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Abstract: Common-mode (CM) currents through
cables attached to printed circuit boards (PCB’s)
are often the main cause of interference and may
even dominate the direct radiation of the board. In
this contribution we predict the coupling between the
differential-mode (DM) circuit on the board and the
CM circuit in a Bersier setup, by means of a rapid
transmission-line model. This coupling is expressed
as the ratio of the CM current and the DM current.
Several boards with different complexity were stud-
ied in the frequency domain. For demonstration pur-
poses a board with modern digital electronics was
developed. Measurements between 100 kHz — 1 GHz
agree with the TL models.

1. Introduction

It is important to know the electromagnetic-
compatibility (EMC) properties already in the design
phase of a product. The aim of the present study is
to predict in a rapid way the common-mode (CM)
currents through the cables generated by the signal
or differential-mode (DM) currents on a printed cir-
cuit board (PCB), see Fig. 1. The calculations are
based on a coupled transmission-line model. The
short time needed allows to judge changes in the
CM current during the design stage of a product,
thus avoiding expensive redesigns after prototyping.
Routing of tracks, placement of decoupling capaci-
tors etc. can then readily be optimized with respect
to EMC.

The tracks and the ground plane of the PCB’s in
electronic systems interconnect the devices or com-
ponents on the board (see Fig. 1). The tracks and
the devices form closed loops for the signal or DM
currents. Cables between PCB’s or apparatus are
primarily intended to transport DM signals. How-
ever, each cable is also a part of a larger circuit which
closes via the environment of the PCB (parasitic ca-
pacitances in Fig. 1) or via ground leads; the large
metallic plane below GP in Fig. 1 is often a nearby
cabinet panel, e.g. in a computer. The CM current
in this circuit is a net current through the cables.
Because of their length, the cables act as efficient
antennas for the CM currents, often producing more

_______________

G
ol B

]
CM-circuit |\
v

"-,'v‘ ------------ -

Fig. 1: Differential-mode (DM) and common-
mode (CM) definition. The CM current path
closes via the ground plane (GP), the parasitic
capacitances and the metallic plane below GP.

emission than the PCB itself. This fact is the basis
of precompliance EMC tests for emission [1—5] and
immunity; CM currents are measured or injected in
cables attached to apparatus or (sub)systems.

The (conduction) current based method was pro-
posed by Bersier [6] to replace the extensive stan-
dard tests in which electromagnetic fields are ap-
plied or measured at larger distance from the equip-
ment. Nowadays precompliance tests often suffice
to demonstrate conformity with the European EMC
requirements. The expensive and laborious full-
compliance radiated emission and radiated immunity
tests are replaced by a rapid and a simple method.
Bergervoet’s et al. [7] CM skeleton model bears re-
semblance to Bersier tests. These authors model
the PCB and all components on it by CM voltage-
sources at the edges of the PCB, which drive the
CM current into each cable attached to the PCB.
The voltage sources and their internal impedances
were determined by measurements. Alternatively, a
program based on the partial-element analysis pro-
posed by Ruehli [8] or the equivalent circuit analysis
implemented in Fasterix [9] may calculate the source.
These calculations still consume appreciable time.
The theoretical model and the experimental setup
are kept close to the successful Bersier precompliance
setup. The tracks and the CM circuit are modeled
as coupled transmission lines. In combination with
accurate analytical approximations to be presented
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Fig. 2: Upper part: Cross section showing
four tracks on a triple layer PCB with a con-
tinuous ground plane (GP) as middle layer.
Lower part: Longitudinal cross section of the
precompliance setup. The PCB is mounted
between two endplates A and C. The current
I, is injected in track 1 on top and returns
through the GP. The common mode current
Icn is measured over the 150 Q) load which
models a cable at resonance.

for the TL parameters, the TL approach strongly re-
duces the computational effort or the computer hard-
ware requirements. The comparison of the results
with actual measurements was encouraging, in spite
of the many simplifications by the model chosen.
The PCB’s studied (Fig. 2) have three layers. A
continuous ground plane (GP) of length £ = 20 cm is
the middle layer; the width 2w was varied between 5
and 10 cm, Tracks of b = 1.5 mm width are placed
at hy 2 = 1.5 mm above and below the GP. The di-
electric constant €, of the epoxy insulation is 4.7.
Up to four tracks at different positions on the PCB
allow us to study the DM-DM coupling or crosstalk
as well (see e.g. [10—12]). The tracks run paral-
lel to the length of the PCB; in later calculations
track 1 meanders over the surface. A DM current is
injected at side A; the tracks terminate into different
impedances near end C. The CM circuit consists of
the GP and a large brass plate (cabinet panel, CP)
under the PCB at the distance hgp = 1 cm. In
a precompliance test, the common mode current is
usually measured with a 150 {2 total CM load at C,
which models the CM-radiation resistance of a ca-
ble at resonance. This resonance condition may not
occur at all frequencies in the DM signal, but will
most probably do so at some frequency for which
the emission limits might then be exceeded.

