Vg=25V 130 mA
CLoap |Capacitive load drive See Figure 6-26
Z Open-loop output f=1MHz, Io = 0 A, see Figure 6-25 100 Q

impedance
POWER SUPPLY
Io=0A 1.7 2.4
Vg =%125V (Vg=2.5V) Ta =—40°C to
° _ 1.7 2.4
| Quiescent current per +125°C, 1o =0A "
Q amplifier lo=0A 1.9 2.6

Vg =42.75V (Vg =5.5V) Ta =—40°C to 19 26

+125°C, lp=0A ’ ’
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6.8 Typical Characteristics

at Ty =25°C, Vg =125V, Vem = Vs / 2, Rioap = 10 kQ connected to Vg / 2, and C = 100 pF (unless otherwise noted)

Table 6-1. Table of Graphs

DESCRIPTION FIGURE
Offset Voltage Production Distribution Figure 6-1
Offset Voltage Drift Distribution From —40°C to +125°C Figure 6-2
Offset Voltage vs Temperature Figure 6-3
Offset Voltage vs Common-Mode Voltage Figure 6-4
Offset Voltage vs Power Supply: OPA388 and OPA2388 Figure 6-5
Offset Voltage vs Power Supply: OPA4388 Figure 6-6
Offset Voltage Long Term Drift Figure 6-7
Open-Loop Gain and Phase vs Frequency Figure 6-8
Closed-Loop Gain and Phase vs Frequency Figure 6-9
Input Bias Current vs Common-Mode Voltage Figure 6-10
Input Bias Current vs Temperature Figure 6-11
Output Voltage Swing vs Output Current (Maximum Supply) Figure 6-12
CMRR and PSRR vs Frequency Figure 6-13
CMRR vs Temperature Figure 6-14
PSRR vs Temperature Figure 6-15
0.1-Hz to 10-Hz Noise Figure 6-16
Input Voltage Noise Spectral Density vs Frequency Figure 6-17
THD+N Ratio vs Frequency Figure 6-18
THD+N vs Output Amplitude Figure 6-19
Spectral Content Figure 6-20, Figure 6-21
Quiescent Current vs Supply Voltage Figure 6-22
Quiescent Current vs Temperature Figure 6-23
Open-Loop Gain vs Temperature Figure 6-24
Open-Loop Output Impedance vs Frequency Figure 6-25
Small-Signal Overshoot vs Capacitive Load (10-mV Step) Figure 6-26
No Phase Reversal Figure 6-27
Positive Overload Recovery Figure 6-28
Negative Overload Recovery Figure 6-29
Small-Signal Step Response (10-mV Step) Figure 6-30, Figure 6-31
Large-Signal Step Response (4-V Step) Figure 6-32 , Figure 6-33
Settling Time Figure 6-34, Figure 6-35
Short-Circuit Current vs Temperature Figure 6-36
Maximum Output Voltage vs Frequency Figure 6-37
EMIRR vs Frequency Figure 6-38
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6.8 Typical Characteristics (continued)

at Ty =25°C, Vg =125V, Ve = Vs /2, Rioap = 10 kQ connected to Vs / 2, and C = 100 pF (unless otherwise noted)
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Figure 6-1. Offset Voltage Production Distribution
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Figure 6-2. Offset Voltage Drift Distribution From —40°C to
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Figure 6-3. Offset Voltage vs Temperature
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Figure 6-4. Offset Voltage vs Common-Mode Voltage
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Figure 6-6. Offset Voltage vs Supply Voltage: OPA4388
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6.8 Typical Characteristics (continued)

at Ty =25°C, Vg =125V, Ve = Vs /2, Rioap = 10 kQ connected to Vs / 2, and C = 100 pF (unless otherwise noted)

Frequency (Hz)

Figure 6-9. Closed-Loop Gain and Phase vs Frequency

Figure 6-10. Input Bias Current vs Common-Mode Voltage
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Figure 6-11. Input Bias Current vs Temperature

Figure 6-12. Output Voltage Swing vs Output Current (Maximum
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6.8 Typical Characteristics (continued)

at Ty =25°C, Vg =125V, Ve = Vs /2, Rioap = 10 kQ connected to Vs / 2, and C = 100 pF (unless otherwise noted)
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Figure 6-13. CMRR and PSRR vs Frequency
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Figure 6-14. CMRR vs Temperature
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Figure 6-15. PSRR vs Temperature
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Figure 6-16. 0.1-Hz to 10-Hz Noise

1000

100

10 ' “|

Voltage Noise Spectral Density (nV/VHz)

1 10 100 1k 10k
Frequency (Hz)

100k

Figure 6-17. Input Voltage Noise Spectral Density vs Frequency
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Figure 6-18. THD+N Ratio vs Frequency
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6.8 Typical Characteristics (continued)
at Ty =25°C, Vg =125V, Ve = Vs /2, Rioap = 10 kQ connected to Vs / 2, and C = 100 pF (unless otherwise noted)
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s — — —G=-1, 10k-Q Load \\4 g T —140
T G = +1, 600-Q Load N @ v
g G = +1, 2k-Q Load 5 -160
= G = +1, 10k-Q Load ©
0.0001 ‘ — -120 =~ -180
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Figure 6-19. THD+N vs Output Amplitude Figure 6-20. Spectral Content (With 10-kQ Load)
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Figure 6-21. Spectral Content (With 2-kQ Load) Figure 6-22. Quiescent Current vs Supply Voltage
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Figure 6-23. Quiescent Current vs Temperature Figure 6-24. Open-Loop Gain vs Temperature
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6.8 Typical Characteristics (continued)

