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Featured Application: Inclusion of the electromagnetic compatibility analysis in the design phase
of the production flux of high-speed integrated circuits.

Abstract: This paper deals with the electromagnetic compatibility (EMC) issues related to the direct
and radiated emissions from a high-speed integrated circuits (ICs). These emissions are evaluated
here by means of circuital and electromagnetic models. As for the conducted emission, an equivalent
circuit model is derived to describe the IC and the effect of its loads (package, printed circuit board,
decaps, etc.), based on the Integrated Circuit Emission Model template (ICEM). As for the radiated
emission, an electromagnetic model is proposed, based on the superposition of the fields generated
in the far field region by the loop currents flowing into the IC and the package pins. A custom
experimental setup is designed for validating the models. Specifically, for the radiated emission
measurement, a custom test board is designed and realized, able to highlight the contribution of
the direct emission from the IC, usually hidden by the indirect emission coming from the printed
circuit board. Measurements of the package currents and of the far-field emitted fields are carried
out, providing a satisfactory agreement with the model predictions.

Keywords: electromagnetic compatibility; integrated circuits; EMI modeling; conducted emission;
radiated emission

1. Introduction

The current technology trends push towards the realization of integrated circuits (ICs)
characterized by smaller size, lower power supply voltages, and higher operating frequencies [1].
In addition, conventional solutions are no longer applicable and, therefore, a great amount of effort
is given to finding new materials (such as the use of nanomaterials [2]) and/or new architectures
(e.g., the 3D integration [3]).

These design trends are followed to strongly enhance IC performance, but give rise to serious
electromagnetic compatibility (EMC) issues, such us unwanted conducted and radiated emissions
and, in general, undesired electromagnetic interference (EMI) problems [4-6]. The reduction and
mitigation of IC emissions have recently become of great interest in application fields, like automotive
or consumer electronics, since it allows to fulfill the EMC requirements without the burden of the
classical solutions to such problems, such as the use of filters or shields.

Therefore, nowadays an IC-level characterization of EMC issues is needed, whereas, in the past,
these issues have been typically studied at the printed circuit board (PCB) level [7]. The IC-conducted
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emission is mainly due to the switching activity, hence, an accurate modeling must be implemented to
evaluate the switching pulsed current flowing from the IC to the PCB [8]. The conducted emission is
also dangerous because it can easily convert into radiated emission when such currents flow across PCB
traces and cables that can act as emitting antennae. As for the radiated emission, the contribution of the
radiation coming from the package lead frame or circuits routed at the silicon level (“direct radiation”)
is no longer negligible with respect to the radiation coming from the PCB (“system level radiation”)
and must be taken under control, to avoid any interference with nearby circuitry. Therefore, both direct
IC radiation [9,10] and system-level radiation [11,12] have been studied by means of measurements
and numerical simulations.

The requirements and limits imposed by the EMC norms are set for the final product and not
for the single subpart, therefore, traditionally EMC testing (including EMI analysis) was usually
performed at a very late stage of product development, namely, on the complete prototype. As a
consequence, only at that stage was it possible to choose the solutions needed to mitigate these
problems. Given today’s operating frequencies, such an approach can be very costly and time
consuming and, hence, the EMC/EMI issues must be included at the design level. This can be
done, in principle, by means of a full-chip simulation, which, however, results in being extremely
cumbersome. Therefore, several alternative approaches have been proposed, typically based on a
segmentation technique, where any single subpart of the system is described with a proper equivalent
circuit model.

This paper proposes two models: a circuital model to simulate the currents flowing from the IC to
the package pins, where the IC and the package is modeled by a lumped circuit and the board by a
distributed one. An electromagnetic model is then derived to estimate the far-field direct emission
from the IC, using the outputs of the circuital model (i.e., the package currents), regarded as the sources
of the field problem.

The paper is organized as it follows. Section 2 illustrates the circuital and the electromagnetic
models and discusses the design and setups of the experiments. In Section 3, the identification of the
model parameters is carried out and the experimental validation of the models is presented. A detailed
discussion of the simulation and the measurement results is also provided.

