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Abstract—The design of the power supply EMI filter needed
to mitigate the conducted emission of electronic modules can be
performed best if the magnitude of the common mode and that
of the differential mode interference are known. In common test
setups the two terms can be obtained from the signals measured
at the line impedance stabilization networks (LISNs) output
ports using differential- and common-mode rejection networks
or through the post-processing of the output signals in the time
domain. Both these approaches rely on the perfect matching
of the LISNs internal filters, which is not realistic. In practice,
the LISNs mismatch allow the differential mode (DM) to be
measured as common mode (CM) and vice versa. In this work
the influence of the LISNs mismatch on the separation of CM
and DM is investigated and a fast and accurate method to do
that is proposed.

Index Terms—Line Impedance Stabilization Network (LISN),
conducted emission measurement, calibration, differential mode
rejection, modal conversion,

I. INTRODUCTION

The compliance of electronic equipments or modules to
electromagnetic compatibility (EMC) international standards,
such as CISPR or ISO [1]-[3], or to design specifications,
can be achieved only if the power spectral density of the
electromagnetic interference (EMI) they generate is below
the limits suggested by the standard itself or defined by
the manufacturer. Usually, such documents provide a detailed
description of the test setup to be used. About those prescribed
for conducted emission measurements, they require the use of
one or two LISNs depending on whether the power supply of
the equipment under test (EUT) is referred to the metal chassis
locally or remotely with power cables. In the latter case, i.e.,
with two LISNs, the conducted emission measured at the two
LISNs output ports can be used to evaluate the common mode
(CM) and the differential mode (DM) emission spectra, which
in turn can be used for the design of the EUT’s EMI filter [4].
Indeed, an error in the evaluation of the emission components
could result in oversized or undersized EMI filters that may
affect either the EUT physical dimensions or the emission
levels [5].

For that reason, a variety of hardware and software separa-
tion techniques have been proposed over time. The hardware

M. Perotti and F. Fiori are with the Department of Electronics and
Telecommunications, Politecnico di Torino, Turin, 10129 Italy, e-mail:
franco.fiori @polito.it.

This work was partially supported by the Power Electronics Innovation Center
(PEIC) of the Politecnico di Torino.
Manuscript received XX XX, 2021; revised XX XX, 202X.

separation techniques require the connection of a network to
the two LISNs outputs, which rejects the CM or the DM
interference. These networks can be used to measure only
one mode [6], or to measure both emission modes, separately
[7]-[10]. Other techniques have been developed, based on a
software approach, as in [11]. In that work the conducted
emission at the LISNs’ output ports is measured directly
in the time domain, then processed in order to obtain the
CM and the DM components. An alternative to the time
domain measurement at the LISNs’ output ports consists in
measuring the CM and the DM currents delivered by the
EUT with a current probe clamped to the EUT power supply
cables and connected to an EMI receiver. By doing so, the
currents flowing in the cables are measured but being the
relationship with the voltages measured at the LISN ouputs
not straightforward, their spectra cannot be compared with the
emission limit suggested by the standard, which are defined
in terms of voltages at the LISNs output ports [12]. All the
previously presented approaches that allow one to separate
the CM and the DM interference are based on the assumption
that the two LISNs are perfectly matched. However, this is
not possible in practice even if the two LISNs are calibrated.
Indeed, the standards define a tolerance band for the LISN
impedance [1] so that, two LISNs, which are compliant with
the standard and a part of the same test setup, can show
differences in their respective impedance. This turns out to
be the cause of conversion of DM into CM and vice versa.
In literature, the modal conversion has been analyzed in other
fields, such as differential transmission lines [13], [14] or EMC
test procedures [15]. Moreover, the mismatch of the parasitic
elements of active or passive components was already inves-
tigated in previous works to evaluate the modal conversion
of the EMI in DC-DC converters [16] or to compensate the
EMI filter imbalance [17]. Ultimately, none of these works
address the problem of separating the CM from the DM in a
real conducted emission test setup [1].

Actually, the LISNs mismatch issue was firstly highlighted
in [12], where a method based on the use of current probes
was proposed. That work considers the modal conversion, due
to the differences between the two LISNs’ impedances, only
as a loss of performance in separating the two modes, without
proposing a possible solution to address the issue.