at TA = 25°C, VS =125V, VCM = VS /2, RLOAD =10 kQ connected to VS

/2, and C_ =100 pF (unless otherwise noted)
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Figure 6-25. Open-Loop Output Impedance vs Frequency
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Figure 6-26. Small-Signal Overshoot vs Capacitive Load (10-mV
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Step)
V\N
< \
—_ "4 N \
= =
L/ AN 3 /
&). ; Vour
s [}
® = \
g Vour % Vin
s N, / = v S~
Time (45 ms/div) Time (200 ns/div)
Figure 6-27. No Phase Reversal Figure 6-28. Positive Overload Recovery
T
1 ——VouT
1
| 1 ——VIN
R 1 =
2 7 ! g
> Vin 1 €
= 1 ©
2, [ S
he! 1 >
o =
” v : : =
P e
1

Time (2.5 ps/div)

G=+1
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6.8 Typical Characteristics (continued)
at Ty =25°C, Vg =125V, Ve = Vs /2, Rioap = 10 kQ connected to Vs / 2, and C = 100 pF (unless otherwise noted)
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Figure 6-31. Small-Signal Step Response (10-mV Step) Figure 6-32. Large-Signal Step Response (4-V Step)
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Figure 6-35. Settling Time (1-V Negative Step) Figure 6-36. Short-Circuit Current vs Temperature
16 Submit Document Feedback Copyright © 2022 Texas Instruments Incorporated

Product Folder Links: OPA388 OPA2388 OPA4388



13 TEXAS
INSTRUMENTS

www.ti.com

OPA388, OPA2388, OPA4388
SBOS777D — NOVEMBER 2016 — REVISED JULY 2020

6.8 Typical Characteristics (continued)
at Ty =25°C, Vg =125V, Ve = Vs /2, Rioap = 10 kQ connected to Vs / 2, and C = 100 pF (unless otherwise noted)
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Figure 6-37. Maximum Output Voltage vs Frequency
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7 Detailed Description
7.1 Overview

The OPAx388 family of zero-drift amplifiers is engineered with the unique combination of a proprietary precision
auto-calibration technique paired with a low-noise, low-ripple, input charge pump. These amplifiers offer ultra-low
input offset voltage and drift and achieve excellent input and output dynamic linearity. The OPAx388 operate
from 2.5 V to 5.5 V, is unity-gain stable, and are designed for a wide range of general-purpose and precision
applications. The integrated, low-noise charge pump allows true rail-to-rail input common-mode operation
without distortion associated with complementary rail-to-rail input topologies (input crossover distortion). The
OPAXx388 strengths also include 10-MHz bandwidth, 7-nV/\ Hz noise spectral density, and no 1/f noise, making
the OPAx388 optimal for interfacing with sensor modules and buffering high-fidelity, digital-to-analog converters
(DACs).

7.2 Functional Block Diagram

Low-noise
Charge-pump

N

GM_FF ||
I
Ccomp
CLK CLK
| N |
+IN 1
> > - Jour
-IN ]
GM1 GM2 GMS3
||
I
L | Ccomp
Ripple Reduction
Technology
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7.3 Feature Description
7.3.1 Operating Voltage

The OPAx388 family of operational amplifiers can be used with single or dual supplies from an operating range
of Vg = 25V (x1.25 V) up to 5.5 V (£2.75 V). Supply voltages greater than 7 V can permanently damage
the device (see the Absolute Maximum Ratings table). Key parameters that vary over the supply voltage or
temperature range are shown in the Typical Characteristics section.

7.3.2 Input Voltage and Zero-Crossover Functionality

The OPAx388 input common-mode voltage range extends 0.1 V beyond the supply rails. This amplifier family
is designed to cover the full range without the troublesome transition region found in some other rail-to-rail
amplifiers. Operating a complementary rail-to-rail input amplifier with signals traversing the transition region
results in unwanted non-linear behavior and polluted spectral content. Figure 7-1 and Figure 7-2 contrast the
performance of a traditional complementary rail-to-rail input stage amplifier with the performance of the zero-
crossover OPA388. Significant harmonic content and distortion is generated during the differential pair transition
(such a transition does not exist in the OPA388). Crossover distortion is eliminated through the use of a single
differential pair coupled with an internal low-noise charge pump. The OPAx388 maintains noise, bandwidth, and
offset performance throughout the input common-mode range, thus reducing printed circuit board (PCB) and bill
of materials (BOM) complexity through the reduction of power-supply rails.

20 0
Complementary Input Stage

15 u
. H —— OPA388 Zero-Crossover Input Stage S -20
3 10 H 3
=2 \ = —40
° =
8 € 60
S 0 Q 1 3 Traditional Rail-to-Rail
§ B g0 | Input Stage
= o~ ©
6 5 2 \‘
=] - \ W a 100 \/\/\AAWA.LYM"."." o
2-10 H¥% NI ‘ \ I

Voy=-2.85V P4 & —
15 Voy=285V —+ -120
| ‘ ‘ u ‘ ‘ | OPA388 Zero-Crossover Input Stage
20 -140 - -
-3 -2 -1 0 1 2 3 10 100 1k 10k
Input Common-mode Voltage (V) Frequency (Hz)
Figure 7-1. Input Crossover Distortion Nonlinearity | Figure 7-2. Input Crossover Distortion Spectral
Content
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Typically, input bias current is approximately +30 pA. Input voltages exceeding the power supplies, however,
can cause excessive current to flow into or out of the input pins. Momentary voltages greater than the power
supply can be tolerated if the input current is limited to 10 mA. This limitation is easily accomplished with an input
resistor, as shown in Figure 7-3.

