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Abstract

Electro-Magnetic Interference(EMI) degrades the perfomance of electronic systems.
So, Amplifiers which are the basic building blocks used in the front-end of analog
and mixed-signal Integrated Circuits (ICs) must be evaluated for EMI. This work
introduces the most intriguing figure of merit, Electro-Magnetic Interference Rejection
Ratio (EMIRR) to measure the EMI immunity of precision Instrumentation Amplifiers
(INAs) that helps to select the EMI robust INAs for EMI critical applications.

In this work, a new EMIRR measurement setup is implemented to measure the
immunity of INAs for conducted EMI ranging from 10 MHz to 3 GHz. The shift in the
DC offset voltage generated at the output of the INA due to RF rectification, is used to
compute EMIRR. As part of the setup, the hardware evaluation board is designed and
an automation test software is developed to run EMIRR measurements. Furthermore,
EMIRR measurements are performed on several INAs with different specifications to
compare and rank them on their EMI immunity levels. Additionally, with the help of
EMIRR metric, suitable INAs for developing EMI-sensitive applications are proposed.
Finally, the influence of amplifier bandwidth, the input capacitance, 50 Ω termination
at the end of RF input trace, INA package parasitics and EMI filter bandwidth on
EMIRR is analyzed with the measurement results.
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1 Introduction

1.1 Research Motivation

With the advancements in technologies of all the fields, electronic devices are grad-
ually moving towards wireless communication, which is the primary cause of signal
interference. Such signal interference includes EMI, which is also termed as Radio Fre-
quency Interference (RFI) that has become a major challenge in recent years as the
number of electronic devices across the world is increasing. Sensitive electronic appli-
cations such as the Magnetic Resonance Imaging (MRI) system and electrical nerve
stimulation in the medical sector, infotainment systems in automobiles, radio commu-
nication, navigation systems, and many electronic devices that we use in day-to-day
life such as television, radio are some of the examples that are susceptible to EMI.
Internally, these applications are made up of electronic units for sensor signal condi-
tioning, power management, load driving, etc., which are done with analog circuits
based on amplifiers [1]. In such analog circuits, especially amplifiers are more prone to
RF interferences.

Immunity to RF disturbances is a crucial requirement for electronic equipment to
function safely and reliably. Therefore, the circuits of EMI-critical applications should
be designed to be intrinsically immune to EMI by using components that are robust to
such RF disturbances. Since, amplifiers are one of the most prominent analog building
blocks used in such EMI-sensitive circuits [3], selecting an amplifier that is immune to
EMI becomes a major challenge. As a result, we require a metric that can quantify the
EMI robustness of amplifiers, enabling us to evaluate them and choose the one with
the highest immunity for the EMI sensitive applications such as acquisition front-
end architecture of sensor application that needs amplifiers with high immunity to
EMI as illustrated in Figure 1.1. Since, amplifiers are used in the analog front end to
condition the signals, it is crucial to avoid signal interferences affecting the amplifier

1
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Sensor Anti-aliasing
Filter

Conditioning
Amplifier

Sample
& Hold

A/D Converter

S/H ADC Micro
processorVS

Electromagnetic
Interference

(EMI)

by-passed by EMI
due to parasitics

VEMI

VX
VX + ΔVEMI 

Figure 1.1: Acquisition Front-End Architecture in Sensor Applications [2]

circuit. Therefore, it is required to measure EMI immunity of amplifiers, so that the
application designers can select the amplifiers based on their EMI requirements.

Newly designed amplifiers are incorporated with EMI filters to protect the device
from RF noise by rejecting high-frequency interferences. And the rejection of RF inter-
ference can be estimated using a figure of merit, EMIRR. The EMIRR metric enables
the user to directly compare the amplifiers in terms of EMI immunity. With this data,
designers can now choose the best performing amplifier for EMI-critical applications.
This method provides a considerable advantage to board and system-level designers
while avoiding the high costs of additional design cycles [4]. In subsequent sections,
the definition of EMIRR is described along with a method to measure it.

1.2 Introduction to EMIRR

Since the amplifiers are used to amplify and condition signals in a wide range of analog
and mixed-signal integrated circuits, their EMI immunity is an important factor to be
considered. EMIRR is a figure of merit used to quantify the EMI immunity of the
amplifier and helps to compare and rank amplifiers based on their EMI robustness. By
injecting an RF signal into any amplifier pin and measuring the subsequent DC offset
shift (∆VOS) at the output of the amplifier, EMIRR can be calculated as featured
in Figure 1.2. Sometimes, this parameter is referred to as EMIRR IN+ when the

2
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Vout

+IN

-IN

ΔVos(DC)

Figure 1.2: EMIRR [4]

non-inverting input pin of the amplifier is selected as a dedicated input pin for RF
interference as shown in Figure 1.3 [4]. However, it is still designated as the EMIRR
in this report irrespective of the dedicated input pin selected for RF injection.

Vout

+IN

-IN

ΔVos(DC)

100 mVp

ΔVos(DC)

Input referred offset

Figure 1.3: EMIRR IN+ [4]

1.3 Introduction to Precision Amplifiers

1.3.1 The Precision Op-amps

Amplifiers are integrated circuits that are used to amplify weak signals. Precision op-
amps are amplifiers that have better specifications than normal amplifiers, such as
lower bandwidth, precision offset, temperature drift, internal noise, input bias current,
and so on. It is a 3-terminal electronic device with two high impedance inputs (inverting
and non-inverting) and a low impedance output as shown in Figure 1.4. The main

3
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Figure 1.4: Operational Amplifier [5]

operation of an op-amp is to enhance or amplify the differential voltage signals between
the inputs. An ideal op-amp has infinite input impedance, infinite open-loop gain
(AOL), zero output impedance, infinite bandwidth, and zero noise [6].

1.3.2 The Precision INAs

Figure 1.5: The classic 3 op-amp INA [7]

An INA is a precision differential amplifier with very high input impedance, low
DC offset, low noise, low drift, and high Common Mode Rejection Ratio (CMRR) as
compared to normal amplifiers, making it suitable for use in circuits requiring high
accuracy and stability [7]. The amplifier’s ability to reject a common signal given to
both INV and NINV inputs is described as CMRR [TUC1]. INA’s main function is

4
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to amplify the differential signals between the inputs and reject the common-mode
signals. Unlike other amplifiers, INA contains a reference input pin that is used to
level-shift the output. Although the INA is schematically identical to a regular op-
amp, it is almost always internally composed of three amplifiers. These are configured
such that two input amplifiers (A1 and A2) will buffer the inverting and non-inverting
inputs, and third amplifier(A3) produces the desired output with proper impedance
matching for the function. Figure 1.5 depicts the basic 3 op-amps INA circuit. It is
divided into two stages: the first is known as the input section, and the second is known
as the output section.

1.4 Effect of EMI on Amplifiers

RF SIGNAL

VOUT_AMP

(AV = 1)

VOS + VDETECTED

VOS

RF 

NO RF 

Figure 1.6: Change in DC offset voltage for the detected RF signal[8]

Op-amps are designed with non-linear elements such as diodes and transistors, which
cause a small DC offset voltage to be generated when an op-amp is subjected to high-
frequency EMI. This can be referred to the process of rectification because an AC
signal is converted to a DC signal. Due to the rectification process in the op-amp
signal path, there might be some offset error created in the system which can cause
inaccuracies in the system. Figure 1.6 below clearly shows that when an RF signal is
detected, the DC offset voltage on the amplifier’s output is shifted to some extent.
In this case, the op-amp is set to unity gain configuration, which implies the output
voltage to be same as the input voltage since the gain is 1. The DC offset voltage
varies when the RF signal is applied. This resulting DC offset voltage variation is
used to calculate the EMIRR which is a useful metric to describe the RF immunity of
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amplifiers [4].

1.5 Research Objectives

The main goal of this thesis is to analyze the existing EMIRR test setup for op-
amps and optimize it for precision INAs to measure EMIRR of INAs and rank them
according to their EMI robustness. This helps to select the suitable INAs for EMI-
critical applications. In order to achieve this, as a first step, an EMIRR measurement
setup should be implemented for INAs. This measurement setup shall consist of a
hardware test board with an adapter board, RF signal generator with the frequency
range up to 3 GHz or 5 GHz, bias tee, and low pass filter, power supply, spectral
analyzer, high-resolution Digital Multi-Meter (DMM), and a lab computer to run the
test software to measure EMIRR.

For the EMIRR test setup, it is expected to design a hardware test board to measure
EMIRR for INAs. A test automation software must be developed using either National
Instruments (NI) TestStand or LabVIEW (Laboratory Virtual Instrument Engineering
Workbench) software to run EMIRR measurements by considering the different lab
instruments used. The designed hardware PCB should be scalable to multiple packages
of INAs. The small DC offset at the output terminal of the DUT - Device Under Test
should be captured with the DMM and the EMIRR data should be computed. Data
analysis can be done using the Spotfire tool.

This work is also aimed to analyze the following artifacts influencing EMIRR and
to make possible conclusions:

1 Influence of the test board on EMIRR

To check the impact of the test board a 50 Ω termination resistor can be placed
at the end of RF input trace to match setup impedance. By matching this
impedance it is expected that the EMIRR results would improve as the input
RF signal reaching the DUT is less reflected and the calibration values can be
improved.
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2 The effect of INA package parasitics on EMIRR

The same INA is available with various package types which implies that the
different package parasitics. Thus, the influence of INA package parasitics on
EMIRR should be checked because the bond-wire inductance or a capacitance
to the lead-frame might have some impact on the seen impedance which further
affects the signal reaching the inputs of the amplifier where the rectification
happens.

3 The impact of INA bandwidth, input capacitance on EMIRR

The EMIRR should be measured to check the influence of INA characteristics
such as bandwidth, input capacitance, and internal EMI filter cut-off frequency
on EMIRR results.

4 The influence of in-built EMI filter on INA on its EMIRR

It is expected that EMI filter bandwidth can have significant impact on EMIRR
as the EMI filter is placed at the input stage of INA where the rectification of
RF signal takes place [9].

1.6 Thesis Outline

This thesis is composed of seven chapters.

Chapter 1 briefly introduces EMIRR and precision amplifiers (op-amps and INAs),
discusses why EMIRR is important to be considered and then outlines the objectives
of this thesis.

