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Distributed Conversion of Common-Mode into
Differential-Mode Interference

Paolo S. Crovetti, Member, IEEE, Franco Fiori, Member, IEEE,

Abstract—In this paper, the mechanisms that lead to the
conversion of common mode RF interference into differential
mode disturbances, which corrupt the information content of
nominal signals and impair the operation of electronic sys-
tems, are investigated. To this purpose, distributed and lumped
common mode-into-differential mode conversion mechanisms are
discussed with reference to a simple test structure that can be
analytically described. On the basis of the proposed analysis, the
origin and the relative impact of such mechanisms is highlighted
and the detrimental effect of distributed common mode-into-
differential mode conversion on the effectiveness of differential
RF interference suppressing filters is discussed. Theoretical
predictions are compared with experimental results.

Index Terms—Electromagnetic Compatibility (EMC), Elec-
tromagnetic Interference (EMI), Common Mode Interference,
Differential Interference, EMI Filters.

I. INTRODUCTION

HILE the information content of electrical signals is

usually related to differential mode (DM) voltages and
currents, unwanted signals and electromagnetic interference
(EMI) often give rise to common mode (CM) radio frequency
(RF) disturbances on power and signal lines of electronic
systems, whose amplitude can be orders of magnitude higher
with respect to nominal DM signals. Even though electronic
systems are designed to reject CM interference, such an
interference can be converted into DM disturbances during
propagation, thus degrading nominal signals and/or inducing
system failures. As a consequence, the ability of an equipment
to operate properly in an electromagnetically polluted environ-
ment is strongly related with the mechanisms that lead to the
conversion of CM into DM interference and such mechanisms
need to be properly taken into account when considering
interference suppression techniques.

Common mode-into-differential mode (CM-DM) conver-
sion mechanisms have been previously addressed in the liter-
ature with reference to EMI coupling in cables [1-2], printed
circuit board (PCB) traces [3] and integrated interconnects
[4]. Moreover, CM-DM conversion has been taken into ac-
count in microwave filter design [5], in RF measurements
[6] and has been intensively investigated with reference to
electromagnetic compatibility (EMC) compliance tests [7-12].
In previous works, however, the equipment undergoing CM
excitation (equipment under test, EUT) is usually regarded as
a lumped element and the propagation of CM interference and
its conversion into DM disturbances within the EUT body, are
not considered.

P.S. Crovetti and F.Fiori are with the Dept. of Electronics of the Politecnico
di Torino, corso Duca degli Abruzzi, 24, 1-10129, Torino, Italy e-mail:
paolo.crovetti @polito.it.

In this paper, the mechanisms by which CM interference is
converted into DM disturbances within an electronic system
undergoing CM excitation are specifically addressed. To this
purpose, lumped and distributed CM-DM conversion mech-
anisms in the EUT body are highlighted and their relative
impact on RF interference (RFI) propagation is analyzed with
reference to a simple test structure that is described in terms of
a transmission line (TL) and of a multiconductor transmission
line (MTL) model. On the basis of such models, it is also
highlighted how the effectiveness of commonly employed RFI
suppression techniques based on DM filters can be impaired by
distributed CM-DM conversion. Model predictions are finally
validated on the basis of the results of CM RF current injection
measurements that have been performed on a test board.

The paper has the following structure: in Section II, the
problem of relating EUT-level DM voltages to CM injected
disturbances is stated in general terms and both distributed
and lumped CM-DM conversion mechanisms are introduced.
In Section III, CM-DM conversion is analyzed with reference
to a test structure. To this purpose, a TL and an MTL model
of such a test structure, highlighting distributed and lumped
CM-DM conversion mechanisms, are proposed. Such models
are considered in Section IV in order to discuss the causes
and the effects of lumped and distributed CM-DM conversion
in an equipment undergoing CM RF current injection through
its wiring harness. In Section V, the experimental validation of
model predictions is addressed. For this purpose, the results of
CM RF current injection measurements performed on a board
including the structure considered in the previous Sections are
presented and compared with model predictions, highlighting
the mechanisms discussed in this paper. Finally, in Section VI,
some concluding remarks are drawn.

II. EUT-LEVEL DIFFERENTIAL MODE AND COMMON
MODE SIGNAL PROPAGATION

In this Section, the propagation of CM and DM interference
in a generic equipment undergoing CM RF excitation through
its wiring harness is addressed. More specifically, the lumped
and distributed mechanisms by which CM interference can
be converted into DM disturbances are investigated and the
possible description of such mechanisms in terms of electrical
models is discussed. Finally, the impact of distributed CM-
DM conversion on RFI suppression techniques based on DM
filtering is highlighted.

A. Differential and Common-Mode Signal Propagation

A generic equipment (EUT) over a metal plane, as shown
in Fig.1a, is now considered. Here, the metal ground plane is
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Fig. 1. Equipment Under Test undergoing common-mode RF excitation (a)
and its complete model (b).

conventionally assumed as the reference potential (system ref-
erence or system ground) and CM RF interference is injected
into the wiring harness of the EUT. A reference conductor at
the EUT level (EUT reference or EUT ground) is introduced
as well and N EUT-level ports are defined with respect to
such a reference. More precisely, each EUT-level port includes
a top terminal taken on one non-reference conductor and a
bottom terminal taken on the EUT reference conductor. An
EUT reference conductor of arbitrary shape and electrical
conductivity is now considered even though, in practice, it
is usually made up of one or more PCB traces and/or wires,
and/or metal patches and it often includes a full metal layer
of a PCB (PCB ground plane), as depicted in Fig.la.