2. Transmission-line approach

The four DM circuits and the CM circuit in Fig. 2
are considered as a set of transmission lines (TL’s),
see also Fig. 3. The coupling between the lines
is described by the resistive and inductive trans-
fer impedance and by the capacitive transfer admit-
tance; the low-frequency transfer-impedance behav-
ior is discussed elsewhere [10, 11]. We regard the
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Fig. 3: Transmission-line (TL1-TL4) model of
the four track PCB in Fig. 2; TL5 incorpo-
rates the DM-CM couplings as discussed in
the text. The near side z = 0 corresponds
with the side of brass plate A, the far end
z = { with brass plate C. The terminating
impedances are discussed in Section 3.

tracks over the GP as microstrip lines. The dominant
mode in a microstrip line is quasi-TEM: a TEM wave
adapted to include a nonhomogeneous dielectric by
modifying the line capacitance, and the conductor
losses by adding a series resistance. Gupta et al.
[13] give an overview of the vast literature published
over the last decades and expressions for the char-
acteristic impedance Z,, and the effective dielectric
constant e, .r¢ for a single track above a very wide
GP:
n 8h b
Zm = mln (—'b"‘ +025'h’) (1)

gr+1 er—1 12h 1
Ereff =~ F Tz {(1+—,;~) 2+

+0.04(1 — %)2} @)

where 17 = \/po /g0 = 120w Q and b < h; these equa-
tions apply for our tracks. The self-inductance L,
can be obtained from L, = Zop/co, with Zg,, the
characteristic impedance of the microstrip with the
dielectric replaced by vacuum or g,.55 = 1, and ¢
the velocity of light in vacuo. For all tracks on our
PCB’s we use the same L, = 414 nH/m, calculated
as if the GP were of infinite extent. Inserting the
proper value for .5y = 3.34, one finds for the ca-
pacitance C; = 88.9 pF/m and for Z,, = 68 .
The series impedance Z; for the track is Z;(w) =
Rpc + Rs(w) + jwLs, where Rpo and R,(w) are the
d.c. and skin-effect resistances.

Figure 3 shows the four tracks as coupled microstrip
lines TL1-TL4 with the ground plane (GP) as ref-
erence; z = 0 corresponds with the side of plate A
(near end) and z = £ with the side of plate C' (far
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end). The TL5 describes the CM current through
the GP with return CP. The 5 x 5 impedance ma-
trix Z(w) per unit length with GP as reference
is then given by Z(w) = Za(w) + Z¢(w), with
Za=diag(Zs, Zs, Zs, Zsy Zcom) the self-impedance di-
agonal matrix, Z(w) the transfer-impedance matrix
with zeros on the diagonal, and Zgym = jwLlom
the proper impedance of the CM circuit formed by
GP and CP. For high frequencies, the Z¢ matrix is
predominantly given by the mutual inductances M
between the tracks and the CM circuit, which can
readily be calculated from conformal mapping as de-
scribed in [11, 12]; then Z¢ = jwM with M the in-
ductance matrix with zeros on the diagonal. The
self inductance Lo of the CM circuit may be taken
from Kuester and Chang [14] for large 2w/hcp. The
capacitance Cop in vacuum results from Cop =
1/cLoy. The 1.5 mm dielectric layer increases this
value by about 13 percent for hop = 1 cm.

As admittance matrix we have Y(w) = jwC, where
C is the 5 x 5 capacitance matrix. It is more difficult
to accurately calculate the off-diagonal elements of
the static capacitance matrix because of the bound-
ary conditions on the dielectric. The numerical im-
plementation and calculations are described in de-
tail elsewhere 11, App. B]. From these calculations
we derived analytical approximations which suffice in
our TL model and considerably speed up the com-
putations for a PCB.

