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I. Introduction
Shielded cables have been used extensively on aircraft, ground and space-
missile systems to reduce the electromagnetic coupling (crosstalk) between
electrical equipments which are interconnected by wires. The wires which
interconnect these electrical and electronic devices are generally routed in 5

densely-packed, cable bundles. The unintentional electromagnetic coupling or

crosstalk between these wires may be of sufficient magnitude to degrade the
performance of the equipments which the wires interconnect. In order to fe;
duce this level of crosstalk, shielded cables and twisted pairs of wires have
been employed.

In order to assess the effectiveness of these prevention measures, it is
desirable to have prediction models which characterize this coupling. The
objective of this report is to investigate such prediction models for
shielded cables. Also we wish to show that a common practice - use of pig-
tails - can seriously degrade the effectiveness of braided-shield cables.
Experimental as well as computed results will be presented to show the effect
of these pigtails.

Shielded cables are predominantly of the braided-shield variety as shown
in Fig. 1. The braided-shield cable consists of a circular, cylindrical shield
which is composed of belts of wires, interwoven to provide flexibility and an
interior wire (the shielded wire) located on the axis of the shield as shown
in Fig. 1. The interior wire or shielded wire is of radius r, and the shield

has interior radius r. The shield thickness, tes is approximately equal to

e

the diameter of the wires making up the braid which have radius r i.e.,

s
ts = Zrb. The shielded cable usually has an overall, insulating ?acket of
thickness tj, and the shield is woven in B belts of wires with a weave angle
of Ow as shown in Fig. 1. Each belt contains W wires. If the length of the
shield is denoted by;ﬁs, then each braid wire is of 1ength:£§/cosow. The
medium internal to the shield and surrounding the interior, shielded wire is a

dielectric with permittivity € = €€y and permeability u = H, where the per-

mittivity and permeability of free space are denoted by €y and Mo respectively. ;
There exist other, less frequently used, types of shield constructions
such as solid, conduit types and tape-wound shields. These are discussed in

{1j.

In terminating a braided-shield cable, for example, at a connector, the
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braid is often stripped back exposing the interior wire (the shielded wire)
as shown in Fig. 1. The braid is terminated (usually to a ground plane such
3 as an aircraft structural skin) via another wire which will be referred to as

the pigtail wire. These exposed terminal sections will be referred to as pig-

tails throughout this report although this use of the term is not standard.

The term pigtail is sometimes used elsewhere to denote the pigtail wire. The

lengths of the pigtail sections are denoted by L; and the length of the
shielded section of the cable is denoted by ‘;f The total length of the cable
is denoted byi:==22 + 2.; as shown in Fig. 1.
When braided-shield cables are terminated in connectors in this fashion,
the shielded wire is directly exposed over the pigtail sections to other wires
i in the cable bundle which are also terminated at the connector as shown in

Fig. 2. 1If it is required to carry a shield connection through the connector,

LN ———

a separate wire, the pigtail wire, connects the shield braid to an additional

connector pin. The various design handbooks [2,3,4] seem to recommend against

this procedure, however, it appears to be common nevertheless [5,6]. In fact,
the author has observed pigtail sections in excess of 6 inches. (The connec- é
tor pins may also be considered to add an additional length to the pigtail %
section.) 1In these installation configurations, the interior, shielded wire ’
isdirectly exposed to crosstalk from any adjacent wire in the cable bundle; no
intervening shield is present to restrict the crosstalk contribution over
the pigtail sections.
One of the purposes of this report will be to demonstrate that the
coupling over the pigtail sections may constitute the dominant coupling mech-
anism to the shielded cable. Even though the lengths of the pigtail sectionms,
ZTE, may constitute only a minor fraction of the total cable ]ength,':, we will
show that, depending on the values of the cable termination impedances, the
contribution to the received voltages at either end of the cable due to the pigtail
’ sections can be larger than the contribution over the (much longer) shielded
j section. 1In this situation, the shield simply serves to reduce the exposed
length of the interior wire (21;) from what it would be (%) if no shield were
present. Thus the shield still provides a reduction in crosstalk. However it
will be shown that if the pigtail sections were eliminated, one could realize an
additional reduction in crosstalk of as much as 30 dB (over certain frequency

ranges). Thus the effectiveness of the shield in reducing crosstalk has been
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substantially reduced by the pigtail sections.

The second objective of this report is to investigate the feasibility of
developing a prediction model to accurately simulate the crosstalk to or from
a braided-shield cable. A transmission line model will be employed, and the
requisite, general background for this model is given in [7]}. The earlier
work on predicting crosstalk to or from shielded cables has generally been
applicable to low-frequency models [8-10]. The term low-frequency is used
here to mean frequencies for which the cable is sufficiently short, electric-
ally, so that lumped circuit models provide adequate characterization. It
will be shown that this frequency limit is also a function of the cable ter-
minal impedances.

Some of the very early work of significance in characterizing shielded
cables was by Schelkunoff [11,12]. A surface transfer impedance relating the
shield current to the per-unit-length voltage drop (electric field) on the
interior and exterior shield surfaces was developed for solid shields. This
work has been extended to braided-shield cables in [14-19]. However, these
works concentrate on the vulnerability of braided-shield cables to external,
incident fields as opposed to coupling from other adjacent wire circuits in
cable bundles above a ground plane. A discussion and rather thorough bibli-
ography is given in [18].