The EUT in the setup of Fig.1a can be generally described
in terms of the 2N-port network in Fig.1b, which includes
a system ground-referenced electrical port for each top and
bottom terminal of the EUT. The electromagnetic behavior
of the network in Fig.1b is fully specified by the impedance
matrix ZgyT, which relates voltages Vgyr and currents Igyr
at its 2NV terminals. In such a matrix, the terminal voltages and
currents can be labeled so that

It
) (i

Vo \
Vs |
in which the subscript B (bottom) refers to points on the EUT

reference conductor and the subscript T (top) refers to points
on other conductors of the EUT, and where vectors

VTZ(xi’?),VB:(Y/—BB’?)>

_ IT,C _ IB,C
It = < Ir, ) and Ig = ( I, )

include voltages and currents in correspondence of the P EUT
connector ports (subscript ¢) and in correspondence of the
@ = N — P internal EUT ports (subscript i), which can be
associated to the input ports of integrated circuits.

Zrt Z7tB

=7 I 1
A ) eurlgur (D

O ———— ————o
° ZEUTD N
o—— ’ —o
o V[ f e TV ou
Vise D31
o l O
a)
ZEUT
VD.(’ON!\' IU.CUNN VD.INT
— —
- ——o o
o ZEUTD .
_— I}[’Vlrmg Varc 7 ‘A ’ o v Voui
arness D2.C Vm_cT T Vir| /P2
- o
[('M
_L_
b) B
Fig. 2. Circuit models for the structure in Fig.la valid for DM signal

propagation (b) and simplified complete model based on the assumption of
lumped CM-DM conversion (b).

As far as the DM voltages Vp at the EUT ports are
concerned, i.e. the voltages between each top node and the
corresponding bottom node of the EUT-level reference, equa-
tion (1) can be written as

Vp =V1—Vg = (Zpy — Zpr) In+(Zrs — Zge) Is. (2)

Moreover, assuming a pure DM excitation, i.e. the current
entering each top node equals the current exiting the corre-
sponding bottom node, equation (2) can be further simplified
as follows

Vp = (Zrt + Zs — Z7ts — Zp1)Ip = Zpurplp  (3)

where Ip = It = —1Ip.

By comparing (1) and (3), it can be observed that Zgyr is
a 2N x 2N matrix, while ZgyT,p is an N x N matrix that
provides all the information required to relate DM voltages
and DM currents. As a consequence, as far as DM signal
propagation is concerned, the EUT can be modeled without
loss of generality by the N-port network in Fig.2a, in which
all ports are referenced to the same terminal, that is conven-
tionally associated to the EUT reference conductor. It should
be noticed that the above discussion is completely general and
does not rely on the assumption that the EUT reference is a
good or an ideal conductor.

Electrical models for DM signal propagation, relating EUT-
level DM port voltages and currents as described above, are
usually derived for nominal EUT analysis and design and can
be effectively extended to cover the whole EMI frequency
range by adding proper parasitics. Unfortunately, however, a
model derived under the hypothesis of DM signal propagation
cannot be applied, in general, to discuss the behavior of the
EUT in the presence of a CM excitation. In this case, in
fact, some of the current It (or Ip) is diverted to the system
ground, It # —Ip, equation (3) cannot be applied and the
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EUT should be analyzed by the 2N-port network in Fig.1b,
whose ZgryT matrix needs to be extracted on the basis of
a full-wave electromagnetical model of the EUT in its test
environment.

B. Lumped Vs. Distributed CM-DM Conversion

Even though the 2N -port network in Fig.1b should be rigor-
ously considered in order to analyze an EUT in the presence of
CM excitation, such a network can be significantly simplified
under the assumption that the EUT reference conductor is
equipotential and that top ports are not directly coupled to
the system ground. Under the above hypotheses, in fact

Zpg = Zpt = Z71B = ZBBUNN 4

where U 4 is an A x B matrix whose elements are all ones, as
it is shortly demonstrated in Appendix A. Taking into account

of (4), (1) takes the form
V) It
(V)= (i) ©
and, by the change of variables illustrated in Appendix B, it
can be expressed in terms of DM and CM quantities as

(V)= J(i) ©

where bottom ports are merged in a single bulk port, 045 is
an A x B matrix whose elements are all zeros and
N
Iom = Z (It + Iy) - (7N
i=1
On the basis of (6), the 2N-port network in Fig.1b can
be reduced to an (N + 1)-port network as depicted in Fig.2b,
where the current I defined in (7) flows in Zgg. Moreover,
the same matrix ZgyT,p defined in (3), that describes DM sig-
nal propagation and is easily obtained by standard extraction
techniques, can be directly employed in (6) to analyze an EUT
undergoing CM excitation.
Since (6) can be expressed in terms of connector and
internal voltages and currents as

VAuY ZssUnnN
ZssUnNy ZBBUnnN

Zruytp On:
O1n ZBB

Vb, Zzur,Dec ZLrurpe Opi Ip.
Vpi | = Zeurp,c Zrurpi Og1 Ip;
W 0p 010 ZBB Icm

assuming injection through the wiring harness (i.e. assuming
Ip; = 0¢1) internal port DM voltages Vp ; are expressed as

—1
Vb, = Zgur,pjiclp,c = Zeur piclpyrpec YDe  (8)

EUT GND plane
(bottom layer)

System GND
Plane

Test structure that is considered in order to investigate CM-DM conversion.

and depend only on the DM quantities Ip . and Vp . at the
connector level.