For convenience, suppose that only one track ¢
(Fig. 2) is present. The capacitance matrix then be-
comes

_| Cs+Ci_cp

C= IR B )

—Ci—cp  Com +Ci-cp

In vacuo the capacitance matrix Cg satisfies the well-
known relation

1
LGy = —1I2 (4)
Co
with Iy the 2 x 2 identity matrix and
L M
L — 8 s
{ v i ] , (5)

the inductance matrix. Fitting the rigorously cal-
culated coupling capacitances with ‘simple’ expres-
sions, we found the following approximate relation
between C;_cp and C;_cp,, the capacitive coupling
coefficients with and without dielectric

Ci-cpo
Erefsl/t ©

valid for hy = hg = h and by = by = b. This
procedure is tested for a wide range of parame-
ters. For a maximum deviation of 25 percent be-
tween numerical results and approximate analytical
expressions this parameter range is: 1 < g, < 12,
0<z/2w <09,05<b/h<3,006<w/p<l,
and 0.1 < 2w/hcp < 3. For practical dielectrics
used for PCB’s, the error without the correction in
the denominator was larger than 50 percent. The

Ci—cp
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Fig. 4: Upper part: The measured (—) and
calculated (- - -) current transfer |Icp /1| be-
tween the DM circuit of track 1 and the CM
circuit. The current I; is injected in TL1 at
side A (see also Figs. 2 and 3); for the termi-
nations Z4; (5 = 1,--+,5) see the main text.
The inset shows bent track 1 and straight
track 3 (—) on the upper layer of the PCB
and tracks 2 and 4 (- - -) on the lower layer.
All tracks are open ended to the ground plane
at side C, i.e. Zg;j =00 (j =1,---,4). Lower
part: The same current transfer with the
tracks terminated into Z,, = 68 Q at side C,
ie. Zg;=68Q (j=1,---,4).

calculated diagonal elements of C scaled proportion-
ally to \/Ercff, in agreement with (1) and (2).

A similar approach also applies to the capacitive cou-
pling of the crosstalk between two circuits. Then
the coupling between, say, tracks 1 and 2 becomes
Clz jad Clz,o/m [11, 12]

With the matrices Z(w) and Y(w) the response of
the system of coupled transmission lines can be cal-
culated [15]. We will only consider linear loads here;
this allows the modal expansion in the frequency do-
main of Djodjevié and Sarkar [16].

3. PCB with linear terminations

The TL method appeared to work quite well for
straight tracks parallel to the long axis [11], both
for DM-DM crosstalk and for DM~CM conversion.
Here we present the results on a PCB with a bend
in track 1 half way on the GP (inset upper part of
Fig. 4). The short perpendicular part a is included
in the TL picture as an intermediate delay line. The
CM circuit under part a is modeled as a TL section
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Fig. 5: The measured (—) and calculated
(- - -) current transfer between the DM cir-
cuit of track 1 and the CM circuit. The cur-
rent I is injected at in TL1 at side A (see also
Figs. 2 and 3). The inset shows the meander-
ing track 1 (—) on the upper layer of the PCB
and tracks 2 and 4 (- - -) on the lower layer.
All tracks are terminated into Z,, = 68 Q at
the far end C, ie. Zg; =68 Q (j=1,---,4).

of the same length, with its inductance and capaci-
tance modified such that the speed of propagation is
a factor 50 larger, but the characteristic impedance
remains constant. No magnetic coupling is expected
between DM part a and the CM circuit. The current
I is injected in track 1 (TL1) by a voltage source Vj
with impedance Z, = 50 {2 (see Fig. 3). The other
tracks were open ended at the near end A; there-
fore, the impedances Z4; = o0 (j = 2,---,4) and
Z 45 = 0 since the CM circuit is short circuited. The
150 Q cable impedance is modeled by Z¢s in the TL
model. Figure 4 shows the DM to CM current trans-
fer with all tracks open ended to the GP near the
end C (Zg; = 00, j = 1,--+,4) or with the tracks
terminated there into the characteristic impedance
of 68 Q (Zg; = 68 Q, j = 1,:-,4); in both situa-
tions the near end impedances Z4; were the same as
discussed above. For this PCB TL calculations and
measurements agree quite well. The first peak in the
open-ended case at 320 MHz is the half-wavelength
resonance of track 1 with total length 25 ¢cm and the
transfer attains values well over 10™!. The first min-
imum near 400 MHz is mainly caused by the velocity
difference in the DM and CM circuit.