There has been an attempt to characterize the crosstalk from adjacent
wire circuits via the transmission line model in [13]. However, the analysis
assumes weak coupling between the two circuits; thatis,theback jnteraction of
the shield (pickup) circuit on the generating wire can be ignored. This weak
coupling assumption was also employed in a lumped circuit model in [10]. In a
later section we investigate the use of the distributed parameter, transmission
line model to characterize this coupling without invoking the weak coupling
assumption,

In this report, we will concentrate on the prediction of crosstalk to or
from braided-shield cables which are suspended above an infinite ground plane.
The three basic configurations are shown in Fig. 3. The first configuration
shown in Fig. 3(a) is referred to as the unshielded to unshielded configura-
tion (UU). This case, although not involving a shielded cable, is included
for completeness for the primary reason of having a structure to compare the

other structures in Fig. 3 to so that the effectiveness of the shield in
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The three configurations investigated.




reducing crosstalk can be assessed, quantitatively. The second configuration
is shown in Fig. 3(b) and is referred to as the unshielded to shielded con-
figuration (US). The third configuration shown in Fig. 3(c) is referred to
as the shielded to shielded configuration (SS). A fourth configuration not
shown in Fig. 3 will also be investigated. This configuration is referred to
as the shielded to unshielded configuration (SU) and differs from the un- 3
shielded to shielded configuration in Fig. 3(b) only in that the shield sur-
rounds the generator wire instead of the receptor wire.

For the cases in Fig. 3(b) and 3(c) involving shielded cables, the total J
line length.f will be divided into two pigtail sections each of identical 4

1ength}f£ and a shielded section of lengthgfs. Although the unshielded to

unshielded case in Fig. 3(a) contains no shields, we will, nevertheless,
divide the line length into the same corresponding lengths as for shielded
cables for later, illustrative purposes.

One wire with the ground plane will be referred to as the generator cir-
cuit and will be driven by a sinusoidal voltage source, VS’ having source

impedance Z This wire will be referred to as the generator wire. Another

wire with t;g ground plane will constitute the receptor circuit, and the wire
of this circuit will be referred to as the receptor wire. The generator wire
is terminated to ground in an impedance ZLG’ and the ends of the receptor wire
are terminated to ground in impedances ZSR and ZLR' The first subscript on
these quantities refers to the appropriate end of the line, Source end or
Load end. The left end of each line will be referred to as the source end
although no actual source is present in the receptor line at this end. Simi-
larly, the right end of each line will be referred to as the load end. The
second subscript refers to the appropriate circuit, Generator or Receptor.

In the experiment to be described, ZSG will be zero and all other termination
impedances will be purely resistive and equal, i.e., ZLG = ZSR = ZLR = R, as

is indicated in Fig. 3. The voltages Vin and Vout across the resistance at

the source end of the receptor circuit will be measured at discrete frequen-

cies, and we will be interested in the voltage transfer ratio vout/vin as a

measure of the crosstalk between the two circuits, i.e.,

\Y
Voltage Transfer Ratio = ‘SUt . ﬁ
in




In each case involving braided shields, there are four possibilities for
shield grounding. The shield may be ungrounded at both ends (ungrounded),
grounded at the source end and ungrounded at the load end (single-end
grounded, source end), ungrounded at the source end and grounded at the load
end (single-end grounded, load end), and grounded at both ends (double-end
grounded). We will observe that, depending on the circuit terminal impedances,
there are some interesting and very significant differences in crosstalk re-
sulting from these various grounding configurations.

The report will be organized as follows. The experimental test config-
uration will be described in Section II., Section IIl will investigate the
effect of pigtails on crosstalk. It will be shown that even though the pig-
tail sections constitute only a small fraction of the total cable length (no
more than 4% in the results to be shown), they may constitute the dominant
coupling mechanism to the braided-shield cable. It will be shown rather
dramatically that one can obtain as much as 30 dB additional reduction in
crosstalk if these seemingly insignificant pigtail sections are eliminated.
Section IV will discuss a low~frequency, approximate model. This model,
although limited in applicability to a sufficiently small frequency, will
effectively serve to illustrate why pigtails have this rather dramatic effect
and will provide detailed insight into the coupling mechanism. Section V will
discuss’'the effect of the shield grounding configuration. Section VI will
discuss the distributed parameter, transmission line model, and the predic-
tions of this model will be given in Section VII. Up to this point, the
pigtail wire lies parallel to the gshielded wire over the
pigtail sections. The separation between these two wires is 0.5 cm. In
Section VIII, we will investigate the effect of varying the loop area between
the pigtail wire and the shielded wire. In some installations, the pigtail
wire is not terminated in a connector but is connected directly to the system
structure. The effect of this pigtail configuration will also be investigated

in Section VIII.
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IT. The Experiment

The experimental investigation of all three configurations shown in Fig.
3 (as well as the shielded to unshielded configuration) was conducted. The
total line 1ength,;i, was 12 feet (3.6576 m) in all cases. The generator and
receptor wires'were supported at a height of 1.5 cm above an aluminum ground
plane which was 1/8 inch in thickness. The generator wire circuit was driven
by a sinusoidal source, VS’ and terminated in a resistance R. Both ends of
the receptor circuit were also terminated in a resistance R and two values of
R will be investigated, R = 500 and R = 1kQ.