As a consequence, as far as the above assumptions are valid,
DM voltages at the internal ports of an EUT undergoing CM
excitation depend only on the DM components (with respect to
the EUT reference) of the injected interference, which arise at
the EUT connector because of unbalance in the wiring harness
termination [12] and CM-DM conversion can be regarded as a
lumped phenomenon occurring in correspondence of the EUT
connector, whereas the propagation of RFI from the connector
to internal nodes follows the DM signal path.

When the hypotheses of (6) are not exactly met, however,
CM interference is converted into DM disturbances both at the
connector, by the same lumped CM-DM conversion mechanism
highlighted above, and also by distributed CM-DM conversion
in the whole EUT body.

The possibility of describing RFI propagation in an EUT
undergoing CM RF excitation in terms of pure lumped CM-
DM conversion has a remarkable impact on the effectiveness
of RFI suppression techniques. With reference to (8), in fact,
RFT at each internal port of the EUT is necessarily suppressed
if DM interference at the connector is suppressed (i.e. if
Vb, ~ 0g1) and/or if DM mode RF propagation from the
connector to susceptible ports is attenuated by DM filters (i.e.
if ZD,EUT,ic ~ OPQ and/or ZD7EUT7iCZB,1EUT,CC ~ OPQ in the
interference bandwidth). On the contrary, if distributed CM-
DM conversion is relevant, the effectiveness of DM filtering
techniques could be impaired since CM interference could
be translated into DM disturbances in the whole EUT body,
reaching IC ports even in the presence of DM filters.

In the following, the propagation of RF interference and
the conversion of CM interference into DM disturbances is
addressed considering a specific test structure. With reference
to such an example, the causes and the effects of lumped and
distributed CM-DM conversion are highlighted and the impact
of EMI suppression techniques on lumped and distributed CM-
DM conversion is also discussed.

III. CM-DM CONVERSION IN A TEST STRUCTURE

The lumped and distributed mechanisms, which lead to the
conversion of CM interference into EUT-level DM distur-
bances, are investigated in this paper with reference to a simple
PCB structure. In this Section, the test structure is introduced
and described in terms of two different TL models considering,
in one case, both lumped and distributed CM-DM conversion
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Fig. 4. Circuit model of the test board in Fig.3 derived taking into account
of distributed CM/DM conversion (a) and its formulation in terms of ABCD
parameters (b).

and, in the other case, taking into account of lumped CM-DM
conversion only, under the hypotheses of Section IL.B.

A. PCB Test Structure

The 200 mm x 100 mm, two-layer, PCB depicted in Fig.3,
with an FR-4 dielectric (¢, = 4) with a thickness of 1.6 mm,
placed 25 mm above a metal plane is considered in this paper
as a test structure. Such a PCB includes a socket to be
connected to a two-wire harness. One terminal of the socket
is shorted to the PCB ground plane, which is extended over
the whole bottom layer, while the other terminal is connected
to one end of a 150 mm-long, 5 mm-wide copper trace on
the PCB top layer, as shown in Fig.3. The other end of the
trace is terminated on an R, = 100 (2 resistor. Five slots for
filter capacitors are located along the trace and each slot is
connected to the PCB ground plane by a via hole.

The electrical length of the PCB trace over the PCB ground
plane, described as a microstrip structure, is about § =0.01 at
f = 10MHz, nonetheless, when filter capacitors are introduced
in the slots, the effective electrical length of the loaded
microstrip structure is much higher (§ =0.8 at f =10MHz
for two 100nF filter capacitors) and distributed effects may
arise at frequencies below 10 MHz.

The test board described above is subjected to CM RF
excitation in correspondence of the wiring harness, and the
prediction of the amplitude of RF disturbances, that are in-
duced at the test port defined in correspondence of the resistor
Ry, which stands for the input port of a susceptible IC, is
addressed in the following. To this purpose, two different mod-
els of the test structure, taking into account fully distributed
CM-DM conversion and considering only lumped CM-DM
conversion, under the hypotheses of the previous Section, are
now proposed. Then, the evaluation of the test port voltage Vi,
in terms of connector level excitation is addressed.

z, % B
i
L % LG, QZC%RLTK
;
: I
IPAIEA !
i i
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Dz p Dypp ®;p Prp

o ;

Fig. 5. Circuit model of the test board in Fig.3 derived under the assumption
of lumped CM-DM conversion (a) and its formulation in terms of ABCD
parameters (b).

B. Test Structure Model Describing Distributed CM-DM Con-
version

The derivation of an electromagnetic model fully describing
distributed CM-DM conversion is, in general, a rather complex
task that requires full-wave simulations. With reference to the
simple test structure in Fig.3, however, such a derivation can
be performed analytically in order to gain a deeper insight in
the mechanisms that lead to CM-DM conversion.

The structure in Fig.3, in fact, can be described as a quasi-
transverse electromagnetic (TEM) guiding structure in the x
direction and it can be modeled in terms of TL theory, as
shown in Fig.4 and Fig.5. More precisely, the PCB trace and
the PCB ground plane can be modeled as an MTL over the
system ground plane (section AB in Fig.4a and in Fig.5a), the
PCB section from the RF detector to the edge can be modeled
as a TL over the system ground plane (section BC in Fig.4a)
and the termination resistor Ry, as well as filter capacitors
Zc, can be introduced in such a model as lumped elements.

