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Abstract — This article proposes an electric model to
determine the values of the electric fields of an electronic
device. When applying the method, the integrated circuit
device will be modeled on the resistance, inductance and
capacitance values (R, L, C parameters) provided by the
IBIS (Input/Output Buffer Information Specification),
also considering the internal activity of the integrated
circuit. The electric parameters of the printed circuit
board tracks will be extracted by software based on the
moments method and fast multipole method. Simulations
of the electric model are performed in the time and
frequency domain by the Fourier transform, and from the
obtained harmonics, the values of the electric fields are
calculated with software based on the finite elements
method. Measurements were performed in order to
validate the simulations.

Index Terms—Electrical circuit parameters, electromagnetic
modeling, electronic device, IBIS model, internal activity.

L. INTRODUCTION

Problems related to electromagnetic compatibility
(EMC) have increased significantly in recent decades,
due to the increase of commutation speed and level of
integration of electronic devices.

From this perspective, studies concerning the
electromagnetic compatibility of electronic devices
through numerical modeling have intensified.

The first significant contribution towards noise
modeling of electronic components was with the IBIS
model in the 90s, which proposed a standardized
description of the electric performance of the input/output
structures in integrated circuits [1].

Since then, the IBIS model has been improved and
used in research aiming to diminish the problems with
noise in electronic devices [2], [3], [4].

Despite the constant improvement of the IBIS
models, the information provided for the internal activity
of integrated circuits has limitations regarding their
application in the EMC area.

This way, other models based on circuit parameters
have been proposed to predict the electromagnetic
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emission of electronic components. In Japan, the IMIC
model (Interface Model for Integrated Circuits) was
proposed with the aim of standardizing the terminals and
operation signals of integrated circuits [5]. Japanese
researchers also propose the LECCS model (Linear
Equivalent Circuit and Current Source), in which circuit
parameters are used in order to model the core of
integrated circuits, also considering the internal activity
model by sources of current [6], [7].

At the same time in France, the standardization of
components is proposed through the ICEM model
(Integrated Circuit Emission Model). Being that the
structure of this model also uses sources of current to
model the internal activity (1A) of the integrated circuit,
and in addition, PDN (The Passive Distribution Network)
models are used to model the power source and
decoupling capacitors of the IC’s [8].

Based on the proposal of the LECCS and ICEM
models, a range of studies are proposed in the setting of
electromagnetic modeling of integrated circuits. Thus, in
[9], [10], [11] the LECCS model is used to analyze
conducted emission of microcontrollers, power sources
and FPGA, respectively.

From the same conception in [12], the ICEM model
is used to analyze the emission of microcontroller
circuits. Whereas in [13], the characterization and modeling
of CMOS circuit emissions is performed. Also, in [14],
a model for determining conducted emission of the
integrated circuit is proposed up to the frequency of
3 GHz. Being that comparisons are made with the ICEM
model.

Although the LECCS, ICEM and other cited models,
provide the constant advance of the EMC area applied to
integrated circuits, their application are usually related to
chip-level modeling.

Also in [15], [16], [17], [18], studies on electromagnetic
modeling are performed through the partial element
equivalent circuit (PEEC method). Through this method,
the problem is transferred from the electromagnetic
domain to the circuit domain, where conventional circuit
simulator can be utilized to analyze the equivalent circuit.
Usually the extracted circuit is not used to determine the
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electric fields.

In this work, the modeling by electrical circuit
parameters is used to determine the electromagnetic
emission of the printed circuit board of the electronic
device, with the integrated circuit device being modeled
after the R, L, C parameters provided by the IBIS model.
In addition, in order to model the internal activity of the
IC, a voltage source is used. The R, L, C models of the
tracks will be extracted by software based on the
moments method and fast multipole method.

The signal circuit simulations are performed from
the patterned electrical circuit in the time and frequency
domain by Fourier transformation. Through the harmonics
obtained, the electric fields (E) along the distance
variation are calculated by software based on the finite
elements method.

Aiming to validate the simulations, measurements
of the signals are also performed in the time and
frequency domain by the digital oscilloscope. The
electric fields (E) are measured at distances close to the
electronic device through a near-field probe. Whereas, in
order to obtain the far-field values, measurements will be
made in a gigahertz transverse electromagnetic (GTEM)
cell.

II. ELECTRONIC DEVICE SELECTION

To demonstrate the effectiveness of the proposed
methodology, an electronic device with emission source
characteristics is selected. Such device, seen in Fig. 1 and
Fig. 2, consists of a printed circuit board 13 cm long by
3 cm wide, of FR4 dielectric material with € = 4.4 (relative
electric permittivity). The circuit tracks are of microstrip
topology made of copper (conductivity 58.108 S/m).