Chapter 2 describes the theoretical background of EMI, including the necessary el-
ements required for EMI, sources of EMI, and two different EMI transmission types
such as radiated immunity testing and conducted immunity testing. Some EMI mea-
surement techniques are listed, including magnetic field immunity testing and radiated
immunity testing, which are briefly explained. Finally, the study methodology outlines
a more practical and precise way of measuring EMI immunity in amplifiers using the
parameter EMIRR.
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Chapter 3 finds a correlation between op-amp and INA test setups. All of the hard-
ware instruments used in the EMIRR test setup is briefly described in terms of its
purpose and functioning. The three-dimensional images of the proposed hardware eval-
uation boards are shown along with their schematics. Additionally, the RF guidelines
that were followed while designing the boards are explained. Finally, a comprehensive
block diagram of the EMIRR hardware measuring setup for INAs is demonstrated
along with the EMIRR setup in the lab.

Chapter 4 deals with signal integrity simulations in Advanced Design Systems (ADS)
software to assess the magnitude of the input RF signal reaching the device inputs. It
also focuses on the proposed EMIRR test software implementation using NI TestStand
software. Finally, flowcharts illustrating the flow of the test automation sequence are
also provided.

Chapter 5 shows the EMIRR results for INAs and analyzes the data obtained to
make possible inferences from the tests performed. Based on the EMIRR measurements
on a couple of INAs with different bandwidths and input capacitances, a comparison
was made on their EMI robustness. Finally, several RF applications with their oper-
ating frequencies were listed, and appropriate INAs for developing such applications
were proposed based on the EMIRR values.

Chapter 6 summarizes the EMIRR research and measurements in this thesis and
makes the conclusions.
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2.1 Theoretical Background

Due to the increased level of environmental electromagnetic pollution, it has become
mandatory to design electronic systems immune to RF interference signals. Indeed, the
interconnections like wires and traces of printed circuit boards in electronic systems
couple RF interference and translate it into current and voltages. These noise signals
are then coupled with the system signals that reach the terminals of Integrated Circuit
(IC) causing distortion in active non-linear devices and hence generating temporary
or permanent errors in the functionality of the electronic system [10].

Analog circuits are more susceptible to EMI than digital circuits because they sense
the weak noise as just another signal whereas digital circuits can only recognize the
states like full on or full off. Hence, DSP - Digital Signal Processing is preferred over
ASP- Analog Signal Processing in some applications. However, analog signal process-
ing cannot be replaced in many electronic applications including the Analog-to-Digital
(A/D) and Digital-to-Analog (D/A) conversions required in digital signal processing
due to the intrinsic analog nature of information in the physical world [10]. Among
analog circuits, op-amps can be extremely susceptible to RF interference. They demod-
ulate RFI added to input signals, causing interference to corrupt the op-amp output
signals. Due to the presence of a continuous-wave interference signal, unwanted DC
output offset voltage will be generated in the system.

2.1.1 Elements of EMI

For an analog circuit to respond to EMI, three elements must be present in the
system. First, there must be an EMI source that acts as a source of unintended in-
terferences. Second, a channel or a medium is required to transfer the EMI signals
to the circuit. Third, an energy-sensitive receptor, which reacts to these interferences
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2 State of the Art

must be present as shown in Figure 2.1 [11]. A receptor can be an analog circuit or
any other type of circuit that acts as an antenna. When these three components are
present in an electronic system, the EMI effect may occur. The source must produce
enough RF power at frequencies that the receptor can detect. To couple the RF signal
to the receptor, a coupling source must be present and the receptor must be sensitive
enough to that specific RF condition to produce an unwanted response. Although EMI
arises as radiations initially, gradually it is converted to conducted EMI [TUC2], which
can enter into other circuits.

 
EMI Coupling Channel

Radiative

EMI 

Victim (DUT)

EMI 

Source

Inductive Capacitive

Conductive

Figure 2.1: Essential elements for EMI problems [11]

2.1.2 Sources of Electromagnetic Energy

Many sources can generate RF interferences and are mainly segregated based on
how the EMI enters the electronic system. Two such methods are given below:

1 EMI by radiation: RF Interference by radiation can occur when the DUT
can detect the electromagnetic waves in the environment and receive them. It
depends upon the frequency of the Interference wave and the sensitivity of the
DUT to that frequency. Also, the susceptibility of the DUT is determined by the
relative size of the DUT to the wavelength of the interfering EM wave. Examples
of EMI radiating sources include cell phones, wireless routers, lightning, wireless
Bluetooth devices, etc [8].

10



2 State of the Art

2 EMI by conduction: EMI by conduction occurs when the other devices nearby
the DUT acts as receivers/antennas for EMI signals. Such devices can be, the ca-
bles or the traces on the PCB, which are connected to the DUT. Following that,
the received signals such as voltages and currents are conductively transferred
to the DUT which may interfere with the op-amp and degrade the function-
ality of the system. Examples of conductive EMI sources are RF transmitters,
Switch Mode Power Supply (SMPS), clock circuitry in microcontrollers, electro-
mechanical relays, etc [8]. It is sufficient to consider RF disturbances received
conductively to determine the robustness of an analog circuit to EMI.

So, apart from these sources, EMI can also be generated within the circuits that are
designed as illustrated below.

1 Common impedance to ground: If two circuits are sharing the common
ground as depicted in Figure 2.2 then currents flowing from one circuit to ground
can couple with another circuit, which causes ground bounce.

Circuit A 
(Source)

Circuit B 
(DUT)

Load VIN

VNoise

GND

IL

Figure 2.2: Common Impedance to Ground [4]

2 Capacitive coupling: Due to transient change in data and clock signals EMI
can be generated inside a system that can couple capacitively with the neigh-
boring circuits. As both circuits are capacitively coupled, some displacement
currents are generated in circuit B as a result of the fast change in voltage in
circuit A, which is shown in Figure 2.3.
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Circuit A 
(Source)

Circuit B 
(DUT)INoise

ΔVIN

GND GND

VINLoad

Parasitic Capacitance

Figure 2.3: Capacitive Current Coupling [4]

3 Inductive coupling: Similar to capacitive coupling, two circuits that are in-
ductively coupled can also create EMI, as voltage can be induced in circuit B
because of the transient flow of current in circuit A, which is shown in Figure 2.4.
This is called mutual inductance. Hence, it is important to design filtering and
decoupling circuits at all interfaces and near to the sensitive devices because
EMI interferences can be caused by both internal and external sources.

Mutual Inductance

Circuit A 
(Source)

VIN

ΔIL

Circuit B 
(DUT)

Load

VNoise

Figure 2.4: Inductive Voltage Coupling [4]

2.2 Related Work

Although a system is designed to be as immune to external noise effects as possible,
sensitive analog circuits such as op-amps, converters, and regulators experience EMI
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effects in the application. Since precision op-amps are mainly used on the analog front-
end of the application, it makes more sense to evaluate how they react to EMI.

EMI Measurement Techniques

EMI MEASUREMENT TECHNIQUES 

EMISSION TESTING IMMUNITY TESTING

Radiated 
Emission

Conducted 
Emission

Continuous 
Sources

Transient
Sources

Reverberation
Chamber

Anechoic Chamber 

Gigahertz Transverse
Electro-Magnetic
(GTEM) Cell

Open Air Test
Sites (OATS)

Transverse Electro-
Magnetic (TEM) cell

1ohm Method

Current and Voltage
Probe Method

Open Air Test
Sites (OATS)

Anechoic Chamber Anechoic Chamber 
1ohm Method

Line Impedance
Stabilization Network
(LISN)

Conducted
Immunity
Testing

Magnetic Field

Radiated
Immunity
Testing

Voltage dips,
interruptions and
variations 

Electrical Fast
Transient/Burst
(EFT/B)

Surge

Electrostatic Discharge
(ESD)

Figure 2.5: EMI Measurement Techniques [11]

There are many techniques to measure EMI that degrades electronic device perfor-
mance. EMI testing is categorized into emission testing and immunity testing depend-
ing upon if the device is emitting EMI or suffering from EMI. So, these emitting EMI
sources and subjected DUTs may be different systems, resulting in intersystem EMI,
or they may be different sub-systems of a larger system, resulting in intra-system EMI.

Emission Testing

Emission testing is performed where the electronic instrument is acting as an EMI
source intentionally or unintentionally and becoming the reason for electromagnetic
pollution. In this type, the emitter is the DUT. The nature of the coupling medium is
used to further characterize emission testing. Conducted emission testing is performed
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when the coupling channel is conducting in nature and if the conducting medium is
radiating in nature, then radiated emission testing is done. The EMI emissions may be
conducted through the power cables or PCB traces in case of conducted emissions and
antennas in case of radiated emissions. Hence, it is necessary to test such components
to keep the electromagnetic environment clean and usable. The EMI effect of the
coupling medium can be lowered by RF design guidelines while designing and routing
the hardware test board, EMI shielding, and incorporating decoupling techniques [11].

(a) Power cables (b) Antenna

Figure 2.6: Examples of conducted and radiated emissions [12]

Some of the radiated emission testing methods such as Open-Air Test Sites (OATS),
anechoic chamber, Gigahertz Transverse Electro-Magnetic (GTEM) cell, reverberation
chamber illustrates the different kinds of testbeds for measurement setup to measure
EMI emissions. Also, Line Impedance Stabilization Network (LISN), 1Ω method, cur-
rent and voltage probe method, and Transverse Electro-Magnetic (TEM) cell methods
are some of the popular conducted emission testing methods [13].

Immunity Testing

Immunity testing is exactly the opposite of emission testing, which is performed
to quantify the EMI robustness of a DUT by subjecting it to an electromagnetically
hostile environment and evaluating the performance of DUT for high-frequency EMI.
If any change in the performance of the DUT is detected, then it is measured to
quantify the immunity of the DUT for such EMI. Immunity testing is categorized
into continuous source testing and transient source testing based on whether the EMI
generating source is continuously affecting the electronic system or transiently. Some
of the transient sources of EMI include lightning, EM pulses, Electrostatic Discharge
(ESD), voltage fluctuations, and fast switching of relays. The tolerance of the electronic
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systems for such transient effects can be measured by ESD test, electrical fast transient
test, surge test, and by finding the voltage dips, interruptions, and variations as listed
in Figure 2.5.

The objective of continuous immunity testing is to test whether the DUT will func-
tion in the desired manner when it is exposed to continuous noise sources such as signal
generators, broadcast stations, magnetic fields, solar radiations, etc. These tests are
carried out by continuously injecting the noise into the system to see how many high-
frequency signals it can withstand and reject. This category of testing can be further
classified into magnetic field immunity test, radiated immunity test, and conducted
immunity test depending on the way coupling medium gets affected by EMI.

The magnetic field immunity testing and radiated immunity testing are briefly de-
scribed below and the later part of this report is all about describing the conducted
immunity testing method for amplifiers.

