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ABSTRACT

A new method for estimating the parasitic emission of integrated circuits (ICs) is the main objective of this paper. In this study, experimental circuits were formulated, and
printed circuit boards were fabricated to evaluate the input impedance at the power supply terminal of the designated microcontroller. Following the measurement
of S-parameters for the experimental setup across a frequency spectrum ranging from 10 MHz to 2 GHz, Z-parameters were derived from the acquired S-parameter
data. Then, all the unwanted impedance effects on the conducted line have been deleted mathematically with the de-embedding technique. The passive Resistor
Inductor Capacitor (RLC) circuit was extracted using both analytic and modified genetic algorithms. Subsequently, the internal current values of the power supply
pins were determined. Afterwards the passive RLC circuit and internal current values were obtained; the magnetic field in the internal structure of the IC was modeled
as uniformly distributed conductive lines. The locations of the uniformly distributed conductive lines on the IC are defined as a straight route from the ends of the
power supply pin to the IC core according to measurement results. A series of electromagnetic near-field measurements were conducted at varying frequencies in
order to investigate the currents that traverse the power supply pins. The simulation of the magnetic field is conducted across the circuit under examination at varying
frequencies and altitudes. The model results were compared to the measurement results obtained using the near-field test bench, which demonstrated a high degree
of correlation.

Index Terms—Conducted emissions, electromagnetic, integrated circuits

I. INTRODUCTION

Different studies all around the world are being carried out in order to obtain a methodology that
allows the prediction of electromagnetic emissions and interferences in order to control them.
For this reason, industries are interested in the electromagnetic models and in particular the
automotive and aeronautical sectors. The technological progresses enabled the miniaturization
of integrated circuits (ICs), and interference problems related to emissions become more impor-
tant. In order to ensure that the circuits work together without risk and correctly and to meet the
electromagnetic compatibility (EMC) standards, an accurate knowledge of their electromagnetic
environment is necessary. In a typical electronic system, the voltage or current caused by condi-
tions is more susceptible to damage the ICs. Although ICs typically serve as the primary source or
E-mail: recipient of EMC issues, many EMC-focused researchers and problem-solvers have traditionally
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focused on factors external to the IC package. Various simulation tools enable the anticipation of
device behavior and identification of potential operational irregularities within their proximate
environment. However, relying solely on these tools may prove inadequate for analyzing active
circuits or intricate systems. Consequently, numerous models have been suggested to elucidate
the EMC characteristics of an IC and facilitate emissions simulation [1-4].

Electromagnetic compatibility problems at the component level are important to be analyzed
early in the circuit and component design because the generated noise from the ICss will cause
problems for the external world if they are ignored. With the advancement of IC performance, the
proliferation of clock systems, and the acceleration of transition times, ICs are increasingly becom-
ing the primary contributors to the electromagnetic behavior exhibited by electronic equipment
and systems. Consequently, as technology scales down, the prevalence of parasitic emissions
rises. To address this issue, numerous studies worldwide are underway to develop methodolo-
gies enabling the prediction and control of electromagnetic emissions and interferences. For this
reason, different companies are interested in the electromagnetic models. The proposed model
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makes it possible to simulate the emission of ICs even if the data
from the IC manufacturer is not available. For example, Zhang and
Bazzi [5] discuss the background and motivation for the design, the
design methodology, and the simulation and experimental results.
The proposed model is shown to be effective in reducing conducted
EMI on both alternate- and direct-current power lines.

The different methods and strategies were presented for reducing
the EMI emitted by the ICs. The first important contribution of the
components of EMC modeling is input/output buffer information
specification (IBIS) [2]. Nevertheless, the IBIS model does not con-
sider the primary sources of IC parasitic emission currents, which are
induced in the IC supply network by the switching of input/output
(I/0) buffers and the internal activity (IA) of the component [5-15].
Synchronically, the I/0 interface model of the IC was also developed
[6]. The linear equivalent circuit and current source (LECCS) model [7]
has also been proposed for the prediction of emissions and immu-
nity tasks [8]. Integrated circuit emission model (ICEM) is the other
method to predict the electromagnetic emission of IC [9-13]. The
objective of the ICEM model is to propose a new approach to electri-
cal modeling for IC internal activities. The electromagnetic behavior
and performance of electronic devices have been extracted using
these models. The models previously described permit producers to
test their products and collect data on the electromagnetic perfor-
mance of their circuits, while maintaining confidentiality regarding
their products [12]. Furthermore, system suppliers can leverage this
information to ensure that emissions remain within the bounds of
their specifications. In the future, EMC engineers will need to address
the challenge of developing, testing, and modeling methods capa-
ble of addressing the fundamental complexities of the evolving elec-
tromagnetic environment within ICs, all while minimizing cost and
time delays.