The per-unit-length (p.u.l.) parameters of the MTL and of
the TLs in Fig.4a and in Fig.5a can be extracted by solving the
2D Laplace equation with reference to the cross section of the
structure in Fig.3 by an electromagnetic simulator, nonethe-
less, some considerations on p.u.l. parameters of the MTL AB
and on their mutual relations, that provide further insight in
CM-DM conversion, are presented in the following. Then, the
test port voltage Vi, is evaluated in terms of connector-level
CM excitation.

1) Multi-Conductor Transmission Line AB Parameters: An
outline on the derivation of the p.u.l. parameters of the MTL
describing the section AB of the test structure in Fig.4a is
presented in the following, in order to highlight if, and under
what conditions, the hypotheses in Section II.B are verified
in such an MTL. Both dielectric and conductor losses are
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1
L=-Co '=
C

¢ Co 1B (Cog + Co,1)

Co,rB +CoB
Co,rB

Co,TB
’ 9
Co,rB + Co,T ) ©)

neglected in the following for the sake of simplicity'.

The p.u.l. inductance matrix L of the MTL AB is evaluated
in terms of the p.u.l. capacitance matrix Cgq of the same struc-
ture in air (i.e. of a geometrically identical MTL embedded in
an homogeneous dielectric with €, = 1), as shown in (9) at
the top of the page [13]. Here, c is the speed of light, Cy g is
the p.u.l. capacitance of the PCB trace over the PCB ground
plane, Cy B, is the p.u.l. capacitance of the PCB ground plane
with respect to the system ground plane and Cy r is the p.u.l.
direct coupling capacitance between the PCB trace and the
system ground plane, which is much smaller than Cy g and
Co,B because of the shielding effect of the PCB ground plane.
In the test structure of Fig.3, in particular, from numerical
simulations, Co 1 is about 4% of Cy TB.

On the basis of equation (9), it follows that

1
CCQ7B7

Cor=0 = Lia=Ly=Lrp=

i.e., if the p.u.l. direct coupling capacitance between the PCB
trace and the system ground plane Ct is zero, the mutual
inductance Lo is equal to the self inductance Lo and the PCB
ground plane acts as an ideal shield [14]. As a consequence,
the net DM voltage induced by a current flowing in the bottom
conductor is zero and the first hypothesis for lumped CM-DM
conversion formulated in Section II.B is exactly met.

The p.u.l. capacitance matrix C of the MTL AB can be
expressed in terms of the p.u.l. capacitance of the PCB trace
over the PCB ground plane, Crp, of the p.u.l. capacitance
of the PCB ground plane with respect to the system ground,
Cp and in terms of the p.u.l. direct coupling capacitance Cr
between the PCB trace and the system ground, all evaluated
considering the PCB dielectric (¢, = 4), and takes the form

—Crp
Crs +Cg ) )
It can be observed that, if Ct = 0, the top trace is not directly
coupled to the system ground plane, and the second hypothesis
of Section II.B is exactly met.

In conclusion, the test structure in Fig.3 satisfies both the
hypotheses for lumped CM-DM conversion stated in Section
II.B, provided that the direct coupling p.u.l. capacitances Co
and Ct are zero. On the basis of electromagnetic simulations,
however, it has been observed that such capacitances are rather
small (from 4% to 10% of Cy,rp depending on the trace width
and on its position in the board) but not zero. The effects of
such coupling on CM-DM conversion will be highlighted in
the following.

(10)

C— ( Cr+Crg
—CtB

I'The effect of losses can be taken into account in the following replacing
the p.u.l. capacitance and inductance matrices C and L with the matrices
C'=C+ % and L'=L+ % where the conductance matrix G and
the resistance matrix R describe dielectric and conductor losses, respectively.

2) ABCD Matrix Modeling: The propagation of RF dis-
turbances in the test structure undergoing BCI tests is now
analyzed by MTL theory in terms of ABCD parameters,
calculated on the basis of the p.u.l. parameters obtained above.
By so doing, the top and bottom voltages (V, V) and currents
(I, Ip) of the MTL at section x = 0 are expressed in terms
of top and bottom voltages and currents at section = = ¢ as

VTgog Vngg
Vis(0 A B Vi (¢
) |~ ( C D ) () an
I(0) B an(l) Ig(f)

where ® () is the 4 x 4 ABCD transmission matrix of the
MTL [13].

Similarly, the transmission matrix ® 7 describing a lumped
impedance Z between the top and the bottom layer is em-
ployed to include SMD filter capacitors (®z.) and the termi-
nation resistor Ry, (2, ) in the model. Moreover, the input
impedance Zpc of the TL describing section BC in Fig.4a is
evaluated and included in the ®gc matrix.

The transmission matrix ® describing the structure in Fig.4
from the connector to the test port can be evaluated by
multiplying the transmission matrices of the blocks evaluated
above and highlighted in Fig.4b. For the structure in Fig.4b,
which includes one filter capacitor at the connector and one
filter capacitor at the test port, such a matrix takes the form

D =®,,Psp (la) PsPr, Prc (12)

where /ap is the length of the AB trace. The matrix ®
describing other filter capacitor configurations can be obtained
in a similar way.

