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THE EFFECT OF MUTUAL INDUCTANCE AND MUTUAL CAPACITANCE
OM THE TRANSIENT RESPONSE OF BRAIDED-SHIELD COAXIAL CABLES*

David E. Merewether

T. F. Ezell

ABSTRACT

In this paper a quantitative comparison is ma<a of the importance of nutual
inductance and mutual capacitance in the Teakrge of transient signals through
the braid of a coaxial cable. The difference between mutual inductance and
mutual capacitance coupling is vividly exhibited in the transiesrt predictions.
Comparisons of predictions to measurements made on a Tength of RG-214 test

cable are also included.

*This papar is based upon work supported by the ERDA under Sandia
Laboratories Contract 33-1141.



INTRODUCTIOHN

The generic form of the coupling through a braided-shield
cable contains both mutual impedance (mutual resistance and inductance) and
mutual admittance (capacitance) terms. Yet for most shielding measurements,
either the “transfer impedance" or the "shielding effectiveness” is measured.
In the first case, only the mutual impedance is measured and in the second
case, a sum (or difference) of the mutual impedance and mutual admittance

coupling is measured [1].

In many cases one is really only interested in the effective-
ness of the shield. The dominant coupling mechanism is not of practical
importance provided the transfer function between the undesired excitation
and the response is accurate. The analyst may ask, "What difference does
it make whether the mutual coupling is capacitive or inductive?" In this
paper, we seek to answer that question: AC transfer functions are shown
where it makes no difference what model is assumed and transient data is
shown where the predicted response is markedly dependent upon the coupling
model assumed.

Finally, the problem of measuring shield Teakage and extrapola-
ting to other cable configurations is discussed. Here mutual capacitance
and mutual inductance are extrapolated in different ways.

Preceding these discussions, the formulation of the coupling

problem for coaxial cables is reviewed and its solution reiterated.



FORMULATION

Whenever a coaxial cable is used in a system application,
two circuits actually exist: The intended one formed by the inner conductor
and the inside of the sheath and the spurious one formed by the outside of
the sheath and its surroundings. For many configurations the outside cir-
cuit has many of the characteristics for a transmission line and the use
of transmission line theory for both the inside and the outside circuit is
appropriate. The coupled telegrapher's equations are [2]
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Figure 1 shows how the voltages V., V, and currents I, and I, are to be
defined in a typical triaxial measurement situation so that Rab’ Lab’ and
Cab’ the parameters that control the coupling between the two lines are
positive quantities. st’ Vsz, Isz’ I52 are externally originated excita-
tion sources that might include a signal generator, an incident electro-

magnetic field or ionizing radiation.

Simultaneous solution of the four ecuations is possible,
however, for shielding problems the lines are locsely coupled (Cab <<, orcC,,
Lab << L, or Lz) and considerable simplification results. Let us define
Tine 1 to be the line excited by a source (either inside or outside) with
time derandence e+jwt. The problem is to determine the resultant voltages

across the load ZL21 and 7, . For this case (1)-(4) reduce to:
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a. Physical configuration for measuring shield leakage for tr1ax1a]

cable with elliptical end caps
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b. Equivalent circuit for an incremental length of outside circuit.

Figure 1
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Here R, and R, are the AC resistance of the transmission lines in ohms/meter
[3]. Note that the solution for V, and I, in (5) and (6) form the drive
terms for (7) and (8). 1In solving either pair the solution for the response
of a transmission line driven by distributed voltage and current sources

is needed.

A simple way to solve inhomogeneous differential equations
is the use of the "Green's function technique". 1In this approach the
responsa of a linear system to a distributed source is computed by super-
positica of the responses obtained with a discreet source. Let VI(z,z') be
the voltage V measured at z when the line is driven by a lumped shunt cur-
rent source of one ampere at z = z' and similarly let Vv(z,z') be the voltage
V measured at z when the line is driven by a Tumped voltage source at z = z'.

The total response due to both current and voltage sources

is

L I % \ ’ ' 8
V(z) = [ Vvi(z,z") I_(z")dz' + [ V'(z,2') VS(Z )dz (9)
o} s 0
Similar formulas can be obtained for the current on the line
z I z \
I(z) = [ 1°(z,2") Is(z')dz' + [ 1'(z,2") V (z')dz’ (10)
(0] Qg

However, solution of either (9) or (10) is sufficient to determine the
total response since if you know V(z) the current can be obtained from
(5) or (7).

How to solve for the four "Green's Functions" is described
adequately by Weeks [4]; only *the results are given here. All four formu-
las are provided here because both the current and the voltage on line 1

-are needed.
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Subscripts will be added to these quantities tc dencte which Tine (1 or 2)
is under consideration.
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To obtain the Tine voltage for line 2, the Green's function
would have to be applied twice to obtain V,(z) from Eq. (9).

