Effects of CM and DM noise propagation in LV distribution cables.
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Abstract

The CMS detector is supplied by thousand power supply
units located either in the counting room or in the periphery of
the detector. The front-end electronics and the power supply
units are connected through long power cables that propagate
the output noise from the power supplies to the detector. This
paper addresses the effect of these long cables on the noise
propagation and the impact that those cables have in the
selection of EMI filters for the FEE low-voltage input and
conducted emission levels required for the power supplies.
This analysis is part of the EMC-based design approach to
define the type of cable (shielded or unshielded), shield
connections, filters and power supply specifications required
to ensure the good performance of the FEE

I. INTRODUCTION

The electronics read-out of the CMS detector processes
and digitises the signals collected after a physics interaction
and transmits the processed signals to the counting room by
optical links. The front-end electronics (FEE) of any CMS
sub-detector can be considered as an isolated system with the
only external electrical connection made by the low-voltage
and high-voltage power supply system. Power supply units for
the CM S detector will be placed in two areas, the periphery of
the detector, distant about 20 meters from the front-end
electronics and in the counting room about 120 meters away
from the FEE due to the harsh environment inside the
detector.

The understanding of the effect of long shielded power
cables in the noise propagation and its interaction with the
FEE becomes an important issue to define FEE immunity
levels and the conducted noise emission levels required for
the power supplies. In addition, near and far electromagnetic
fields induce currents in the cable shields that interfere with
the system if those currents are coupled to the conductors
feeding FEE. This coupling depends on the surface transfer
impedance and surface transfer admittance of the shielded
cable, which defines the quality and cost of the cable.

In this paper, the anaysis of the propagation of the
conducted noise through long cables and its effect in the
system is presented. The balance among cable parameters,
filters, and ground connection defines the effect on the FEE
performance of common (CM) and differential mode (DM)
noise generated by the power supplies. The influence of these
parameters is studied using numerical simulation programs
based on multi-conductor transmission line models whose
parameters are extracted from real multi-conductor samples.

The CM and DM propagation as well as the cross-conversion
between CM and DM conducted emissions are addressed in
this study. This analysis is an example of an EMC-based
design at early stages of the project.

I1. MULTI-TRANSMISSION LINE MODEL

The studies are conducted using a cable model based on
the multi-conductor transmission line (MTL) theory. This
model assumes transverse electromagnetic (TEM) wave as
propagation mode. It allows representing the cable in per-unit
parameters that are relatively easy to measure or calculate
given the geometry of the cable. A detailed analysis of MTL
is presented in [1] [2] [3]. Based on the MTL theory, the
multi-conductor cable can be modelled by the partia
differential equation.
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where I(zt) and V(z,t) are vectors representing the current and
the voltage respect to the reference conductor, respectively; L,
C, R G, are the per-unit-length inductance, capacitance,
resistance, and conductance NxN matrices, respectively, that
contain the cross-sectional dimensions and properties of the
line, z is the position along the transmission line and t denotes
the time variable.
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Figure 1: MTL — Shield model

The model presented above does not include the coupling
effect in the central conductors of currents flowing through
the shield. The equivalent circuit of fig.1l represents this
coupling mechanism based on MTL theory for a sector of line
of infinitesimal length [4]. The circuit consists of the inner
system representing the central conductor of the shielded



cable and the braided shield as reference conductor. The outer
system (shield - trays) is considered as a transmission line,
where the metallic tray is the reference of the outer system
and the shield is the conductor. The voltage and current
sources at each inner conductor represent the interaction
between both inner and outer systems. Zt and Yt represent the
surface transfer impedance and the surface transfer
admittance. The transfer impedance (Zt) is defined as the
ratio between the voltage of the inner conductor i respect to
the shield and the current flowing through the shield, per unit
length. The transfer admittance is defined as the ratio between
the current flowing through the inner conductor and the
voltage between the shield and the environment, per unit
length. The last magnitude is generally very small and it has
not been considered in the present study. Both, the surface
transfer impedance and admittance are characteristic
parameters of the shield of the cable.

The transfer impedance depends on three components as
defined by the equation [5][6][7][8].

7t = Zd(a) + j.«..(Mh+ Mb) @

where: Zd(a) : The Diffusion coupling component is due to
skin effect in the shield. It is predominant at low frequencies.

Mh : The aperture-coupling component is defined as
the coupling through the holes of the shield. It plays an
important role in the value of the transfer impedance at high
frequencies.

MDb : The braid inductance component is defined as the
coupling between the external and the internal layers of the
shield.

To include the effect of the surface transfer impedance and
admittance in the inner conductors, the mathematical model
defined by egn. 1 is augmented by the generators Zt.1o(zt)
and Yt.Uo(zt).

