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1. Introduction 

The problem to be discussed in this 
paper has been studied in connection 
with signal transmission in a digital 
loop communication system Cl]. We had 
to investigate how to predict disturban- 
ces caused by fast transients that are 
present on nearby power supply lines. 
The aim of our work was not so much to 
get precise quantitative results, but 
to understand qualitatively the coup- 
ling mechanisms and effects, and to 
estimate the maximum possible coupling 
for practical worst case situations. 
We tried to simplify the theoretical 
models as much as possible, as long as 
they still allowed us to understand the 
principal effects. 

2. Noise Sources of Fast Transients 

Every electronic engineer knows that 
fast transients may exist in the power 
distribution system. Potential 
sources of these transients are mainly 
mechanical switching devices, in other 
words, everywhere electric arcing 
occurs. Up to now, there has been no 
standard test pulse defined, but we 
hope in future it will be possible to 
agree on a standardization. From [2, 31 
as well as from our own measurements we 
find that a risetime between 5 and 20 ns 
and an ideal voltage source between 
1000 and 1500V has to be assumed. The 
voltage measured in the power supply 
distribution system will for most cases 
be below 500V. 

3. Coupling from Power Supply Lines to 
the Coaxial Shield 

3.1 Multiconductor Models 

To predict the transient electromag- 
netic wave on the outside surface of the 
coaxial line we can use some results of 
the theory of lossless multiconductor 
systems. A clear description of the 
fundamental relations in lossless 
multiconductor systems with TEM (Trans- 
versal electromagnetic wave) are given 
in C4, 51. The general model assumes a 

lossless parallel arrangement of n con- 
ductors with a constant cross sectional 
geometry along the section length in 
consideration. The dimensions of the 
cross sectional geometry have to be an 
order of magnitude smaller than the 
section length 1, leading to a domi- 
nance the TEM. The dielectric may be 
inhomogenuos over the cross sectional 
geometry. 

The multiconductor theory gives the 
folowing results: 

- The n-conductor system can be re- 
presented by n characteristic im- 
pendances and (n-l) transmission 
modes. 

- One mode consists in general of a 
linear combination of voltages be- 
tween all conductors. 

- Each mode may have its own propa- 
gation velocity. In the case of a 
homogenous dielectric, all modes 
have the same propagation velocity. 

- Coupling between the modes as well 
as reflection can only occur at the 
beginning and at the end of the 
loosless multiconductor system. 
Along the legnth of the multicon- 
ductor system, the modes are pro- 
pagated unchanged. 

- The mode coupling and reflection at 
the ends of the multiconductor sys- 
tem depends on the relationship be- 
tween the characteristic impedances 
of the multiconductor system and the 
attached impedances at the ends (si- 
milar to the reflection coefficients 
in 2 conductor systems). 

The simplest multiconductor model is 
the symmetric three conductor model. 

The definitions are taken from [5] 
where the model. has been used for pre- 
diction of the coupling in printed cir- 
cuits. 
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Fig. 1: Definitions of the symmetric 
3-conductor model 

~1, ~2, and il, i2 are the voltages and 
currents as they are measured at con- 
ductors 1 and 2, taking conductor 3 as 
a reference. u+, i+ and u_, i_ are the 
two modes of this three conductor sys- 
tems. In this special case, the modes 
can be identified in the circuit: u, 
can be measured as the voltage diffe- 
rence between conductors 1 and 2 and 
i+ can be measured as the current in 
the reference conductor. (This direct 
identification of the modes is only 
possible in the symmetric three conduc- 
tor system). 

The impedances of real multiconductor 
systems can be measured with the "Time 
Domain Reflectometer" (TDR). The TDR 
always measures a combination of im- 
pedances, but individual values can 
be calculated from these measurements. 

Fig. 2 shows the measured voltages at 
the end of a 3-conductor system con- 
sisting of 2 wires in a power supply 
line and the shield of a coaxial line 
as the reference conductor, being in 
parallel over a length of 95 m. ul and 
u2 contain a mixture of the two modes. 
Summing and substracting the two sig- 
nals gives the original mode voltages. 
U_ is propagating slower than u+ be- 
cause of the differences in the dielec- 
trica. 

Fig. 2: Measured signals at the end 
of a multiconductor system 
with power supply line and 
coaxial cable. 

3.2 Coupling Planes 

To adapt this model to practical situ- 
ations we have to find out all the 
places along the propagation path of 
the transients where the cross sec- 
tional geometry is changing. At all 
these places, which we call "coupling 
planes", it is possible to estimate the 
coupling according to the impedance re- 
lations in the coupling plane. As an 
example of a coupling plane Fig. 3 
shows the junction of a 2-conductor 
system to a 3-conductor system, and the 
equivalent circuit in the coupling 
plane. Rl and R2 are additional impe- 
dances that may be present between the 
conductors in the coupling plane. 