Current-limiting resistor

required if input voltage

exceeds supply rails by
>0.3V.

loverLoaD
10 mA max
—_— -

Vin
5kQ

Copyright © 2016, Texas Instruments Incorporated

Figure 7-3. Input Current Protection

7.3.3 Input Differential Voltage

The typical input bias current of the OPAx388 during normal operation is approximately 30 pA. In overdriven
conditions, the bias current can increase significantly. The most common cause of an overdriven condition
occurs when the operational amplifier is outside of the linear range of operation. When the output of the
operational amplifier is driven to one of the supply rails, the feedback loop requirements cannot be satisfied and
a differential input voltage develops across the input pins. This differential input voltage results in activation
of parasitic diodes inside the front-end input chopping switches that combine with 10-kQ electromagnetic
interference (EMI) filter resistors to create the equivalent circuit shown in Figure 7-4. Notice that the input bias
current remains within specification in the linear region.

100 Q Clamp
+In
CORE
-In

100 Q
Copyright © 2016, Texas Instruments Incorporated

Figure 7-4. Equivalent Input Circuit

7.3.4 Internal Offset Correction

The OPA388 family of operational amplifiers uses an auto-calibration technique with a time-continuous, 200-kHz
operational amplifier in the signal path. This amplifier is zero-corrected every 5 ys using a proprietary technique.
At power-up, the amplifier requires approximately 1 ms to achieve the specified Vog accuracy. This design has
no aliasing or flicker noise.

7.3.5 EMI Susceptibility and Input Filtering

Operational amplifiers vary in susceptibility to EMI. If conducted EMI enters the operational amplifier, the dc
offset at the amplifier output can shift from its nominal value when EMI is present. This shift is a result of
signal rectification associated with the internal semiconductor junctions. Although all operational amplifier pin
functions can be affected by EMI, the input pins are likely to be the most susceptible. The OPAx388 operational
amplifier family incorporates an internal input low-pass filter that reduces the amplifier response to EMI. Both
common-mode and differential-mode filtering are provided by the input filter. The filter is designed for a cutoff
frequency of approximately 20 MHz (-3 dB), with a rolloff of 20 dB per decade.

7.4 Device Functional Modes

The OPA388 has a single functional mode and is operational when the power-supply voltage is greater than
2.5V (£1.25 V). The maximum specified power-supply voltage for the OPAx388 is 5.5 V (£2.75 V).
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8 Application and Implementation

Note

Information in the following applications sections is not part of the Tl component specification, and
Tl does not warrant its accuracy or completeness. TI's customers are responsible for determining
suitability of components for their purposes. Customers should validate and test their design
implementation to confirm system functionality.

8.1 Application Information

The OPAx388 is a unity-gain stable, precision operational amplifier family free from unexpected output and
phase reversal. The use of proprietary zero-drift circuitry gives the benefit of low input offset voltage over time
and temperature, as well as lowering the 1/f noise component. As a result of the high PSRR, these devices
work well in applications that run directly from battery power without regulation. The OPAx388 family is optimized
for full rail-to-rail input, allowing for low-voltage, single-supply operation or split-supply use. These miniature,
high-precision, low-noise amplifiers offer high-impedance inputs that have a common-mode range 100 mV
beyond the supplies without input crossover distortion and a rail-to-rail output that swings within 5 mV of the
supplies under normal test conditions. The OPAx388 series of precision amplifiers is designed for upstream
analog signal chain applications in low or high gains, as well as downstream signal chain functions such as DAC
buffering.

8.2 Typical Applications
8.2.1 Bidirectional Current-Sensing

This single-supply, low-side, bidirectional current-sensing solution detects load currents from —1 A to +1 A. The
single-ended output spans from 110 mV to 3.19 V. This design uses the OPAx388 because of its low offset
voltage and rail-to-rail input and output. One of the amplifiers is configured as a difference amplifier and the other
amplifier provides the reference voltage.

Figure 8-1 shows the solution.

VREF

-®

+ O—

VsHunt

Figure 8-1. Bidirectional Current-Sensing Schematic

Rshunt

Ri

U1A

Vee

R4

NV

O Vour
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8.2.1.1 Design Requirements
This solution has the following requirements:

* Supply voltage: 3.3V
* Input: -1 Ato1A
e Output: 1.65V £1.54 V (110 mV to 3.19 V)

8.2.1.2 Detailed Design Procedure

The load current, I oap, flows through the shunt resistor (Rsyynt) to develop the shunt voltage, Vsyunt. The
shunt voltage is then amplified by the difference amplifier consisting of U1A and R, through R4. The gain of the
difference amplifier is set by the ratio of R4 to R3. To minimize errors, set R, = R4 and Ry = R3. The reference
voltage, VRer, is supplied by buffering a resistor divider using U1B. The transfer function is given by Equation 1.

Vour = Vshunt ¥ GainDiffiAmp + Viee (1)

where

. VSHUNT = ILOAD x RSHUNT

. R

Gaingg pmp = 5
Amp T R

. 3

R
Vrer = Vee x [RS+GR6]

There are two types of errors in this design: offset and gain. Gain errors are introduced by the tolerance of the
shunt resistor and the ratios of R4 to R3 and, similarly, R, to R4. Offset errors are introduced by the voltage
divider (R5 and Rg) and how closely the ratio of R4 / R3 matches R, / Rq. The latter value affects the CMRR of
the difference ampilifier, ultimately translating to an offset error.