These two values of R were chosen for the following reason. For the un-
shielded to unshielded case in Fig. 3(a), one can show [21] that for a suffi-
ciently small frequency, the received voltages across R at each end of the
receptor circuit can be separated into an inductive coupling component due to
mutual inductance between the two civcuits and a capacitive coupling component
due to mutual capacitance between the two circuits. For the unshielded to
unshielded configuration investigated here, one can show that inductive coup-
ling dominates capacitive coupling for "low impedance loads" such as R = 500
and vice-versa for "high impedance loads" such as R = 1kQi. Previous experience
has shown that the response of coupled lines can be quite different for these
two coupling mechanisms. We will find this to be true for configurations in-
volving shielded cables although this concept has not been explicitly shown
for shielded cables as was done for unshielded cables in [211.

The measured voltages will be Vin at the input to the generator line and
Vout across the resistance R at the source end of the receptor circuit. We

will be interested in the voltage transfer ratio

\
out

v

in
between the two circuits. The voltages Vout and Vin will be measured in steps
of 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9 in each decade from 100 Hz to 100 MHz,

and the voltage transfer ratio will be plotted on the graphs at these dis-

Voltage Transfer Ratio =

crete frequencies., The measurement and excitation equipment are

Frequencv Range

(1) HP 8405A Vector Voltmeter 1 MHz -+ 100 MHz
(2) HP 3400A RMS Voltmeter 100 Hz + 1 MMz




Frequency Range

(3) HP 205AG Audio Signal Generator 100 Hz + 15k Hz
(4) HP 860lA Generator/sweeper 1 MHz -~ 100 MHz
(5) Wavetek 134 Sweep Generator 15k Hz - 1 MHz
(6) Tektronix DC502 Counter 100 Hz » 100 MHz

Photographs of the experimental setup are shown in Fig. 4.

Several configurations of shield grounding will be investigated in
Section V. In Section III, the shields will be grounded at both ends via the
pigtail wires as shown in Fig. 3(b) and 3(c). The pigtail wires are #20 gauge,
solid, copper (bare) wires which are placed parallel to the shielded wires at
a distance of 0.5 cm from these wires. The pigtail wires are also maintained
at a height of 1.5 cm above the ground plane. Three lengths of pigtail sec-
tions were investigated: ::p = 0.5 cm (~1/4 inch),.:; = 3 cm (~1 1/4 inches)
and ;":p =8 cm (~3 1/4 inches).

In the unshielded to unshielded case shown in Fig. 3(a), the two wires
were #22 gauge, stranded, copper wires with teflon insulation. In the un-
shielded to shielded case in Fig. 3(b) and the shielded to unshielded case,
the unshielded wire was a #20 gauge, solid, copper wire with PVC insulation
17 mils in thickness. The characteristics of the braided-shield cables are
(see Fig. 1):

Interior wire #22 gauge stranded r, = 12.65 mils

Interior insulation (Teflon) € = 2.1

Interior shield radius L 35 mils ;

Braid wires #36 gauge r, = 2.5 mils l

Weave angle Ow 2 30 degrees i

Number of belts B =16 !

Number of wires per belt W =4 §

Overall, nylon jacket of thickness tj = 5 mils ?'

| The cross-sectional dimensions of the individual configurations are shown

1 in Fig. 5. In the unshielded to unshielded configuration, two separations will
% be investigated. (See Fig. 5(a).) The SEPARATION: TOUCHING configuration has
f a separation of .23 cm corresponding to the shielded to shielded case, and the

SEPARATION: WIDE configuration has a separation of 1.5 cm.

! 10




Fig. 4.

The experimental configuration (continued).
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In the unshielded to shielded and shielded to unshielded configurations

two wire separations were investigated as shown in Fig. 5(b): .198 cm and

1.5 cm. The .198 cm separation occurs when the wires are taped together and
is denoted on the graphs by SEPARATION : TOUCHING. The 1.5 cm separation is 3
denoted on the graphs by SEPARATION : WIDE.

In the shielded to shielded configuration, two separations are also
investigated. 1In the SEPARATION: TOUCHING case, the two shields are taped
together resulting in a separation of .23 cm. In the SEPARATION: WIDE case,
the shields are separated by 1.5 cm. For the WIDE separation only the 8.0 cm
pigtail section lengths were investigated. The sensitivity of the measurement
equipment was such that the crosstalk could not be measured for the 0.5 cm

pigtail section lengths for the shielded to shielded case and WIDE separation.
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IIT. Effect of Pigtails

For the unshielded to shielded case in Fig. 3(b) (and the shielded to un-
shielded case), the experimental and computed data indicate that, for a suffi-

ciently small frequency, it is possible to superimpose the pigtail coupling

and the coupling over the shielded section as shown in Fig. 6 and described in

Section IV, i.e.,

= + +
Vout = Vieft pigtail ¥ Vshielded section T 'right pigtail (3-1)
Based on the observation that the lengths of the pigtail sections usually con-
stitute only a very small portion of the total line length (0.3% - 4% in the
results to be shown), one might suspect that the pigtail coupling is insig-
nificant. Cases will be shown which illustrate that, depending on the load

impedances, v .y
left pigtail shielded section

vright pigtail g Vshielded section

Therefore for these situations, the portion of the coupled voltage, Vout’ over

the shielded section, is obscured by the pigtail coupling.