I 

coupling plane 

Fig. 3: Example of a coupling pl.ane 

From the equivalent circuit we can cal- 
culate the general coupling relations 
for this type of coupling plane: 

Z2(R1-RI) 

u+ i u- _-- 
2.R1R2fZ2 (RlW2) 

This general coupling relation is sim- 
plified if one of the following con- 
ditions exist: 

1. If Rl and R2 are infini.te we get: 

I. ,i = U --------- - 0 z z -0 
0 0 

“+ .- 
li ;, + ‘“2;. 

2. If Rl and R2 are equal we get: 

u = u” ________- 
5 % 5, u+ = 0 

i+ y. + ;x;! + >$ 
L 

3. If RI is infinite and R2 is zero, 
we get: 

” =u __--I 

O z. % 
u+ =. “_ 

1 + z- + ;: 
1 2 

Similar calculations can be made for 
other types of coupling planes, but many 
real situations can be interpreted by 
this simple coupling plane model. 
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3.3 The VJave at the outside Surface of 
the Coaxial Shield 

When the coaxial shield represents the 
reference conductor of a symmetric 
3-conductor system, the wave at the 
outside surface of the coaxial shield 
is: 

u 2 
+ + z2 

i =j_ u cc- Z =-=- 

c + c 2 c 2 2 

Calculations and measurements of dif- 
ferent possible situations show that 
with the sources specified in Sec. 2, 
i, is below a few Amp. and UC is in 
general less than 5OOV. HOW far the 
wave propagates in the power supply 
distribution system, depends on the 
details of the wiring. Every irregu- 
larity in the wiring yields to reflec- 
tion and coupling of the original 
modes, which lead to a rapid distortion 
of the transients. There may, however, 
exist special situations, where one of 
the modes is propagated as a TEM wave 
over a longer distance. In this case 
damping, because of dielectric losses 
and small geometry fluctuations, iS 
dominating. our experience shows a 
damping of about a factor of 2 over a 
length of 100 m with the test signals 
we were Using. (risetime N,lO ns, decay 
time=100 ns).The twisting of the 
power supply cable has not much in- 
fluence on the propagation of this 
mode. 

4. Coupling into the Coaxial Line 

To determine the coupling of the wave 
outside the coaxial cable into the sig- 
nale circuit, we have to distinguish 
between: - coupling along the cable 

- coupling at the cable end. 

4.1 Coupling Along the Cable 

The coupling along the cable can be cal- 
culated by using the concept of trans- 
fer impedance and transfer admittance 
C6, 71. 

4.1.1 Directional Coupling Effect 

In the case of a parallel arrangement 
of a Power supply line and a coaxial 
line between points A and B with the 
wave uc, - and the impedance Z,, we 
will obse%e a "directional coupling" 
into the coaxial line. Each differen- 
tial segment acts as a local source of 
electromagnetic energy (depending on 
the transfer parameters, and propor- 
tional to the length dx of the dif- 
ferential segment). The signal of this 
source is propagated in both directions 
inside the coaxial cable. In one direc- 
tion the internal signal is propagated 
together with the exterior noise source, 
in the other direction it is not. Only 
in one direction the contributions of 
all differential segments will be sum- 
med Up and result in a measurable vol- 
tage transient inside the coaxial line. 

4.1.2 Transfer Parameters 

The coupling into a differential Seq- 
ment dx of the coaxial cable can be 
calculated with transfer impedance and 
transfer admittance. Taking the defini- 
tions of Vance [7] we will have a dis- 
tributed voltage source of 

du = i, ' ZT ' dx 
(t) 

and a distributed current source 

di= uc ' YT * dx 

(t) 

ZT is the transfer impedance (Per unit 
length) YT the transfer admittance (Per 
unit length) 

ZT = ZB + jctiMl2 

yT = -juCl2 

ZD is the diffusion term of the trans- 
fer impedance 

Ml2 is the inductive coupling term of 
the transfer impedance 

Cl2 is the capacitive coupling term of 
the transfer admittance. 

For a cable with impedance ZO the con- 
tribution of these two terms on the in- 
ternal wave propagating in the same di- 
rection as the exterior wave can be 
combined: 

du 1 -_=-.i 
dx 2 c rZ, f jw(M12 - z~Z~C~~)] 

diffusion penetration 
term term 

zo: Impedance of the coaxial cable. 
z,: Impedance of the exterior system. 

For the transfer coupling in a given 
configuration, we call the first term 
the diffusion term, and the second term 
the penetration term. 