Figure 5 shows the current conversion of a more com-
plicated PCB, with tracks terminated into Z,, at C.
Track 1 meandered over the upper surface as shown
in the inset of Fig. 5. The perpendicular parts a, -+, d
are again modeled as delay lines with capacitive cou-
pling to the CM circuit. The general behavior with
frequency, in particular near the maxima, is quite
correctly calculated.

4. PCB with logic circuits

Two demonstration boards were designed with three
D flip-flops (FF’s, HCT and HLL type) driven by a
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Fig. 6: Top view of the HCT board with
three D flip flops (FF’s) and a clock oscillator
(OSC). The solid lines indicate the tracks at
the upper layer of the PCB, the dashed lines
those at the lower layer. Apart from the sig-
nal track three test tracks were incorporated.
The DM current is measured with inductive
current sensors s. The supply voltage was reg-
ulated by a stabilizer.

clock oscillator; see Fig. 6 where only the HCT board
is given, the HLL board is nearly the same. Each FF
had its own branch of the signal trace; this provided
some complexity and still kept the bookkeeping ef-
fort manageable. Clock oscillator frequencies were
between 10 and 100 MHz; a translator placed near
the oscillator on the HLL board transformed the 5 V
signal into a 3.3 V signal.

We measured the actual DM current delivered by the
clock. An inductive sensor s was placed at the posi-
tion indicated; the mutual inductance Mgens with
respect to the clock signal track was 0.97 nH for
the HCT print, and 0.29 nH for the HLL print.
The sensor output Viens was integrated numerically:
IBs = Viens/jwMsens. The PCB was mounted in
the Bersier setup of Fig. 2, with the oscillator near
side A. The external power was also provided from
side A. The CM current was determined by mea-
suring the voltage V' (Fig. 2) at end C with an
HP 4396A spectrum analyzer. The resolution and
video bandwidth (RBW and VBW) of the analyzer
were both 30 kHz and the maximum frequency span
was 100 kHz — 1.82 GHz.

In the TL model the devices were simpli-
fied/linearized according to an IBIS (Input/output
Buffer Information System) model. The output
impedances (Z, in Fig. 3) of the Thévenin equivalent
models for the oscillator and translator were 20 and
12 ), respectively. The rise and fall times of the volt-
age source (V, in Fig. 3) were measured separately,
about 2 ns for HCT and 1 ns for HLL logic. For the
far end impedances on the boards (Z¢’s in Fig. 3)
we assumed the input capacitances C; = 3.5 pF for
both logic types. The minor nonlinearity of the ca-
pacitance due to the Miller effect inside the IC’s, was
neglected.

In order to assess the current transfer, we first as-
sumed a voltage source V, = 1 at the oscillator, and
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Table 1: Mean and maximum deviation between measured and calculated harmonics of fo in the
CM current for HCT and HLL boards; f,, indicates the frequency where the maximum deviation
occurs. The frequency range considered was 10 MHz — 600 MHz.

ME HCT HLL
fo MHz] mean [dB] | max. [dB] | fm [MHz] | mean [dB] | max. [dB] | fm [MHz]
10 5.5 18.3 400 5.5 16.8 350
20 5.4 17.4 580 4.5 16.5 480
50 6.6 15.1 350 7.0 18.6 400
100 - - - 4.9 9.8 400
-4 "
10
. ' é
p; ]
- -
LA é
R . ] ° . o i » L
10
500 1000

frequency in MHz

Fig. 7: Measured (—) and calculated (o) spec-
tral component of the common-mode current
Icum in the Bersier setup for the HCT board
with 50 MHz clock speed.

calculated the resulting DM current Ipps,s seen by
the current sensor s for a large number of frequencies.
Knowledge of Ipps at one place suffices, since both
forward and backward waves are taken into account
in the linearized TL model. We then determined the
transfer function H(w) = Iopm/Ipm,s from the TL
model and calculated the Iop through the 150 Q
load from the measured Ipas,, with the devices op-
erating.