The present paper analyzes the sources of modal conversion
and proposes a method to separate the CM and the DM, effec-
tively. This is based on the experimental characterization of the
CISPR 25 test setup in terms of scattering parameters and on
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Fig. 1. LISN schematic view according to CISPR 25.

the measurement in the time domain of the conducted emission
at the LISN's output ports. Indeed, the modal conversion caused
by the LISNs mismatch can be removed completely.

The paper is organized as follows: Section II introduces the
test setup prescribed by CISPR 25 to measure the conducted
emission of electronic modules. Section III discusses the main
causes of modal conversion in such a test setup. A method to
obtain the CM and the DM components from the voltages
measured at the LISNs output ports is proposed in Section IV
and V. The validation of the proposed approach is presented in
Section VI along with a use case on the conducted emission
generated by a power inverter. Concluding remarks are drawn
in Section VIL

II. CONDUCTED EMISSION MEASUREMENT

Electromagnetic emissions are regulated by international
standards, such as CISPR 25 [1] for automotive equipments.
This standard has been taken as a reference for the following
analyses; however, the same conclusions can be drawn using,
for example, the testing guidelines for household appliances
[2]. CISPR 25 defines the measurement setup for different
apparatus and provides the emission limits for both radiated
and conducted emission. Focusing on the conducted emission,
it requires the connection of one or two LISNs between the
power supply and the EUT in order to define a standard power
supply impedance over the frequency range of interest. The
LISN circuit as it can be found in the standard is shown in
Fig. 1. Both the LISNs’ REF terminals should be connected to
a copper reference plane. The EUT is connected to the LISNs
and it is isolated from the reference plane by a low permittivity
support, whose thickness is 505 mm. The LISN’s output port
has to be loaded with Rt = 50 €2 termination, which can be a
real one or the input impedance of the measuring instrument.
The conducted emission measurements are performed in the
frequency bands 0.15 - 30 MHz and 30 - 108 MHz.

Furthermore, CISPR 25 prescribes different test setups
depending on the EUT features and on its ground connection.
In particular, for remotely grounded equipment, i.e., for ground
connection cables longer than 200 mm, and for alternators
and generators, two LISNs to perform the conducted EMI
measurements, one connected to the positive power supply
terminal and the other connected to the negative one, are
required. This test setup is shown in Fig. 2. The emission
is measured with an EMI receiver connected to one of the
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Fig. 2. Test setup for remotely grounded EUT and for alternators and
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Fig. 3. Schematic view of the test setup used to define the voltages and the
currents of interest.

two LISNs output ports, while having the other one loaded by
a 50 () termination.
Such a test method can be used for evaluating the compliance
of the EUT to the emission limit or to obtain the CM and the
DM components of the conducted emission, which are needed
for the design of the power supply EMI filter. Usually, they
are evaluated as

iy =

(Visn,p + Viisn ) 5 (1

N |

2

where VC(TI\'}[') and VSK/}) are the CM and the DM voltages cal-
culated from those measured at the LISNs ports, i.e., Viisn,p
and V11N 0, the voltages across the termination resistances. In
the following section, the evaluation of the CM and DM from
the voltages measured at the LISNs output ports is introduced.

m
VlgM) = VLisn,p — VLISN s

III. EVALUATION OF THE CM AND THE DM CONDUCTED
EMISSION FROM MEASUREMENTS

The voltages measured at the LISNs output ports are due to
the high frequency currents flowing through the EUT power
supply cables, namely Ip and Iy in Fig. 2. These can be used
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to define the CM and the DM currents flowing in the power
supply cables as

Ip + I
Iow 2 (PQN) , 3)
Ipm = (Ip — In) . “4)
Therefore Ip and Iy can be written as
T
Ip = Ioy + = (5)
1
In = Iom — % (6)

Since the two LISNs comprise of linear passive components,
the voltages at the output ports can be expressed as

Vi) = vEaY + V&L (7)

i.e., the CM voltage due to the DM excitation (VR}!) plus that
due CM one (VAD). Similarly, for the DM voltage, it results

Vin) = VDX + VSAE. ®)

These can be expressed as a function of the CM and the DM

current as o)
m I
Veu P ( 2t ) ©
Vi) 2Icm
where DM oM
Fonr  Fom
F= DM CcM | ° (10)
Fov o Fou

The superscripts indicate the source component (CM or DM),
the subscripts the output mode. Ideally, if the two LISNs
were perfectly matched, the CM voltage VC(T/[) would depend
on the CM current only as V{7 = FSM (2Icy), and the
DM voltage would be Vgﬁ) = FOM (Ipy/2). Actually, a
mismatch between the two LISNs always exists, therefore the
CM voltage (V1) obtained by (1) is affected by the DM
current, and similarly the DM voltage (V]STI\’;})) is affected by
the CM current. The different causes of the LISN mismatch
are deepened in what follows.