0 0
—V(z,t) =-RI(z,t)-L—1(zt) + Zt.lo(z1)
0z ot 3)
9 I(z,t) =-GV(z1) —CEV(z,t) +YtUo(z,t)
0z ot

The solution of the complete system of equations starts
with the solution of the outer system, calculating the
distributed voltage Uo(zt) and the distributed current lo(zt) at
every location z of the outer system. These voltages and
currents are used to calculate the magnitude of the additional
generators defined in egn. 3. After that, egn. 3 is solved
calculating the general solution of the MTL equation in
frequency-domain and incorporating the terminal network
constraints in the general solution to determine the line
voltages and currents at the both ends of the line.

1. CM AND DM NOISE PROPAGATION IN POWER
CABLES
The effects that electrically-long power cables introduces

in the noise propagation has been addressed recently in the
literature [9][10][11]. Some of those studies are focus on

predicting the effects introduced in the measurement of
conductive noise, based on the EU standard, when the
equipment under test is connected to the normalized
impedance using a long cable. In the present anaysis, the
shielded twisted power cable of the HCAL sub-system has
been chosen to study the effect of noise propagation in long
power cables. In this part of the analysis, it is assumed that no
current flows through the cable shield. The study is focused
on the input/output transfer functions of a shielded twisted
power cable of 15 meterslong for different load conditions. .
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Figure 2: Circuit layout

The per-unit length parameter matrices for this power
cable are measured at 1 MHz. The values of the inductance
and capacitance per-unit length are;
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The cable model includes the skin effect in the central
conductors and in the shield. This effect is analyzed more in
detail in references [12]. The resistance matrix for the HCAL

power cableis:
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Four load configurations have been chosen to study their
influence in the noise propagation.

Q) ZL1:ZL2:ZC

The load impedances are equal to the characteristic
impedance of cable. For the analysis of the CM noise
propagation, they are set equal to Zc-cm=30.4 & and for the
DM noise propagation, they are equal to Zc-dm=42.8/2 Q.
This case is unpractical for power distribution and it is
included in the study as reference.

b)

Mo

Z,,=150 Q;Z,, =150 Q

This case is chosen because 150 €2 is used as normalized
impedance for studiesin CM propagation in cables.
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These cases represent unbalanced loads. In this condition,
one of the lines is directly connected to ground and the other
is loaded with a resistor larger than the characteristic
impedance of the cable. The case d) includes a capacitor in
parallel with the 150 Q resistor to simulate the effect of an
input filter at the load-end.

This study is conducted decomposing the voltage and
current per each conductor, at each position, in two
orthogonal components. For currents, the common mode
current is defined as 1.(2)=0.5(1,(2)+1,(2)) and the differential
mode current as 14n(2=0.5 (11(2)-12(2), where 11(2) and 1,(2)
are the current flowing through conductor 1 and 2 respectively
a z position in the cable. Similar definition is used for
voltages.

A. CM noise effects

To study the propagation of the common mode signals,
based on the circuit depicted in fig. 2, the CM current transfer
function is defined as:

lem(L)
TCM - = :
I cm (0)
where |(0) and | 4(L) are the CM current at the sending-end
and load-end of the cable. Fig. 3 shows the simulated results

of the CM current transfer function for the four load
configurations.
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Figure 3: CM current transfer function.

For load resistors equa to the CM characteristic
impedance of cable, the behaviour is similar to a low-pass
filter where the attenuation is defined by the series resistance
of the conductors. When the load is not matched, cable
resonances are leading in the propagation of noise along the
cable. For the balanced case and high impedance load,
resonances are present however the CM current is attenuated
when it propagates along the cable. On the other hand, when
the load impedance is balanced and lower than the
characteristic impedance, the cable starts amplifying the CM
currents at the resonance frequencies. Similar case is present
for unbalanced loads. In the case d) both loads are connected
to ground through low impedances, the CM currents can be
amplified up to 26 dB (20 times) at certain frequencies. This
situation might happen if a RF capacitor is placed at the load
in order to filter the noise of the line. This capacitor at high

frequency presents very low impedance to ground at the end
of the line. This effect is important to take into account
because the CM current flowing through the cables defines
mainly the radiated emission of the cables.

The common mode voltage at the load-end is defined by
the CM current and the load impedance. For case d) the CM
voltage at the load is effectively attenuated by the load
impedance while for the other cases, the CM voltage at the
load is similar or larger than the CM mode voltage applied at
the sending-end. To show this behaviour, the CM voltage
transfer function, defined as

_ Van(L)
- ch (0)
is plotted for the different casesin fig. 4.
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Figure 4: CM voltage transfer function.