As an example, Fig. 7 shows the spectrum of I¢ s for
the HCT board with a 50 MHz clock. The measured
current transfer | H (w)| for the same clock speed (—)
and the calculated transfer function (- - -) are given
in Fig. 8. Table 1 shows the average deviation in dB
between the measured and calculated Ioys, as well
as the maximum deviation which occurred near fp,.
The frequencies considered ranged between 10 MHz —
600 MHz. The branches in the HCT board clearly
reduce the amplitude of the resonances in the current
transfer, as is apparent when the H(w) of Fig. 8 is
compared to the open-ended tracks in Fig. 4a. The
measured I s reaches values well over the 3 pA limit
[17]. Without additional EMC measures this PCB
proper does not comply with EMC regulations.
Measurements and calculations agree within 7 dB on
the average. The maximum deviation, up to about
19 dB, is restricted to one or a few spectral compo-
nents near the frequency f, mentioned in the Ta-

8 9
10 10

frequency in Hz

Fig. 8: Measured transfer function H(w) for
the harmonic components of the HCT board
with 50 MHz oscillator (—) and the calculated
H(w) for a gap capacitance (see Section 5)
Cy,=0pF (---) and C; =10 pF (---).

ble. We compared the experimental transfer func-
tions for one type of logic (HCT) but with different
clock frequencies. Large and abrupt variations in
the measured |H (w)| between subsequent harmonics
were found near f,, as in Fig. 8, also at the low-
est clock frequency. The calculated H(w) were of
course identical, since the electronics remained es-
sentially the same; this |H(w)| also showed smaller
resonances above f,,. Where these resonances oc-
curred, depended on many parameters, primarily on
the difference in propagation speed in the DM and
the CM circuit, and on the termination of the DM
circuit. The actual values of the inductive and ca-
pacitive DM-CM coupling coeflicients of the tracks
were less decisive.

Since the FF’s act as dividers, subharmonics are also
present in the measured CM current. The calculated
subharmonic amplitudes in Iop are always lower
than those measured. The local coupling at the IC
sockets is probably more important than the contri-
bution from the signal tracks. This coupling is not
included yet in the TL model based on the tracks.
For a passive component, a local off-diagonal capac-
itance and a mutual inductance could be selected.
Each active device will act as a local series voltage
source, and a parallel current source with respect to
the CM circuit. Because of careful placement of the



decoupling capacitors, the contribution of the supply
tracks can be neglected.

5. Concluding remarks

The proposed TL method estimates the equivalent
sources for the common-mode current on a cable con-
nected to a PCB quite well. For complicated tracks
and an £ = 20 cm long board the TL method starts
to deviate above approx. 400-500 MHz. For digital
circuits, the first few harmonics dominate the spec-
trum above 30 MHz, for which the current-injection
or Bersier method is applicable. At these frequen-
cies, the TL method is particularly accurate.
Resonance frequencies in the CM circuit are difficult
to calculate correctly because of parasitic elements of
tracks, components and ground plane. For instance
the width of the gap in which the 1000 CM series
resistor (see Fig. 2) is placed, turned out to be im-
portant; a gap of 1 cm is a good choice. Smaller gaps
resulted in an appreciable capacitance C, parallel to
the 100 ©2. This capacitance increased the quality
factor Q of the CM resonances and lowered the part
of Ioy seen by the measuring equipment. For in-
stance, in Fig. 8 we presented the calculated current
transfer for the HCT board with a 1 cm wide gap
(Cy = 0 pF, curve (- - -)) and a 0.5 mm wide gap
(Cy = 10 pF curve (- --)). If a harmonic of the
digital circuits nearly coincides with a high-Q reso-
nance, the calculated Iops may largely deviate from
measurements. This is true for any method.

In practical PCB’s the DM resonances are often
damped e.g. by a series or parallel resistor at the
HLL logic inputs.

We used the measured Ipps in our TL model. One
might prefer to also calculate the DM currents. How-
ever, in practice devices may be available earlier than
the required IBIS models. In addition, interference
sources which reside inside the devices such as pro-
cessors, are not always presented in data sheets or
files. One then has to resort to measurements [7].
We expect that the TL method can be extended to
even higher frequencies when three-dimensional ef-
fects are addressed more accurately: local coupling
at the devices and the fringing fields at the border of
the PCB. In principle the immunity of a PCB with
respect to interferences can also be determined by the
TL method. The non-linearity of the devices should
then be adequately known.

It would be worthwhile to investigate whether an ap-
proach similar to our TL model can also be found for
an active device proper, as discussed at the end of
the Section 4. This will certainly be necessary for
densely packed PCB’s, where the devices may con-
tribute substantially.
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