3

The value of VgyynT is the ground potential for the system load because Vgyynt is a low-side measurement.
Therefore, a maximum value must be placed on VgyynT- In this design, the maximum value for Vgyynt is set
to 100 mV. Equation 2 calculates the maximum value of the shunt resistor given a maximum shunt voltage of
100 mV and maximum load current of 1 A.

— VSHUNT(Max) 100 mV _— 100 mQ

RSHUNT(Max) 7
LOAD(Max) (2)

The tolerance of Rgyynt is directly proportional to cost. For this design, a shunt resistor with a tolerance of 0.5%
was selected. If greater accuracy is required, select a 0.1% resistor or better.

The load current is bidirectional; therefore, the shunt voltage range is =100 mV to 100 mV. This voltage is
divided down by Ry and R, before reaching the operational amplifier, U1A. Make sure that the voltage present
at the noninverting node of U1A is within the common-mode range of the device. Therefore, use an operational
amplifier, such as the OPA388, that has a common-mode range that extends below the negative supply voltage.
Finally, to minimize offset error, note that the OPA388 has a typical offset voltage of merely +0.25 yV (5 yVv
maximum).

Given a symmetric load current of —1 A to 1 A, the voltage divider resistors (Rs and Rg) must be equal. To be
consistent with the shunt resistor, a tolerance of 0.5% was selected. To minimize power consumption,
10-kQ resistors were used.

22 Submit Document Feedback Copyright © 2022 Texas Instruments Incorporated

Product Folder Links: OPA388 OPA2388 OPA4388



13 TEXAS
INSTRUMENTS

www.ti.com

OPA388, OPA2388, OPA4388
SBOS777D — NOVEMBER 2016 — REVISED JULY 2020

To set the gain of the difference amplifier, the common-mode range and output swing of the OPA388 must be
considered. Equation 3 and Equation 4 depict the typical common-mode range and maximum output swing,
respectively, of the OPA388 given a 3.3-V supply.

-100 mV < Vgy < 3.4V ©)
100 mV < Vour <32V (4)
The gain of the difference amplifier can now be calculated as shown in Equation 5.

Gain _ Vour_max = Vour_min _ 3.2V -100 mV =155 v
O Amp ™ Reiont X (luax — lwn) 100 mQ x [1 A= (= 1A)] TV

®)

The resistor value selected for Ry and R3 was 1 kQ. 15.4 kQ was selected for R, and R4 because this number is
the nearest standard value. Therefore, the ideal gain of the difference amplifier is 15.4 V/V.

The gain error of the circuit primarily depends on R¢ through R4. As a result of this dependence, 0.1% resistors
were selected. This configuration reduces the likelihood that the design requires a two-point calibration. A simple
one-point calibration, if desired, removes the offset errors introduced by the 0.5% resistors.

7

8.2.1.3 Application Curve

V)

Output Voltage

|

-1.0 -0.5 0 0.5 1.0
Input Current (A)

Figure 8-2. Bidirectional Current-Sensing Circuit Performance: Output Voltage vs Input Current

Copyright © 2022 Texas Instruments Incorporated Submit Document Feedback 23

Product Folder Links: OPA388 OPA2388 OPA4388



13 TEXAS

OPA388, OPA2388, OPA4388 INSTRUMENTS
SBOS777D — NOVEMBER 2016 — REVISED JULY 2020 www.ti.com

8.2.2 Single Operational Amplifier Bridge Amplifier

Figure 8-3 shows the basic configuration for a bridge amplifier.

Ry
+5V
—O Vour
= L M ——oVeer

Copyright © 2016, Texas Instruments Incorporated

Figure 8-3. Single Operational Amplifier Bridge Amplifier Schematic

8.2.3 Precision, Low-Noise, DAC Buffer
The OPA388 can be used for a precision DAC buffer, as shown in Figure 8-4, in conjunction with the DAC8830.

The OPA388 provides an ultra-low drift, precision output buffer for the DAC. A wide range of DAC codes can
be used in the linear region because the OPA388 employs zero-crossover technology. A precise reference is
essential for maximum accuracy because the DAC8830 is a 16-bit converter.

Voo _Vrer

OPA388
o
Serial Interface (O DACB8830 +
o
i DGND i AGND
Copyright © 2016, Texas Instruments Incorporated
Figure 8-4. Precision DAC Buffer
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8.2.4 Load Cell Measurement

Figure 8-5 shows the OPA388 in a high-CMRR dual-op amp instrumentation amplifier with a trim resistor and
6-wire load cell for precision measurement. Figure 8-6 illustrates the output voltage as a function of load cell

resistance change, along with the nonlinearity of the system.

Rs

25 kQ

A%

w3

5V

O—— REF5025

100 kQ

Figure 8-5. Load Cell Measurement Schematic

2.53
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n
o

2.49
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M

N

Re=1kQ

-100 -80 -60 —40

-20 0 20
AR/R (ppm)

40

60

80
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3

2

-3

Figure 8-6. Load Cell Measurement Output

9 Power Supply Recommendations

The OPAx388 family of devices is specified for operation from 2.5 V to 5.5 V (£1.25 V to £2.75 V). Parameters
that can exhibit significant variance with regard to operating voltage are presented in the Typical Characteristics

section.