C. Test Structure Model Based on the Lumped CM-DM Con-
version Assumption

Under the assumption of lumped CM-DM conversion, the
model in Fig.5a is obtained for the test board in Fig.3. In such
a model, PCB-level signal propagation is described by a single
microstrip line over the PCB bottom layer, while the coupling
between the PCB bottom layer and the system ground is
taken into account by the impedance Zg. Such an impedance,
as well as the coupling impedance Zr, which describes the
direct coupling between the trace and the system ground, has
been evaluated so that the input impedance matrix Z;, of the
circuit in Fig.5a is identical to the one of the circuit in Fig.4a.
Provided that the test board is properly described by the model
in Fig.4a, the model in Fig.5a is its best approximation under
the hypothesis of lumped CM-DM conversion.

The above model can be formulated using standard TL
analysis techniques. In particular, the 2x2 ABCD transmission
matrix ®p describing DM signal propagation from the con-
nector to the test port, as depicted in Fig.5b, can be evaluated
by the same approach of Section III.B.2. Such an analysis,
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Fig. 6. Equivalent circuit for the evaluation of RF voltages and current at
the connector of the test board.

however, is not reported here in further detail for the sake of
conciseness.

D. Evaluation of the Test Port Voltage

The two models, that have been introduced so far, are now
employed to evaluate the voltage V1, induced at the test port
by RF interference injected through the wiring harness. To this
purpose, it is now assumed that the injector, that provides CM
RF excitation to the test structure at its connector, is described
in terms of its Norton equivalent circuit, as depicted in Fig.6.

Since the input impedance matrix Zj, = Yi;l, which is
seen at the connector of the test board, is the same when it is
evaluated either by the distributed or by the lumped CM-DM
conversion model introduced above, the connector voltages
Vi = (Var,Vagp)Tt are the same according to both the two
models and are expressed in terms of the admittance matrix
Y, and of the short-circuit current vector Ip = (In 1, Ip2)T
of the injector Norton equivalent as

Va = (Yin+Yo) 'L = ZI,. (13)

Moreover, the vector Iy = (Iar,Iap)", including the
currents which enter the test board, is given by

In =YinVa = YinZl,. (14)

From (13) and (14) it can be observed that, even if the
injector is structurally symmetric (i.e. if Y is persymmetric,
ie. if Yy 11 = Yo 22, Yo 21 = Yp,12) the matrix Z is typically
not persymmetric (i.e. Z11 # Zag) since the coupling of the
EUT-level ground plane towards the system ground is much
higher with respect to the coupling of the trace to the system
ground and Yj, 11 # Yin22. As a consequence, under a pure
CM excitation (i.e. for Iy = Ip 2 = %‘)), a DM voltage

I
Vap =Var —Vas = (Z11 — Z22) 50 (15)

and a DM current

I
Iap = Yin 21 (Z11 — Za2) 50

are induced at the connector because of load unbalance. This
mechanism gives rise to a lumped CM-DM conversion in
correspondence of the connector, and is taken into account
both by the distributed model and by the model derived under
the assumption of lumped CM-DM conversion. According

(16)

to the second model, however, no other CM-DM conversion
mechanism is considered, while, according to the distributed
model, conversion of CM interference into DM disturbances
in the propagation from the connector to the test port is
also considered. In order to highlight the impact of such a
difference, the test port voltage Vi, is now evaluated on the
basis of the two models.

1) Distributed Model: The RF voltage V1, induced at the
test port can be directly evaluated by the distributed CM-DM
conversion model using the overall 4x4 transmission matrix
® describing RFI propagation from the connector to the test
port. Considering the sub-matrices A, B, C, D of ®, the
voltage vector Vg = (Vg 1,V )" at the section B of the
structure in Fig.4 can be expressed in terms of the voltages at
section A, evaluated in (13), as:

Vi =A"1V, (17)

and the test port voltage is therefore directly evaluated as
V. =V, — VBB (18)

2) Model Derived under the Lumped CM-DM Conversion
Assumption: According to the lumped CM-DM conversion
model illustrated in Fig.5, no CM-DM conversion occurs in
the propagation from the connector to the test port, as a
consequence the voltage Vi, is evaluated in terms of the DM
voltage V p induced at the connector calculated in (15), by
using the 2x2 transmission matrix ®p, which describes DM
signal propagation along the PCB track AB. By this approach,
the test port voltage is therefore evaluated as

Va,p
Ap’
where Ap is the (scalar) voltage transmission element in the
ABCD matrix ®p.

The above expressions are employed in the following to
predict the voltage Vi, at the test port of the board in Fig.3
and to discuss the impact of lumped and distributed CM-DM
conversion in RFI propagation.

W, =

19)

IV. DISTRIBUTED VS. LUMPED CM-DM CONVERSION

The causes and the effects of distributed and lumped CM-
DM conversion are now discussed on the basis of the models
derived so far. To this purpose, with reference to Fig.6, an ideal
CM current injector for which Iy 1 = Iy 2 = %0, Ip=1A and
Y = 042 is assumed and the voltage V1, induced at the test
port is calculated.

In Fig.7, such a voltage is evaluated, both by the distributed
and by the lumped CM-DM conversion models, considering
the test PCB in Fig.3 in which a filter capacitor C' (with
capacitance 100 nF, parasitic series resistance ESR=100 m¢}
and parasitic series inductance ESL = 3nH, including the
inductance of the via hole to the ground plane) is placed
in correspondence of the EUT connector. With reference to
such a structure, different values of the p.u.l. direct coupling
capacitance Cp t have been considered. More precisely, the
cases of Cor = 0 Co,rp With 6 = 0, 6 = 5% and § = 10%
are reported. While the first case corresponds to an idealized
structure, the values considered in the second and in the
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third example are similar to those obtained on the basis
of electromagnetic simulations, considering the trace in the
middle of the board and in proximity of an edge, respectively.