Various methodologies have been documented in the literature
[14] for calculating emissions from ICs. Consequently, a range of
formulations for representation and diverse approaches for mod-
eling the magnetic field have been detailed [14-16]. Kralicek and
others [14] proposed a multipole expansion to demonstrate the
suitability of physically based emission macro-models of IC for
development and use in tools for system-level analysis. The modal
expansion method, as applied to antenna studies [17, 18], involves
taking the two-dimensional (2-D) Fast Fourier Transform (FFT) of
the measurement data to reach the far field. This is followed by the
calculation of equivalent currents on the source plane, and finally,
the generation of a set of magnetic and/or electric dipoles. Genetic
and metaheuristic algorithms have also been employed to calculate
the parameters of the model for applications of EMC. While iterative
methods are effective, they require a significant amount of time to
complete, with a typical modeling process taking approximately
4 hours [19, 20]. Vives Gilabert and others [19] have proposed a
methodology to characterize radiated emissions. The approach
was based on a set of electric elemental dipoles, which required
the measurement of two components of the magnetic field, H, and
H,. In this case, the dipoles were also disposed in the same plane;
however, in this approach, the process of modeling was able to
calculate the orientation of each dipole in the plane and the value
of the current. The aforementioned process is dependent on the
number of points of measurement and the number of dipoles, with
the time required for completion varying accordingly. However, it
is notable that the process was considerably more expedient than
that of an iterative model.

The aim of this paper is to present data for calculating the electro-
magnetic field generated by an IC. To achieve this goal, a test circuit
incorporating the MC9512X microcontroller was devised, and mea-
surements were conducted. Due to the fact that it was difficult to
obtain the correct results from the original board owing to the fact
that traces and the board properties were not known exactly, the
new board was designed for making the power delivery network
(PDN) measurement. The network analyzer was utilized to conduct
measurements on the prepared test circuit, with no voltage applied
to the circuit during the testing process. Following the measure-
ment of the S-parameters for the test circuit within the frequency
range of 10 MHz to 2 GHz, the Z-parameters were derived from the
S-parameters. Following the removal of impedance effects through
de-embedding, the passive RLC circuit was excluded from the mea-
surement. The detailed methodology is outlined in [4]. Second, the
measurement has been performed to obtain the external current.
This current and passive distribution network was used to calculate
the internal activity required in the ICEM model. The values for the
different frequencies have been obtained. In order to ascertain the
current within the power supply, it is essential to define the imped-
ance characteristics of the passive supply network and the profile of
the instantaneous current drawn by the chip core. Subsequently, the
model is constructed using lines of current defined by their magni-
tude and orientation within the plane. Once the sources are estab-
lished, the magnetic field emitted at any distance from the device
can be calculated. Both the impedance of the power supply net-
work and the current at the power supply pin have been analyzed
to ascertain the instantaneous current consumed by the chip core.
After the uniformly distributed current lines to (a plane surface) by
using MATLAB codes, the electromagnetic field can be simulated at
the different frequencies. The model relies on a series of current lines
that replace the electronic circuit. Magnetic field simulations are
conducted at various frequencies (24, 32, and 64 MHz) and heights
(h=1 mm and h=4 mm) above the circuit under examination, with
subsequent comparison to the measured values.

Il. MODELLING OF THE PASSIVE RLC CIRCUIT

In this research, the S12X microcontroller, a 16-bit microcontroller
manufactured by Freescale Semiconductor, was employed. Widely
utilized in automotive electronic systems, this IC is fabricated using
0.25 pm CMOS technology. Featuring eight pairs of power and
ground pins, it supplies power to various components including the
I/0 ports, A/D converter, oscillator, phase-locked loop (PLL), and digi-
tal core. The microcontroller is packaged in a thin quad flat pack with
144 pins [11]. The study conducted power supply input impedance
measurements utilizing the ICEM and LECCS model standards.