Vshielded section’
This does not imply that the effectiveness of the shield is totally de-
stroyed. On the contrary, when the dominant coupling occurs via the pigtail
sections, the shield simply serves to reduce the exposed section of the interior
shielded wire from what it would be if no shield were present. Thus the
shield provides an "optical" coverage of the interior wire for
these situations. Nevertheless, we will show experimental results which point
out that when pigtail sections constitute only a '"small" portion of the total
cable 1ength,‘:. for example, 4% of.l, the total coupling can be some 30 dB
over the coupling which would result if the pigtail section lengths were mini-
mized such as 0.3% of *. Thus the effectiveness of the shield is substantially
reduced by these pigtails. These concepts also appear to apply to the
shielded to shielded case in Fig. 3(c¢) in a similar fashion.
The experimental results are contained in Appendix A. In these results,
three values of pigtail section lengths are investigated: 0.5 cm (-1/4 inch),
3.0 em (-1 1/4 inches) and 8.0 cm (-3 1/4 inches). The results for R = 50Q

and TOUCHING separation are shown for the unshielded to shielded case and all
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shield grounding configurations in Fig. A-1 through A-4. Note in Fig. A-l

for both ends of the shield grounded, a change in pigtail length from 0.5 ¢m
(0.3% of 37) to 8.0 cm (4% ofg ) results in a maximum increase of some 30 dB
(at 1 MHz). For the other shield grounding configurations shown in Fig. A-2

through A-4, there is virtually no difference in coupling for the different

pigtail lengths. The low frequency model discussed in the following section
seems to explain this phenomenon.

The corresponding results for R = 500 and the WIDE separation are shown
in Fig. A-5 through A-8. There are essentially no differences in the conclu~-
sions to be drawn for this separation and the TOUCHING separation.

The results for R = 1k& and the TOUCHING separation are shown in Fig.

A-9 through A-12. There are some significant differences between these re-
sults and the corresponding results for R = 500. Note in Fig. A-9 for both
ends of the shield grounded, that there is a maximum difference in crosstalk
for the three pigtail lengths on the order of 25 dB, and the pigtail effect
extends to well below lk Hz although not to the same degree as at the higher
frequencies. Note also in Fig. A-10 and A-11 for the single-end grounded

case that there is a difference in crosstalk for the different pigtail lengths
as opposed to the R = 500 case. The low-frequency model discussed in the fol-
lowing section also seems to explain these phenomena.

The corresponding results for R = 1k and the WIDE separation are shown
in Fig. A-13 through Fig. A-16. Again there are no major differences in the
conclusions to be drawn for this separation and the corresponding results for

the TOUCHING separation.

T

A similar effect is observed for coupling from a shielded cahle to
another shielded cable (SS). These results are shown for the TOUCHING separa-
tion in Fig. A-17 (R = 508) and Fig. A-18 (R = 1kR). Note in Fig. A-17 for

+ s g —— g

R = 500 a change in pigtail length from 0.5 cm (both ends of both cables) to

8 cm (both ends of both cables) results in an increase of at least 30 dB. f
Measurements of the coupling at 250 kHz and 300 kHz could not be obtained
since the coupling levels were below the sensitivity of the measurement equip-
ment. The results for R = 1kQ given in Fig. A-18 show a similar, dramatic
effect of pigtail length, and there is a more widespread increase in coupling
of some 25 dB from 30 kHz to 10 MHz with an increase in pigtail lengths from

0.5 cm to 8 cm.
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To further illustrate the effects of pigtails, we will compare the pre-

vious results for unshielded to shielded coupling and shielded to shielded
coupling to the crosstalk between two unshielded wires. These results for

R = 500, 0.5 c¢m pigtails on the shielded cables and both ends of each shield

grounded are shown in Fig. A-19. The corresponding results for R = 500 and
8 cm pigtails are shown in Fig. A-20., The results for R = 1k@ and for 0.5 cm
pigtails and 8 cm pigtails are shown in Fig. A-2]1 and A-22, respectively.
Comparing Fig. A-19 and Fig. A-20, we observe that the difference in cross-
talk between the case of two unshielded wires and two shielded wires de-
creases from approximately 60 dB to 35 dB from 300 kHz to 1 MHz when the pig-
tails are increased from 0.5 c¢m to 8 ¢m. The corresponding results for the
WIDE separation are shown for R = 508 in Fig. A-23 and for R = 1kQ in Fig. A-24.
It is interesting to note that for the R = 502 cases in Fig. A-19,
Fig. A-20 and Fig. A-23 that when pigtail coupling is dominant, the unshielded
to shielded and the shielded to shielded results are not identical. For
example, we will show in the next section that for R = 50Q, pigtail coupling
is dominant above approximately | MHz in Fig. A-19, above approximately 100 kHz
in Fig. A-20 and above approximately 100 kHz in Fig. A-23. (See also Fig.
A-17.) However, when pigtail coupling is dominant, it may appear that the ;
corresponding unshielded to shielded and shielded to shielded results should
be identical since the pigtail sections are of the same length. However, there
is an important difference; there is an additional pigtail wire on the genera-
tor circuit in the shielded to shielded case which is not present in the un-
shielded to shielded case. In Section VI, the multiconductor transmission line
model predictions for all these cases are within 1.5 dB of the appropriate
experimental results. The multiconductor transmission line model includes
the presence of and interactions between all adjacent conductors (all pigtail

wires and the generator and receptor wires). Thus the pigtail wires

in the shielded to shielded case appear to have a substantial effect.

Note also that for 8 cm pigtails and R = 1k in Fig. A~22 and Fig. A-24
that there is virtually no difference between the unshielded to shielded cou-
pling and the shielded to shielded coupling. This again occurs because pig-
tail coupling is dominant. The nigtail wires seem
to have much less of an effect than for R = 500 as discussed above, and the

multiconductor transmission line model sredicts these results quite well.
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Also for the 0.5 cm pigtails in Fig. A-21, pigtail coupling is dominant
above approximately 30 kHz.