Non-Linearity (ppm)

Copyright © 2022 Texas Instruments Incorporated

Product Folder Links: OPA388 OPA2388 OPA4388

Submit Document Feedback

25



13 TEXAS

OPA388, OPA2388, OPA4388 INSTRUMENTS
SBOS777D — NOVEMBER 2016 — REVISED JULY 2020 www.ti.com
10 Layout

10.1 Layout Guidelines

Paying attention to good layout practice is always recommended. Keep traces short and, when possible, use
a printed-circuit board (PCB) ground plane with surface-mount components placed as close to the device
pins as possible. Place a 0.1-uyF capacitor closely across the supply pins. These guidelines must be applied
throughout the analog circuit to improve performance and provide benefits such as reducing the electromagnetic
interference (EMI) susceptibility.

For lowest offset voltage and precision performance, circuit layout and mechanical conditions must be optimized.
Avoid temperature gradients that create thermoelectric (Seebeck) effects in the thermocouple junctions formed
from connecting dissimilar conductors. These thermally-generated potentials can be made to cancel by assuring
they are equal on both input terminals. Other layout and design considerations include:

» Use low thermoelectric-coefficient conditions (avoid dissimilar metals).

* Thermally isolate components from power supplies or other heat sources.

» Shield operational amplifier and input circuitry from air currents, such as cooling fans.

Following these guidelines reduces the likelihood of junctions being at different temperatures, which can cause
thermoelectric voltage drift of 0.1 yV/°C or higher, depending on materials used.

10.2 Layout Example

VIN +
RG —e¢—— VOUT

— RF

N

Figure 10-1. Schematic Representation

Place components close

Run the input traces to device and to each
as far away from other to reduce parasitic
the supply lines
as possible | VS+

|
|
| NG |
|

e i

|
|

: : V+ |—<

|
|

|

| ¢ - outPuT | ——
|

R D H
| NG |
|
| O
|
é‘) GND

L GND | VOUT
____ Ground (GND) plane on another layer
Use low-ESR,
ceramic bypass
capacitors
Figure 10-2. OPA388 Layout Example
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11 Device and Documentation Support

11.1 Device Support

11.1.1 Development Support

11.1.1.1 TINA-TI™ Simulation Software (Free Download)

TINA-TI™ simulation software is a simple, powerful, and easy-to-use circuit simulation program based on a
SPICE engine. TINA-TI simulation software is a free, fully-functional version of the TINA™ software, preloaded
with a library of macromodels, in addition to a range of both passive and active models. TINA-TI simulation
software provides all the conventional dc, transient, and frequency domain analysis of SPICE, as well as
additional design capabilities.

Available as a free download from the Analog eLab Design Center, TINA-TI simulation software offers extensive
post-processing capability that allows users to format results in a variety of ways. Virtual instruments offer
the ability to select input waveforms and probe circuit nodes, voltages, and waveforms, creating a dynamic
quick-start tool.

Note

These files require that either the TINA software or TINA-TI software be installed. Download the free
TINA-TI simulation software from the TINA-TI™ software folder.

11.1.1.2 Tl Precision Designs

The OPAx388 family is featured on Tl Precision Designs, available online at www.ti.com/ww/en/analog/precision-
designs/. Tl Precision Designs are analog solutions created by TI's precision analog applications experts and
offer the theory of operation, component selection, simulation, complete PCB schematic and layout, bill of
materials, and measured performance of many useful circuits.

11.2 Documentation Support

11.2.1 Related Documentation

For related documentation see the following:

» Texas Instruments, Circuit board layout techniques

» Texas Instruments, DAC883x 16-Bit, Ultra-Low Power, Voltage-Output Digital-to-Analog Converters data
sheet

11.3 Related Links

Table 11-1 lists quick access links. Categories include technical documents, support and community resources,
tools and software, and quick access to sample or buy.

Table 11-1. Related Links

PARTS PRODUCT FOLDER | SAMPLE & BUY JOEnglu:Ecl?I'LS S.I(-)(I):?\II-VSA:E gg;&%ﬂﬁr
OPA388 Click here Click here Click here Click here Click here
OPA2388 Click here Click here Click here Click here Click here
OPA4388 Click here Click here Click here Click here Click here

11.4 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. Click on
Subscribe to updates to register and receive a weekly digest of any product information that has changed. For
change details, review the revision history included in any revised document.

11.5 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.
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Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.

11.6 Trademarks
TINA-TI™ and TI E2E™ are trademarks of Texas Instruments.
TINA™ is a trademark of DesignSoft, Inc.
All trademarks are the property of their respective owners.
11.7 Electrostatic Discharge Caution
This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled

A with appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.
“: N ESD damage can range from subtle performance degradation to complete device failure. Precision integrated circuits may

be more susceptible to damage because very small parametric changes could cause the device not to meet its published
specifications.

11.8 Glossary

Tl Glossary This glossary lists and explains terms, acronyms, and definitions.

12 Mechanical, Packaging, and Orderable Information

The following pages include mechanical packaging and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION

Orderable Status  Material type Package | Pins Package qty | Carrier RoHS Lead finish/ MSL rating/ Op temp (°C) Part marking
part number @ @ @3 Ball material Peak reflow ®)
@ )

OPA2388ID Active Production SOIC (D) | 8 75| TUBE Yes SN Level-2-260C-1 YEAR -40 to 125 0OP2388
OPA2388IDGKR Active Production VSSOP (DGK) | 8 2500 | LARGE T&R Yes NIPDAUAG | SN Level-2-260C-1 YEAR -40 to 125 1D36
OPA2388IDGKT Active Production VSSOP (DGK) | 8 250 | SMALL T&R Yes NIPDAUAG | SN Level-2-260C-1 YEAR -40 to 125 1D36

OPA2388IDR Active Production SOIC (D) | 8 2500 | LARGE T&R Yes SN Level-2-260C-1 YEAR -40 to 125 0OP2388