It can be observed that, according to the discussion in
Section III, in the case of & = 0, the hypothesis of lumped CM-
DM conversion is exactly met, therefore both the complete
and the simplified model give the same results. For 6 = 5%
and 6 = 10%, instead, a difference of up to 5dB between
the predictions of the two models can be appreciated above
10 MHz, where, according to the discussion in Section IIL.A,
the effective electrical length of the microstrip structure loaded
by the filter capacitor become relevant. Moreover, it can also
be noticed that the introduction of such a very small direct
coupling capacitance gives rise to a voltage peak at about
600 MHz. Such a peak, which is related to direct coupling
between the PCB trace and the system ground plane, is also
highlighted (although underestimated by 7 dB) by the lumped
model considered in this paper, since it includes the direct

Test Port Induced Voltage, ¥, (dBV)

10° 107 108 10°
Frequency (Hz)

Fig. 9. Test port voltage V1, induced by a unitary CM current excitation at the
connector of the test board in Fig.3, including three filter capacitors, evaluated
by the full distributed (D) and by the lumped (L) CM-DM conversion model

for different values of the ratio § = z 0.T
0,TB

coupling impedance Zr in Fig.5a. If such an impedance is
neglected, as it is often done in practice, the lumped model
prediction for 6 = 5% and § = 10% would be practically
indistinguishable with respect to the case of 6 = 0 and the
resonance at 600 MHz would not be highlighted.

In Fig.8 and Fig.9, the above analysis is repeated con-
sidering a test board with two identical filter capacitors in
correspondence of the connector and of the test port (Fig.8)
and three identical uniformly spaced filter capacitors (Fig.9).
It can be observed that the discrepancy between the results
obtained by the distributed and by the lumped models is of up
to 10dB in Fig.8 and more than 20dB in Fig.9. Increasing
the number of filter capacitors, in fact, the propagation of
DM disturbances originated by lumped CM-DM conversion
at the connector is strongly attenuated and distributed CM-
DM conversion, not described by the lumped CM-DM model,
becomes the dominant mechanism that translates injected
interference into disturbances at IC ports.

From the above results it can be also observed how dis-
tributed CM-DM conversion impairs the effectiveness of DM
filters. Comparing the curves in Fig.8 and Fig.9 evaluated for
d = 10%, for instance, it can be observed that the introduction
of the third filter capacitor brings about an improvement in the
suppression of RF interference at 100 MHz of only 2 dB, from
—24dBV to about —26 dBV. Taking only into account of the
lumped CM-DM conversion only, one would have expected
an enhancement of about 20 dB, from —28 dBV to —48 dBV.

V. EXPERIMENTAL VALIDATION

The results about lumped and distributed CM-DM conver-
sion mechanisms that have been discussed so far are now val-
idated on the basis of CM RF current injection measurements.
To this purpose, a devoted test board including the structure in
Fig.3 has been put through CM RF current injection in order
to measure the DM voltage induced at the test port by CM
excitation. The measurement of such a voltage, however, is
not a straightforward task since RF probes and/or RF cables
and/or instruments connected to the test port affect CM signal
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propagation and impair the significance of CM-DM conversion
test results. In order to overcome such an inconvenience,
an integrated RF meter has been placed directly on the test
board and it has been connected to monitoring equipment by
an optical fiber link, whose impact on the electromagnetic
environment of the test is negligible.

In the following, the test board, the experimental setup and
the test procedure, that are considered for validation, are firstly
introduced. Then, model predictions and experimental results
are compared and discussed.

A. Test Board, Test Setup and Test Procedure

A test board including the structure in Fig.3 has been
fabricated to validate the results discussed in this paper. In
such a board, the input terminals of an integrated RF-detecting
circuit are located in correspondence of the test port in Fig.3.
Such a device has a 10082 input impedance, equal to the
termination resistance Ry, considered in simulations, and it is
sensitive to the root-mean-square (rms) value of the RF voltage
applied to its input port in the bandwidth 50 Hz-3.8 GHz [15].
More precisely, such an RF detecting circuit has a digital
output that changes its state whenever the rms value of the
RF voltage applied to its input port exceeds 8mV, which
corresponds, for a continuous wave (CW) signal, to a peak
amplitude of about 11 mV.

The digital output of the RF detecting circuit drives an
optical transmitter that converts the information on the RF
detector output state into an ON/OFF optical signal. The power
supply voltage for the RF detector and for the transmitter
circuit is provided by a battery that is located on the test board.
Such a voltage is filtered by two 1 uF electrolytic capacitors
and it is stabilized by an integrated low dropout regulator on
the same test board.