2. Materials and Methods

2.1. Circuital Model for Evaluating the Conducted Emission

In order to provide to the designers simple and effective tools for simulating the impact of an IC
on the EMC performance of a complex system made by an IC, package, and PCB, suitable equivalent
circuital models have been proposed over the years. A first attempt to provide an IC circuit model
was the so-called IBIS model, based on the “Input/output buffer information specifications”, hence, on the
characterization of the electrical performance at the terminal pins of an IC [13]. This model has
the advantage of simplicity, but shows major drawbacks coming from the lack of inclusion of main
phenomena, such as the switching noise and the load effect of the PCB. An enhanced circuital model
for the IC conducted emission has been proposed, for instance, in [14], based on the so-called “linear
equivalent circuit and current source” model.

More recently, the International Electrotechnical Commission proposed the so-called Integrated
Circuit Emission Model (ICEM), with the purpose to accurately take into account the internal activity
of the ICs [15,16]. The ICEM model has been successfully used over the years to carry out performance
analysis of ICs, in terms of emission, immunity, jitter, and so on [9,17,18]. The limitation of this
model in terms of maximum operating frequencies can be easily removed, as recently shown in [8],
by taking into account the effects of the loads (specifically the transmission lines of the PCB) with a
distributed model. This paper adopts the latter approach to derive a circuit model in the frame of the
ICEM standard. Specifically, the high-frequency behavior of the PCB is described by exploiting its
S-parameter characterization.
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The conceptual scheme of the adopted approach is reported in Figure 1, showing the overall
circuit as composed of four main subparts: the first subpart (internal activity, IA) describes the core
and the I/O buffers, the second one describes the package, whereas the third one refers to the printed
circuit board (PCB). The final subpart represents a generic load that simulates a buffer that exchanges
data with the IC. The above subdivision is based on the features of the circuit models to be adopted for
the different subparts: for the IA the circuit is active and lumped, for the IC it is passive and lumped,
whereas for the PCB it is passive and distributed.

According to the ICEM model [16], the first subpart is modelled as in Figure 2, where the core
activity is represented by an equivalent current source I, and the parasitic of the supply rails are
given by series impedance R-L, Z;; and Z,;, which also separates the decoupling into two contributions:
Cy4, between V;; and Vi, and Cy, close to the current generator Ioo.. The core model is coupled to
the I/0O bulffer, which is described here by means of an IBIS model [13]. In the IC analyzed in this
paper, the core supply and the I/O supply are separated and, thus, according to the ICEM rules [16]
the coupling model must contain a substrate impedance Z,;, and an additional decoupling capacitor
Cro. The V3 and Vi pins at the left and right side of Figure 2 are connected to the corresponding pins
of the package. Each I/O pin is connected to the corresponding signal interconnect at the package
and the PCB level, as shown in the circuit model in Figure 3, which also reports the parasitics for the
package interconnects and the equivalent circuital models for the PCB traces.

In this paper, as specified in Section 3, the IA circuit model has been obtained from a
transistor-level simulation. Alternatively, a characterization based on measurements can be carried
out, following the standards set in [19]. The advantage of this approach is that no internal description
of the IC is required, but the main disadvantages are the need to de-embed the text-fixture and the
impossibility to directly measure the current Io.. Such a current must be derived from indirect
measurement of currents flowing in the board traces, by using, for instance, identification techniques
like the backward current division rule, as shown in [20]. An alternative model for the current sources
is based on a harmonic decomposition, as proposed in [8].

Internal
Activity package PCB load

(Core and I/O)

Figure 1. The conceptual scheme of the proposed circuit model, with the IC, the package, the PCB,

and the final load.
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Figure 2. The proposed ICEM model, to describe the internal activity (the core and the I/O buffers).
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Figure 3. The proposed circuital model to describe the subparts package + PCB in Figure 1. Here the
route from two generic I/O pins to the final load is shown, passing through the package and the PCB.