The diffusion term is representing the 
diffusion of the current i, through the 
shield. ZB is frequency dependent, and 
'approaches the series resistance RO of 
the casble shield for low frequencies 
and is smaller than RO [6, 71 at higher 
frequencies. 

The penetration term represents the 
penetration of the external electro- 
magnetic field through the small aper- 
tures of the braided shield. It may 
be positive or negative, depending on 
the relative contribution of capa- 
citive and inductive coupling. For a 
given configuration, we may represent 
the penetration term with one single 
mutual inductance: 
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Ml? = Ml2 - ZOZ, * Cl2 

TO simplify the worst case calculations 
we may take Zd = const = R8 and we are 
then able to calculate the response in 
the time d0ma.i.n with 

""(t_, 1 
d 

dx =-?=(t)d 
Z +dti 

( t ) “$ 
where du(t) is the voltage wave, pro- 
pagating inside the coaxial line in the 

same direction as the source wave out- 

side from a differential increment dx 
of the coaxial line. 

The voltage at the end of the coaxial 
line is the sum of all these incremental 
contributions. 

4.1.3 Dispersion Because of Vel.ocity 
Differences -- _l_---_l__ 

Because of the difference in the propa- 
gation velocity of internal and ex- 
ternal waves in the coaxial cable, a 
transient with a very short risetime 
will not cause a signal of the same 
risetime inside the coaxial line. The 
effect of this dispersion can be 
treated separately for the diffusion 
term and the penetration term. 

4.1.3.1 Dispersion of the Diffusion 
Term - 

As an example we calculated the disper- 
sion of an exponential pulse with very 
short risetime and a decay time of 

Ic = 0 for t< 0 

lc = IO * e -Cut for t>O 

Vl is the propagation ve'locity of the 
exterior wave ic 

V2 is the propagation velocity inside 
the coaxial cable 

1. is the length of the coupling 
section 

integrating the contribution of all 
differential segments to the voltage 
at the end of the coupling section 
gives the signal UJ, as shown in Fig. 
4. 

Pig. 4: Signal UL resulting at the 
cable end from diffusion term 

The maximum is at t = 4 

v2 
and is 

I'he time between the beginning of the 
pulse and the maximum is 

A,=.(% -q __& 
for $ >> I&---- 

"2 1 

The maximum will be less than 

1 
u 
max 

i 5 R. * i. . L 

The calculation with ZT = RD = const is 
valid if 

'i$ is the diffusion time constant oE 
the shield [7]. 

If this condition is not true, then the 
coupled signal will. be less than this 
calculation. This calculation is a 
worst case estimation. 

4.1.3.2 Dispersion of the Penetration 
Term -l_l_ 

As we have seen in 4.1.2, we may com- 
bine the inductive and capacitive 
penetration coupling to a combined 
penetration coupling term M . The 
signal resulting from this ? erm, for a 
differential segment dx in the time 
domain, is the derivative of the ex- 
ternal. signal: 

du = 61. i 
dt c(t) 

*Mp-dx 

The calculation is simplified if we 
replace the sharp edge of the fast 
signal in 4.1.3.1 with a short but 
finite rise time, and let the decay 
time be very long. 

i(t) = for t < 0 

iO 

%) = K 
. t for 0 < t < to 

%A = Ql for t0 
<t 

Integrating the contribution of all 
differential segments to the voltage 
at the end gives a signal shown in 
Fig. 5. 

i. V2 

Fig. 5: Signal uL resulting from pene- 
tration term 

The condition for this pulseform is: 
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The maximum voltage at the cable end 
is 

umax = Ml, * i.0 * V2 

If the condition is not satisfied the 
maximum of the coupled signal will be 
less. This maximum is a worst case 
estimation. 

It is interesting to note that coup- 
ling from penetration term, is inde- 
pendent of the section length, for 
longer distances. 

Fig. 6 shows two measurements of a 
signal uL at the end of a coupling sec- 
tion of 50 m and 100 m length, with all 
other conditions (geometry, test sig- 
nal, impedances, etc.) the same. The 
positive peaks result from penetration 
coupling and are practically the same 
for both the 50 m and 100 m section 
lengths. The negative and much slower 
peaks result from diffusion coupling, 
and are proportional to the cable 
length. 

Section length 5Om Section length 100~ 

Fig. 6: Measurement 
,* - .- 

of UL with two sec- 
tion lengths. 

4.2 Coupling at the Cable End 

The coupling at the cable end depends 
to a high degree on the details of the 
construction at the coaxial connection. 
It is beyond the scope of this paper to 
discuss this problem in detail. Some 
short remarks have to be enough: 

If the shield is attached with even 
a short piece of wire, this inducti- 
vity will result in a very high 
transfer impedance at this place. 