OPA388ID Active Production SOIC (D) | 8 75| TUBE Yes NIPDAU Level-2-260C-1 YEAR -40to 125 OPA388
OPA388IDBVR Active Production SOT-23 (DBV) | 5 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 14KV
OPA388IDBVT Active Production SOT-23 (DBV) | 5 250 | SMALL T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 14KV
OPA388IDGKR Active Production VSSOP (DGK) | 8 2500 | LARGE T&R Yes NIPDAUAG Level-2-260C-1 YEAR -40 to 125 14LV
OPA388IDGKT Active Production VSSOP (DGK) | 8 250 | SMALL T&R Yes NIPDAUAG Level-2-260C-1 YEAR -40 to 125 14LV

OPA388IDR Active Production SOIC (D) | 8 2500 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 OPA388

OPA4388ID Active Production SOIC (D) | 14 50 | TUBE Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 OPA4388

OPA4388IDR Active Production SOIC (D) | 14 2500 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 OPA4388
OPA4388IPW Active Production TSSOP (PW) | 14 90 | TUBE Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 OPA4388
OPA4388IPWR Active Production TSSOP (PW) | 14 2000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 OPAA4388

(

D status: For more details on status, see our product life cycle.

@ Material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without
limitation quality assurance, reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available
for ordering, purchases will be subject to an additional waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

© RoHs values: Yes, No, RoHS Exempt. See the TI RoHS Statement for additional information and value definition.

(

finish value exceeds the maximum column width.

(

 Lead finish/Ball material: Parts may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two lines if the

® MsL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per

JEDEC standards is shown. Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

(

® part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.
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Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the
previous line and the two combined represent the entire part marking for that device.

Important Information and Disclaimer:The information provided on this page represents TI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
TI and TI suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
OTHER QUALIFIED VERSIONS OF OPA2388, OPA388 :

o Automotive : OPA2388-Q1, OPA388-Q1

NOTE: Qualified Version Definitions:

o Automotive - Q100 devices qualified for high-reliability automotive applications targeting zero defects
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
k |+ KO |<— P1—>|
OO OO T
Bo W
Resl |
Diameter -
Cavity
A0 | Dimension designed to accommodate the component width
BO | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
| [ 1
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O O O O 0O O 0O Sprocket Holes
| |
T T
Q1 : Q2 Q1 :
4--9--1 -7
Q3 I Q4 Q3 1 User Direction of Feed
[ 3 |
T T
AN
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) [ (mm) | (mm) | (mm) [Quadrant
(mm) |W1(mm)
OPA2388IDGKR VSSOP | DGK 8 2500 330.0 12.4 525 | 3.35 | 1.25 8.0 12.0 Q1
OPA2388IDGKT VSSOP | DGK 8 250 330.0 12.4 525 | 335 | 1.25 8.0 12.0 Q1
OPA2388IDR SOIC D 8 2500 330.0 12.8 6.4 5.2 21 8.0 12.0 Q1
OPA388IDBVR SOT-23 DBV 5 3000 180.0 8.4 3.23 | 3.17 | 1.37 4.0 8.0 Q3
OPA388IDBVT SOT-23 DBV 5 250 180.0 8.4 3.23 | 3.17 | 1.37 4.0 8.0 Q3
OPA388IDGKR VSSOP | DGK 8 2500 330.0 12.4 5.3 34 14 8.0 12.0 Q1
OPA388IDGKT VSSOP | DGK 8 250 330.0 12.4 5.3 3.4 14 8.0 12.0 Q1
OPA388IDR SOIC D 8 2500 330.0 12.4 6.4 5.2 2.1 8.0 12.0 Q1
OPA4388IDR SoIC D 14 2500 330.0 16.4 6.5 9.0 21 8.0 16.0 Q1
OPA4388IPWR TSSOP PW 14 2000 330.0 12.4 6.9 5.6 1.6 8.0 12.0 Q1
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TAPE AND REEL BOX DIMENSIONS

*All dimensions are nominal

Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) [ Height (mm)
OPA2388IDGKR VSSOP DGK 8 2500 366.0 364.0 50.0
OPA2388IDGKT VSSOP DGK 8 250 366.0 364.0 50.0

OPA2388IDR SoIC D 8 2500 366.0 364.0 50.0
OPA388IDBVR SOT-23 DBV 5 3000 213.0 191.0 35.0
OPA388IDBVT SOT-23 DBV 5 250 213.0 191.0 35.0
OPA388IDGKR VSSOP DGK 8 2500 366.0 364.0 50.0
OPA388IDGKT VSSOP DGK 8 250 366.0 364.0 50.0

OPA388IDR SOIC D 8 2500 356.0 356.0 35.0

OPA4388IDR SoOIC D 14 2500 356.0 356.0 35.0
OPA4388IPWR TSSOP PW 14 2000 356.0 356.0 35.0

Pack Materials-Page 2



/2 TEXAS PACKAGE MATERIALS INFORMATION
INSTRUMENTS
www.ti.com 21-Mar-2025
TUBE
T - Tube
height L - Tubelength
4
w-Tubef{ N U _L
width
v
— B - Alignment groove width
*All dimensions are nominal
Device Package Name |Package Type Pins SPQ L (mm) W (mm) T (um) B (mm)
OPA2388ID D SOIC 8 75 517 7.87 635 4.25
OPA388ID D SolIC 8 75 506.6 8 3940 4.32
OPA4388ID D SoIC 14 50 506.6 8 3940 4.32
OPA4388IPW PW TSSOP 14 90 530 10.2 3600 35
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PACKAGE OUTLINE
DBVOOO5A SOT-23 - 1.45 mm max height