2 e £ :
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S
(16) is the general form of the response of the receiving Tine. Further mani-
pulation of this equation is possible; however, little simplification is obtained
until the distribution of the driving source is put into the equations. 1In the
following we shall confine our interests to the case where a signal generator
excites the driven line (V51= Vsa(z), ISI= 0), for wirich (from Eqs. (12) and (13))

Vi(z) = Vpe 1%+ v eV ? (17)
- oY, 2 4z
I,(z) Ym[vF e 1 VR e 1°] (18)
where .
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Substituting (11), (12), (17) and (18) into (15) and integrating
yields,
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Equations (19) and (20) are reéuitant forms for the terminal voltage on the
receiving line when the driven line is excited at z = 0 by a voltage source.

MEASURED DATA

With Equations (19) and (20) and the possibility of making
measurements under various termination conditions, it is evident that suf-
ficient data can be measured to solve for Rab’ Lab’ and Cab the coupling
parameters. To this end, an additional shielding braid was pulled over a
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length of RG-214 cable. TDR measurements were made of the velocity of pro-
pagation and the cable impedance (Table I). It was noted that the palyvinyl
jacket has a velocity of propagation that is somewhat dependent upan fre-
quency; however, an average velocity of 1.63x10°m/sec was used in all pre-
dictions.

Table I
IMPEDANCE CHARACTERISTICS OF RG-214 WITH AN EXTRA
SHIELD OVER THE INSULATING JACKET

DC Resistances Center Conductor = 7.26 mQ/m
Shield = 8.4 mQ/m
Added Shield = 4.6 m/m
Characteristic Interior Circuit = 580 Q
Impedances Shield Circuit = 9.5 Q
Velocity of Interior Circuit = 1.92x10%m/sec
Propagation -

Exterior Circuit = 1.63x10%m/sec (at 20 MHz)

In Figure 2 is shown the type of measurement that is often used
to measure Zab' In this case the driver circuit was the ictgrg?r circuit and
the transfer function measvred was not Zab directly,zab = Iis.c. » but rather
the ratio of two voltages V% . This ratio is easily related to Zab’ and Yab
by (19) and (20). It was found that if the DC resistance of the shield were
used as the value for Rab’ a rgasonab]y good fit to the low frequency part of
the curve could be made. Further, it was found that one could assume that
the high frequency coupling was either inductive or capacitive and obtain

- equally good comparison to the measured data, provided LabYof:CabZOzas sug-
gested by (19) and (20).. Further comparisons indicated that these same
empirically determined values of Lab and Cab would give equally good fits

to the matched driver-matched receiver configuration (Figure 3) and reasonable
fits .o the data obtained in the Yab measurement configuration (Figure 4).
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Figure 2. Comparison of measured data and empirical fits for the

Zgb measurement configuration of the RG-214 test cable.
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Yab measurement configuration of the RG-214 test cable.
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Combinations of Lab and Cab were also tried, but the authors
found 1ittle merit in any combination since the Rab-Lab model or the Rab'cab
rmocel each produced a reasonably accurate fit to all the data.

Pulse measurements were also made using this type of cable and
compared to predictions made by Fourier transforming the frequency domain re-
sponse predicted by (19) and (20) with an appropriate pulse input (Figs. 5-7).
Allowing for the fact that the pulse generator had a slower fall time than the
numerical driver, and allowing for the frequency dependence of the velocity of
propagation of the polyvinyl jacket, we find the agreement between theory and
measurement quite acceptable. The very interesting observation is made that
the high frequency leakage through the braid only engenders a spike in the
waveform and that the polarity of the spike on the far end depends upon the
dominant coupling mode through the shield. Perhaps more important is the
observation that most of the waveform is due to the mutual resistance term
Rab that we have here modeled to acceptable accuracy by the simple DC resistance
of the shield.

COMMENT OM THE MEASUREMENT OF SHIELD LEAKAGE

As previously mentioned, the authors found that the measured
Clk data in Figures 2, 3, and 4 were not adequate to discern the correct magni-
tude of the mutual inductances and capacitance. The reason for tii.s is that
the RG-214 is a reasonably well-shielded cable in the sense that tie mutual
inductance and mutual capacitance are small. Consequently, high frequencies
are needed to make wLab > Rab and wcab Z02 > Rab Y01' At these higher fre-
quencies a 5-meter cable is no Tonger a small fraction of a wavelength long.
With standing waves on the driver cable both mutual inductance and mutual
capacitance contribute to the signals observed on the receiving cable in

any configuration.

The measurement configuration recommended by the authors is
shown in Figure 8. Here the open circuit voltage is to be measured in each
case; that is to say, the input impedance of the voltage probe must be much
higher than the output impedance of the receiving cable (this could be a
problem for the measurement of Cab)'

13
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Figure 5. Comparison of measured response with R-L and R-C coupling model

tions of RG-214 test cable.
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Figure 6. Comparison of measured response with R-L and R-C coupling
model predictions for the shorted driver and matched receiver
configurations of RG-214 test cabie.
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Figure 7. Comparison of measured response with R-L and R C coupling
model predictions for the open driver and matched receiver
configurations of RG-214 test cables.
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, Z,, MEASUREMENT
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.= - ify,2 << 1
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Figure 8. Measurement configurations for mutual impedance

and mutual admittance with second-order formulas
for coupling.