1 Magnetic field immunity testing:

Figure 2.7: Test setup for immunity against magnetic fields using circular Helmholtz coils
[14]
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Magnetic fields are coupled by the cables and wires of an electrical instrument
that can attack the components which are susceptible to magnetic fields such as
amplifiers, relays, and monitors of the parent circuit and the instruments present
nearby. Thus, it is necessary to ensure that the DUT can withstand such mag-
netic effects. The withstanding power of the device is measured using magnetic
field immunity testing. The measurement setup consists of a signal source to gen-
erate RF signals and a power amplifier to amplify the generated signals. These
are connected to circular Helmholtz coils which can establish uniform magnetic
fields around DUT. The DUT is placed inside the coils and is subjected to a
continuous magnetic field. A field monitoring loop along with the voltmeter is
used to determine the magnetic field strength [13]. However, this method can be
used only at lower frequencies of 10Hz to 100KHz.

2 Radiated immunity testing:

When a DUT is exposed to electromagnetic radiations, there are high chances
that it is getting affected by the RF radiations if it is susceptible to EMI. Ra-
diated Immunity (RI) tests are performed in anechoic chambers, OATS, GTEM
cells, or reverberation chambers. Similar to the magnetic field immunity test
setup, the RI test setup consists of an RF signal generator to continuously gen-
erate RF signals that are amplified by the power amplifier, an antenna that acts
as a transmitter of the generated signals to the cell or chamber that creates a uni-
form electromagnetic environment [11]. The setup also has a field sensor, which
monitors magnetic field strength inside the chamber, and a monitoring system to
monitor DUT. The performance of the DUT is repeatedly evaluated by placing
it to face towards the antenna by providing different frequencies with different
signal strengths. A block diagram of radiated immunity testing is illustrated in
Figure 2.8.

However, in 2009, Armstrong has pointed out some issues in RI testing re-
garding reliability test levels, angle of incidence, the polarization of the field
within the cell/chamber and, the sensitivity of DUT towards certain frequencies
[11]. Hence he claimed that RI testing might not be sufficient in the real-world
scenario to quantify the immunity of the DUT.
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Figure 2.8: Measurement setup for EMI radiated immunity testing [11]

As discussed, the magnetic field immunity testing method is only applicable for
lower frequency applications and radiated field immunity testing method has got some
drawbacks and is not sufficient to measure the EMI performance of the DUT. Hence,
we need an RF immunity testing method that can overcome these drawbacks. In the
research methodology, conducted immunity testing method will be explained in detail,
particularly with the application of precision amplifiers that are highly susceptible to
RF interferences [1]. The immunity of these precision amplifiers is quantified into a
figure of merit – EMIRR. This type of immunity test is practical, accurate, reliable,
and will work for a broad range of frequencies from 10MHz to 10GHz. However, with
the existing signal generator ranging from 10MHz to 3GHz, the immunity testing is
performed for the range of 10MHz to 3GHz.

2.3 Research Methodology

2.3.1 Built-in EMI Filtering in Amplifiers

There is a continuous effort to improve the EMI robustness of op-amps. One of the
solutions to reduce the EMI susceptibility of amplifiers was to design an integrated
low pass filter in an amplifier that can attenuate the amplitude of RF signals at higher
frequencies. There are multiple RF injection points in op-amp such as input, output,
and supply pins. However, input pins are more susceptible to EMI compared to output
and supply pins since they sense every signal that enters the amplifier. Therefore,
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an EMI filter is designed at the input stage of an amplifier. Figure 2.9 depicts two
input stages of an amplifier with two MOSFETs (M1 and M2) connected to the load
resistors (ZL1 and ZL2 respectively). A low-pass filter is formed at inverting (VINV)
and non-inverting (VNINV) inputs of the amplifier by two resistors (R – highlighted
with red box) connected in series with input differential pair junction capacitances of
an amplifier [10]. Since the common mode and differential capacitances are present
in the input differential terminals of an amplifier, the inbuilt EMI filter is efficient in
attenuating high frequency EMI.

R R

Figure 2.9: nMos differential input stage with input resistors [15]

The unity-gain bandwidth of the op-amp is commonly ranging from a few kHz to
a few MHz, so the low pass filter cut-off frequency is well above it. That prevents the
EMI filter from becoming a factor in the op-amp’s normal AC response. However, the
cut-off frequency of the low-pass filter is low enough to be effective in the filtering of
100MHz and higher frequencies. The series resistances (denoted with R) are chosen to
determine the cut-off frequency of the EMI filter, but they should have lower value so
that the low noise performance of the amplifier is not affected.

2.3.2 Calculating EMIRR

EMIRR is a logarithmic ratio of RF Peak Voltage (EMI signal injected to any of the
op-amp terminals) input to the shift in DC offset voltage at the output of the amplifier.
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Similar to CMRR and Power Supply Rejection Ratio (PSRR) parameters of the op-
amp, EMIRR is also expressed in decibels (dB). The higher the value of EMIRR, the
better is the rejection ratio which means the amplifier has higher immunity to EMI.
EMIRR is calculated by equation (1).

For EMIRR calculation, a standard test condition of 100mVp is used.

EMIRR[dB] = 20 · log
(

VRF−P EAK

|∆V os|

)
+ 20 · log

(
VRF−P EAK

100mVp

)
(1)

Where,
VRF−P EAK is the peak-amplitude of the applied RF voltage

∆V os is the shift in DC offset voltage

20 · log
(

VRF−P EAK

100mVp

)
term refers to the EMIRR to an input signal of 100mV p

∆VOS =
(

VRF−P EAK

100mVp

)
· 10−(EMlRR[dB]

20 ) (2)

2.3.3 Conducted EMI Measurement Technique in Op-amps

Impedance matching

Figure 2.10: Lumped circuit model [4]

There are several circuit models to describe the circuit behavior, which include
lumped and distributed circuit models. If the voltages and currents are uniform through-
out the conductors, then that’s a lumped circuit model, but the distributed circuit
model may be depicted as a transmission line with variable voltage and current lev-
els along the conductor as shown in Figure 2.11. The distributed circuit models are
better for high-frequency applications as the impedance is distributed continuously
throughout the material of the conductor.
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Figure 2.11: Distributed circuit model [4]

Impedance matching is the biggest challenge when working with RF systems. Change
in the impedance at the interfaces will cause signal reflections which are proportional
to the impedance mismatch. This concept is demonstrated in Figure 2.12. As a result
of these signal losses, the intended magnitude of the voltage or current signal does not
reach the amplifier input pins which might be the reason for incorrect measurements
[4]. So, care must be taken to avoid such signal reflections.

Z1 Z2

Incident 
wave

Reflected 
wave

Transmitted
wave

Interference between
mismatched impedances 

Incident 
wave

Transmitted
wave

Figure 2.12: Impedance Mismatch Causes Voltage and Current Reflections [4]

Applying RF signal to EMIRR setup

To measure EMIRR, a high-frequency signal source that can generate and control
the frequency and magnitude of RF signal is needed. This is a continuous conduction
immunity testing, which means the RF interference/noise is injected into the op-amp
through conduction and the measurement is carried out. The generated RF signal
travels through the cable to a terminal of the bias tee, and then to the op-amp input
via SMA connector and PCB trace. However, due to impedance mismatches, there will
be signal reflections along this path. This RF path and the transmission line model
are illustrated in Figure 2.13 and Figure 2.14 respectively.
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Signal Generator

SMA Cable

Bias Tee

SMA Connectors

Device Under Test

Test Board

Figure 2.13: RF Input Signal Path for Measuring EMIRR [4]

The voltage reflections can be reduced by designing the entire RF signal path to
50 Ω to match the system impedance which is also 50 Ω. Nevertheless, op-amp has a
high input impedance which will not be matched to 50 Ω impedance, and at higher
frequencies, this will even change due to parasitic reactance in the op-amp input stage.
Hence, it is difficult to match impedances consistently throughout the bandwidth of
measurement. A VNA can be used to capture the reflection coefficients that can be
compensated while calculating the EMIRR.

Impedance
Interfaces

Vsource

ZBias_Tee ZConnector ZTrace

ZDUT

ZSMARSource

Figure 2.14: Complex RF Input Environment [4]

EMIRR test configuration and measurement procedure

The overall test circuit configuration of EMIRR is demonstrated in Figure 2.15 af-
ter the RF reflection coefficients have been measured from Vector Network Analyzer
(VNA). The test setup consists of the signal generator connected to the non-inverting
input of op-amp via a 50 Ω transmission path. The op-amp circuit is in buffer con-
figuration (gain = 1). The output of the op-amp is connected to a low pass filter to
attenuate the residual RF signal, which avoids aliasing effect by band limiting the
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input RF signals. Then a DMM is connected to display DC offset voltages during the
EMIRR measurement.

Low Pass 
 Filter

Digital
Multimeter

Vdd

Vss
RF Source 

50 ohm 

Figure 2.15: Complete EMIRR Test Circuit Configuration [4]

The following procedure can be used to measure the DC offset voltage shift and to
calculate the EMIRR.

Step 1 Measure the output voltage (VOUT1) from DMM when the RF signal from the
signal source is OFF.

Step 2 Then switch on the RF signal and measure the output voltage again (VOUT2).

Step 3 Convert the measured output voltages to input-referred voltages by dividing
them with amplifier gain.

Step 4 Subtract the input-referred voltages and take the absolute value of the DC offset
voltage shift.

Step 5 Calculate the EMIRR with equation (1).

If any offset voltage is present at the output of the op-amp before applying the RF
signals, it should not be included in the EMIRR calculations. To remove this small
DC offset voltage, two separate measurements are taken i.e., First measurement when
the RF source is turned OFF and then second when the RF source is turned ON. The
subtracted DC offset voltage shift value from these two measurements will give the
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amount of DC offset generated after DC rectification of the injected RF signals. This
measurement procedure is repeated for all the frequencies from 10 MHz to 3 GHz for
which the EMIRR is assessed.

2.4 Chapter Summary

This chapter describes the theoretical background of EMI and the basic elements
necessary for EMI to exist. As part of the related work, several techniques of EMI mea-
surement are investigated, and two EMI immunity testing approaches such as magnetic
field immunity testing and radiated immunity testing, are briefly explained. Some of
the research questions that occurred while researching are posed in research questions,
which will be addressed in the report’s results and discussions section. Finally, the
research methodology outlines a practical and more precise method of measuring EMI
in amplifiers.

As part of the research methodology, how amplifiers are made EMI robust is exam-
ined. The metric EMIRR, which is a figure of merit that quantifies the immunity of
op-amps to EMI signals, is defined. Additionally, the importance of RF considerations
in matching system impedance is then demonstrated. Finally, how to apply an RF sig-
nal to the non-inverting input of op-amp and how to quantify EMIRR in op-amps are
discussed, along with the test configuration. Overall, when compared to the other two
EMI measurement approaches, the EMIRR method offers benefits such as precision,
reliability, and it works well across a wide frequency range.
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3.1 Required Hardware Instruments

The following instruments are required to build the hardware test setup to measure
EMIRR. Each instrument is accompanied by an example model that is used in the
setup.