The subpart “package” takes into account all passive elements in the package. As described
in Figure 3, all these passives are modeled with lumped elements (RLC) and are extracted here
by a quasi-static field solver. Indeed, this assumption is valid if the components are electrically
short, namely:

I < Amin = (1)

v
f max
where [ is the characteristic length of the component, v is the propagation velocity and fy is the
maximum frequency of the signals. Condition (1) is always verified for IC passives up to frequencies
of the order of tens of GHz (mm-wavelength), since the maximum lenghts of nowadays on-chip
interconnects are of the order of hundreds of microns (e.g., typical values of a global level interconnect
length for 22 and 14 nm technology nodes [1]).

Finally, the subpart “PCB” is modeled through a distributed circuit, namely an equivalent
transmission line (TL). Indeed, as pointed out in [8], the use of a distributed model for the PCB
allows extending to higher frequencies (tens of GHz) the validity limit of the classical ICEM models.
Specifically, this distributed subpart is here modelled in the overall circuit by means of a low-order
equivalent macromodel synthezised from the PCB multiport admittance matrix, Y. In turn, according
to the TL theory [21], such a matrix can be obtained from the scattering matrix, S, as:

Y=(S+1)7(S-1)z;! )

where Z is a reference impedance value (usually taken as 50 (2) and I is the identity matrix. Indeed,
the S-parameters are the natural frame for a high-frequency characterization of a PCB, either based
on full-wave simulations (as done in this paper) or on measurements. After the Y-matrix is retrieved
from Equation (2), a low-order equivalent circuit may be derived through a synthesis procedure based
on the vector fitting technique, as in [22]. Indeed, the generic entry of the admittance matrix can be
expressed in terms of a truncated series of pole-residue pairs:

N Rijm
Yii(s) = )

— — +Rjjp, ®)
m=1°5 " Pijm "

and the pole-residue pairs may be associated to R-L or R-C branches in the final circuit model [22].

2.2. Electromagnetic Model for Evaluating the Radiated Emission

A main goal of this paper is the evaluation of the direct radiated emission from an IC in the
far-field zone, assuming to know the currents flowing from the IC into the package. These currents are
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indeed the output of the circuit model developed in Section 2.1, hence, the electromagnetic problem is
cast in terms of the emission of known currents in the far-field zone. This field may be computed at a
distance r by superimposing the contribution of each current loop in the package (see Figure 4a), if the
following conditions hold [23]:

A .
re < 6”17;", r>re, 4)

being r. the average value of the loop radius. For typical package dimensions of today’s ICs (of the
order of mm X mm), Equation (4) is fulfilled for frequencies up to the order of GHz. In the same
assumption, a very good approximation of a small loop is the infinitesimal loop (or the infinitesimal
magnetic dipole), whose far fields (see Figure 4b) are given in the frequency domain by [23]:

Ll ’
Eg(r,f) = I(f) -nB*A 47]W sinG,H(P(r,f):_E"(ﬂ’f) 5)

where I(f) is the spectrum of the loop current, 1 = 377 Q) is the intrinsic impedance, 3 is the
wavenumber, and A is the loop area. Note that the presence of a grounded metallic layer at the
opposite side of the board where the package will be mounted can be taken into account by applying
the image theorem, thus, by taking into account the contribution coming from image currents located
by symmetry at opposite sides of the ground plane. In principle, vertical tracts of the package-to-board
interconnects should be also taken into account if the area of the corresponding loop currents is
comparable to that of the horizontal loops in Figure 4a. However, this is not the case for the application
studied in this paper, where the vertical tracts of the interconnects to the pins are much smaller in
length with respect to the horizontal ones.

(b)
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Figure 4. Details for the model of radiated emission from IC: (a) a loop of current flowing from

the IC into the package; and (b) the reference system for the far-field emission from a loop current
(magnetic dipole).