The test setup that is schematically depicted in Fig.10 and
which is similar to the one employed in Bulk Current Injection
(BCI) susceptibility tests [7] is employed to perform CM RF
current injection measurements on the test board. In such a
setup, the socket of the test structure is connected to a 1m
long, two-wire harness running 50 mm above a copper plane.
Each wire of the harness is terminated on a 50 () impedance

towards the ground plane. Along the wiring harness, two
RF clamps, i.e. the injection and the monitoring clamp, are
located as depicted in Fig.10. The RF clamps F-130A-1 [16]
and F-51 [17] by FCC are here employed as the injection
and the monitoring clamp, respectively. The injection clamp
is connected to the output of a 10 W RF power amplifier,
whose input terminal is connected to a CW RF source, while
the monitoring clamp is connected to an RF power meter to
measure the injected CM RF current. The optical output of the
test board, that has been described above, is connected to an
optical fiber link which transmits the information of the RF
detector output state to monitoring equipment out of the test
area, without perturbing the electromagnetic environment.

With reference to the setup in Fig.10, a CW RF signal is
generated by the RF source and amplified by the RF power
amplifier so that an RF CM current is injected into the test
board through the wiring harness. For each test frequency, the
amplitude of the injected RF current is progressively increased
until the RF detector logical output changes its state, i.e.
until an RF CW signal with a peak amplitude higher 11 mV
is induced on the test port. The threshold injected current
I&y\ corresponding to such a condition is annotated for each
frequency. If such a condition is not achieved for the maximum
RF power deliverable by the amplifier, e.g. in correspondence
of the wiring harness parallel resonances, in which a very low
current is injected even though a high incident power is applied
by the RF amplifier, no value is reported.

B. Model Predictions

On the basis of the results of CM RF current injection
tests performed by the above procedure, a relation between
RF voltages induced at the test port and injected CM current
is experimentally established. Such a relation is now compared
with the predictions obtained by the models introduced in
this paper for validation. To this end, the parameters of the
Norton equivalent circuit of the setup in Fig.6 are evaluated
on the basis of scattering parameters measurements and are
introduced in the models. The equivalent admittance matrix,
in particular, is obtained by measuring the scattering matrix at
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Fig. 11.  Comparison of model predictions and experimental results: test
board placed 25mm above system ground plane, with a single SMD filter
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Fig. 12. Comparison of model predictions and experimental results: test
board placed 25mm above system ground plane with two identical SMD filter
capacitors (C' = 100 nF, ESR = 100 mf2, ESL = 3 nH including via hole
inductance) located at the connector and at the test port.

the EUT connector of the wiring harness. Moreover, the short-
circuit currents o ; and Iy » appearing in Fig.6 are expressed,
for the sake of symmetry, as

Icnm

Ipr=1Ipo = 5

where Icy is the CM injected current estimated from the volt-
age Vineas induced at the monitoring clamp by the calibration
procedure described in [18].

On the basis of the test setup model described above and of
the models presented in Section III, the injected current Iy
is related to the RF induced voltage V7, at the test port as

(20)

VL = Zrlcom 21

where Z7 can be evaluated by the distributed or by the lumped
CM-DM conversion model by (18) or (19), respectively.
Since the logical output of the RF detector employed in
tests changes its state whenever the test voltage Vi, exceeds
the threshold Vi* = 11mV, the injected current I¢,, that
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Fig. 13.  Comparison of model predictions and experimental results: test
board placed 25mm above system ground plane with three identical SMD
filter capacitors (C' = 100 nF, ESR = 100 m{2, ESL = 3 nH including via
hole inductance) located at the connector, at the test port and at the midpoint
of the PCB trace from the connector to the test port.
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Fig. 14.  Comparison of model predictions and experimental results: test
board placed 25mm above system ground plane with five identical uniformly-
spaced SMD filter capacitors (C' = 100 nF, ESR = 100 m2, ESL = 3nH
including via hole inductance) .

corresponds to such a condition can be evaluated as

V*
Ity =2 22
oM = g (22)
The values of the threshold current I, obtained by (22) are
compared with the results of experimental CM RF current

injection tests in the following.

C. Experimental Results

The measured threshold current I, obtained by the CM
RF current injection test carried out on the board in Fig.3 in
the bandwidth 10 MHz-600 MHz as described above, is now
compared with the predictions obtained by (22) in the band-
width 10 MHz-1 GHz, on the basis of the models introduced
in Section III.

To this purpose, the current I, is plotted in Fig.11 for the
test board including one filter capacitor at the connector. It
can be observed that, in this case, the predictions obtained by
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the full model in Fig.4 and by the model in Fig.5, derived
under the hypothesis of lumped CM-DM conversion, are
substantially similar and are both in reasonable agreement with
experimental results. On the basis of the analysis proposed in
this paper, the substantial agreement of full and lumped model
predictions can be related to the fact that the DM interference
suppression provided by a single filter capacitor is not very
high and the propagation of RF interference to the test port is
mainly related to lumped CM-DM conversion at the connector.

In Fig.12, the same comparison is proposed for a test
board including one filter capacitor in correspondence of the
connector and one filter capacitor in correspondence of the test
port. It can be observed that the predictions obtained under
the hypothesis of lumped CM-DM conversion differ of up to
10dB from the predictions obtained by the full model, which
is in significantly better agreement with experimental results.
On the basis of the previous discussion, DM signal attenuation
has been increased by the second filter capacitor and the
contribution of distributed CM-DM conversion is no longer
negligible. As a consequence, the additional RFI suppression
provided by the second filter capacitor is less than expected
on the basis of DM signal propagation only.