These results indicate that a worthwhile objective in the installation
of braided shield cables would be to eliminate, or at least minimize, the
pigtail sections. In this experiment, the 8 cm pigtails constituted
only 47 of the total line length, and the 0.5 ¢m pigtails constitutec only
0.3% of the total line length. Thus it is clear that pigtail section lengths
which constitute only a small fraction of the total cable length are not in-
significant from the standpoint of affecting crosstalk to or from a braided-
shield cable.

It is also of related interest to examine the difference between cross-
talk for the unshielded to shielded configuration (US) shown in Fig. 3(b) and
the shielded to unshielded configuration (SU). These results are compared in
Fig. B-1 through Fig. B-16. It is clear from these results that the US and
SU configurations are rcciprocal when the line is electrically short. When
the line is not electrically short, for example above 800 kHz (3:= T%BA) some
results show differences between the US and SU configurations (for example,

see Fig. B-10).
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IV. A Low-Frequency Model

The results of the previous section indicate that pigtails can result in
a significant degradation in the effectiveness of a shielded cable in the
reduction of crosstalk. The purpose of this section is to develop an approx-
imate prediction model which seems to explain this pigtail effect. The model
to be developed relies on the frequency being sufficiently small and is there-
fore referred to as a low-frequency model. The line must be sufficiently
short in electrical length so that a lumped circuit model of the line is valid.
However, an electrically short line is necessary but not sufficient to insure
the validity of the model. The computed results will show that the range of
frequencies for which the model is valid also depends on the values of the line
termination impedances. Thus it is not possible to state a frequency range

in terms of line length, e.g.,z A, for which the model will be valid in

1
< —
— 100
all cases. Nevertheless, the model will be useful in indicating qualitative
effects of the pigtails, and the valid frequency range will be clear when the
model predictions are compared to the appropriate experimental results. The
results of this section rely on the results in [8], [21] and [32].

For the unshielded to unshielded configuration in Fig. 3(a) and a suffi-
ciently small frequency, it was shown in [21] that we may separate the por-

tions of the received voltage, Vout’ across ZSR into inductive and capacitive

coupling contributions. The inductive coupling contribution is given by [21]

Z
IND SR
= G—5) (uwe &) (4-1a)
out ZSR + ZLR GR G
and the capacitive coupling contribution is given by [21] !
A Z ;
CAP SR LR
v = (—7>) (Guc_ LV (4-1b)
out Zgg t ZLR GR = G

where ¢ is the per-unit-length mutual inductance and c is the per-unit-

GR GR
length mutual capacitance between the generator and receptor wires. The cor-

responding result for the received voltage across Z is obtained by replacing

LR
ZSR (ZLR) in (4~1) by ZLR (ZSR) and the sign of the inductive coupling term

becomes negative [21], The items IC and VG are the low=frequency current

and voltage, respectively, of the generator line and are given by
Vv
S .
1, = o——— (4-2a)
3 A + 7
¢ 7SC /LG
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V, = o——>5— V_ (4-2b)
G ZgotZ,, S

The input voltage to the line is approximately Vin = VG.

The per-unit-length mutual inductance is given by [7]

“v 4hGhR
=Y — -
ter = w M1+ . ] H/m (4-3)

The quantities hG and hR are the heights of the generator and receptor wires,

respectively, above the ground plane. For the experiment, hG = hR = 1.5 cm.

The quantity dGR is the separation between the generator and receptor wires.

For the experiment, = 0.23 ¢cm or dCR = 1.5 cm.

dGR

The mutual capacitance, c¢ is computed in a similar fashion [7]. We

GR?
form the 2 x 2 per-unit-length inductance matrix

3 2
R GRI m (=t

"GR QRP

where QGG and QRR are the per-unit-length self inductances of the generator

and receptor circuits, respectively,which are given by [7]

M, 2hG
L= 5= n (—) (4=5a)
GG 27 TG
[ ZhR
QRR = oy wn (;7—0 (4-5b)
wR
The quantities TG and r g are the radii of the generator and receptor wires,
respectively. For the experiment, r =r = 12.65 mils. The per-unit-

wG wR
length capacitance matrix of this configuration is written as [7]

‘RR GR
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where cee and Cpg 2re the appropriate, per-~unit-length self capacitances of

the circuits. If we ignore the dielectric insulations of the wires, then [7]

C=upc¢ L-! (4-7)

vV ~

where y'l is the inverse of y. From this result we obtain

R | L | (4-8)

where|y|is the determinant of L. From the results of [21] we may write, in

terms of the above quantities,

v - VIND + vCAP (4-9)

out out out

which is valid for a sufficiently small frequency.

Although there are no pigtail or shielded sections in the unshielded
to unshielded configuration in Fig. 3(a), we will find it helpful to separate
the total line length &L into three sections corresponding to the pigtail and
shielded sections of Fig. 3(b) and Fig. 3(c). Thus £ = Zip + fs, and (4-1a)
and (4-1b) may be separated as (for comparison with the shielded cable con-

figurations in Fig. 3(b) and Fig. 3(c))

2 .. . .

IND SR '
Vo= ) et I (L +Z +Z) (4-10a)
out ZSR + ZLR GR G ] s P

CAP ZSR ZLR

out = (ZSR + ZLR) jw CGR VG (zp + is + ;t[)) (4-10b)

Since the line length factors out of the inductive and capacitive coupling
expressions as in (4-10), it is clear from (4-10) that the total coupling may
be considered to be the superposition of the inductive and capacitive coupling
contributions over the individual sections of the line for a sufficiently
small frequency such that (4-1) holds.