A. LISN tolerance contribution

The first cause of modal conversion we consider is that
due to the mismatch of the LISNs’ input impedances. This is
due to the fabrication tolerance of the components the LISNs
are made of, their parasitic elements and those due to the
LISNs internal layout and packaging. In order to comply with
CISPR 25, the input impedance should be within +20% of the
reference values, as tabulated in Annex E [1]. The expression
of the input impedance can be derived from the analysis of
the circuit shown in Fig. 1 with the DC input shorted to REF.
From this analysis it results

SL(l + S(R1 H RT)Cl)
s2LCy + s(Ry | Rr)Cp + 17
where L, Cy, Cy, Ry are the circuit parameters, Rt is the

termination resistance connected to the LISN output port. The
magnitude of such an impedance can be evaluated referring to

(1)

Z11sN =
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Fig. 4. LISN impedance and tolerance band according to CISPR2S.

the circuit parameters listed in the standard, i.e., L = 5 pH
Cl = ].OOHF,CQ = ].,U/F, R1 = 1kQandRT = 50 Q,
obtaining the values shown by continuous line in Fig. 4. The
range prescribed by the standard is shown in the same figure
by dashed lines. Therefore, the impedance magnitude of two
LISNs compliant to CISPR 25 may differ by +20% causing
the modal conversion highlighted in (9).

The mismatch of the LISNs’ input impedances is not the
sole cause of modal conversion and other contributions should
be taken into account, as discussed in the sections below.

B. Interconnection cable mismatch

Besides the mismatch of the LISNs input impedance, an-
other contribution to the modal conversion results from the
cables connecting the LISNs output ports to the measuring
instrument. Indeed, if the two cables are not the same length,
or they show different phase velocity, a phase shift at the input
ports of the measuring instrument is experienced. The time
delay introduced by two lossless coaxial cables affected by
length mismatch can be expressed as

> = =T,

(12)
HAL — 7 4 At,

v

where 7, (1,,) is the delay due to the coaxial cables connecting
the LISN,, (LISNy,) output port to the measuring instrument,
v is the cable propagation velocity, [ is the cables’ nominal
length, Al is the length mismatch. At is the delay difference
resulting from the length mismatch that may result from the
mismatch of the phase velocity as well. Based on that, the
modal conversion due to the cables mismatch can be evaluated
referring to the schematic view shown in Fig. 5(a). In here, the
two cables are assumed to be perfectly matched at the receiver
side (RT) and driven by a CM voltage source at the LISNs side
(Vom). The modal conversion term due to the cable mismatch,
ie., VS can be expressed as

Tn =

VDCI\1>I4 = Igg/[N,p - L(flszm
(13)
= VCMB(*ij) _ VCMe(fjw(‘rJrAt)),
which magnitude is
|VJ§1\1>[/I| = Vomv2 (1 — cos(wAt)). (14)
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Fig. 5. Interconnection cable mismatch.

Similarly, with the two cables driven at the LISNs side by
two ideal DM voltage sources (Vpn/2) (see Fig. 5(b)), the

CM voltage at the receiver side (VA1) can be written as

1
VEY = 1 (VB2 + VBRK)

(15)
_1 VDiMe(fjwr) _ Vou p(—iw(T+AL)
21 2 2 ’
whose magnitude can be expressed as
1 — cos(wAt
[VEY| = Vou #. (16)

(14) and (16) may be used to evaluate the modal conversion
terms in the worst case. Indeed, at the highest frequency, i.e.,
f = 108 MHz, and assuming the length mismatch Al = 1 c¢m,
the DM due to the CM source, i.e., Vgl\l\/f[| is about 30 dB
below the CM (Von) and the CM due to the DM sources,
VI is about 45 dB below the DM (Vo). Based on
the above, and considering that the length mismatch of two
equal cables is usually well below 1 cm, it can be concluded
that the cable mismatch contributes to the modal conversion
negligibly.