SMALL OUTLINE TRANSISTOR

3.0

1.75
1.45 .
PIN 1—

INDEX AREA

—
o
i
=
N w
N o
aad

4
3
5X 8 g \8 J) \ ‘LSJ—//J
: K 0.15
0.26 [c[A]B] NOTE 5 4 0°-15° =~ @1 =000 '"P
1.45
0.90
4X 4°-15°

0.25
GAGE PLANE 0.22

\[ 008 1YP
; L \ T
. TYP 06
0 — o3 TYP SEATING PLANE

4214839/K 08/2024

NOTES:

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

2. This drawing is subject to change without notice.

3. Refernce JEDEC MO-178.

4. Body dimensions do not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.25 mm per side.

5. Support pin may differ or may not be present.
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EXAMPLE BOARD LAYOUT
DBVOOO5A SOT-23 - 1.45 mm max height

SMALL OUTLINE TRANSISTOR

—={ BX(L1) |~

2X (0.95)

S =

(R0O.05) TYP — Li (2.6) 4—1

LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE:15X

SOLDER MASK METAL METAL UNDER SOLRER MASK
OPENING \‘ SOLDER MASK‘\
(———— \\
/ i
|
EXPOSED METAL—| |

EXPOSED METAL

0.07 MAX ‘—l 0.07 MIN
ARROUND ARROUND
NON SOLDER MASK SOLDER MASK
DEFINED DEFINED
(PREFERRED)

SOLDER MASK DETAILS

4214839/K 08/2024

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN
DBVOOO5A SOT-23 - 1.45 mm max height

SMALL OUTLINE TRANSISTOR

— B5X(1.1) |-

!

|
|

5X (0.6) — — + — |
:
|

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL
SCALE:15X

4214839/K 08/2024

NOTES: (continued)

8. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
9. Board assembly site may have different recommendations for stencil design.
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PACKAGE OUTLINE
DGKOOO8A VSSOP - 1.1 mm max height

SMALL OUTLINE PACKAGE

e
| S Joafch—={ |-

PIN 1 INDEX AREA

‘ SEATING
. ox[055] /T\ PLANE
= j r
e |
[1.95] \
] Il
| Il
L y 5 8x 822 \J/
B o - [ Jo.13@ [c[A]B]
NOTE 4
v//
| “ \fg'g
R T
SEE DETAIL A )
GAGE PLANE
1.1 MAX

oMo L Lo

DETAIL A
TYPICAL

4214862/A 04/2023

NOTES: PowerPAD is a trademark of Texas Instruments.

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm per side.

. This dimension does not include interlead flash. Interlead flash shall not exceed 0.25 mm per side.

. Reference JEDEC registration MO-187.
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EXAMPLE BOARD LAYOUT

DGKOO08A "VSSOP - 1.1 mm max height
SMALL OUTLINE PACKAGE
SYMM
8X (1.4) <E (RO.05) TYP
+ | ‘
8X (0.45) 1{ ‘ } ‘ 8

SEE DETAILS
f (4-4) |
LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE: 15X
SOLDER MASK METAL METAL UNDER SOLDER MASK
OPENING‘\ SOLDER MASK‘\ / OPENING
O |
I
EXPOSED METAL \ *——EXPOSED METAL
0.05 MAX # 0.05 MIN
ALL AROUND ALL AROUND
NON-SOLDER MASK

SOLDER MASK

DEFINED DEFINED

(PREFERRED) SOLDER MASK DETAILS

4214862/A 04/2023

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.

7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.

8. Vias are optional depending on application, refer to device data sheet. If any vias are implemented, refer to their locations shown
on this view. It is recommended that vias under paste be filled, plugged or tented.

9. Size of metal pad may vary due to creepage requirement.
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EXAMPLE STENCIL DESIGN
DGKOO08A "VSSOP - 1.1 mm max height

SMALL OUTLINE PACKAGE

(R0.05) TYP

+ r 8X (;.4) j

8X (0.45) 1 {

SOLDER PASTE EXAMPLE
SCALE: 15X

4214862/A 04/2023

NOTES: (continued)

11. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
12. Board assembly site may have different recommendations for stencil design.
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PACKAGE OUTLINE
DO014A SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

SEATING PLANE— |

[A] PIN 11D *
_ 12X [1.27]

(- ) 14 =

1] - ‘

— =3- ]

(- ] il

8.75 8 2X :

Se T — = )

|

] ] il

- ) ]

1 \

{— == ]
— 8 | om T L

14X o
4.0 0.31
8] 3.8 " (@ Jo.256 [c[A]B] —={1.75 MAX
NOTE 4

/ { v ‘I
= N

/x \ﬂ g'ig TYP
SEE DETAIL A :

GAGE PLAN

5 /|
-
P T P

0.40

DETAIL A
TYPICAL

4220718/A 09/2016

NOTES:

1. All linear dimensions are in millimeters. Dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm, per side.

. This dimension does not include interlead flash. Interlead flash shall not exceed 0.43 mm, per side.

