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Abstract—This paper deals with the EMC modeling of integrated
circuits and the standardized model IEC 62433-2 (Integrated
Circuit Emission Model – Conducted Emission [1]). This
standardized model has been applied into a basic digital circuit: a
ring oscillator. This work presents an alternative approach to
model and quantify the Internal Activity of any digital or analog
integrated circuit, and its use has been applied on the ring
oscillator.
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I.

INTRODUCTION

Electromagnetic compatibility (EMC) problem has been
studied for many years, especially at printed circuit board
(PCB) level [2]. Due to the increase of complexity and
miniaturization of microelectronic components, rising
frequencies and bitrates, a demand to characterize the EMC at
Integrated Circuits (IC) level has increased. In fact, nowadays
the electronics industry requires electrical models to predict
conducted or radiated emissions [3], signal and power
integrity at IC level [4].
Several models have been created to predict the conducted
emissions. For example the Linear Equivalent Circuit and
Current Source (LECCS) model [5] has been used for
prediction of conducted and radiated emissions and for
immunity tests. The International Electro-technical
Commission (IEC) has standardized another model to predict
the conducted electromagnetic emissions at IC: the
international directive IEC 62433-2 or Integrated Circuit
Emission Model – Conducted Emissions (ICEM-CE) [1].
The ICEM-CE model has been used in several works: to
solve the decoupling capacitor of an ASIC IC [6], to perform a
jitter analysis of an integrated phase-locked loop [7], to model
the electromagnetic emission of a microcontroller [8] and to
estimate the effect of Digital Signal Controllers disturbances
on measurements and control systems [9].
The ICEM-CE models the switching noise of the IC like a
current source, with its data typically described by an internal
activity (IA) loaded on an ASCII format. The IA is described
in frequency domain (frequency harmonics and its amplitude)
or in time domain (time and the amplitude of the signal at each
time). Usually, a simple waveform such a triangular waveform
can be used for the component description.
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By modeling the IA with an ASCII file, it is difficult to
quantify the variation in the IA. On the other hand, with a
triangular waveform, a good correlation between the IA model
and the IA measurement is not achieved. In this paper, an
alternative approach to model the switching noise is proposed,
which avoid the aforementioned limitations. This alternative
modeling of the IA is based on the analysis of its spectral
components and it is presented in order to quantify the impact
of several effects on the different harmonics of the internal
activity. The proposed IA model is verified with a Digital
Ring Oscillator, integrated on a 64 Led Plastic Thin-Quad
Flatpack (TQFP) package.
The paper is organized as follows: In Section II, the ICEMCE model is presented, detailing each part and how it is
obtained experimentally. In Section III, the alternative model
for the IA is presented and detailed. In Section IV,
experimental results are shown. Finally, in Section V,
conclusions are summarized.
II.

ICEM-CE MODEL

In order to predict the impact of the electromagnetic
interference (EMI) on the electronic systems performance,
electrical circuit models, which take into account EMI, are
required. In this sense, an electromagnetic model of integrated
circuits has been standardized (ICEM-CE model). This model
includes a passive distribution network (PDN) and the internal
activity (IA). The ICEM-CE model is depicted on Fig. 1.

Figure 1: ICEM-CE model

A. Passive Distribution Network (PDN).
The Passive Distribution Network (PDN) presents the
characteristics of the propagation paths of electromagnetic
noise. These propagation paths are modeled with passive
components, inductors, capacitors and resistors, which values
are measured by performing a two-port self-impedance
measurement [1] and by obtaining the S21 scattering parameter.
Then, the input impedance, Zin, is calculated and the PDN is
extracted.
B. Internal Activy (IA).
The Internal Activity (IA) models the switching noise of
the integrated circuits, measured according to the schematic
presented on Fig. 2 [1]. The ground terminal of the integrated
circuit is connected to a 1 Ω resistor, which is used to measure
the external current injected by the power supply. A 49 Ω
resistor is added in series with the instrument in order to
provide a 50 Ω equivalent impedance from the measurement
instrument. The internal activity must be de-embedded from
the emission current measured at the ground pin of the chip,
IE(t), so as to obtain the switching noise of the integrated
circuit.
The de-embedding process is detailed on Fig. 3. From the
oscilloscope measurement (VEXT(t)) the external current is
extracted (IE(t)). Since the external current is in time domain,
Fast Fourier Transform (FFT) has to be performed in order to
express the external current in frequency domain. The FFT is
performed using a flat window. With the frequency response of
the PDN, and the external current in frequency domain, the
internal activity (IA(f)) is calculated by multiplying the
frequency response of the PDN with the frequency response of
the external current IE(f). The Inverse Fourier Transform of
IA(f) is performed to obtain the internal activity in time domain
(IA(t)).

Figure 3: Process involved to model IA(t)

III.

Due to the limitations of the actual IA model presented on
Section I, we present a model based on the spectral
components of the periodic IA, described by means of
equation (1). This alternative model expresses the IA as a sum
of the first NHARM even and odd harmonics of the IA. For each
harmonic, its amplitude, frequency and phase are extracted
and then the IA in time domain is computed.
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The number of harmonics NHARM is chosen with the purpose
to fit the measurements or the simulated data. The main
advantage of this alternative model consists of the fact that the
variations on the IA can be quantified for each harmonic and
compared with the fresh devices. Moreover, a Spice model of
the IA, which takes into account these variations, can be easily
built in any electrical simulation tool by means of sinusoidal
current sources.
IV.