1 Vector Network Analyzer (VNA)

VNA is required to measure network parameters, specifically Scattering param-
eters (S-parameters) at higher frequencies. Generally, in signal integrity checks,
1-port or 2-port VNAs are used. 1 port VNA calibration needs three known
standards such as open, short, and load whereas 2 port VNA requires four stan-
dards SOLT (Short, Open, Load, and Through). The goal of VNA is to extract
the signal reflection data (S-parameters) of the transmission lines/PCB traces,
before starting the EMIRR measurement. The collected data can be compen-
sated while computing the EMIRR in the test software. So, HP 8753D two-port
network analyzer with a frequency range from 30kHz to 6GHz is used in the
EMIRR setup.

Figure 3.1: Vector Network Analyzer
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2 RF signal source

Signal generator is connected to the amplifier’s pin under test through bias tee
used to generate the high-frequency RF interference which can be injected into
the amplifier to see the rejection ability of an amplifier. In the current setup,
RSSMA100 from Rhode and Schwarz is used that can generate signals from
100kHz to 3 GHz frequencies. However, EMIRR can be measured for even higher
frequencies when the high configuration (up to 10GHz) signal generator is avail-
able.

Figure 3.2: RF signal source

3 Bias tee

DC

DC
+ 

 RF
RF

Figure 3.3: Bias Tee Circuit Model [4]

When working with RF systems, it is important to bias an amplifier to a with
a dc common-mode voltage midway between the positive and negative power
supply rails (0V in this case) before the signals from the RF source are sent to
op-amp input. This method is a standard way of biasing an op-amp to operate
linearly and avoid op-amp saturation [4]. The RF and DC signals require isolated
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sources, to avoid signal interference and save the op-amp from the over-voltage
state. Hence, a bias tee is used to separate RF and DC signals from causing the
interference.

Figure 3.4: Bias Tee Circuit Model [4]

The bias tee is a three-terminal device with two input terminals for DC and RF
signals and one output terminal to provide the superimposed DC and RF signal.
The bias tee is designed with a large capacitor and an inductor as displayed in
Figure 3.4. The capacitor only allows AC (RF) signals but does not allow the
DC signals through port 1 and the inductor blocks the RF signal from getting
through port 2 and allows all DC signals. Both RF and DC are then coupled up
and passed through port 3 to op-amp input with minimal loss. The impedance
of the bias tee is 50 Ω, which is suitable for impedance matching as well.

4 Dual-channel DC power supply

Figure 3.5: E3631A DC power supply

To power the amplifiers, a dudal channel DC power supply is used in the test
setup. In the EMIRR setup, both the channels of the power supply are used.
The first channel is used to supply DC bias voltage to the bias tee to bias the
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amplifier and the second channel is used to supply positive and negative voltages
to the amplifier. E3631A from Keysight is used in the test setup to serve this
purpose.

5 Low pass filter

Figure 3.6: TTE 8th order low pass filter

Although the amplifier rejects the high-frequency RF interferences, some resid-
ual RF signals might pass through the feedback path or the path created by
parasitics. Thus, a passive LPF placed at the output of the DUT helps in atten-
uating the residual RF signal to avoiding aliasing effect at the DMM by band
limiting the input RF signals.

Figure 3.7: Frequency response of 8th order passive low pass filter
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The cut-off frequency of the 8th order passive LPF used in the setup is 1MHz
which is shown in the frequency response curve (Figure 3.7) of this filter. So, it
attenuates the high-frequency RF residuals above 1MHz.

6 Digital multimeter

Figure 3.8: 34410A Digital Multimeter

A high-resolution DMM is connected to the output SMA of the test board (out-
put of the amplifier) through LPF to provide the small DC offset voltage shift
generated when the amplifier is subjected to RF interferences. In the current
EMIRR setup, 34410A - 6½ digit DMM from Keysight is used.

7 Spectrum analyzer

To analyze the RF signal amplitude reaching the input of the amplifier, a spec-
trum analyzer can be used. When the DUT is not mounted, it can also be used
to check for signal leakage at the output. R&S FSP spectrum analyzer with the
frequency range 9kHz to 7GHz is used in the EMIRR setup.

Figure 3.9: Spectrum Analyzer
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3.2 Analyzing the Existing Op-amp Hardware Test

Setup

All the instruments briefed above are commonly used in op-amp and INA test setups.
Hence, the EMIRR measurement setup for op-amps and INAs is similar except for the
hardware evaluation board part because of the difference in the device architectures.
The existing hardware test board is analyzed for its design and signal reflections due
to impedance mismatch. The evaluation board design can be made better by having
the 50 Ω termination at the end of the RF input trace to minimise signal reflections.
This helps the conducted RF input signal to reach the input of the amplifier whose
immunity for RFI is evaluated. Therefore, along with this design change, some of
the RF guidelines are followed while designing the INA test board for EMIRR setup.
These RF guidelines are chosen from the International Standard IEC 61000-4-6 and are
discussed in the next section. This is to ensure that the EMIRR test setup environment
is not influencing the EMIRR results.

3.3 Hardware Test Board Design for INAs

3.3.1 Applying RF Input to INAs

INA

Vdd

Vss

EMI
Filter

Vout

REF

RG

RF
Input

+IN

-IN

Figure 3.10: Differential mode RF input to INA

As amplifiers come in various packages such as SOIC-8 with Burr-Brown (BB) pinout
and SOIC-8 with Analog Devices, Inc. (ADI) pinout, the design and layout of the PCB
board become different from one another. INAs are tested for EMI by injecting the RF
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signal in both differential and common-mode. So, now let us see the generic circuits
to apply a differential or common-mode RF signal to the inputs of an INA, which are
depicted in Figure 3.10 and Figure 3.11 respectively.

INA

Vdd

Vss

EMI
Filter

Vout

REF

RG

RF
Input

+IN

-IN

Figure 3.11: Common mode RF input to INA

In differential mode measurement, the RF signal is fed to the non-inverting input of
INA while the inverting input is grounded and in common mode measurement, the RF
signal is injected in both the inputs simultaneously. The common-mode capacitance
(CCM) at each input terminal along with the a differential capacitance (CD) between
both the input terminals constitutes the input capacitance of an INA which is shown in
the Figure 3.12. The EMI filter bandwidth is determined by using (CD) in differential
mode measurement and (CCM) in common mode measurement. Hence, the cut-off
frequency of the EMI filter is expected to be influenced by the INA’s input capacitance
value in both the measurements.
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Figure 3.12: Input Capacitance Model [16]

3.3.2 Design of Evaluation Boards

Schematics of the test boards

The schematics of EMIRR test board for INA are shown for differential mode mea-
surement and common mode measurement. In the differential mode circuit shown in
Figure 3.13, U1 is an INA with BB pinout. R4 is the gain resistor to set the required
gain to the circuit. R5, R6, and R7 are the 50Ω termination resistors placed near non-
inverting, reference, and inverting inputs of the INA respectively. R1 with C17 forms
a low pass filter on the output trace which is designed for debugging purposes. All the
capacitors in the schematic are decoupling capacitors chosen with lower ESR values.
The common-mode circuit shown in Figure 3.14 also has similar circuitry except for
the input stage where the input RF signals are applied in common-mode.

Test boards to measure EMIRR

RF-compatible PCBs require careful design and routing to maintain signal integrity.
The routing style should be chosen in such a way that it provides noise isolation. The
test board and the layout were created in Altium Designer software. The test board
designed for the INAs with SOIC-8 BB pinout is shown in Figure 3.15. To test the
EMIRR of INAs which come with SOIC-8 ADI pinout, another test board is developed
which is shown in Figure 3.16. The test board with BB pinout is designed for dual
in-line packages and the test board with ADI pinout is designed for SMT packages to
investigate whether the EMIRR measurement results differ due to the intervention of
coupon boards used in the case of the test board with BB pinout.
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Figure 3.13: Schematic of INA for differential mode EMIRR measurement
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Figure 3.14: Schematic of INA for common mode EMIRR measurement
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Figure 3.15: INA SOIC8 EMIRR Test Board with Burr-Brown Pinout

Both the test boards are designed symmetrical and accommodate differential-mode
and common-mode circuits on them with no common connections. This enables the
tester to carry out EMIRR measurements in both differential and common modes
simultaneously. These test boards are four-layer boards with a signal layer on top and
a ground layer on the first internal plane. The second internal plane and the bottom
layer are positive and negative power supply planes respectively. The layer spacing,
FR-4 permittivity, and overall thickness of the board are known and can be controlled.
Furthermore, inverting terminal and reference pin of the INA can also be tested as they
are connected with the SMA adapters through which RF can be injected. A passive
RC filter and vertical SMA SMT connector are provided the output path of INA for
debugging purposes.
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Figure 3.16: INA SOIC8 EMIRR Test Board with ADI Pinout

3.3.3 RF Design Guidelines that are Considered

Designing an RF test board to measure EMIRR is easy if the EM complaint rules
are being considered before starting the PCB design. Some of the RF guidelines that
are followed for the design are explained briefly.

1. Transmission line impedance

TraceToPlaneDistance

TraceWidthTraceHeight

Figure 3.17: Impedance Calculation for Microstrip trace [19]

As PCB traces are significantly longer than the amplifier’s size, they might behave
as effective EMI antennas at higher frequencies (MHz to GHz range). Thus, PCB
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traces should be designed carefully to avoid noise pickup. To, match the impedance of
the trace with the impedance of the test setup, the traces are symmetrically designed
with a 50 Ω impedance-controlled microstrip trace in Altium Designer. In Figure 3.17,
TraceWidth, TraceHeight, and TraceToPlaneDistance are the parameters indicating
length of the trace (yellow colored), thickness of the trace, and distance between the
trace and polygon pour on the top layer respectively. The CharacteristicImpedance of
the trace is calculated by the equation [19]:

Figure 3.18: Coplanar waveguide analysis [20]

CharacteristicImpedance = (60/SQRT (Er ∗ (1 − EXP (−1.55 ∗ (0.00002 +
TraceToP laneDistance)/TraceToP laneDistance)))) ∗ LN(5.98 ∗
TraceToP laneDistance/(0.8 ∗ TraceWidth + TraceHeight))
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As we need to calculate the trace width, the equation is solved for TraceWidth as
shown below [19]:

TraceWidth = ((5.98 ∗ TraceToP laneDistance)/EXP (CharacteristicImpedance

/(60/SQRT (Er ∗ (1 − EXP (−1.55 ∗ (0.00002 + TraceToP laneDistance)/
TraceToP laneDistance))))) − TraceHeight)/0.8

After calculating the TraceWidth from the Altium tool to match the 50 Ω impedance,
it is also verified in coplanar waveguide calculator as shown in Figure 3.18. By filling
in all the fields, the characteristic impedance can be calculated. However, highlighted
fields must be filled as they are the main parameters to compute the impedance of the
PCB trace. As expected, the the impedance of the trace is around 55 Ω for both the
boards.