C. Influence of the battery impedance

The conversion of the DM (CM) into CM (DM) can be
also ascribed to the impedance shown by the dc power supply
connected to the LISNs DC+ and DC- terminals (see the
battery in Fig. 2), and whether the battery negative terminal is
connected to the reference plane or not. Wanting to deepen on
that, the circuit shown in Fig. 6 was considered. It comprises
of the two LISN equivalent circuits, the battery impedance
Zps and the impedance of the cable connecting the negative
terminal to the reference plane Zc. Furthermore, the two

ref plane

o

ref plane
Zps D

Zc

Fig. 6. Equivalent circuit of the two LISNs including the impedance of the
dc power supply (Zpg), that of the bonding connecting the battery negative
pole to the reference plane (Z¢) and the termination resistances (R) at the
output ports.

LISNs were assumed perfectly matched, ie., Cip = Cin,
Cop = ConN, Rip = Rin, Lp = Ly. The analysis we
performed in this case highlighted that as long as the battery
is isolated from the reference plane, ie., |Zc| — oo, its
impedance does not cause any modal conversion. On vice
versa, with the negative pole connected to the reference plane,
the impedance of Csy is affected by Zc, since they are in
parallel. As a consequence, the circuit loses its symmetry and
the modal conversion takes place. Aiming to remove this last
contribution along with those mentioned above, the test setup
comprising of the two LISNs and the dc power supply was
characterized as it is shown below.

IV. CHARACTERIZATION OF THE CONDUCTED EMISSION
TEST SETUP

The effective rejection of either the CM or the DM, accord-
ing to the one that is being measured, can be pursued with the
characterization of the test setup. It consists in measuring the
scattering matrix of the system, by means of a vector network
analyzer (VNA). The system to be measured and its ports are
shown in Fig. 7. Port 1 and 2 are the EUT terminals to ground,
ports 3 and 4 are the LISNs positive and negative outputs to
ground, respectively. The measured scattering matrix can be
converted into the impedance matrix, and being

W Z11 Zi2 Z13 Zia L
Vol [ 221 222 Zoz Zm I a7
V3 Z31 Zza Zzz Zza | | I3
Vy Zyn Ly Lz Ly 1,

where V; (I;) is the i-th port voltage (current), Z;; is the
generic impedance matrix element, the transfer functions re-
lating the CM and the DM voltages to the EUT CM and DM
currents can be derived. Indeed, as far as the DM current
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Fig. 7. Definition of the ports considered for the characterization of the test
setup. Port numbers are enclosed in circles.

(Ipm) only is concerned and the CM current (o) is zeroed,
it results

M = - PM
IPM — '[DiM
2
DM _ M (18)
M=
Rryp
IDM _ _‘/4DM
4 RT,n
and
Za- Z
A S S (‘éﬁﬁ) _ <(Z31 - Z32)?2M) .
Za 14 Zu 1% (Za1 — Za2)
(19)

This expression comprises of the third and the fourth rows of
(17), which are rewritten to include (18). In particular, R p,
Rt , are the termination resistances loading the positive and
negative LISNs’ output ports that will be assumed equal to
one another from now on, i.e., (Rt = Rr, = Rr). Indeed,
they represent the input impedance of the same instrument
(the oscilloscope) in actual tests. Furthermore, it is worth
underlining that the voltages at port 3 and port 4 are those
observed at the LISNs output ports, i.e., V3DM = Igg/ll\hp
and VPM = Vﬁls\/[N,n when the inputs are driven by the DM
only. Therefore, solving (19) for V.°M| V,PM and dividing by
(Ipm/2) the CM and DM trans-impedances can be expressed
as
DM DM
Fon = (W) / (Ipm/2) =

1 (20)
= 5A [A(Zs1 — Zs2) — B(Za2 — Zu1)],
Foni = (V™ = VM) / (Iowi/2) =
= i [C(Z31 — Z32) + D (Zyo — Za1)], D
where A_(1+Z44_Z43)
Rr Rt )’

Rt Rt

YAV

C=(14+—"—+—"71
( " Re RT) ’