Measurement configuration of PDN and designed test circuit
included in S12X microcontroller is shown in Fig. 1. Several tests
have been done and impedances of all of the power supply are pre-
sented inTable I. In this study, the measurement specifics concerning
the VddPLL and VssPLL (power and ground) pins are elaborated. It
is important to note that the measurement and calculations for all
other supply and ground pins were conducted using the same meth-
odology. The measurement configuration is shown in Fig. 2.

For practical reasons, initially S parameters were measured, which
were subsequently converted to Z parameters. Following the mea-
surements, the impedance model was derived, indicating a first-
order resonance and yielding the global resistance value R at the
resonance frequency. However, before establishing the impedance
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Fig. 1. Designed test circuit including S12X microcontroller.

TABLE I. INTERNAL ACTIVITY CURRENT VALUES ACCORDING TO CONSTANT EXTERNAL CURRENT VALUES

I, (mA) V,,, (mA) V42 (MA) V. (MA) V1452 (MA) V,,, (MA) V4, (MA) V,uer (MA) V., (MA)
24 MHz 17 051 0.50 16 05 068 0.52
32 MHz 24 054 053 22 052 081 056
64 MHz 68 0.72 067 044 068 16 076

model, de-embedding to eliminate the effects of traces was per-
formed. De-embedding is a mathematical process that removes
the influence of unwanted structural components embedded in the
measured data by subtracting their contribution. It is important to
note that traces on the board can have a more significant impact
on the measured data than the device under test (DUT) itself [21].
Before applying the de-embedding process, the traces which are
seen between the IC core and the power supply pin were measured

Fig. 2. Measurement configuration of passive RLC circuit.

by the microscope. The microscopic vision of the VddPLL power sup-
ply path is shown in Fig. 3. The effects of the trace to the circuit is
shown in Fig. 4.

Measured S (2,2) and de-embedded S (1,1) input reflection coeffi-
cient results are given together in Fig. 5. The input impedance mea-
surement results of the VddPLL power supply are given in Fig. 6. The
locations from which the R, L, and C values will be obtained accord-
ing to these results are also indicated on the same figure.

The EMC behavior of ICs is closely linked to the presence of radi-
ated noise in electronic systems. The noise that comes from ICs is
mostly due to core activity and I/O interface switching. Models for
interface stages are offered by the IBIS standard, while models for
core activities are offered by the ICEM standard. These ICEM models
furnish parameters necessary for simulating radiated and conducted
emissions.

This method clearly defines the position and values of the uniformly
radio frequency (RF) distributed current that is used to device the
model, which allows us to model large complex devices too.

The value of current (complex) and the orientation angle 0 (real)
are designed for measurements. In this study, the Modified Genetic
Algorithm is used for R, L and C values. The initial population of the
Modified Genetic Algorithm (MGA) is the same as the genetic algo-
rithm. A flowchart of how the MGA works is shown in Fig. 7.
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Fig. 4. Effects of the trace to the circuit.
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Fig. 6. Inputimpedance measurement results of the VddPLL power
supply.
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Fig. 5. Measured S (2,2) and de-embedded S (1,1) input reflection
coefficient.

Fig. 7. Main program flowchart of modified genetic algorithm.
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Fig. 8. The modeled passive RLC circuit.
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Fig. 10. Current measurement setup.

Fig. 9. Measured (blue line) and modeled by MGA impedance (red

Z olgiim — Z model

line).
==

III. INTERNAL ACTIVITY MEASUREMENT

V4 olgiim

The component representing IA is defined by a parameter termed
internal activity. Frequently, direct access to this parameter is not
available. The transfer function of the PDN has been previously
derived, and the externally flowing current, IExt, has been measured.
Depending on the type of analysis required, IA can be described in
either the time domain or the frequency domain.

Our measurement setup, as depicted in Fig. 10, includes a spectrum
analyzer, power supply, amplifier, and S12X microcontroller. Initially,
the current to be utilized in determining the external current was
measured.

Port 1 is connected to the VddPLL supply pin. The current, as mea-
sured by the spectrum analyzer, has been employed to obtain the
external current, as illustrated in Fig. 11.