2. Ground shielding across the traces

The unintended noise signals are picked up by the dielectric material on PCB. The
effect of return currents induced on the signal layer can be coupled to the ground
through via fencing around the traces. Thus, ground shielding helps to prevent cross-
coupling of RF signals with signal lines across the PCB. Via fencing is advised on
both sides of the Microstrip line to reduce noise impact on the conducting trace.
When it comes to rejecting high-frequency noise, the distance between the via holes
is important. When the via holes are placed close together, they function similarly to
a coplanar waveguide below the cutoff frequency. As a result, the shorter the distance
between via holes, the greater the high-frequency noise rejection.

Figure 3.19: Via shielding around the PCB trace

37



3 EMIRR Test Setup Correlation

3. 50 Ω termination at the end of RF transmission line

From the RF signal source to the evaluation board, coaxial cables with a 50 Ω

impedance are used. As a result, the coaxial cable along with the microstrip trace on
the test board serves as a transmission line between the RF source and the DUT. The
50 Ω termination at the end of the transmission line, acts as load resistance to match
the characteristic impedance of the transmission line so that the calibration values can
be improved which in turn reduces the error values in the measurement. Therefore,
the EMIRR data is expected to be consistent when there is 50 Ω termination present
on the evaluation board.

4. Solid ground plane in an internal layer

The test board is the four-layered board where the top layer has RF components
and transmission lines. Ground planes should not be broken under the signal traces
hence, it is recommended to use a continuous ground plane on one of the internal layers
(preferably the second layer) because it acts as the common reference voltage. Ground
plane also provides shielding, enables heat dissipation, and reduces stray inductance.
As this board is a four-layered PCB board, the second layer is made as a solid ground
plane.

5. Selection of decoupling or bypass capacitors

A decoupling circuit is required because of the high-frequency noise in power supply
signals. It aids in the avoidance of unforeseen problems that might inflict damage
on the system’s performance. Broadband decoupling is essential when working with
high-frequency RF signals, which can be accomplished by connecting capacitors of
increasing size and capacitance, in parallel. The change in reactance of the capacitors
over the frequency, however, necessitates the careful selection of such capacitors.

The impedance of passive components on the PCB changes as the frequency in-
creases. For example, in reality, capacitors have a limited effective frequency range
due to their Self-Resonant Frequency (SRF). The capacitor’s impedance (|Z|) is low-
est at SRF. The impedance at SRF is called Equivalent Series Resistance (ESR) of the
capacitor. So, the impedance of the capacitor drops until the SRF is reached and then
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Self-resonant frequency
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Figure 3.20: Impedance characteristic of decoupling capacitor [22]

the impedance of the capacitor begins to increase. The area below the SRF is called
the capacitive region and the area above is called the inductive region. High ESR of
the capacitor causes impedance mismatch which results in signal losses. Hence, low
ESR capacitors are chosen for the RF decoupling circuit.

3.4 EMIRR Test Setup for INAs

Figure 3.21 depicts the EMIRR measurement setup, in which EMIRR for INAs is
measured in a unity gain configuration. The VNA is calibrated at the start, including
the cable connecting to the PCB input trace. The data for the reflection coefficients
is then acquired from the VNA without placing the DUT on the test board. This
data is collected in an excel file and then included in EMIRR calculations in the
test software to compensate for signal losses. The RF interference generated by the
RF signal generator is conducted through the coaxial cable to either the inverting
or non-inverting input of the INA, while the other input is grounded. The remaining
peripherals on the test board are all terminated with 50 Ω resistors. The impedance
of all the instruments used in the setup is 50 Ω.
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Figure 3.21: Block Diagram of EMIRR Test Setup for In-amps

A bias tee is connected between the signal generator and the test board, which not
only prevents the RF signals from being coupled with the DC power supply signal
but also helps to bias the INA with the common-mode DC voltage of 0V. So, a DC
power source is required to provide DC bias voltage to the Bias tee. The magnitude
of the input RF signal reaching the DUT is analyzed using a spectrum analyzer by
connecting it to the inverting or non-inverting input of the INA as the impedance in
the system is not always 50 Ω.Furthermore, when the spectrum analyzer is hooked to
the INA’s output, the DC offset at the output can be checked.

The complete EMIRR measurement set up along with the EMI shielding tent in
the lab is shown in Figure 3.22. The DUT and the test board are placed inside the
shielding tent. The DUT is powered with dual power supply voltage (e.g. ± 15V) as
specified in its datasheet. The output of the INA is connected to an 8th order LPF
with a -3dB frequency of around 1MHz. The residual RF signal is attenuated by the
LPF to avoid aliasing at the multimeter. Finally, a DMM is connected after LPF to
provide DC offset voltages when the INA is subjected to RF interferences during the
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EMIRR measurement.

Figure 3.22: EMIRR Measurement Setup in Lab

3.5 New(INA) Test Setup Correlation with the

Old(Op-amp) Test Setup

The EMIRR measurement setup for op-amps and INAs is nearly identical, except
for the hardware test board. Both op-amp and INA EMIRR measurements can be
performed with the same test software described in the subsequent chapter. The eval-
uation board follows the RF requirements before designing to minimize the error values
that might add up to the EMIRR results. In the new test setup, the EMIRR mea-
surement can be done by coupling the differential RF signals and common mode RF
signals on the INA. Additionally, there are two different boards, for EMIRR measure-
ment, one with PDIP connections (SOIC-8 BB pinout board) and the other with SMT
connections (SOIC-8 ADI pinout board).

3.6 Chapter Summary

The correlation between op-amp and INA test setups is the subject of this chap-
ter. The functionality of all of the hardware equipment employed in the measurement
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setup is briefly discussed at first. This includes the VNA, RF signal generator, bias
tee, power supply, LPF, digital multi-meter, and spectrum analyzer. The frequency
response curve for LPF is also presented with a 1MHz cut-off frequency. Basic INA
schematics for differential and common mode are given, as well as 3D images of two
separate evaluation boards (SOIC-8 BB and SOIC-8 ADI) developed in Altium de-
signer. The coplanar waveguide routing style with 50 Ω impedance microstrip, via
shielding across the transmission line, termination resistor at the end of the RF trans-
mission line, continuous internal ground plane on the second layer, mitigating parasitic
capacitances on the test board, and selecting low ESR capacitors for the decoupling
and bypass circuits are some of the RF standards followed while designing the boards.
Finally, the comprehensive block diagram of the EMIRR hardware measurement setup
for INAs is demonstrated.
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4 Simulation and Test Software
Implementation

4.1 Signal Integrity Simulations

The quality of the electronic signals that are prone to noise, signal loss, and distortion
must be checked before the signals are injected into the device for measurement. Signal
integrity testing is a technique for assessing the quality of such signals to ensure the
measurement accuracy of analog circuits. The evaluation board or the prototype that
is developed can be simulated before collecting a lot of data from measurements. Sim-
ulations are used not only to extract required electrical parameters and performance
data but also to detect small design issues before sending the prototype to production.
Let’s first define S-parameters before moving on to the simulation procedure.

4.1.1 Scattering parameters

S-parameters are complex matrices that show the reflection or transmission charac-
teristics of RF transmission lines in the frequency domain. Typically, VNA or Time
Domain Reflectometer (TDR) test equipment is used to extract this data from RF
PCBs. This type of simulation is usually a small-signal AC simulation which is most
often used to evaluate a passive RF component and determine a device’s small-signal
properties at a certain bias.

A two-port VNA used in this project has four S-parameters (S11, S12, S21, and S22).
The port where the signal enters is the first number following the "S" in S-parameters,
and the port where the signal is transferred is the second number. S12 is therefore a
measure of the signal exiting port 1 about the RF stimulus entering port 2. When the
S-parameter numbers are all the same (e.g., S22), the transmitter and receiver ports
are believed to be the same, indicating a reflection measurement at the ports. Smith
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Figure 4.1: S-parameters overview considering 2 ports [21]

chart and Voltage Standing Wave Ratio (VSWR) are some of the display formats
of such reflection or transmission coefficients. According to transmission theory, an
impedance-matched transmission line must have a lower VSWR which means that the
signal losses are less. The reflection and transmission coefficients are calculated by the
following equations[21].

Reflection coefficient (return loss) → S11, S22 = (Reflection/Input)

Transmission coefficient (insertion loss) → S21, S12 = (Transmission/Input)

4.1.2 Signal Integrity Simulations in ADS

There are various tools to simulate a PCB such as Advanced Design Simulation
(ADS) from Keysight, Hyperlynx from Mentor-graphics, Altium Designer and PSpice,
etc. Furthermore, circuit simulation and layout simulation are two methods for simu-
lating a PCB. The ADS software is used in this project for PCB layout simulations with
EMPro setup to extract S-parameters. The steps to configure EM Setup for simulation
are shown below.

1 Altium designer allows exporting design files in ODB++ format (Open DataBase).
The generated file will have a .tgz extension.

2 Create an EMPro workspace in ADS and import the design files in ODB++
format. Also, create a library for the imported project and verify the material
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thickness, conductivity, dielectric constant, and loss tangent, etc from the ODB
stack import dialog box.

3 Next step is to configure the EM simulation setup which can be done by following
the given steps.

a EM simulator selection

Momentum Microwave, FEM - Finite Element Method, and Momentum RF
are the simulation algorithms available in ADS. Momentum RF simulator
is chosen for our simulation because Momentum RF is quick, stable and it
provides accurate electromagnetic simulation performance at RF frequen-
cies.

b Define the PCB substrate

A substrate is an area where the complete layout resides. The substrate
can be configured using the EM setup dialog box. It is recommended to
add the cover on top and bottom layers of the substrate before starting the
simulation because the cover layer acts as a perfect conductor on which the
virtual ground ports can be placed to create reference potential.