In Fig.13, the results of tests carried out on the same
board including three uniformly spaced filters are shown.
With reference to Fig.13, the predictions obtained under the
hypothesis of lumped CM-DM conversion deviate of up to
20 dB from the predictions obtained by the full model, which
is in agreement with experimental data. In this case, DM signal
attenuation is further increased by the third filter capacitor
and the contribution of distributed CM-DM conversion is now
dominant. As a consequence, the RFI suppression provided
by the third filter capacitor is much less than expected on the
basis of DM signal propagation only.

Finally, in Fig.14, the test board including five uniformly-
spaced capacitors is considered. It can be observed that, in
this case, the predictions obtained under the hypothesis of
lumped CM-DM conversion deviate of more than 30 dB from
experimental results and from the predictions obtained by the
full distributed model. By comparing Fig.14 and Fig.13, in
particular, it can be observed that the two filter capacitors
that have been added have brought about no further RFI
suppression since RFI propagation to the test port is now
completely related to distributed CM-DM conversion, which
is not affected by DM filtering.

VI. CONCLUSION

The propagation of RF disturbances in an electronic equip-
ment in the presence of CM RF excitation has been inves-
tigated and the lumped and distributed mechanisms leading
to the conversion of CM injected interference into DM dis-
turbances, which corrupt nominal signals and may induce
system failures, have been highlighted. To this purpose, the
impact of distributed and lumped CM-DM conversion has
been discussed with reference to a simple test structure,
for which both mechanisms can be analytically described in
terms of TL and MTL models. On the basis of this analysis,
it has been highlighted that distributed CM-DM conversion

mechanisms can be dominant whenever DM RF signal propa-
gation is strongly attenuated by RFI suppression filters. As
a consequence, distributed CM-DM conversion impairs the
effectiveness of DM filtering techniques in improving the
immunity of an equipment to RF interference. Moreover, the
actual immunity level of an equipment in which distributed
CM-DM conversion is relevant, cannot be properly assessed
on the basis of models derived under the assumption of lumped
CM-DM conversion.

Experimental results obtained with reference to a test board
undergoing CM RF current injection have been compared
with the predictions obtained by models describing distributed
and lumped CM-DM conversion. Measured results are in
substantial agreement with model predictions and confirm the
above considerations on the impact of lumped and distributed
CM-DM conversion mechanisms in an electronic equipment
undergoing CM RF excitation.

APPENDIX A

The properties of the ZgyT matrix describing the EUT in
Fig.1 under the hypotheses that the EUT reference conductor
is equipotential and that top nodes are not directly coupled to
the system ground plane are now discussed. To fix the ideas,
a possibly non-reciprocal, two-port (N = 2) EUT satisfying
the above hypotheses is represented in Fig.15.

Under the hypothesis formulated above, the voltages of bot-
tom nodes Vg, evaluated with respect to the system reference,
are all equal. Hence, a test current injected into any bottom
node gives rise to equal voltages at all bottom nodes and

Zpg = ZpsUnN. (23)

In order to evaluate the elements in the ZgT block, a test
current is applied between the system ground and one top
terminal, keeping other ports open. Since top terminals are
not directly coupled to the system ground plane, only bottom
ports provide a path to the system ground for the test current.
Being bottom ports equipotential for hypothesis (i.e. they are
equivalent to a single port) and taking into account of (23), it
follows that

Zpt = ZsUnN. 24

With reference to Fig.15, in particular, a test current applied to
any top terminal necessarily flows through the Zgp impedance
and (24) is therefore verified.

Finally, under the assumption that top terminals are not
directly coupled to the system ground plane, the elements
Y11 and Yop of the admittance matrix Ygyt = ZEUT_l
are related so that Yt = — Y1 hence

It=Y71rVr+Y1s8VE = Y11 VD.
As a consequence
< Vp =0pn1.

It =0m (25)

Taking into account of equation (25), for any excitation
Igur = (01n,Ig)", in which It = 0y it follows that

Vp =Zrglg — Zgglg = (Z1g — Zpg)Is = 0n1.  (26)
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Since equation (26) must be valid for any I, it should be

Z1s = ZpB. 27

With reference to Fig.15, since controlled sources are driven
by DM quantities?, it can be observed that for a bottom
test current excitation, no current flows through the elements
between top and bottom nodes and (27) is therefore verified.
On the basis of (23), (24) and (27), the relations in (4) in the
text are demonstrated under the hypotheses of Section IL.B.

APPENDIX B

Since DM and CM quantities in equation (5) in the text are
related to top and bottom quantities as

Vp _ Vr Ip _ It
(Vo )=r (v ) e (42 ) =e(n):
where
. Iy -1y _( 1y Onn
P_<ONN 1yx ) and Q_(]-N 1y )’

in which 1, is the N x NN identity matrix, from equation (1)
it follows that

PVgur = PZpurQ ' Qlgur.
On the basis of (28), equation (5) in the text gives

(XIE);):( )(13)

and, taking into account of the definition of the Zgyr p in

equation (3) in the text, as
Vb OnN Ip
= . 29
( Vs ) < ZUNN > < Icwm ) 29)

Finally, since the rows and the columns from N + 1 to 2N
of the matrix are all equal, equation (29) can be written as
shown in equation (6) in the text, where

(28)

Onn
ZssUnN

Zrt — ZsUnnN
Onn

ZruT,D
Onn

N N
Iom = Unilon = Y Tomi = Y (Iri+1s:)  (30)
i=1 i=1

as reported in (7) in the text.

2Otherwise, the hypothesis that the top nodes are not directly coupled to
the system ground plane (i.e. that Y = —Y 1) would not be verified.
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