Microstrip
Copper Tracks
6=58.10°S/m

Fig. 1. Bottom view of the electronic device.

EHH11 Oscillator
Eclipetk 6‘4 MHz

FR4
£=44

Fig. 2. Top view of the electronic device

Besides that, the circuit consists of a trapezoidal
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signal oscillator (EHH11-Eclipetk) responsible for
generating the excitation signal of the tracks in the
64 MHz frequency [19]. The supply of the circuit (5V)
is performed by a 9V battery connected to the circuit
through an LM7805 voltage regulator.

The choice of device was motivated by the fact that
printed circuit board tracks excited by trapezoidal signals
are responsible for generating a multiplicity of harmonic
components. These components are usually mechanisms
which cause EMC problems [20].

III. MODELING AND NUMERICAL
SIMULATIONS OF ELECTRONIC DEVICE

The modeling of EHH11 oscillator circuit was
performed using the IBIS model supplied by the
manufacturer (Eclipetk) [21]. Among the features that
this model provides are the die (semiconductor)
capacitance values information referenced as (Ccomp),
and also the R, L, C parameters of the integrated circuit
pins.

The IBIS model of clock pin for the EHH11 oscillator
signal in circuit format can be seen in Fig. 3. The values
provided by the model for the pin are: inductance
(LCLKOUT =290 nH), capacitance (CCLKOUT =0.85 pF)
and resistance (RCLKOUT =75 m Q). It is also possible
to view the value provided for the capacitance of the
(die) semiconductor (Ccomp_CLKOUT = 1.70 pF).

RLC
PARAMETERS
CLOCK PIN

2.9nH
LCLKOUT

DIE
CAPACITANCE

Fig. 3. Clock pin representation by the IBIS model.

The extraction of the R, L, C parameters of the device
tracks was performed using the software based on the
boundary element method (moments method) and fast
multipole method [22]. Multipole acceleration can reduce
required computation time extracting parameters R, L, C
of printed circuit boards [30], [31], [32].

As it is possible to see in Fig. 4, the values obtained
for the frequency of 64 MHz are, L = 62.336 nH,
C = 1.9917 pF and R = 0.18235 Q. For the circuit
representation the equivalent T model was used, in which

PN
C=C==.

59



60

Microstrip
Copper Tracks
6=58.10°S/m

| 1=62.336 nH I R=0.18235Q |

I €2=0.99585
€1=0.99585 pF pF

T

—

Fig. 4. R, L, C tracks circuit.

It is possible to observe that firstly the modeling of
the output pin of the signal through the R, L, C
parameters provided by the IBIS model of the EHH11
component was performed. Subsequently, the R, L, C
parameters of the tracks were extracted. And in order for
the circuit to be capable of simulation, the IBIS model of
the IC was connected to the model of the tracks. In
addition, a voltage source (clock) was connected in the
internal capacitance of the semiconductor (die) of the
integrated circuit (Ccomp_CLK) = 1.70 pF) which represents
the model of the internal activity of the IC. Also, through
simulations, the circuit load was determined RL = 100 Q.
The electric circuit in its final modeling can be seen in
Fig. 5 [23].

| Clock pin model+ Internal Activity || R,L,C Tracks Model || Load |

\ i ty

simulated,,

okoUT.  RCkaUTf| L. R

— —
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L
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Fig. 5. Model of the electronic device by circuit
parameters.

The signal circuit simulations are performed from
the patterned electrical circuit in the time and frequency
domain by Fourier transformation. As seen in Fig. 6, the
signal obtained in the time domain in the 100 Q load has
the following specifications: amplitude V =5V, rise time
tr = 2.391 ns, fall time t = 1.762 ns, pulse width
PW = 3.6595 ns and period PER = 15.625 ns.

The simulation performed in the frequency domain
can be seen in Fig. 7. The analysis was directed toward a
few odd harmonics 1st (64 MHz), 3rd (192 MHz), 5th
(320 MHz), 7th (448 MHz), 9th (576 MHz) and 11th
(704 MHz), usually resulting from trapezoidal signals.
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Fig. 6. Simulated signal in the time domain.
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Fig. 7. Simulation in the frequency domain.

The calculations of electric fields as from the
amplitudes of harmonics resulting from Fourier analysis
were performed using the software based on the finite
elements method (FEM) [24]. FEM is based on the
differential formulation of Maxwell’s equations [25],
[26]. For the differential based techniques, the
discretization of the complete computational domain is
performed, this technique delivers predominantly the
solution in field variables, i.e., E and H. This is suitable
for far and near field analysis [29].