Figure 4.2: PCB layer stack-up for EM simulation

c Assigning the ports to transmission lines

There are various kinds of ports available in the ADS software. However, as
this project requires the 50 Ω impedance, ports that have 50 Ω impedance
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are used to inject the input signals into the circuit to analyze its behav-
ior.There will be a potential drop in the flow of current if the ground ref-
erence points are placed too far from the transmission ports. So, it is im-
portant to place a virtual ground near each port on the cover layer. To
eliminate potential drops during the simulation, virtual grounds must be
used to provide zero reference potential near the port.

d Define the frequency and output plan

Using the EM setup dialogue box, the frequency sweep type, start and
stop frequency with several data points, and range of frequencies can be
set. Additionally, multiple frequency plans for a simulation can also be set.
The output plan can be defined to decide whether the output data of s-
parameters should be displayed once the simulation is over or it can be
saved as a dataset, etc.

e Configuring simulation options

Figure 4.3: The meshed layout of SOIC-8 BB pinout board in EM simulation

Pre-processor parameters and mesh settings are defined in the simulation
option. Mesh is a grid-like design comprised of circles and triangles, gen-
erally known as cells. During simulation, the mesh is applied to the layout
to determine the current within each cell and detect any coupling effects in
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the circuit. These mesh computations are used to determine S-parameters.
A meshed layout structure is shown in Figure 4.3.

4 After finishing the EM setup settings, start the EM simulation by selecting the
simulate option to generate S-parameters.

4.1.3 Simulation Results

(a) Reflection coefficients

(b) Transmission coefficients

Figure 4.4: S-parameter data of differential mode input trace
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The layout simulation for the SOIC-8 BB PCB test board shown in Figure 4.3 is
performed. Three important traces from the board are chosen for simulation because of
their different orientations, and the remaining traces are identical to one of these traces.
The S-parameters for differential mode input trace, reference input trace, and common
mode input trace (refer Figure 4.3) are displayed below in Figure 4.4, Figure 4.5,
and Figure 4.6 respectively. Since both the boards have the same substrate and are
simulated with the same settings, the simulation results of the SOIC-8 ADI test board
are identical to those of the SOIC-8 BB PCB test board.

(a) Reflection coefficients

(b) Transmission coefficients

Figure 4.5: S-parameters data of reference trace
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(a) Reflection coefficients

(b) Transmission coefficients

Figure 4.6: S-parameter data of common mode input trace

The signal reflections are lower (-60 dB) at 10 MHz and steadily rise with increasing
frequency for differential input trace, as seen in Figure 4.4a. At lower frequencies most
of the signal is entering the device. However, at higher frequencies the some of the signal
is getting reflected. Figure 4.4b represents the loss-less transmission until 700MHz and
then gradually the transmission loss occurs at higher frequencies. This signifies that
the signal is well transmitted at lower frequencies but has considerable insertion loss
at higher frequencies which can be expected as we are using FR-4 material for the
PCB board.
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Certainly, S-parameters of reference trace exhibit a similar pattern, with fewer signal
reflections and higher transmission coefficients until roughly 1 GHz. The S-parameters
for common mode input trace are displayed Figure 4.6a. The reflection coefficients
(S11, S22, and S33) are around -9 dB, indicating that there is less return loss and
some of the signals is reflected since the trace splits into two at the common-mode
input stage. Since the input common mode trace is shorted with inputs and each input
trace is terminated by 50 Ω, the power will split into half at each port. Therefore, it is
expected to have a transmission loss of about -3 dB till 1 GHz and more loss at higher
frequencies as shown in the Figure 4.6b. As a result, to obtain accuracy in EMIRR
results, these reflection coefficients are compensated in the EMIRR test software.

4.2 Development of Test Software to Measure EMIRR

4.2.1 About NI TestStand and NI LabVIEW

LabVIEW is a graphical programming language from National Instruments that
helps in the development of automated research, validation, and production test sys-
tems through data acquisition and instrument control [23]. LabVIEW programs are
termed Virtual instruments (VIs). LabVIEW has two panels: the front panel, which
displays the controls and indicators, and the back panel, which is a block diagram that
contains the graphical source code. When applications need sequencing, LabVIEW can
be used with the TestStand.

The test automation software for EMIRR measurement is developed using NI Test-
Stand 2019 32-bit software with a data log library according to internal TI standards.
NI TestStand is a test management system for creating automated software sequences
for test and validation systems [23]. NI provides LabVIEW drivers for all of the hard-
ware instruments used in this setup, that are used to handle the hardware instruments
from the TestStand sequence. Furthermore, GPIB interfaces of all of these hardware
instruments are connected to the same bus using star topology. The S-parameter mea-
surement should be done before measuring EMIRR.
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4.2.2 Setting-Up the VNA to Measure S-Parameters

Before starting the EMIRR measurements, the VNA must be calibrated along with
the cable connecting to the input trace of the test board. The data for the reflection
coefficients of input trace is then acquired from the VNA without placing the DUT on
the test board. This data is collected in an excel file and saved in the local directory.
This calibration data is then included in EMIRR calculations in the test software to
compensate for the signal losses. First, we will go through the following steps to collect
reflection coefficients data from VNA. To obtain reflection coefficients data from VNA,
the below steps are followed.

1 Connect the input of the test board to the VNA’s port. Ensure that all of the
test board’s peripherals are terminated with 50 Ω.

2 Connect VNA to the computer via the GPIB interface and verify that it is
communicating with the computer.

3 Manually PRESET the VNA by pushing the green button on the VNA. Then,
configure it by selecting the parameter to be measured (S11), specifying the
frequency sweep type, setting the start and stop frequency, and defining the
number of points to be swept.

4 Open the input/output console of the VNA Instrument and run the query
FORM4;OUTPFORM to read the S11 parameters and save them to the tempo-
rary directory of the computer in an excel file(.xls, .xlsx, .csv). During runtime,
data from this excel file is pulled from the TestStand sequence.

4.2.3 Building the TestStand Sequence

The TestStand sequence consists of the main sequence and four sub-sequences such
as HW_Configure, Get_V NA_Data, V OS_RF_OFF , and Meas_EMIRR are
sub-functions called from the main sequence during runtime. The hierarchy of subse-
quences called during runtime is given in Figure 4.7.

All of the hardware instruments have NI drivers that can be used to control the
hardware through the GPIB interface. Before executing the sequence, the user must
input the DUT information in the variable section. The flowchart in Figure 4.8 and
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MainSequence -

HW_Configure

Get_VNA_Data

VOS_RF_OFF

Meas_EMIRR

SubSequences

Figure 4.7: EMIRR test software hierarchy

Figure 4.9 represent the entire flow of the test program. The main sequence begins with
datalog initialization and the creation of a local folder location where the measurement
result files can be saved.

The main program calls the first sub-function (HW_Configure), which initializes
and configures the hardware instruments employed in the setup, such as the signal
generator, power supply, DMM, and so on. The next step is to load the reflection
measurement data from the local folder, which may be accomplished with a submodule
(Get_V NA_Data) developed in TestStand using an ActiveX/COM module. This
module retrieves the excel file from the local folder path provided the user has entered
the folder path name in the variables section before running the sequence.

A small voltage is present at the amplifier’s output due to the inherent input offset
voltage, but this voltage is not generated by the rectification process of RF signals.
As a result, this should be excluded from the EMIRR calculation. To eliminate this
offset from the multi-meter, a sub-function V OS_RF_OFF is called from the main
function that captures DMM readings when the RF signal from the RF signal generator
is turned off. The acquired DC output offset voltage is referred to as VOS1.

The DC output offset voltage measurements will be taken again when the RF sig-
nal generator is turned on. In the test program, this is performed by invoking the
sub-module Meas_EMIRR, which sweeps the DC offset voltage readings from the
DMM, when RF interference of -10 dBm power is applied to the amplifier at different
frequencies ranging from 10 MHz to 3 GHz. This DC offset voltage is produced by
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Start

Create a local folder path to store results after
measurement

Initialize and configure all the hardware
instruments

Load the reflection coefficient (S11) data
collected from VNA

Measure DC offset voltage from DMM when the RF signal
is turned OFF (VOS1)

Set Amplitude = -10 dBm and RF signal = ON from RF
signal generator 

Reset instruments and close datalogging

Stop

Log the EMIRR and DC offset voltage arrays

Initialize Datalogging 

A

Figure 4.8: EMIRR test software flowchart for the main sequence
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the DC rectification of the RF signal. The number of loop iterations is defined by the
number of data points specified by the user. The DC offset voltage obtained for each
loop iteration is referred to as VOS2. EMIRR is computed for each iteration using the
equations as illustrated below.

4.2.4 EMIRR Calculation

Consider the amplitude of input RF signal to be -10dBm and system impedance to
be matched to 50 Ω.

Step 1 VRMS calculation: Convert the input power of RF signal from power in dBm to
VRMS. R(Ω) = 50 Ω

VRMS_Applied = (Power(W ) ∗ R(Ω)) (3)

VRMS_Applied = 0.07071VRMS

Step 2 Conversion of RMS value to peak voltage (V _PEAK)

VP EAK =
√

2 ∗ VRMS = 0.1VP EAK (4)

Step 3 Calculation of VRF−P EAK by compensating the reflection coefficient (S11) data
from VNA

VRF−P EAK = (1 + |S11|) ∗ VP EAK (5)

Step 4 Calculation of shift in DC offset voltage (∆V os)

As the amplifier is in buffer configuration, gain (A) = 1. In case of other config-
urations, the DC offset voltage must be divided by the circuit gain. So,

|∆V os| = |VOS2 − VOS1| (6)
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A

i = 0; 

i < NumPoints; 

i++ 

Stop

NO

Set the Frequency of corresponding index (i) in RF signal
generator by referring to Quick Sweep 

Read DC offset voltage from DMM (VOS2)

Calculate VRF_PEAK and compensate

 reflection coefficient data measured by VNA

Log EMIRR value and DC offset voltage value

i = i+1

YES

Add EMIRR value and DC offset value into the respective
arrays

Calculate DC offset voltage shift 

ΔVOS = VOS2 - VOS1

Calculate EMIRR

Figure 4.9: EMIRR test software flowchart for a submodule A
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Step 5 Calculate EMIRR(dB) by substituting |∆V os| in equation (1)

EMIRR[dB] = 20 · log
(

VRF−P EAK

|∆V os|

)
+ 20 · log

(
VRF−P EAK

100mVp

)

Where,

VRF−P EAK is the peak-amplitude of the applied RF voltage

∆V os is the shift in DC offset voltage

20 · log
(

VRF−P EAK

100mVp

)
term refers to the EMIRR to an input signal of 100mV p

The computed EMIRR, DC offset voltage, and S-parameter values are stored in
separate arrays after each iteration. These are logged in the output file, which helps
in the characterization of the EMIRR data. The EMIRR setup is now ready for mea-
surements. Let us check the working of the test setup in the upcoming section by
performing some measurements. With this, the EMIRR setup is ready for measure-
ments and let us see how it works in the next section.

4.3 Chapter Summary

The chapter deals with the signal integrity simulations at first, to check the mag-
nitude of input RF signal reaching the device inputs, by performing layout simula-
tions with EMPro setup in ADS software. Initially, for 2-port VNA, the basics of
s-parameters are discussed. Furthermore, the ADS software is configured for simu-
lating the transmission lines of the test board to extract the S-parameter data. For
simulation, three representative PCB traces were chosen which are most important for
measurement such as differential input trace, reference trace and common mode input
trace.