Figure 2: Set-up for measuring the Internal Activity

ALTERNATIVE MODEL FOR THE INTERNAL ACTIVITY

EXPERIMENTAL RESULTS

To verify this alternative IA model, the ICEM-CE model of
a ring oscillator has been extracted. The ring oscillator is built
with 90 inverters and 1 NAND gate, with one ENABLE pin.
The nominal oscillation frequency is 75 MHz at a nominal
power supply of 1,2 V. The inverters and the NAND are built
with 90 nm technology with a length and width channel of the
transistors detailed on Table I. Fig. 4 shows the printed circuit
board in which the measurement have been obtained.
TABLE I.

SIZE OF THE TRANSISTORS USED ON THE RING OSCILLATOR

Transistor type
NMOS
PMOS

Size
L=0,1 µm / W=0,23 µm
L=0,1 µm / W=0,46 µm

TABLE II.

Figure 4: Printed circuit board of the ring oscillator.

The first step to obtain the ICEM-CE model is to extract the
PDN, which is measured by using a Vector Network Analyzer
(VNA). Fig. 5 shows the good correlation between the
measurements and the model of the input impedance of the
PDN extracted in the frequency range from 150 kHz to 1 GHz.
Fig. 6 plots the completed PDN model and Table II
summarizes the values of the PDN components. The
components L1, R1, L2, R2, L3, R3, L4 , R4 and C1 are related
with PCB trace whereas L5, R5 and C4 are related with TQFP
package. The components C2 and C3 correspond to the
decoupling capacitors. The capacitor C2 and C3 are considered
ideal, and also the 1 Ω measurement resistor is not taken into
account in the PDN, which will lead to a high frequency
discrepancy between the measurements and the electric model.

Figure 5: PDN input impedance.

Figure 6: Passive Distribution Network of the Ring Oscillator.

VALUES OF THE PDN COMPONENTS

Component
L1
L2
L3
L4
L5
C1
C2
C3
C4
C5
R1
R2
R3
R4
R5

Value
3,3 nH
4,9 nH
7,6 nH
6,19 nH
7 nH
2,5 pF
10 nF
100 nF
0,86 pF
5,9 pF
0,14 Ω
0,276 Ω
0,138 Ω
0,1525 Ω
5,2 Ω

The IA of the ring oscillator is obtained by measuring the
VEXT voltage with the oscilloscope by performing the deembedding process, detailed on Fig. 3. Fig. 7 shows the
external current (IE(t)) measured with the oscilloscope for the
supply voltages 1 V and 1,8 V. Fig.8 plots the oscillation
frequency of the RO for several supply voltages, which
indicates that the frequency of the RO increases as the power
supply increases. On Fig. 9, the frequency spectrum of the
external current IE is plotted for several supply voltages, 1 V
and 1,8 V. Fig. 9 shows that the number of harmonics of IE
decreases as the power supply increases, meanwhile the first
harmonic shifts its frequency, from 50 MHz to 140 MHz.
Figs. 10 and 11 shows the frequency spectrum of the
internal activity once the de-embedding process has been
carried out. With the IA de-embedded, a specific number of
harmonics has to be chosen in order to fit the alternative IA
model and the measurements. For a power supply voltage of 1
V, the 12 first even and odd harmonics have been taken into
account. With these 12 first harmonics, a good correlation
between the measurement and the alternative IA model is
achieved. On the other hand, for a supply voltage of 1,8 V, to
reach the same goal, 7 even and odd harmonics are taken into
account for the proposed model. The information subtracted
from the IA frequency spectrum is the amplitude, the
frequency and the phase from each harmonic. Figs. 12 and 13
show the IA time domain signal, both the measurement and
the model. As it can be seen, a good correlation between the
measurements and the proposed model has been achieved for
VCC equal to 1 V and for VCC equal to 1,8 V.
Finally, Fig. 14 plots the frequency, fn parameter of
equation (1), comparison for each harmonic of the IA at
different power supply voltages. It can be concluded that an
increase in the power supply produces an increase in the
frequency of each harmonic, due to the increase of the
frequency oscillation of the ring oscillation. Fig. 15 shows the
amplitude for each harmonic, which presents a trend to
increase, due to the switching noise levels increments as the
power supply increases its value. Fig. 16 plots the phase for
each harmonic, for 1 V and 1,8 V supply voltage. This
information was needed to fit the alternative IA model and the
measurements.

Figure 7: Measurement of the external current.

Figure 10: Frequency spectrum of the Internal Activity (Measurements and
Model) at VCC=1V

Figure 8: Frequency of the RO for several VCC voltages.

Figure 11: Frequency spectrum of the Internal Activity (Measurements and
Model) at VCC=1,8 V

Figure 12: Measurements of Internal Activity and IA new model at VCC=1 V

Figure 9: Frequency spectrum of the external current measured.

Figure 13: Measurements of Internal Activity and IA new model at VCC=1,8 V

Figure 16: Comparison of the harmonic phase at different power supply
voltages.

V.

CONCLUSIONS

This paper presents an alternative approach to model the
Internal Activity on the ICEM-CE modeling on the Fourier
series expansion up to the N first harmonics, by taking into
account the amplitude, frequency and phase. The IA
alternative model has been applied in a Ring Oscillator for two
different voltages and a good correlation between the
measurements and the model has been achieved.
The proposed model can be useful so as to quantify the
variations of the IA and model the impact of different factors,
as temperature and wear-out mechanisms.
Figure 14: Comparison of the harmonic frequency at different power supply
voltages.
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