After conducting the measurements, the results were calibrated to
compensate for the amplifier’s influence. The amplifier's impact was
determined using a vector network analyzer, and the results, along
with the degree of current amplification, are presented in Table I. By
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subtracting the amplified value from the measured value, the cali-
brated power (P, was obtained. To ascertain the true external
current of the circuit, knowledge of the amplifier’s input impedance
(R.p) Was necessary. These input impedance values, listed in Table Il
were obtained using (4) and (5). The RLC circuit modeled after MGA
is shown in Fig. 8, while the curves of the circuit obtained after mea-
surement and MGA are compared in Fig. 9.

PdBm-30
P=10 1° %)
V =v2xPxR 3)
4 4

ext

=+
51+Rgmp 50

After determining the external current of the circuit, the internal cur-
rent was derived. This involved utilizing both the PDN and the exter-
nal current in the calculation process.

Zin+Zei+Zp

c1

Iint(f):Iext(f)X (5)

IV. THE PROPOSED MODEL

Designed PDN and IA components with output components of
test board are shown in Fig. 12. The obtained models are added
in the form of a series of RF current lines uniformly distributed
along the x-y axis. For better understanding, the obtained mod-
els are placed in their state as shown in Fig. 12, to appear on an
S12X circuit. The model is designed with certain parameters pre-
determined, including the number, length, and location of the
uniformly distributed current lines. Fig. 13 provides an equivalent
representation of the DUT in terms of uniform RF distributed cur-
rent lines.

Using the set of equations, it becomes feasible to calculate the radia-
tion at a specific point in space (M) by aggregating the emissions
from all individual dipoles, as illustrated in Fig. 14.

It is supposed that uniformly distributed current lines are very little
(I 2),very(a 1) and (I R);andthecurrentonwhichisstable.



Electrica 2024; 24(2): 542-551
Basak and Kuntman. A New Modeling Method for the Electromagnetic Emission of Integrated Circuits

Spectium
Analyzer amp
—J
5 ;
o ]
v Wg @uc(w)

Fig. 11. The measurement configuration.
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The previously developed model clearly defines each dipole with
its position, orientation, and currents. This model has been studied
completely and these values that define the dipoles are computed
by considering the two measurements H, and H, components of the
magnetic field. This model is built by writing a code in MATLAB, and
magnetic fields are simulated using the code.

e

o4

It has been split into four major parts as listed below.

UUUUUTUUUUUUUUUROUT

« Measurement, which deals with the measurement of the Device
Under Test using the near-field test bench.

«+ Process of modeling.

« Simulation of the magnetic field from the model.

« Validation of the model with respect to the simulated magnetic

Fig. 12. The proposed model of the IC. feld.

547




Electrica 2024; 24(2): 542-551
Basak and Kuntman. A New Modeling Method for the Electromagnetic Emission of Integrated Circuits

1]

TePPA
T¥PPA
.||I_]

1y
1%
»

X2

7

VddR2
vdd2
Vss2 CPU

Vddx2

[}

i i

vddl

dl

VddA
)

%

|H
IXPPA

IXSSA

Fig. 13. The placement of the uniformly distributed current lines.

A
Z Measurement Point (x, y, 2)

niformly distributed
current line

- (xgvygulg)

Fig. 14. Uniformly distributed current line.

The plots show us a great correlation between these three simula-
tions, and the modeled magnetic field can be seen.

The magnetic field plots demonstrate a strong correlation between
the fields emitted in all four cases, indicating that the integrated
model is accurate according to our design and meets our specifica-
tions to a significant extent. However, it is not possible to achieve
100% accurate results, given the inherent differences between two
distinct simulation cases. Nevertheless, the modeled domain and
the domain of the integrated model are related, suggesting that the
integration process is effective. A few errors do occur between simu-
lations, but they are not significant.

In this procedure of modeling, the position and length of the uni-
formly distributed current lines are considered as constant, and the

orientation and current for individual uniformly distributed current
lines are calculated for the corresponding position and measure-
ment point. Using the theory and equations developed in section
IV, the complete model can be obtained andthe modeled magnetic
fields (x, y, and z components) can be validated with those of the
measured and/or simulated fields. Once the validation is done, the
uniformly distributed currents’ data (their position, orientation,
and currents) are exported to a text file to integrate the model into
High Frequency Simulation Software (HFSS) and validate those
simulations.