. Reference JEDEC registration MS-012, variation AB.
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EXAMPLE BOARD LAYOUT

DO014A SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

14X (1.55) SYMM

m=
|
\
B

[N
~

14X (0.6) T

EE

12X (1.27
( ) SYMM

[ee]

HﬂHEHHH

(R0.05)

TYP Li 54

LAND PATTERN EXAMPLE
SCALE:8X

L

SOLDER MASK
ggEaIIE’\TGMASKj jM ETAL gg[ééé’k'ﬂigi\\ i OPENING
(F A (O ]
| | |
=/

*j 0.07 MAX $H_7 0.07 MIN

ALL AROUND

NON SOLDER MASK
DEFINED

ALL AROUND

SOLDER MASK
DEFINED

SOLDER MASK DETAILS

4220718/A 09/2016

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN
DO014A SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

[N
~

14X (1.55) ﬁ SYMM
i ‘E
|
|
|
|
|

SYMM
¢

e

100000

[ee]

JH
LH

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL
SCALE:8X

4220718/A 09/2016

NOTES: (continued)

8. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
9. Board assembly site may have different recommendations for stencil design.
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PACKAGE OUTLINE
SOIC - 1.75 mm max height

DOOO8SA

SMALL OUTLINE INTEGRATED CIRCUIT

SEATING PLANE\
e———— .228-.244 TYP

560619 SEAFIE
PIN 1 ID AREA

6X | .050
N [1.27] — ‘
T i
— :
— 7 % :
.189-.197
[4.81-5.00] .150 |
NOTE 3 [3.81] 1
] [
4X (0°-15°) ‘
— ==t =
\ 5 T |
8 8X .012-.020 A
[3.81-3.98] .010[0.25]® [c|A|B '
81-3.9¢ [ [010[025/@ [c[A[B] [L.75]
/ .
[ | ! | .005-.010 TYP
: J [0.13-0.25]
\ v
N 4X (0°-15") ﬂ~/ - f
SEE DETAIL A
010
[0.25]
o urﬁ t .004-.010
0-8 [0.11-0.25]
.016-.050
[0.41-1.27] DETAIL A
(.041) [=— TYPICAL
[1.04]
4214825/C  02/2019
NOTES:

1. Linear dimensions are in inches [millimeters]. Dimensions in parenthesis are for reference only. Controlling dimensions are in inches.
Dimensioning and tolerancing per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed .006 [0.15] per side.

4. This dimension does not include interlead flash.

5. Reference JEDEC registration MS-012, variation AA.
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EXAMPLE BOARD LAYOUT
DOOO08SA SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

8X (.061 )
[1.55]
SYMM SEE
. DETAILS
. ;
8X (.024) j
[0.6] SYMM
ey S S
w ! ~— (R.002 ) TYP
—=3 [)s b=
4
6X (.050 ) | |
[1.27]
e (213) ——— ™
[5.4]
LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE:8X
SOLDER MASK SOLDER MASK
METAL METAL UNDER
/OPEN'NG OPEN'NG\‘ SOLDER MASK
”””””” \
| ]
‘ I
I
EXPOSED ; ‘
VIETAL EXPOSED (S
METAL
.0028 MAX .0028 MIN
(0.07] [0.07]
Y ARoUND Y ARoUND
NON SOLDER MASK SOLDER MASK
DEFINED DEFINED

SOLDER MASK DETAILS

4214825/C 02/2019

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN

DOOO8SA

SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

8X (.061 )
[1.55] SYMM

¥ 1
8X (.024) T

[0.6]

SYMM

—- L
| | (R.002 ) TYP

—, (T o

6X (.050 ) — ! !

[1.27]
(.213)
]

SOLDER PASTE EXAMPLE
BASED ON .005 INCH [0.125 MM] THICK STENCIL
SCALE:8X

4214825/C 02/2019

NOTES: (continued)

8. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may
design recommendations.

9. Board assembly site may have different recommendations for stencil design.

have alternate
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PACKAGE OUTLINE
TSSOP - 1.2 mm max height

PWOO014A

SMALL OUTLINE PACKAGE

PIN 1 INDEX AREA

N 12X [ 0.65]
I jw
1
— E
1
1 4X (0°-12°%)
— i
e !
. 8 0.30 =L
14X 017 i
— [ |0.1@[c[A[B] M

NOTE 4

]

\
1

\ (W J 1
A f
— (0.15) TYP

\SEE DETAIL A

GAGE PLANE

L,

0.15

P { 0.08

DETAIL A
TYPICAL

4220202/B 12/2023

NOTES:

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm per side.

. This dimension does not include interlead flash. Interlead flash shall not exceed 0.25 mm per side.

. Reference JEDEC registration MO-153.
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PWOO014A

EXAMPLE BOARD LAYOUT
TSSOP - 1.2 mm max height

SMALL OUTLINE PACKAGE

14X (0.45)

14X (1.5) T 0

[ |
|

|

(R0.05) TYP
e

LAND PATTERN EXAMPLE

SOLDER MASK
OPENINGWL\\

EXPOSED METAL SHOWN
SCALE: 10X

EXPOSED METALJJ/

METAL UNDER SOLDER MASK
SOLDER MASK‘\ / OPENING
===

| I
| I
‘ \ T EXPOSED METAL

#l‘* 0.05 MAX

ALL AROUND

NON-SOLDER MASK
DEFINED
(PREFERRED)

JL* 0.05 MIN
ALL AROUND

SOLDER MASK
DEFINED
SOLDER MASK DETAILS

4220202/B 12/2023

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.

7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN
PWO0O014A TSSOP - 1.2 mm max height

SMALL OUTLINE PACKAGE

14X (1.5) T S\((EMM
1 (RO.05) TYP
it 1 | .
|
|
|
!
|
|
|
|
|

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL
SCALE: 10X

4220202/B 12/2023

NOTES: (continued)

8. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate

design recommendations.
9. Board assembly site may have different recommendations for stencil design.
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IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI's products are provided subject to TI's Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
TI products.

Tl objects to and rejects any additional or different terms you may have proposed.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2025, Texas Instruments Incorporated
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