Although the corresponding results for the unshielded to shielded config-
uration in Fig. 3(b) have not been rigorously derived as for the unshielded
to unshielded configuration above, we will suppose that the same principle

of superposition of the coupling over the individual, coupled sections holds

22
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for a sufficiently small frequency in a similar fashion as shown in Fig. 6

for the tollowving reasons., 1 the frequency is sufficiently small so that
the tine and any section are electrically short, the impedance seen at the
end of each section is approximately the impedance at the appropriate end of
the line as indicated in Fig. 6. Thus the coupling over each section can
be calculated by moving the load impedances to the appropriate ends of the
section and considering three individual coupling problems as shown in Fig.
6. The voltages induced at the leit end of each section, for example,

'

. . and V_. . . due to coupling over these sections
shiclded section right pigrail’ P b

individually may then be transtferred to the point of measurement of Vout
since the section of the receptor line between VOut and the left end of a
section is alsc electrically short as indicated in Fig. 6.

Consequently, we need to consider three separate coupling calculations
shown in Fig. 6. The coupling over the pigtail sections is computed in a
fashion similar to the unshielded to unshielded configuration with the ex-

ception that the per-unit-length mutual capacitance ¢ is computed in the

GR
presence of the pigtail wires. The coupling over the shielded section
reties on the result of Mohr [8] which will be explained in detail. (See

also [327.)

With regard to the superposition of the coupling contributions over the

individual sections of the unshielded to shielded configuration in Fig. 3(b)

as discussed above, we obtain the following relations. The pigtail coupling

e e s T

contributions are divided into inductive contributions:

z 3
IND SR .
o= ) G L) T (4-11a)
left pigtail ZSR + ZLR GR"p" G ‘
IND IND (4-11b)

right pigtail = V1eft pigtail

and capacitive contributions:

Z VA
CAP SR LR .
= =) e L)V (4-12a)
left pigtail ZSR + ZLR GR%*p" G
CAP - CAP (4-12b)

\4 ,
right pigtail left pigtail
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in a fashion similar to the unshielded to unshielded case. IC and VG are
again given by (4-2a) and (4-2b).

The per-unit-length mutual inductance, » and mutual capacitance, c

RGR GR’
between the generator and receptor wires are computed, for this case, in the
presence of the pigtail wires as opposed to the unshielded to unshielded case.
The per-unit-length mutual inductance is essentially the same as the un-
shielded to unshielded case and is given in (4-3). The per-unit-length
capacitance, CGR? however is different from (4-8). We form the 3 x 3 per-

unit-length inductance matrix of the generator, receptor and pigtail wires as

‘o e ‘op
L= |t %er Pep| H/m (4-13a)
“cp “rp pp

where QGG’ ZRR’ RPP are the per-unit-length self-inductances of the generator,

receptor and pigtail wires, respectively, and % £ L are the corre-

GR’ "GP’ "RP
sponding mutual inductances. If we ignore the dielectric insulations of the
generator and receptor wires (the pigtail wire is bare in the experiment), we

may compute the 3 x 3 per-unit-length capacitance matrix as

- -1
C=u, e, 1
(ege * cer + Scp) “C6R ~Cgp
= “CGR (cgr * Sor + Spp) ~Crp F/m
—CGP --cRP (cPP + Cep + CRP) (4-13b)

where CGG’ Cr® Spp are the per-unit-length self-capacitances of the appropri-

ate circuits and c¢ are the appropriate per-unit-length mutual

c
GrR*> “cp* “rP
capacitances. From this result we obtain

( )

Yor're ~ *orpp

c =y ¢ F/m (4-14)
L |

GR v'v l




A similar principle is applied to the shielded section and is based on
the results of Mohr {8]). We will presume that grounding at least one end of
the shield reduces the capacitive coupling over the shielded scction to essen-
tially zero, i.e., CAP

shielded section 0 (4-15)

The inductive coupling is not zero due to the finite impedance of the shield

as pointed out by Mohr [8]. (See also the discussion iy [32].) The results of

{8] provide 2 7
IND SR SH
: e o —Ry Gue ) LB (4-16)
shielded section ZSR + ZLR GS s G ZSH*J“'QSS zs

where QGS is the per-unit-length mutual inductance between the generator wire

and the shield {7] and

4h_h

=

- . CS -
;LGS = ZGR T n [1 + 3 > H/m (4-17)
GS
where hS = hR and dGS = dGR' IG is given by (4-2a). The term RSS is the per-

unit-length self-inductance of the shield above ground given by [7]

. ] 5! 2hs

ss 7 W [?;:fI~E:7] H/m (4-18)

and ZSH is the total impedance of the shield braid.

The result in (4-16) can be derived in the following manner. As a pre-
liminary requirement we will assume that the frequency is sufficiently small
so that each current is uniformly distributed over the appropriate conductor
cross-section, i.e., skin effect may be neglected. Clearly, if the shield
were a solid, cylindrical conductor instead of being composed of wire braids,
the currents carried by the shield would concentrate towards the shield sur-
faces as the frequency is increased. If the shield wall thickness is less

than, say, one skin depth, then it is probably reasonable to assume a uniform

distribution of current over its cross section. The skin depth, §, is givenby

§ = —— (4-19)
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where o = 5.8 x 107 is the conductivity of copper. If we approximate the
shield as being a cylinder with wall thickness equal to the diameter of the
strands of the braid, t, = Zrb = 5,0 mils, then the wall thickness would be
one skin depth at a frequency of 270.8 kHz. From the standpoint of this low-
frequency, approximate model we will therefore presume the current to be dis-
tributed uniformly over the shield cross section.