Other important aspect in this anaysis is the CM to DM
conversion. This conversion is due to the load unbalance and
aso to the intrinsic minor unbalance of the cable. Fig. 5
shows the CM to DM current transfer function for the four
configurations. This transfer function is defined as
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Figure 5: CM to DM current transfer function

For balanced loads (cases a) and b)), the CM to DM
conversion exists due to the unbalances in the cable
parameters, which are dominated by the mismatch of the
cable inductance. From fig. 5, it is possible to observe that



this effect is important only at very high frequencies. For the
case of unbalanced loads, the conversion now is settled by the
load and at some resonant frequencies the conversion mode
have a gain of 10dB or more.

Similarly to the previous case, the differential voltage
across the load terminals induced by CM currents at the
sending-end can be estimated by the DM currents at the load
and its impedance. For case d) the DM voltage is effectively
attenuated by the load impedance.

B. DM noise effects
The DM current transfer function of the circuit is defined
as:
- l dm (L)
l dm (0)

Fig. 6 shows the DM current transfer function for the four
load configurations mentioned before.
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Figure 6: DM current transfer function

Again, the resonant frequencies are only attenuated for
values equal to the DM characteristic impedance of cable,
being amplified for low impedances values. These results are
very similar to the ones for the CM current transfer function.
However, their implications are not as important as in the CM
currents because the DM current ability to radiate is much
lower than the CM currents and al so the FEE is more sensitive
to CM perturbations flowing through the power cables than
DM perturbations [13].

The DM voltage, DM to CM current and DM to CM
voltage transfer functions present similar results to the one
analysed CM signals. There only small differences in
amplitude and resonant frequencies. Basically both
configurations are the same with the only difference given by
the CM and DM impedances.

C. CM and DM effects - Global analysis -

The study presented above assuming different impedances
at the load-end of the cable shows that both CM/DM currents
and voltage can be amplified by the cable resonance when
they propagate from the sending-end to the load-end. The
only case where there not exist resonances that amplifies the
transmitted signals is when the load impedance matches the

characteristic impedance of the cable. This case, for power
distribution, is unpractical.

High impedance, balanced loads attenuate the CM and
DM currents transmitted through the cable, but the CM and
DM voltage across the load terminals is amplified. On the
other way, low impedance and balanced loads amplify the
CM and DM currents at the resonance frequencies.

Unbalanced loads are typical in high-energy physics. The
return plane of the FEE is, in general, connected to ground to
minimize the voltage variations across the parasitic
capacitances between the shielding box and the sensitive
inputs of the amplifiers. This connection implies in general,
that the return power cable is connected to ground. From this
study it is shown that for unbalanced loads, both the CM and
DM mode signal are amplified at the resonance frequencies of
the cable. In particular, when a capacitor filter is included
across the load terminals, the CM and DM currents flowing
through the cable are amplified, but the DM and CM voltage
across the load terminals are effectively attenuated. This
configuration reduces the noise current coupled to the
resistive part of the load by-passing those currents through the
capacitor. This behaviour explains a typica EMC-based
design rule, which is to put the by-pass filter capacitor of the
input power filter as close as possible to the entrance point of
the power cable [2]. This filter limits both the DM and CM
voltage at the input but amplifies both the CM and DM
currents flowing through the cables. If the filter is placed
close to the sensitive electronics into the screened box or
cabinet, the power cable running inside the box, from the
entrance point to the filter, radiates and could interfere with
the FEE.

The current levels produced by the amplification of the
CM and DM currents for the case of unbalanced loads with
capacitor filter can generate unwanted electromagnetic
radiation from the cable. The radiation efficiency of acableis
proportional to the loop area of the current path. For
differential mode currents, the effective area is minimum if
the both conductors, active and return, are adjacent each other
or are twisted. For CM currents, the return path is not always
perfectly defined. In the present analysis, it is assumed the
CM current return through the internal part of the shield and,
in this case, the effective areais ideally zero. If the cable has
not shield, this analysisis still valid if it is possible to assume
transverse electromagnetic wave as dominant propagation
mode [3]. In this case, the return path is not completely
defined by the cable itself but it is defined by the position of
the cable respect to the reference structure and the effective
radiation area can be large. It is critical for cables without
shield to reduce the level of CM current to avoid unwanted
electromagnetic radiation.