As it can be seen in Fig. 8, the physical characteristics
of the electronic device were modeled, such as dielectric
constant of FR4 (e = 4.4) and conductivity of the copper
tracks (¢ = 58.10% S/m). The boundary condition was also
inserted around the device, i.e.,, an air box with
permittivity and relative permeability equal to 1.0006
and 1, respectively.

Moreover, for solution dominion is used finite
element boundary integral (FEBI) [28]. This condition
allows the absorption of the incident field and not
dependent on the incident angle.

The calculations of electric fields along the distance
variations were performed using a test plan inserted in 8
different distances (1 cm, 2 cm, 4 cm, 10 cm, 20 cm, 30 cm
and 300 cm) of the electronic device. Thus, the harmonics
(1st, 3rd, 5th, 7th, 9th, and 11th) and their respective
amplitudes were selected as excitation of the device
tracks.



The simulations were performed in the basic
frequency (64 MHz), third harmonic (192 MHz), fifth
harmonic (320 MHz), seventh harmonic (448 MHz),
ninth harmonic (576 MHz) and the eleventh harmonic
(704 MHz).
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Fig. 8. Modeling and simulation of the electric fields.

IV. MEASUREMENTS OF THE
ELECTRONIC DEVICE

In order to validate the results obtained from the
simulations, signals measurements were performed in
the time and frequency domain using a digital
oscilloscope.

Figure 9 illustrates the specifics of the signal in the
time domain: amplitude of 5,08 V, frequency equal to
64,06 MHz, period of 15,62 ns, rise and fall time equal
to 2.214 ns and 1.707 ns respectively.

Upon confirming the operation of the signal in the
time domain, analyses of the signal were performed in
the frequency domain by the Fourier transform. In
Fig. 10, the measurements of some harmonics resulting
from the application of the transform are shown:
12 (64 MHz), 32 (192 MHz), 52 (320 MHz), 72 (448 MHz),
92 (576 MHz) and 112 (704 MHz). Their respective
frequency values in (MHz) and amplitude in (V) are
shown in Table 1.
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Fig. 9. Excitement signal in the time domain.
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Fig. 10. Analysis of the signal in the frequency domain.

Measurements of the values of the electric fields (E;)
were also performed. For the near field region a near-
field probe (HZ-14) was used, together with a field receptor
(ESPC), allowing measurements of the electric field (E,)
values in the 9 kHz to 1 GHz range. It is worth noting
that the probe has an antenna factor equal to 67 dBuV/m
and is manufactured with an integrated amplifier which
enables increase of gain [33].

In the configuration of the near field measurements
illustrated in Fig. 11, it is possible to see the probe and
fields receiver, both in a fixed position and the device
under test moving at distances of 1 cm, 2 cm, 4 cm, 6 cm,
10 cm, 20 cm and 30 cm from the probe. Furthermore, in
order to prevent electromagnetic fields from the outside
environment to interfere with the measurements, a
Faraday cage was used.

In the near field measurements are obtained through
voltage induced values in the probe terminal and these
values are added to the antenna factor, according to
Equation (1):

|E| [dB (uV/m) = dB (W) + AF ]. Q
Electronic [EZIT] (11
. — . . . v o -mmm (00D
Device - — \ ey

Receiver

Faraday Cage

Fig. 11. Measurement setup for distances of 1 cm to 30 cm.

For measurements in the far-field region, a receiver
and a GTEM cell were used. With the electronic device
(EUT) properly positioned in the cell, close to the
absorbers so as to center it between the conductive plate
(septum) and the ground of the chamber, which are 100 cm
apart. Thus, it is seen that d = 50 cm, as shown in Fig. 12.

Once the circuit is properly positioned, the peak
value measurements of the of the electric far-fields (E,)
are performed in accordance with the (CISPR 22)
standard, which is, Class B equipment, radiation range
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of 30 MHz to 1 GHz and 3 m (300 cm) distance. Using
the relationship (A/2m), it is possible to conclude that for
the frequency of 64 MHz, the distance of 3 m is considered
far field region [34].

Measurements for the values of the near and far
electric fields were performed for the previously analyzed
harmonics. Fundamental frequency (64 MHz), third
harmonic (192 MHz), fifth harmonic (320 MHz), seventh
harmonic (448 MHz), ninth harmonic (576 MHz) and the
eleventh harmonic (704 MHz).

The measurement results for the values of the
electric field (E;) in dBuV/m due to the distance
variation in (cm) for each of the aforesaid frequencies,
are compared to the simulations and shown below.