Consider a cross section of the line shown in Fig. 7 in which the cur-
rents are uniformly distributed over the conductor cross sections. The mutual
inductance QGR relates the generator wire current, IG’ to the magnetic flux
passing between the receptor wire and the ground plane. The mutual inductance
QGS relates the generator wire current, IG’ to the magnetic flux passing be-
tween the shield and the ground plane. Each of these fluxes induce a voltage
in the appropriate circuit as shown in Fig. 8. Each of these induced voltage
sources also produces a current circulating in the appropriate circuit as

shown in Fig. 8. 1In addition, the induced shield current, 1 induces, via a

S’
second-order effect, an additional voltage source in the receptor circuit via

the mutual inductance % S between the receptor circuit and the shield as shown

R
in Fig. 8. 1In Fig. 8, we have shown the total impedance of the shield braid,
ZSH’ and the self inductance of the shield with the ground plane, Q'SSIS' The

self impedances of the generator and receptor wires are reglected. The cur-
rent induced in the shield-ground plane circuit due to the generator current
is
Jwl t 1
I, = - o (4-20)

S ZSH + Ju)lss s

The receptor wire induced current due to the generator wire current and the

shield current is

_ 'szcﬁzé Ig - jwzkslg Ig

Tg = (4-21)
R sk * 2R

The resultant voltage across ZSR becomes
Vehielded section = ~“sk IR (4-22)

Combining (4-20), (4-21) and (4-22) we obtain
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A cross section of the unshielded to shielded configuration
illustrating the uniform current distribution assumption.
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Fig. 8. The low-frequency equivalent circuit for 4
the unshielded to shielded configuration. i
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ZSR . i . Z ( j'Q(IS€

V., . . = — [} 1 el R )1
shielded section ASR-FZLR CR s RS s ZSHi-J"'SSz; G
(4=23)
Z ) 72 -2y Xy Ly .2y I
. LSR___[J' cr¥sZon ™l tss Bt ks sgcs‘fs]
2ot 1R Zgy * 3iggE

Here we have only considered first-order effects from the generator current to
the receptor wire and to the shield and a second-order effect from the shield
to the receptor wire.

Note that the self inductance of the shield with the ground plane, lSS'

is approximately the same as the mutual inductance between the receptor wire

and the shield £ i.e.,

RS’

KRS & ZSS (4-24)

Similarly, the mutual inductance between the generator and receptor wires,

QGR’ and the mutual inductance between the generator wire and the shield, RGS’

are approximately the same, i.e.,

= 4-
QGR QGS (4-25)

These results follow from the definitions of self and mutual inductance. For

example, to show (4-24), we observe that % is the ratio of the flux passing

RS
between the shield and the ground plane to the receptor wire current. Simi-

larly, is the ratio of the flux passing between the shield and the ground

2SS
plane to the shield current. Assuming that the receptor and shield currents

are uniformly distributed over the cross sections of these conductors then it

would make little difference in the computation of QRS and QSS whether the

shield current is in the shield wall or concentrated at the center of the

shield (the position of the receptor wire). Thus it is clear that RRS = QSS'

Substituting (4-24) and (4-25) into (4-23) results in

Z R I ZSH
Y X = o jul [ " ] (4-26)
+ y n
shielded section Zep * ZLR CS sz, + szséi;
where we have replaced QGR with VUS via (4-25).




The term ZSH

computed in the following approximate manner.

length impedance of an isolated strand of the braid

This calculation is standard and is described in [22].

the exact result for th

compute the per-unit-length D-C resistance

and per-unit-length D-C

of each strand where rb

the resistance, r_.., an

ST
mated by [22]

(1)

(11)

T — ke o e oL

in (4-

ry 2 $
st = To
st = %o
§ < rb < 36
- r

-1l b
rgr =7 (53 1

b

bgp = [1.15 - 1561,

16) is the total impedance of the shield braid and is

First we compute the per-unit-

zZ.. = Q/m (4-27)

by

gy ¥ It

ST

An approximation to

is isolated strand is given by the following. We first é;
iA
i:
13
r, = " Q/m (4-28)
mory
internal inductance
LIV
fo =gr B/
(4-29)
= .5 x 10°7
is the strand radius. In terms of these parameters,
d Jdgtergal inductgnce, gST’ of the strand are approxi-
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(IT1) r,_ > 3¢

b
b

rST = 2—5— I‘O (4-30C)
28

2 = — £

ST rb 0

We will further assume that the shield consists of a total of all wire
strands connected electrically in parallel. If the braid consists of B belts
with W wires per belt then a total of BW wires are connected in parallel.

The weave angle of the belts, Ow, causes the actual length of the braid wires
to be longer than the shield length, IS, by a factor of cosOw. Thus the

shield impedance is taken to be

zo. Z
7 = ST s

SH ~ BW cosO_ (4-31)

The equations for the individual braid wire impedances given in (4-30)
include skin effect but presume a current distribution over the cross section
of the braid wire which is symmetric about the wire axis. The close proximity
of the wires in the braid obviously invalidates this symmetric current assump-
tion to some degree. We choose to ignore this practicality since, the calcu-
.lation of the eyact yalue of. shield impedance appears to be a formidable
problem and the model predictions based on the symmetric current assumption in
the braid wires prove to be adequate as is shown later in this section.