IV. CM & DM NOISE PROPAGATION IN A POWER
SUPPLY DISTRIBUTION SYSTEM FOR HIGH ENERGY
PHYSICS

The propagation of the noise generated by power supplies
(PS) and the noise generated by ground currents are studied



for the power supply distribution of the HCAL sub-system. In
this sub-system, the nominal low voltages at the FEE input
power are 6.5V and 5V and interna linear regulators convert
those values to 5V, 3.3V and 2.5V. The power supply units
and the FEE are connected by shielded twisted-pair cables,
whose length is between 15 and 20 meters.

In this analysis, the model is composed by three blocks:
the PS unit and EMI filter, the cable and the FEE, as it is
depicted in fig. 7. The PS unit and EMI filter are represented
by the combination of two current generators (CM and DM)
and output capacitors. These sources represent the emissions
generated by a DC-DC converter. Power supplies are
connected to the FEE through a 15 meters long cable (externa
diameter of 12 mm), placed 10 mm above a metalic tray. The
FEE input power is represented by a reduced model composed
by a set of real capacitors in paralel with 1 MQ resistance.
The input impedance of this network is modelled, at low
frequency, by high impedance and at high frequency by very
low constant impedance. Additionally, in the present model it
is assumed there exists a voltage difference (Vgng) between the
PS ground and the FEE ground connections. This voltage
V cng generates a current through the external part of the shield
that couples noise to the internal conductors of the cable
through the surface transference impedance. The quality of
shield defines the amount of noise coupled to the centra
conductors. The performance of two cables with different
shield is studied.
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Figure 7: Test layout

A. Power supply noise currents

The effect of the cable on the CM signal transmitted is
quantified by the CM current transference and the CM voltage
transference. These quantities are defined as

T la (L)
ch (O)

-
Icm (o) oy

Fig. 8 shows these transfer function, where the left vertical
axis measures the CM voltage gain and the right vertical axis
indicates the CM current gain.

The low impedance presented by the FEE at high
frequency, amplifies the CM currents at the resonance
frequencies but effectively attenuates effectively the CM
voltage at the input terminals. Based on these results, a
combination of three factors is necessary to take into account
during the design to reject the direct effect of CM currents
generated by power supplies. First, a low level of CM
emission at the output of the power supply should be

specified. Second, use a power cable with screen to limit the
radiation of the long cable and finally select an appropriated
CM filter. The location of this filter is very critical, being the
best spot as close as possible to the entrance of the power
cable into the shielding cabinet or box.
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Figure 8: CM to CM transfer functions

It is important to analyse the cross-effect from DM to CM
because the front-end electronics is more sensitive to CM
perturbations in the power cables than DM perturbations. The
DM-CM transfer functions are defined as
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Fig. 9 shows the transfer function for both voltage and
current.

- ch(L)
DM /CM -V Vdm (0)

10

0

-10

-20

-30

Voltage - [dB]
Current - [dB]

-40

-50

-60

Frequency [Hz]

Figure 9: DM to CM transfer function

The current transfer function increases with the frequency.
This effect is generated by the unbalances of cable at high
frequency. On the other hand the voltage TF decreases with
the frequency because the input filter of the FEE presents very
low impedance reducing the noise voltage at the input
terminals.

B. Ground currents

In the study of the ground currents, mainly two cables
with different shields are compared to show the difference
between a cable whose screen is built with an aluminium
sheet and a cable whose shield is cooper braid. The magnitude
used to quantify the ratio between the CM current at the load
and the ground voltage is the admittance
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Fig. 10 shows the admittance between the ground voltage
and CM current for a cable with different shields. At low
frequencies, the amount of CM coupled increases because the
transfer impedance increases and the externa current is
constant. At high frequencies, the cable resonance amplifies
the coupled noise. The important point in this anaysis is to
show the difference in the amount of noise coupled when
different screens are used to manufacture the cable.
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Figure 11: DM mode transfer function

Similarly, it is possible to quantify the ratio between the
DM voltage at the input power terminals and the ground
voltage by the transfer function

- Vdm ( L)

VGnd
It is depicted in fig. 11. The quality of the shield is very
important to define the amount of noise that can be coupled to
the central conductors. The value of transfer function

decreases at high frequency due to the capacitor at the input of
the FEE.

TDM

V. CONCLUSIONS

This paper addresses the effect of long cables on the noise
propagation between the power supply units and the FEE. CM

and DM noise currents flowing into the input power terminals
of the FEE degrades the noise performance of the sensitive
electronics. To avoid that these currents flow into the FEE,
CM/DM filters have to be placed at the power entrance. Input
filters balance the load presented to the cable at high
frequency, which is effective to decrease the CM to DM and
DM to CM conversion. However, these filters amplify the CM
currents flowing through the cable and it can radiate severely.
To attenuate this effect, power supplies have to exhibit, at the
output, a low level of conducted CM emission and the cables
have to present shielding.
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