Receiver

oo

d =50cm

Fig. 12. Measurement GTEM for 3-meter distance.

V. COMPARISONS BETWEEN SIMULATED
AND MEASURED RESULTS

The results obtained through numerical simulations
were compared with the measurements made in the
laboratory.

Firstly, the device excitation signals (64 MHZz) in the
time domain were compared, as shown in Fig. 13. It is
possible to observe through the purple signal (measured
signal) that it has the following characteristics: period
(15,62 ns), amplitude 5 V, rise and fall time equal to 2.2 ns
and 1.7 ns respectively. By making the comparison of
the measured signal with the simulated signal (red
signal), it is concluded that it has the same characteristics
as the measured signal.

Circuit] 4

XY Plot 1

Curve Info

=== V(simulated’
NescimTransient

—— V(measured
NescimTransient

000 200 400 600 800 1000 1200 1400  16.00
Time [ns]

Fig. 13. Comparison of the signals in the time domain.
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Afterwards, the amplitudes of the harmonics in the
frequency domain were compared. As analysis of Table
1 shows, it is possible to observe that the 1st harmonic
presents a difference in amplitude of (0.3493 V), the 3rd
(0.0756 V), the 5th (0.0741 V), the 7th (0.063 V) the 9th
(0.0092 V) and the 11th (0.0046 V).

Table 1: Comparison of the signal amplitudes in the
frequency domain

Frequency| Amplitude of | Amplitude of | Differences of

(MHz) | the Measured | the Simulated | Amplitude |V|

Signal (V) Signal (V)

64 (1st) 2.5 2.8493 |0.3493]
192 (3rd) 0.49 0.5656 |0.0756]
320 (5th) 0.16 0.2341 |0.0741]
448 (7th) 0.018 0.0810 |0.063]
576 (9th) 0.015 0.0058 |0.0092|
704 (11th) 0.01 0.0146 |0.0046]

Finally, the values of the measured and simulated
electric fields were confronted, as shown in Figs. 14, 15,
16, 17, 18 and 19. The values of electric field were used
in measurements and simulations, because these
variables are usually used in the normative references of
electromagnetic emission of electronic devices [27].

It is noted by the measured values (blue curve) and
simulated values (red curve), that the values of the
electric fields (E;) in (dBuV/m) over the distance
variation, in (cm), show great similarity. However, the
most significant differences are observed in the 7th
harmonic (448 MHz) or 20 cm (10.96 dBuV/m), 30 cm
(10.73 dBuV/m) as shown in Fig. 16 and 9th harmonic
(576 MHz), or 1 cm (9.88 dBpuV/m) 2 cm (10.7 dBpV/m),
4 c¢cm (9.72 dBuVv/m), 6 cm (9.59 dBuV/m), 10 cm
(9.1 dBuV/m) and 20 cm (6.52 dBuV/m) as shown in
Fig. 17.

In other words, analyzing the difference between the
amplitudes of the seventh and ninth harmonic in dB,
were obtained |13.1]| dB for seventh harmonic and [8.2| dB
for the ninth harmonic, as shown in Table 2. Therefore,
the most significant differences in the values of electric
fields were observed for the same.

In addition, the near-field probe model of the GTEM
cell and measurement uncertainties were not considered.
Thus, such factors may also have caused the discrepancies
between the amplitude values of the electric fields (E).

Table 2: Comparing the amplitudes of the seventh and
ninth harmonic in dB

Frequency| Amplitude of | Amplitude of | Differences of
(MHz) | the Measured | the Simulated |Amplitude |dB|
Signal V—dB|Signal V—dB
(0.018 V)= | (0.0810) =
448(1t) | “349dB | -21.8dB 13.1]
(0.015) = (0.0058) =
576 (M) | 365 4 44 4B 821
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Fig. 14. Comparisons between electric fields measured Fig. 17. Comparison between electric fields measured
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VI. CONCLUSION

This article has demonstrated a new methodology
for the analysis of electric fields by an electronic device.
The technique applied incorporates a complete modeling
of the electronic device, in which the integrated circuit is
modeled after the IBIS model, also considering its
internal activity model. In addition, the R, L, C
parameters of the tracks are extracted.

Thus, this way it is possible to obtain an electric and
simulated circuit, enabling the determination of the
signals in the time and frequency domain, and
consequently, the values of electric fields can be
determined by simulation based on the finite elements
method.

From the obtained results, it can be said that the
proposed methodology, can be a starting point for
standardized models of printed circuit boards in
determining the electromagnetic emission of the same.
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