The implementation of the test software for EMIRR measurements is covered in the
second half of this chapter. The first step is to acquire the reflection coefficients from
the VNA before starting the measurement. The extracted data will be added to the
input signal during the EMIRR computations in the sequence to minimize the errors
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due to calibration. A flowchart depicting the flow of the automation sequence is also
presented. The relevant equations are used to describe the EMIRR computation.
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5.1 EMIRR Measurements and Data Analysis

5.1.1 Test Setup Verification by Measuring EMIRR for Op-amp

Sample

One of the goals of this thesis was to reproduce the generic EMIRR setup for op-amps
and then optimize it for INAs. Therefore, the current test setup is tested with an op-
amp sample using op-amp test board to verify that the test setup is not contributing
any errors to the EMIRR results. So, OPA2227 is tested for EMIRR from 10MHz
to 3GHz with a -10 dBm RF signal and a ±5 V supply to verify if the observed
data matches the EMIRR curve from its datasheet. The OPA2227 is a high-precision
amplifier with a wide bandwidth (8 MHz at unity gain) that is utilized in both DC
and AC precision applications [25].

Figure 5.1 shows the EMIRR data curves of OPA2227 where the black curve rep-
resents reference data from a datasheet [25] and the red curve reflects the measured
EMIRR data from the new INA setup. It is observed that the curves are nearly identi-
cal to the datasheet curve at lower frequencies and deviate a little at higher frequencies
beyond 500MHz. This variation in the EMIRR curve at higher frequencies might be
due to two factors: first, the calibration data collected from the VNA, varies from setup
to setup, and second, the lack of input termination at the end of input trace on PCB
may lead to setup dependencies that has to be included in the measurement results,
if the setup is not fully replicated by the S11 data from the calibration step. Having a
50 Ω termination resistor at the end of the RF input trace on the test board improves
the calibration data and so makes the EMIRR curve more consistent. The following
chapter provides further detail regarding the 50 Ω termination. OPA2227 has a lower
EMI rejection ratio at lower frequencies, which gradually increases as the frequency
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Figure 5.1: OPA2227 EMIRR Curve compared with that of the datasheet curve

Figure 5.2: DC Offset Voltage vs Frequency curve for OPA2227

59



5 Results and Discussions

increases, which indicates the function of the EMI filter inside the op-amp. Higher
frequency RF signals are attenuated by the EMI filter, resulting in good rejection at
higher frequency RF.

We may deduce from equation (1) that the EMIRR value is determined by the
DC offset voltage measured from DMM at the output of the op-amp. The DC offset
voltage is fairly large at lower frequencies, as seen in Figure 5.2 , which explains the
low EMIRR values in Figure 5.1. At increasing frequencies, the DC offset voltage
drops. The shift in the DC offset voltage ranges from hundreds of microvolts to a few
millivolts which can be measured with the chosen DMM (34470A - 6 1

2 digit) without
additional measurement gain.

5.1.2 EMIRR Measurement for INAs

Figure 5.3: EMIRR vs frequency for INA819 in Differential mode

To perform EMIRR measurements for INA samples in the same setup, the test
board has been replaced with a newly designed INA test board. For the EMIRR
measurement, an INA819 precision instrumentation amplifier (very low input offset
voltage and offset voltage drift precision INA) was used [26]. Before executing the test
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Figure 5.4: EMIRR vs frequency for INA819 in Common-mode

Figure 5.5: DC offset voltage shift vs frequency for INA819 in differential mode
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Figure 5.6: DC offset voltage shift vs frequency for INA819 in common mode

sequence, INA819 is mounted on a small adapter/extension PCB board known as a
coupon board (as shown in the Figure 5.7) that is plugged into the test board. The
EMIRR of the INA819 was measured from 10 MHz to 3 GHz with an RF signal of
-10 dBm and power supply voltage of ± 15V. The EMIRR response of the INA819 for
RF signals in the differential mode and common mode are shown in Figure 5.3, and
Figure 5.4 respectively.

Figure 5.7: Coupon board
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The INA819 is designed to provide a high CMRR (over 90dB at unity gain), which
implies that change in the DC offset voltage is low, which might explain why it has
better EMI rejection than differential mode. The EMI rejection rises to 113 dB at 134
MHz in common mode (as shown in Figure 5.4), possibly due to the notch filter created
by the INA’s internal circuitry attenuating the RF signal at this particular frequency.
Figure 5.5, and Figure 5.6 also show that the variation in DC offset voltage at the
output due to the applied RF signal throughout the frequency range of 10 MHz to 3
GHz. Since the DC offset voltage of INA819 in common-mode is fairly low, its EMIRR
in common-mode is relatively high, because the EMIRR value is entirely reliant on
the DC offset generated at the DUT’s output.

5.2 Some Investigations on EMIRR and Data Analysis

The EMIRR test setup is carefully developed making sure that the test environment
does not contribute any error values to the EMIRR measurements by coupling with
the unwanted signals during measurement. So, the EMI robustness of each device
is determined by the EMI filter and its internal circuitry, which makes the EMIRR
response to differing significantly from one device to another. So, selected INAs with
different characteristics are chosen for EMIRR measurements to examine if amplifier
parameters such as bandwidth, input capacitance, gain, and device packages such
as D, DGK, and DRG have any significant parasitic effect on the EMIRR curve.
Furthermore, certain experiments on INAs are carried out to see if the EMIRR varies
with and without a termination resistor (50 Ω), by reducing external EMI injection
which can be added to the injected noise by using an EMI shielding tent. Finally, with
varying power supply voltages and RF power levels, EMIRR behavior is evaluated.
All these experiments are performed in both differential and common modes of INA.
Let’s take a look at each use case and analyze the EMIRR data one by one.

About TIBCO Spotfire

TIBCO Spotfire tool is used to analyze the obtained EMIRR data. Spotfire is a
robust data analytics platform that allows data visualization, and predictive analytics
[24]. It is a flexible and scalable tool that provides an effective dashboard and interac-
tive analytical applications. It also enables users to integrate data in a single analysis
and obtain a comprehensive view of data through interactive visualization.
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5.2.1 Termination Resistor at the End of RF Input PCB Trace

The 50 Ω termination resistor at the end of the RF input trace improves the signal
integrity on the input trace with the device having a high impedance. Thus, we have
an open unterminated line. S11 measurement will be dominated by the unterminated
line, to be able to use the dynamic range of that measurement. However, for the
calculation purpose, we want to avoid introducing frequency-dependent reflections of
an unterminated system. Hence, the measurements are performed on INA819 with and
without a 50 Ω termination at the end of the input trace. The RF noise signal with the
power of -10 dBm is injected into the non-inverting input of an INA and the supply
voltage of ±15V is provided.

Figure 5.8: INA819 EMIRR curve in differential mode with and without 50 Ω termination

Figure 5.8 illustrates the measurement in a differential mode where the obtained
EMIRR data (black curve) is stable without much resonance when there is 50 Ω ter-
mination compared to the EMIRR curve measured without termination that has small
resonances throughout the frequency range. Figure 5.9 shows the measurement in a
common mode where the EMIRR response is higher (red curve) when compared to the
one measured without the 50 Ω termination (black curve). Hence, it is recommended
to use a termination resistor if the application allows it and calibrate the test setup
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Figure 5.9: INA819 EMIRR curve in common mode with and without 50 Ω termination

before starting the measurement to minimize the errors added up to the measurements
data. In this case, the selected INAs have sufficiently low bias currents so that the 50
Ω termination at the input is negligible.

5.2.2 Device Package Test

EMIRR measurements of INA819 with D, DGK, and DRG packages in differential
and common-mode are shown in Figure 5.10 and Figure 5.11. The testing is done using
the coupon boards (minimal impact) with -10 dBm input RF signal and ± 15V supply
voltage. This test is conducted to check the influence of INA package parasitics on
EMIRR as the bond-wire inductance or a capacitance to the lead-frame might have
some impact on impedance which further affects the signal reaching the inputs of the
amplifier where the RF rectification happens. The measurement results shows that
for this figure of merit, the package(D, DGK, and DRG) parasitics variation is not a
significant contributor or these INA variants are matched very well.
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Figure 5.10: INA819 EMIRR curve in differential mode with D, DGK, and DRG packages

Figure 5.11: INA819 EMIRR curve in common-mode with D, DGK, and DRG packages
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5.2.3 EMIRR Behavior for Different Amplitude Levels of RF

In general, the input RF signal injected into the amplifier’s input pin is -10dBm.
However, an experiment is done to check the EMIRR responds to various RF power
levels at the amplifier’s non-inverting input. The measurement is carried out with a
DUT supply voltage of ± 15V. EMIRR is measured with -10dBm, -12dBm, -14dBm,
-16dBm, -18dBm, and -20dBm amplitude levels of RF.

Figure 5.12: INA818 EMIRR curves in differential mode for different RF power levels

With this experiment, it was observed that for every 2 dBm drop in the RF power
levels, the EMIRR increases by approximately 2 dB, implying that the lower the noise
entering the system, the lower the change in DC offset voltage created at the amplifier’s
output, and therefore greater the EMIRR [7]. However, the DMM (34470A - 6 1

2 digit)
can measure the DC offset from hundreds of microvolts to a couple of millivolts which
should be considered during the measurement.
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Figure 5.13: INA818 EMIRR curves in the common mode for different RF power levels

5.2.4 EMIRR Response for Different Power Supply Voltages

The INA819 is used as DUT in this experiment, which has a power supply range
of ±2.25 V to ±18 V [26]. A fixed input RF signal of -10 dBm and DC power supply
voltages of ±5 V, ±10 V, and ±15 V is applied to the test setup to assess EMIRR
response. It is expected that the actual offset voltage of INA819 should not vary with
power supply voltage because of its high PSRR (120 dB) for unity gain configuration.
The ability of an amplifier to suppress any power supply changes on its output signal
is described by its PSRR. It is observed that even the EMIRR does not vary with
variation in the DUTs power supply. Therefore, change in offset voltage caused by
rectification process is not influenced by the DUTs power supply.
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Figure 5.14: INA819 EMIRR curves in differential mode for different supply voltages

Figure 5.15: INA819 EMIRR curves in the common mode for different supply voltages
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5.2.5 EMI Shielding Tent

Figure 5.16: EMIRR test board placed inside the EMI shielding tent

Figure 5.17: INA819 EMIRR data with and without EMI shielding tent in differential mode

If the electronic devices act as effective antennas to receive external RF signals,
then RF radiations might affect their performance. Even though this is a conducted
immunity test, an EMI shielding tent is used to determine if the device is impacted by
any external radiations. The test board is placed within the shielding tent as shown
in Figure 5.16, and the EMIRR for the applied RF signal is measured. However, in
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Figure 5.18: INA819 EMIRR data with and without EMI shielding tent in common mode

this scenario, the DUT does not receive any external RF signals which would be
significant compared to the injected conducted signal, as evidenced by the EMIRR
data in Figure 5.17 and Figure 5.18.