D<1+ZS3+

Zsa
Rt  Rrp)’
A Zs3 Z43 Z34
A=(1+22)(1+22) - (Z2) (2.
< " RT) < i RT) (RT) (RT>

A similar approach may be used for the CM current. Indeed,
having the two LISNs driven by the CM current (Icyp) only
and the DM current (Ipy) zeroed, it results

IPM = IFM = Iom
ICM _ KﬂCM

3 R (22)
ICM — ‘/;LCM

4 RT

Therefore, the third and the fourth rows in (17) becomes

IR S AV _ ((Zs1+ Zs2)Iem
Za 1424 VM (Zar + Zaz)lom )

(23)
and the CM trans-impedances can be expressed as
g = (V™M = VM) / (21em) =
1 (24)
= 5A (C(Z31 + Z32) — D (Zaz + Za1)],
CM CM
F& = (M> / (2len) =
L 25)
~IA [A(Zs1 + Z32) + B (Za2 + Z41)] .-

On the basis of (20) and (24), and assuming the cross coupling
of the two LISNs negligible, i.e., Z33s = Z41 = 0 and Zy3 =
Z34 = 0, it can be concluded that the conversion of the DM
(CM) into CM (DM) takes place if Z31 # Z4o and Zyy #
Zss. Furthermore, it is worth underling that, as far (10) is
concerned, the trans-impedances FEN and FSM are equal to
one another.

V. EVALUATION OF THE REAL CM AND DM COMPONENTS

The actual CM and DM components composing the EUT
conducted emission can be evaluated using those measured at
the positive and negative LISNs output ports. Indeed, from (9),

it comes out
Ipm
2Icm Vi

and the real CM and DM voltages at LISNs outputs not
affected by the modal conversion can be expressed as
Vou = FGat (2Icm)
1 27
Vom = Fur (DQM) . 7
Therefore, by these expressions one may evaluate the ac-
tual CM and DM components of the conducted emission
from the voltages measured at the LISNs output ports. To
this purpose, it is worth underling that Viisn,p and Viisn,n
should be acquired in a synchronous fashion, since the phase
relation between them is needed. The error caused by the

V(m)
e (26)
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Fig. 8. Modal conversion trans-impedances obtained fron the frequency
analysis of the circuit in Fig. 6 for the worst case mismatch of the two LISNs.

The continuous line (blue) refers to FSM, the dashed line (red) to Fgl\l\/f[

modal conversion can be evaluated referring to the worst
case mismatch allowed by CISPR 25. In particular, as far
as the circuit in Fig. 6 is concerned, with parameters Lp =
5.95uH, Ly = 4.05¢H, Cy p = 119nF, C; n = 81nF and
|Zps| = |Zc| = 0, the modal conversion transfer functions
can be obtained from (20) and (24). They are shown in Fig.
8. Furthermore, the time domain analysis of the same circuit
driven by two independent sources (not shown in Fig. 6),
one generating the CM and the other the DM was carried
out. The DM was generated by a triangular shaped current
source, at frequency f = 50kHz, duty cycle § = 0.5 and
peak amplitude I, = 0.2A. The CM was obtained by two
complementary voltage sources generating trapezoidal voltage
waveforms at f =50kHz, duty cycle 6 = 0.5, rising/falling
time t, = ty = 20ns and amplitude Vpg = 12 V. The voltage
waveforms were delayed by 5ns in order to generate the CM
current as in [20]. Each voltage source was coupled to the
reference plane by a parasitic capacitance, C, = 10 pF. Such
analyses provided the output voltages Viisnp and Viisn o,
which half sum has the spectrum plotted in Fig. 9 in blue. The
same voltages were used to evaluate the actual CM currents
with (26), thus obtaining the actual CM voltage with (27).
The spectrum of the actual CM voltage is plotted in orange
in Fig. 9. On the basis of these results, one can conclude that
the removal of the modal conversion terms proposed in this
work is needed especially at low frequency, meaning between
150 kHz and 2 MHz.