2.3. Experiment Design and Setup

In this paper, an IC from the 110 nm technology node has been studied, mounted on a quad-flat
package. A custom test board has been specifically designed to minimize the effect of the PCB on the
conducted and radiated emission, see Figure 5. A multilayered structure has been adopted, where the
package pins are directly connected to vertical vias, and then routed in inner layers. In this way, no trace
is routed on the upper side of the board, so avoiding indirect radiation. The power traces (V3; and
Vss) are routed in different layers with respect to the signal traces, to avoid any effect of coupling
between power and signal subsections. In addition, the signal traces connected to adjacent package
pins are routed in different layers, in order to mitigate the high-frequency crosstalk effect. Specifically,
in the board used for the conducted emission test, additional traces are routed independently to the
board surface to provide contact points for the current probes. In the board used for radiated emission,
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addition bottom layers are included, where no signal is routed and no via is connected. The presence
of blind vias and of electromagnetically-decoupled bottom layers minimize the contribution to the
emitted field possibly related to parasitic cavity resonances.

IC+package

current

Ca
I probe pin
[ d
s |

i

Vop and Vss routing

G

GND

Signal routing #1

GND

Signal routing #2

GND ]

Figure 5. Stack layer of the designed test-board for the IC emission tests: the power traces are routed
in separate layers, as well as signal traces coming from adjacent pins.

The block diagrams of the experimental setups used for evaluating the conducted and radiated
emissions is schematically reported in Figure 6. For both cases, the test board is terminated on a load
simulating a buffer that exchanges data with the IC, so that the emission analysis is performed while
the equipment is operating in nominal conditions, as requested by the EMC norms [24-26]. To this end,
a signal generator (Keysight, US: model N9310A, bandwidth 9 kHz-3 GHz) was connected, with an
internal impedance of 50 () in the considered range, in parallel to a 40 pF capacitor representing a
buffer. As for the conducted emission test, the currents have been acquired at the test board pads by
a current probe (Lecroy D410-A-PS, bandwidth 4 GHz), then sent to an oscilloscope (LeCroy, Korea:
model WavePro 7 Zi-A oscilloscope, bandwidth 6 GHz, 40 GS/s). The adopted measurement chain
accounts for a maximum measurement uncertainty of £2.5 dB on the considered frequency range.

With reference to the radiated emission test, the far-field electrical field has been collected by
a broadband receiving antenna (a biconical-log antenna HL, Czech, model HL-1000, bandwidth
30 MHz-1 GHz) connected to an EMI receiver (R and S ESPC, bandwidth 9 kHz-2.5 GHz). Additionally,
in this case, the maximum measurement uncertainty in the considered frequency range is £2.5 dB.
Specifically, a 3 m-radiated test was performed in a semi-anechoic chamber, according to the CISPR 16-4
standards for the radiated emission, in the frequency range from 30 MHz to 1 GHz [25]. A preliminary
measurement with the device off has been performed to estimate the background noise and remove it
from the results. The device under test was made by the IC mounted in its test board, connected to a
signal generator through shielded cables, to avoid unwanted emission from interconnects.

Current probe + conducted

emission test

oscilloscope

Ml — ) L

Signal N Test
IC package load

board
N\

Antenna + EMI radiated

receiver emission test

generator

Figure 6. Schematics of the setup blocks for conducted and radiated emission test.
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3. Results

3.1. Identification of the Circuit Model

The IC studied in this paper belongs to the 110 nm technology node and is characterized by
the parameters reported in Table 1. The emissions of the IC have been studied during a standard
bit sequence defined by the IC supplier, representing a digital data transfer through the I/O pins.
Specifically, three different conditions have been studied, referring to different choices of the data
sequence frequency and rise time, and of the average nominal level (rms) of the currents injected into
the pins (Table 2). In this paper, the overall circuit model has been implemented with the circuital
simulation tool Qucs [27], see Figures 2 and 3. The time-domain waveforms for Icor, and the values of
the components in Figure 2 have been provided by the IC supplier, as the outputs of a transistor-level
simulation of the IA, whereas the submodel describing the I/O buffer in Figure 2 have been imported
by the IBIS library [13]. A quad-flat package has been used, with a total area of about 20 x 20 mm.
The package parasitic lumped elements have been extracted by a quasi-static field simulator (Comsol
Multiphysics [28]). The values of the electrical parameters of the package and of the decaps are
summarized in Table 3.