If the coaxial shield is not con- 
nected, the common mode voltage 
will be divided according to the 

uc 

impedances and the coupling be very 
high. 

If a galvanic separation of the line 
circuits is intended, the input re- 
gion of the circuit must be very 
carefully designed, and has to be 
tested with voltage transients in 
the heigth of the expected uc vol- 
tage between shield and local ground. 

5. Measurement Method for Cable Quali- 
fication 

In the literature, 16, 71 measurement 
of cable transfer characteristics in a 
triaxial arrangement is described, 
where the cable sample has Usually to 
be electrically short. We did not have 
an appropriate triaxial test chamber 
and we know, that proper connection of 
the cable ends in such a chamber to 
avoid faulty measurements is a problem. 
We also think that measurement in a 
relatively low impedance test chamber 
could underestimate the contribution of 
the capacitive coupling term. 

We therefore tried another approach: 

- We used a time domain test signal 
(similar to the signals expected in a 
noisy environment). 

- We used an electrically long test 
sample (compared to the rise and 
fall times of the test signal), 

- We used a test configuration similar 
to real coupling situations. 

AS a signal source we used an inter- 
ference generator as it is used for 
simulation of fast transients in the 
power supply. 

The signal coupled into the cable 
sample was measured with a fast sto- 
rage oscilloscope. 

The test configuration was a plastic 
conduit with a fixed power supply 
cable as a noise source and a channel 
for the cable under test in the dis- 
tance of 25 mm to the power supply 
cable. The plastic conduit was moun- 
ted in form of an U, so that the cable 
for triggering the oscilloscope was 
shorter than the test sample. The lay- 
out of the supply cable and the trigger 
cable to the oscilloscope had to be op- 
timized carefully to avoid direct coup- 
ling into the oscilloscope. The coaxial 
cable under test was grounded at both 
ends and was acting as a HF-Ground 
for the multiconductor system. 

The impedances and the velocities were 
measured with a reflectometer, and the 
multiconductor system was matched with 
appropriate resistors. 

The sample length was about 30 m. This 
was a good compromise for our equip- 
ment: The sensitivity on rise time is 
reduced, the damping of the uc wave is 
less than 0.8, different parts of re- 
flections can be easily identified and 
handling of the cable samples is still 
practical. The conditions for measuring 
the maximum of the penetration con- 
tribution (4.1.3.2) is met. 

Fig. 7 shows some results obtained in 
this test configuration. 



Fig. 7 -_ : Measurements in the 30 m cable 
test configuration. 

Measurement A and B show the signal 
in a single braid cable similar to the 
popular RG59/U type. The risetime of 
the test signal was changed from 5 ns 
in measurement A, to 30 ns in measure- 
ment B. This example demonstrates the 
insensitivity of the measurement method 
to the risetime of the test signal. 

Measurements C is the signal in a cable 
with AL-foil and a very light Cu-braid, 
intended for use in CATV distribution. 
In this case, diffusion coupling is 
dominating. 

Measurement D is the signal in a double 
braid cable (without isolation between 
the braids). The coupling is much less 
and it is not possible to separate the 
relative contribution of the two coup- 
ling terms. Similar results are obtained 
with a triaxial cable, when both ends 
of both shields are perfectly grounded. 

Measurement E shows the coupling into a 
triaxial cable, when the outer shield 
is grounded at one end only. The result 
is even slightly worse than with a 
single braid shield cable and can be 
explained easily with the theoretical 
models of this paper: At the open end 
of the outer shield, the uc wave is 
coupled into the mode between the 
shields according to the impedance 
relations. From here, a reflected wave 
is travellinq back between the shields, 
resulting to a directional coupling 
into the signal path. As the impedance 
here between the shields is very low 
and the travelling speed for the wave 
between the shields is also lower than 
for the wave between a single braid 
shield and power supply line, the dif- 
fusion term is dominating in this case. 
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6. Conclusions: 

The models used in this paper are use- 
ful to understand qualitatively the 
propagation and coupling mechanisms of 
fast transients and to estimate the 
worst case values. For practical worst 
case calculations we propose to use a 
DC measurement of RO for the diffusion 
term, and the measurement according to 
section 5 for the penetration term. 

The measurement method of section 5 is 
published as a basis for further work. 
We think, it will still be possible to 
optimize this measuring configuration, 
to get more precise results. 

Using a configuration with air-diele- 
ctric and a very straight single copper 
wire would give more speed difference 
and less dispersion of the external 
wave. Together with a signal source of 
very short rise time and a properly 
matched configuration, this would al- 
low the use of shorter sample lengths. 
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