VI. METHOD VALIDATION

Wanting to validate the proposed approach, the test bench
shown in Fig. 10 was set up. It comprised of the EUT, i.e.,
an inverter driving a power load, which positive and negative
power supply terminals were connected to a dc voltage source
through two LISNs [23]. The LISNs’ outputs (OUT+ and
OUT-) were connected to a 4 GHz, 10 bit resolution oscil-
loscope [26] by means of 50f2 coaxial cables. Furthermore,
an RF current probe [24] was clamped on the cables connect-
ing the power inverter to the LISNs’ inputs (EUT+, EUT-).
The current probe output was connected to an EMI receiver
[25], with the purpose of measuring the CM current directly.
A schematic view of the test setup highlighting the power
section of the inverter, i.e., the EUT, the parasitic coupling

0.1 1 10
Frequency [MHz]

100

Fig. 9. Simulation results: CM voltage corrupted by the DM (blue line) and
CM spectrum after the application of the proposed technique (red line). In
the higher frequency range, the two spectra are overlapped.
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Fig. 10. Schematic view of the test setup used to validate the proposed
approach. The voltages at the LISNs’ output ports were measured with an
oscilloscope, the common mode current with a current probe connected to an
EMI receiver.

of its switching nodes with the reference plane (Cpy, Cpv),
the power supply equivalent circuit (Vpg and Zpg) and its
connection to the reference plane (Z¢) is shown in Fig. 11.
Before measuring the conducted emission, the section com-
posed of the LISNs and the dc source (the battery), was
characterized in terms of scattering parameters. A four port
VNA [21] was connected to the inputs (1 and 2) and to the
outputs (3 and 4). Given that the inputs of common LISNs
such as those available in our laboratory are not featured to
connect coaxial cables, two custom adapters were built and
used to connect the RF cable braided shield to the reference
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Fig. 11. Schematic description of the power inverter (the EUT) used for the
experimental validation of the method.

Fig. 12. Picture of the two LISNs equipped with the adapters used to perform
the measurement of the scattering parameters.

plane as close as possible to the LISNs inputs. A picture of
the test setup is shown in Fig. 12. The scattering parameters
matrix resulted from the measurements carried out with the
VNA was processed to de embed the impedances introduced
by the two adapters using the method proposed in [22], then
the elements of F, i.e., the trans-impedances, were evaluated
by means of (20), (21), (24) and (25). The magnitude of such
parameters vs. frequency is shown in Fig. 13 with different
colors. Actually, such parameters were evaluated from the
measurements carried out with (red dashed line) and without
(blue continuous line) the negative pole of the power supply
connected to the reference plane (connection A in Fig. 10) to
be able to apply the proposed approach in both cases and
to check the influence of the A connection. Based on the
plots in Fig. 13, it can be concluded that the connection of
the negative power supply to the reference plane changes the
trans-impedances at low frequency, i.e., between 100 kHz and
400 kHz, and it is irrelevant above 400 kHz. Such a difference
can be ascribed to the low isolation provided by the LISNs
at low frequency, as it is also highlighted in Section III-C.

Once completed the characterization of the power supply
section, i.e., the two LISNs connected to the dc power supply
(a 12 V lead-acid battery), the EUT and its inductive load were
included in the test bench and the power supply terminals were
connected to the LISNs’ EUT ones. The power inverter was
operated at 50 kHz and the duty cycle of each PWM signal
was regulated to be § = 0.5. Furthermore, the battery negative
terminal was shorted to the reference plane (A connection in
Fig. 10), whereas the inverter and the load metal cases were
kept isolated from the reference plane.

0 0
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\
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Fig. 13. Transimpedances obtained from the measured scattering parameters.
The plots in blue were obtained from the measurements carried out with the
negative power supply terminal not connected to the reference plane, i.e.,
without A, those in red with A.
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Frequency [MHz]