Table 1. Dimensions and nominal values for the studied IC.

Die Area Vadccore) (V) Vaaaoy V) Clock Frequency (MHz) Rise-Time (ns)
4.5 mm X 3 mm 33 25 60 or 70 0.35 or 0.58

Table 2. Nominal operating conditions for the studied IC.

Case Clock Frequency 1/0 Signal 1/0 Signal 1/0 Signal
(MHz) Frequency (MHz) Rise-Time (ns) Bandwidth (GHz)
1 60 30 0.58 0.6
2 60 30 0.35 1.0
3 70 35 0.35 1.0

Table 3. Parameters for the package.

C;mF)  Cyo (uF) R (Q) L (nH)

Min 100 47 0.06 2.7
Max 100 5.0 0.07 3.0

The test board has been realized with a three layer PCB (see Figure 5), with the geometrical
and electrical parameters provided in Table 4 (an FR-4 dielectric has been used). The PCB traces are
designed to provide controlled impedances of 50 ) + 10% (in the frequency range 1 MHz-1 GHz) and
equalized delays, in order to avoid signal integrity issues related to delay mismatching.

The PCB S-matrix has been computed by means of the FEM solver integrated into the full-wave
commercial simulator CST Microwave Studio [29]. In the following, S11(n,n) and Sy5(n,n) represent
the reflected and transmitted waves associated to the generic line n, whereas S11(n,m) and Sq»(1,m)
represent the coupling coefficients between lines n and m at ports 1 and 2 and, hence, they may be
taken as a measure of the near-end and the far-end crosstalk noise, respectively. Figure 7a shows, as an
example, the computed parameter S1»(13,13) (transmission along the trace #13), whereas Figure 7b
shows the transmission from line #13 to two adjacent ones, 51(13,14) and S1(13,15). The behaviors
shown in Figure 7 are representative of the results for all PCB traces and, thus, from Figure 7a, it is
evident that the board traces are well matched to the reference impedance at least up to 1 GHz, since
the transmission is almost perfect (at 1 GHz, Sy, is still above —1 dB). From Figure 7b it results that
the crosstalk noise is completely negligible, thanks to already-mentioned design guidelines adopted
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for the multilayered structure. After computing the S-parameters, the admittance matrix has been
derived from (2) and then synthesized with a low-order approximation as in (3). The matrix entries in
(3) have been implemented through the equivalent circuits in Figure 3. As an example, Table 5 shows
the extracted values for the equivalent circuit elements for lines #38-40.

(.a.) (b)
0 0
dB B 9 sa3149 A
a0~ SN
2 Y 1 VTR A {,f*ﬂ.xﬁ'h.
3 12( s ) -120 —‘,I_,-—"' .ll,uf’ .'Illll'
4 si(13,14)
4 -140 —]
5 N
160 —
6 -
p , ‘ -180 , I r 1
0 05115 2 25 3 35 4 45 5 0 1 2 3 4 5
frequency (GHz) frequency (GHz)

Figure 7. Computed scattering parameters for the PCB traces: (a) transmission parameters along trace
#13; and (b) transmission parameters from trace #13 to traces #14 and #15.

Table 4. Geometrical and physical parameters for the PCB.