*

Second order formulas for the desired transfer ratios are given
showing how cross coupling between terms results.

Ideally, the cable should be cut short enough to make measure-
ments over the entire frequency range of interest. Wide band measurements
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also help assure that the mutual capacitance is properly measured. Since the _
mutual admittance coupling is generally smaller than the mutual impedance coapling,
it is difficult to assure that the voltage ratio intended to measure_Cab/C2

is not really Y01 Zab Y,%. This could be particularly troublesome on cables

where the mutual resistance is frequency dependent. In that case, the use of

the second order equation to determine Cab/C2 is desirable.

Measurements 1like those described here were made on the RG-214
test cable. They showed that a more correct mutual resistance would be 5 mQ/m.

These measurements also showed that the mutual capacity was less than .05
picofarads/m.

EXTRAPOLATION OF MEASUREMENTS TO DIFFERENT PROBLEMS

In making the measurements of leakage through the shield braid
on the RG-214 cable an additional braid was pulled over the jacket to form an
exterior circuit. The question arises then as to how to apply the data taken
in this manner to more realistic problems iike a cable loosely suppcrted over
a ground plane, or a cable laying on the bottom of a horizontal conduit.

Vance [5] has studied the physics of the leakage through holes
in the cable shield. He concluded that since the mutual capacitance is deter-
mined by a voltage ratio and the coupling is actual electric field coupling,
the mutual capacitance is proportional to the incremental capacitance of both the

inner and outer circuits
Cap = KG,C,
This relation can be used to transfer data measured in one configuration to

a different configuration. The mutual impedance is dependent only upon
shield geometry and not upon the line parameters of either the inner or outer

circuits.

SUMMARY

In the preceding discussion, we have shown that either mutual

inductance or mutual capacitance can couple similar AC signals through shielding
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braid on long cables. The transient data augments this conclusion il1lus-
trating that high frequency leakage, whether capacitive or inductive,

adds spikes to the waveshape; the difference between capacitive and inductive
coupling is only the polarity of these superimposed spikes.

An interesting feature of this data is the fact that no skin
depth rolloff at Tow frequencies was used in the predictions of Figures 5-7.
Figure 3 indicates that some rolloff might be present with a break frequency
of about .3 MHz. However, matching that data with the skin depth rolloff
formula used for solid shields [3] or [5] smoothsthe corners of the transient
response p-edictions far more than that exhibited in the measured data. e
concluded, therefore, that although there is probably reduction in the coupling
due to diffusion at higher frequencies, it does not diminish as rapidly as
the diffusion through a solid shield with the same radius and the same DC re-
sistance.

As a conclusion, it is worthwhile to consider an example:
suppose a 1V antenna is mounted on a chimney and the signal brought into the
house on & length of RG-214 cable. Suppose that the antenna 1s struck by
lightning and the stroke travels down the cable for seventy-five feet before
being diverted to a ground stake. What is the peak voltage you may expect
at the television input terminals?

In this case, transient currents are impressed on the outside
of the shield that propagate down the cable away from the stroke. This is
the reverse of the case used to obtain the measured data. However, we can
obtain the result directly from the measured data by using the reciprocity

theorem.

In obtaining the méasured data (Figure 1) the internal coaxial
cable was driven with a 1-volt square pulse. This drive produced a voltage
" across ZL22(9.59) of about 8 mv (Figure 5). This means the current flowing
through ZL22 was 8-]0'3/9.5 = 8.4-10-uamps. By reciprocity, a 1-volt generator
in series with ZL22WOU]d produce .84 ma through ZL11’ This completes the
application of the theorem. If we then scale the voltage in series with ZLzz
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up to a voltage wnich would produce 20,000 amps flowing on the exterior of
the shield (an average lightning stroke has a current of 20,000 amps), this
would produce a voltage across ZLn of 16 kV since

1 V in series with ZL22 + 0.84 mA through ZLn
380 kV in series with ZL22 -+ 20,000 amps'on the shield
-+ 320 amps through ZL11

(320 amps through ZL11 ijs 16 kV across this 50-Q resistor).

Mote that this voltage is independent of the pulsewidtR; the
longer the driving pulse, the longer the induced pulse. In fact, this voltage
is the minimum that would be observed because it is based on the d.c. resis-

tive coupling and not the reactive coupling. Since the calculation is based
upon only the transfer impedance, the extrapolation of the triax data in this
case is accurate. Clearly, the front end of the TV set cannot be expected

to survive. Since the outside of the sheath was grounded, this is not really
a worst case analysis. It does illustrate, however, the importance of
grounding the mast of the antenna with a good low inductance ground to divert

the stroke from the antenna lead-in.
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