5.2.6 Coupling RF to Inverting and Non-Inverting Terminal of

the Amplifier

RF can be coupled to any pins of the amplifier to check its ability to reject EMI.
However, the input pins are so sensitive to signals that if the RF is coupled to the
input terminals to check the EMIRR response when RF is injected in inverting and
non-invering inputs of INA in the differential mode measurement. Due to the input
trace symmetry in the test board design [17] [18], the amplifier’s EMI rejection ability
is same, when the RF is conducted in either the two input terminals, as illustrated in
Figure 5.19.
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Figure 5.19: INA819 EMIRR measurement by coupling the RF to inverting and non-inverting
input terminals

5.3 Comparison of the EMIRR Performance of INAs

Table 5.1: INAs with different specifications [26][27][28][29]

Names INA819 INA821 INA828 INA118
Unity gain bandwidth 2 MHz 4.7 MHz 2 MHz 800 kHz
Differential mode in-
put capacitance 1 pF 1 pF 1 pF 1 pF

Common mode input
capacitance 4 pF 7 pF 10 pF 4 pF

EMI filter, –3-dB fre-
quency 32 MHz 45 MHz 53 MHz No EMI

Filter

Some of the INAs listed in Table 5.1 with different bandwidths and input capac-
itances are picked for EMIRR measurement to compare their EMI immunity levels.
Along with these characteristics, the cut-off frequency of the internal EMI filter is also
mentioned by referring their datasheets. INA118 does not have an explicitly stated
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Figure 5.20: EMIRR responses of INA819, INA821, INA828, and INA828 in differential mode

Figure 5.21: EMIRR responses of INA819, INA821, INA828, and INA828 in common mode
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EMI filter according to the datasheet [29]. All these measurements are done with a
fixed RF noise signal with an amplitude of -10 dBm and the supply voltage of ±15V
for unity gain configuration.

The INAs show increasing EMIRR rejection in differential mode at lower frequencies
(up to 500 MHz), but fluctuates at higher frequencies due to resonances, as illustrated
in Figure 5.20. In case of common-mode EMIRR measurement, there is a significant
difference between the highest (INA819) and lowest (INA118) EMIRR performance
of INAs, as seen in Figure 5.21. The EMI immunity of INA is likely to be dependent
on the EMI filter bandwidth, with the lower the filter bandwidth resulting in greater
rejection of high-frequency RF signals. Therefore, when compared to the other INAs,
the EMI immunity of INA819, which has the lowest cut off frequency of 32 MHz, has
a larger EMIRR at lower frequencies. Following that are INA821 and INA828, with
EMI filter bandwidths of 45 MHz and 53 MHz, respectively [27] [28].

Furthermore, the EMI immunity of the INA118 is lower than that of the other INAs,
as it is an older INA that was designed before the designers developed the in-built EMI
filters. Any rejection of it and other amplifiers that do not have EMI input filters may
be due to inherent filtering or non-response to the RF. Inherent filtering is likely to
be created by the combination of input pair junction capacitances with the inherent
trace or junction resistances that might create the filter pole[12].

The EMI immunity of an INA is important at a certain frequency or range of
frequencies required by the application. Table 5.2 lists some of the applications with
their operating frequencies, for which the measured EMIRR values of all INAs are
mentioned for both differential and common mode. This table assists the designer in
selecting an INA with a higher EMI rejection capacity for EMI-sensitive applications.
For example, if a mobile radio application that runs with 400 MHz requires an INA
with high EMI immunity, INA821 is a good choice since it has 101 dB (highlighted in
blue) rejection in common mode and 46 dB rejection in differential mode. Similarly,
INA828 is a preferable option for 2.4 GHz frequency applications such as Bluetooth,
ISM, and Wi-Fi. Finally, INA819 is suitable for RF applications below 400 MHz as it
has better EMI rejection at lower frequencies.
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Table 5.2: EMIRR values listed for the applications with the frequencies of interest [26][27]

Frequency Applications INA819 INA821 INA828 INA118
DM
(dB)

CM
(dB)

DM
(dB)

CM
(dB)

DM
(dB)

CM
(dB)

DM
(dB)

CM
(dB)

400 MHz

Mobile radio,
mobile satel-
lite, space
operation,
weather,
radar, UHF
applications

49 85 46 101 44 92 40 47

900 MHz

Radio com-
munication,
navigation,
GPS (up to
1.6 GHz),
aeronautical
mobile appli-
cations

48 72 57 92 63 75 41 40

1.8 GHz

GSM applica-
tions, mobile
personal com-
munications,
broadband,
satellite ap-
plications

51 75 60 96 70 85 56 50

2.4 GHz

Bluetooth,
mobile per-
sonal com-
munications,
industrial,
scientific and
medical radio
band, am-
ateur radio
applications

67 80 74 95 75 103 65 72
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5.4 Influence of Amplifier Bandwidth, Input

Capacitance on EMIRR

The RF rectification process happens mainly at the input stage of the amplifier but
the resulting low frequency signals can pass through the forward path or the feedback
control path [7]. As expected, Figure 5.20 and Figure 5.21 depicts that INA821 with
unity gain bandwidth of 4.7 MHz shows greater EMIRR compared to that of INA118
whose unity gain bandwidth is 800 kHz. However, the EMIRR response of the INA819
and INA828 varies although they have the same bandwidth of 2 MHz for unity gain
configuration. Thus, some analog circuits with low bandwidth will respond to EMI
signals in an undesirable way because the sub-circuits inside them might have greater
bandwidths that sense and respond to high-frequency EMI. As a result, an amplifier’s
bandwidth has no direct influence on its EMIRR response.

Similarly, while the input capacitance of the INA819 and INA828 in differential mode
is same, i.e., 1 pF with the unity-gain bandwidth of 2MHz, their EMIRR responses
differ. As a result, like bandwidth, input capacitance also has no direct influence on
EMIRR.

5.5 Chapter Summary

The goal of this chapter is to measure EMIRR for INAs and analyze the EMIRR
data. So as a first setp, the OPA2227 DUT is tested for EMIRR first to ensure that the
newly built test setup is not contributing any offset to the measurement results. And
then for selected INAs, the EMIRR measurements are performed, and the EMIRR
measurement results for one of the samples i.e., INA819, are displayed both in differ-
ential and common modes.

Furthermore, some experiments were carried on EMIRR and the results were ana-
lyzed to draw possible inferences. The findings are summarized below.

1 The termination resistor of 50 Ω at the end of the transmission line improves
the calibration values to minimize the error values in the EMIRR measurement.

2 EMIRR measured with different packages such as D, DGK, and DRG of the
INA819, gives similar results. Hence the device packages have no major influence
on EMIRR.
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3 Different RF signal amplitudes are injected to the amplifier to see the how
EMIRR varies. It was observed that lower the RF noise entering the system,
the lower the DC offset voltage created at the amplifier’s output, and therefore
greater the EMIRR.

4 Changing the power supply voltages within the supply range of the INA has no
significant impact on its EMIRR response.

5 EMIRR is measured by keeping the test board within the EMI shielding tent. In
this case as it is a conducted immunity measurement, the DUT is not affected
by external RF signals.

6 Due to the input trace symmetry in the test board design, the amplifier’s EMI
rejection ability is similar, when the RF is conducted in either the INV or NINV
inputs of the amplifier [17] [18]. This also assures that the EMI effect obtained
is from the DUT but not from the setup.

7 EMI filter bandwidth influences the EMIRR, the lower the EMI filter cut-off
frequency, the greater the EMI rejection.

8 The bandwidth and input capacitance of an amplifier have no direct effect on its
EMIRR response.

Furthermore, EMIRR measurements on a couple of INAs with different bandwidths
and input capacitances were performed to compare their EMI immunity levels. Finally,
several RF applications and their operating frequencies were listed, and suitable INAs
for designing such applications were suggested based on the EMIRR values of measured
INAs at that frequency.
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This thesis study starts with an elaborate discussion on the theoretical background
of EMI briefing the essential elements required for EMI to be formed, sources of EMI,
and two different EMI transmission types such as EMI by radiation and EMI by
conduction. Amplifiers, used in the front-end of analog and mixed-signal integrated
circuits must be evaluated for EMI. So, a most practical and accurate conducted
immunity testing technique is implemented to measure EMI immunity of precision
INAs using a figure of merit – EMIRR which quantifies the immunity of an amplifier
when subjected to EMI.

As part of the test setup, two hardware evaluation boards were designed in Altium
Designer implementing best practice RF design considerations. Signal integrity simu-
lations were performed on both the hardware test boards in ADS software to extract
signal path impedance and verify reflection behavior at the PCB traces. Furthermore,
the test automation software using NI TestStand was developed to run EMIRR mea-
surements in the lab setup.

Designing EMI-sensitive circuits necessitates careful consideration of the amplifiers
used in the circuit, since their EMI robustness can vary significantly. This decision may
be made based on the amplifier’s EMIRR value. Hence, EMIRR measurements were
performed for several INAs with different specifications to compare their performance
for EMI and rank them on their EMI immunity. Some of the RF applications with
their operating frequencies were listed, and the best performing INAs for developing
such applications were proposed based on their EMIRR values.

Finally, the measured EMIRR data is analyzed to draw possible conclusions on the
factors influencing EMIRR of INAs. Some of those inferences are,

1 Placing 50 Ω termination resistor at the end of the RF input trace on the PCB
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improves the calibration values to minimize the error values in the EMIRR mea-
surement.

2 Changing the power supply voltages within the supply range of the INA has no
significant impact on its EMIRR response.

3 Rectification of EMI happens mainly at the input stage of the INA, where the
EMI filter is designed. Thus, the EMI filter bandwidth influences the EMIRR,
the lower the EMI filter cut-off frequency, the greater the EMI rejection.

4 The bandwidth, input capacitance and device packages of an INA have no direct
effect on its EMIRR response.

Future Work

Future work concerns deeper investigations about IC level simulations to analyse the
impact of internal INA parasitics on EMIRR which might also explain the resonances
and spikes in the EMIRR curve at higher frequencies. It would also be interesting to
implement the on/off keying of RF signal and finding a mechanism to look at the
rectified RF signal. Hence, two DC values can be measured instead of single DC offset
voltage at the output of the INA.
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