Aiming to validate the proposed approach, the CM voltage
obtained from the measurement at the LISNs outputs was
evaluated by (1), then used to calculate the CM current as
Ve
F&i
obtaining the spectrum plotted in blue in Fig. 14. Since
the LISNs mismatch causes the modal conversion, Icy,eq 1S
affected by the DM current. In order to prove that, the CM
current was measured with the current probe and the EMI
receiver included in the test bench shown in Fig. 10 obtaining
the spectrum shown in Fig. 14 in yellow. At low frequency,
meaning from 150 kHz to 3 MHz, the two spectra differ at
the envelopes and harmonic content. Indeed, that obtained
from the measurements carried out at the LISNs outputs (blue
plot) comprises both even and odd harmonics, whereas that
measured with the current probe has odd harmonics only.
This difference can be explained observing that the CM loop
is driven by the inverter output voltages (nodes U and V
in Fig. 11), which are trapezoidal with duty cycle § = 0.5
and switching frequency fsw = 50 kHz. Therefore, the CM
current spectrum should be comprised of odd harmonics only,
as it resulted from the direct measurement carried out with
the current probe. The even harmonics in it (blue spectrum),
which resulted from the measurements at the LISNs’ output
ports, are likely due to the DM current flowing in the power
supply cables, which is converted into CM because of the
LISNs mismatch. In the frequency range 3 MHz - 60 MHz
the two spectra are almost overlapped. The small difference
between them can be ascribed to the calibration of the current
probe. Above 60 MHz, the two spectra differ significantly
because the current probe was out of its operating bandwidth.
Finally, the DM to CM conversion due to the LISNs mismatch
was removed from the CM current resulted from the voltages
measured at the LISNs output ports using (26). The corrected

ICM,eq = (28)
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Fig. 14. CM current spectra obtained from the voltages measured with the
oscilloscope connected to the LISNs’ output ports (blue) and with the EMI
receiver connected to the current probe (yellow), respectively.
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Fig. 15. CM current obtained from the voltages measured at the LISNs output
ports with the proposed method (red) and measured with the EMI receiver
and the current probe (yellow).

output spectrum is shown in red in Fig. 15 along with that
obtained with that measured with the current probe and the
EMI receiver in yellow. It can be noted that, at low frequency,
i.e., between 150 kHz and 3 MHz, the red spectrum matches
well the yellow one. Moreover, the noise affecting the spectra
in Fig. 14 and in Fig. 15, which resulted from the measurement
at the LISNs’ output ports is due to the FFT of the measured
voltages. Finally, (27) was used to evaluate the actual CM and
DM conducted emission from those measured at the LISNs
output ports. The spectra plotted in green and in orange in
Fig. 16 and in Fig. 17 were obtained. These can be compared
with those resulted from (1) and (2), which are plotted in
blue in the same figures. For the sake of completeness, the
CISPR 25 emission limit applicable to out test case is also
included (black line).

By these plots, it comes out that the correction of the modal
conversion due to the LISNs mismatch is needed for the CM
but it is marginal for the DM, since the corrected spectrum in
Fig. 17 is almost overlapped to that obtained by (2).

VII. CONCLUSION

The evaluation of the conducted emission delivered by elec-
tronic modules is usually carried out referring to international
standards like CISPR 25, which prescribes the use of proper
filters, the so called LISNs, to stabilize the power supply

IVoul [dBRV]

Frequency [MHZz]

Fig. 16. CM conducted emission spectra obtained from the voltages measured
at the LISNs outputs with (green) and without (blue) the correction of the
modal conversion proposed in this work. The CISPR 25 emission limit is
shown in black.
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Fig. 17. DM conducted emission spectra obtained from the voltages measured
at the LISNs outputs with (orange) and without (blue) the correction of modal
conversion proposed in this work. The CISPR 25 emission limit is shown in
black.

impedance over the frequency range of interest, i.e., from
150 kHz to 108 MHz. Such filters allow one to measure the
conducted emission delivered by an EUT through its power
supply cables, and if the two LISNs test set up is used, to
evaluate the CM and the DM components. The analysis and the
measurements carried out within this work have highlighted
that the traditional methods used to separate such emission
components are not effective in the low frequency range due
to the LISNs mismatch, which is the main cause of modal
conversion. This means that, the CM emission obtained from
the LISNs output voltages is affected by the DM one and vice
versa. Wanting to address this issue, a method to remove the
modal conversion from the voltages measured at the output
ports of mismatched LISNs has been developed and validated
comparing the CM current delivered by a power inverter,
which resulted from the measurement at the LISNs outputs,
with that measured by means of a current probe clamped to the
power supply cables and connected to an EMI receiver. Finally,
the analysis and the measurements showed that the proposed
approach is needed especially at low frequency, from 150 kHz
to 3 MHz in our case, where the impedance mismatch of two
LISNs compliant with the same standard can be greater than
that above 10 MHz, which is dominated by the termination
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resistance value.
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