Errors are minimal, and it can be concluded that the model predicts
the magnetic field even though not all the sources are in the ground
plane. This is a great advantage of this model because it can/could
predict the magnetic field of any component.

V. MEASUREMENTS

A near-field test bench was developed to conduct real-time mea-
surements of the device. The near-field scanner, originally adapted
for ICs by K. Slattery [22], boasts a high resolution capable of map-
ping fields above IC packages [23]. The test bench, devised within
IRSEEM to assess the electric and magnetic near fields emitted by
electronic systems, is depicted in Fig. 15. The near field measurement
of the S12X microcontroller has been made at different frequencies
(24, 32, and 64 MHz) and different heights (h=1 mm and h=4 mm).
The scanning surface measures 50 mm x 50 mm and is positioned
at heights of 1 mm and 4 mm above the component. This surface
comprises 2601 measurement points.

To achieve electromagnetic cartography, a near-field scanner and
calibrated near-field probe are used. The system utilizes a direct
measurement approach, where the probe is linked to a spectrum
analyzer and affixed to a robotic platform. Before initiating measure-
ments, configurations for altitude scans, scanned area, scan step,
and desired frequencies are set. A computer acquires the data which
is provided by the spectrum analyzer via a GPIB bus. The last step is
the data storage and post-processing using data files.

These measurements have been made at three different frequencies
(24 MHz, 32 MHz, and 64 MHz) and at two different heights (1 mm
and 4 mm).

Fig. 15. Electromagnetic near-field test bench.
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Fig. 16. 24 MHzand h=1 mm height, magnetic field H, (dBA/m) (from left to right) measurement; 1. Model; 2. Model results.
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Fig. 17. 24 MHz and h=4 mm height, magnetic field H, (dBA/m) (from left to right) measurement; 1. Model; 2. Model results.

H,,component is defined in (11).

H,y =\H; +H} (14)

S12X microcontroller has been used for this application. There is
eight couple of power supply and ground pins on this component
that is shown in Fig. 13. The measurement and two models results
of the H,, component are shown in Figs. 16 and 17. The findings of
this study reveal significant effects of varying height and frequency
values on the sensitivity of RF modules. These findings are summa-
rized as follows:

A. Model 1
At T mm height and 24 MHz frequency, the error rate was measured
at 0.91%.

For the same model, at T mm height and 32 MHz frequency, the error
rate increased to 2.04%.

At 4 mm height and 64 MHz frequency, the error rate peaked at
4.69%.

B. Model 2
At 1 mm height and 32 MHz frequency, the error rate was 1.90%.

Conversely, at 4 mm height and 64 MHz frequency, the error rate
dropped notably to 0.63%.

At 4 mm height and 24 MHz frequency, the error rate was measured
0.87%.

Height variation generally led to corresponding changes in error
rates, with an overall trend of increasing errors with increased
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height. Frequency had a pronounced effect on error rates, with lower
frequencies generally resulting in lower error rates, and higher fre-
quencies yielding higher error rates.

VI. RESULTS

In this study, a new modeling method to predict the magnetic
emissions of ICs has been presented. The model is based on a set
of uniformly distributed current lines characterized by a value and
position. It can be concluded that the model presented in this paper
gives very good results and it can be used to simulate the magnetic
field at any distance from the electronic component. This paper
characterizes the power-distribution network using impedances.
Excellent agreement was observed between the measured and sim-
ulated impedances.

The model is particularly valuable for its simplicity and swift
modeling and simulation capabilities. It enables accurate simula-
tion of the magnetic field emitted by the component under test
at various distances. Operating on the principle of treating the
component as a “black box,” this model is versatile and applica-
ble to both passive and active components. When modeling the
emission of the IC, measurements have been taken only through
power supply pins. The real-time measurement of the perfor-
mance has been observed when compared with the results. The
proposed model is much faster when compared with other anal-
ogies designed and error rate stands at 0.6% to 4%. Previously
proposed models required longer time measurement values of
two components of the magnetic fields H, and H,. The proposed
model can obtain the magnetic fields of H,, H, and H, results at
only 8 seconds. Electromagnetic emissions can be simulated at
different heights above the IC. The model proposed in this study
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offers fast simulation speeds and accurately captures magnetic
field emissions at desired frequencies from the IC.
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