Trace Length  Trace Width Trace Height Layer Thickness Dielectric Relative
(mm) (um) (um) (um) Permittivity
Min 110 1290 35 200 3.92
Max 210 129 35 200 4.17
Table 5. Equivalent electrical parameters for the traces #38—40 of the PCB.
Ry () R39 () Ry (Q)) Lzgg(mH)  Lzg (nH) Ly nH)  C3g39 (pF)  Cz940 (pF)  Ksg39  Kzogo
0.070 0.068 0.071 291 2.81 3.10 0.32 0.35 0.55 0.56

3.2. Conducted and Radiated Emission: Results and Discussion

The conducted emission has been measured by using the setup in Figure 6. The measurements
have been compared with the simulations in Figure 8, which shows the results for Case 1 defined in
Table 2. Specifically, Figure 8a shows the time-domain waveforms of simulated vs. measured currents
at one of the pin pairs (data-ground), showing a satisfactorily agreement. Note that the numerical
results are affected by ripples corresponding to the transitions across the zero level, which are not
present in the measured results, due to low-pass filtering action of the instruments. These oscillations
are due to the high-frequency effect of the L-C components in the IC equivalent circuits model, but do
not affect the main features of the numerical results (e.g., rms value, frequency, etc.). Indeed, Table 6
provides the rms values of the currents injected into the package pins in the three different conditions
of Table 2. The cases with higher frequency (cases 2 and 3) are associated to a higher level of the
injected current.

The spectrum of the conducted emission noise in terms of voltage across a 50 () impedance is also
reported in Figure 8b, using both simulated and measured results. The agreement is satisfactory in
terms of peak values and position. Note that these voltage values cannot be compared to the EMC
norm limits [24], since such a norm imposes the use of the so-called “1 (2/150 Q) direct coupling
method”. A comparison with the norm limits is, however, out of the scope of this paper.
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Figure 8. Validation of the circuit model through conducted emission test: (a) time-domain simulated
and measured current waveforms; and (b) the frequency spectrum of the voltage noise.

Table 6. Rms values (in mA) of the simulated and measured currents at the package pins.

Case Simulated Value Measured Value
1 19.57 20.25
2 28.20 29.13
3 38.15 39.50

Figure 9 shows the measured and simulated values of the far-field electric field evaluated
at 3 m distance, assuming that the IC injects in the package pins the currents shown in Figure 8.
Both the simulated and the measured values refer to the worst case condition, with respect to different
polarization and incidence angles. Although the agreement is not as good as for the conducted
emission, the results are quite satisfactory, since many of the emission peaks are correctly reproduced.
Furthermore, the average level of the emission in the range 30 MHz-1 GHz is satisfactorily taken,
as shown in Table 7, referring to the three different operating conditions of the IC defined in Table 2.
The lower emission can be found in correspondence to Case 1, which refers to the lower frequency,
the higher the rise time (see Table 2) and the lower value of the currents (Table 6). The worst condition
is given by Case 3, corresponding to the higher frequency, the lower rise time (see Table 2) and the
higher value of the currents (Table 6). As a conclusion, the direct emission is characterized by peak
levels that can easily overcome the limits imposed by common EMC international norms for radiated
emissions [25,26].
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Figure 9. Validation of the electromagnetic model through radiated emission test: frequency-domain
spectrum of the simulated and measured electric field at 3 m.
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Table 7. Average level of the emitted electric field (in dB-V/m) at a distance of 3 m from the IC, for the
three different operating conditions of the IC defined in Table 2.

Case Simulated Value Measured Value
1 49.10 46.78
2 58.55 59.23
3 67.60 70.41

4. Conclusions

In this paper, a circuit and an electromagnetic model for evaluating, respectively, the conducted
and the direct radiated emission from an integrated circuit has been developed and validated.
An ICEM-based circuit model for the IC is augmented with proper lumped and distributed models
for the passives (package and board). A loop-antenna model based on the superposition of the fields
generated by given currents is used to evaluate the direct radiation. A suitable custom test-board has
been designed and realized to evidence the effect of direct radiation, usually hidden by those indirectly
coming from PCB traces. Despite its simplicity and modularity, the circuit model is shown to be able
to accurately predict the time-domain waveforms of the currents injected by the IC into the package
pins during its switching activity. As for the radiated emission, the model is able to catch its global
level and many of the emission peaks. It has been shown that the direct emission from an IC cannot be
neglected since it can attain levels comparable with the system level emission due to the board traces
and other interconnects.
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