It should be noted that Mohr, in a publication [9] subsequent to [8], and
Shenfeld in [10] pointed out that, theoretically, equation (4-16) 1is not

correct. The shield effectiveness term in (4-16)

ZSH
Zgy *+ Julgg®
is amended by Mohr in [9] to be
ZT
Zp * Julge®

and by Shenfeld in [10] to be

31

e e et Sy . YA ¥ VY e g =t Ay e ST
ORI ot s . T




Z

T
+ jw! 2
Zogy t Jwlge &

The quantity ZT is the shield surface transfer impedance and an equation for
braided shields such as were used in this investigation is given by Vance [16]. i
Although Vance's result was derived for an isolated, braided-shield cable with
no ground plane present, we will nevertheless, use his result for our configu-
rations.
The surface transfer impedance relates the axial, induced electric field

(V/m) on one surface of the shield to the current on the other surface and was
originally developed by Schelkunoff for solid, cylindrical shields [11,18].

For a solid, cylindrical shield and a frequency which is sufficiently small so

that the current is uniformly distributed (or approximately so) over the

shield cross section, it becomes clear that Z_, and ZSH are equivalent. Using

T

Vance's expression for ZT’ we will show in Section VI that ZT and Z re

a
virtually identical for the braided shield which was used in the inggstigation
below 1 MHz. 1In fact, both expressions are approximately equal to the D-C
resistance of the shield braid below 1 MHz so that we could have simply used
the D-C resistance of the shield braid up to 1 MHz in (4-16) instead of ZSH’
Thus, for the purposes of the low-frequency model it is irrelevant which term
is used in (4-16). We chose to use ZSH' A more complete discussion of the
concept of surface transfer impedance will be given in Section VI.

For frequencies such that the shield-ground plane self-inductance,

Z , is less than the shield self-impedance, Z (4-16) becomes

szS S -
Z
;ggelded section E;;gg_fzg ijGR?éIG (4-32)
wQSSi.S << ZSH
where &, = &_._. Note that (4-32) is identical to the inductive coupling to

GR GS
the shieldedwire over the shielded section if no shield were present. (See

(4-1a) with € substituted forL.) It is also the result if the shield were
s

not grounded at both ends since for this situation, we may substitute ZSH = ®

in (4-16).

For higher frequencies, (4-16) becomes
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IND - SR g =21 (4-33)

shielded section LSR + ZLR SH QSS

. A
wQ'SS s g SH

su that the inductive coupling over the shielded section is independent of

sr 2Md 2y ps

however result in a frequency dependence of (4-33). For our

frequency. (Frequency dependence of the termination impedances, Z

as well as ZSH’

results, ZSR and ZLR are purely resistive and ZSH

dependence over the frequency range for which this model will be used.) As

shows only a minor frequency

discussed by Ott [32], this seems to occur because for frequencies such that
wQSSJ; >> ZSH‘ the majority of the shielded (receptor) wire current returns

via the shield instead of the ground plane thus reducing the loop area for
coupling.

Thus, according to (4-16), for the shield to reduce the inductive coupling
to the shielded wire over the shielded section, it should be grounded at both
ends and the frequency must be such that wQSSJ; - ZSH' As for capacitive cou-
pling to the shielded wire over the shielded section, the shield need be
grounded at only one end to achieve a substantial reduction in this component
of the total coupling.

Therefore, the superposition of these various coupling factors takes the

form

_ IND 4+ yCAP
out left pigtail left pigtail

0

yIND +/y9*’/'
shielded section shielded section (4-34)

IND + vCAP
right pigtail right pigtail

CAP
. . h . i
The capacitve coupling over the shielded section, Vshielded section® 1® not

taken to be zero unless at least one end of the shield is grounded. Each of

. , +
these factors will be plotted separately against the experimental results.

+See Appendix C.




The left and right pigtail factors will be combined as

IND IND IND

= + -
pigtail left pigtail vright pigtail (4-35a)
CAP _ (CAP 4 yCAP . (4-35)

pigtail left pigtail right pigtail

For the shielded to shielded case shown in Fig. 3(c¢), we apply a similar
principle of superimposing the coupling over the individual segments. The
pigtail coupling contributions are identical in form to the unshielded to
shielded case given in (4-11) and (4-12). The per-unit-length mutual induc-
tance QGR is given by (4-3). However the per-unit-length capacitance, CeR? is
different from the unshielded to shielded case since one should include the
effect of the pigtail wire of the generator circuit shield. This may be
accommodated by using the 4 x 4 per-unit-length inductance and capacitance
matrices similar to (4-13) and again using the relation Cc = uvev L'l to com-

pute c The inductive coupling contribution over the shielded section is

GR®
changed to account for an additional shield on the generator circuit and we

obtain in a similar fashion to the unshielded to shielded case (8]

Z G ZR J

IND SR SH SH i
= (v 4= :

Vshielded secticn (ZSR+ZLR) (le(,RI )1 -+ 10gC i Z Tier é) (4-36) i
SHJ ss“s “su'J “ss . _

where ZSH(ZSH) and QSS(ZSS) are the shield impedance and self inductance with

the ground plane, respectively, of the generator (recéptor) circuit shield.

We will again presume that the capacitive coupling contribution over the

shielded section is zero when at least one end of the shield is grounded.

The received voltage across Z _ can be obtained by substituting ZSR(ZLR) for

LR
ZLR(ZSR) in the above equations and changing the sign of (4-36) and (4-16).

The calculation of the per-unit-length mutual inductance, QGR’ over the

: pigtail sections is essentially the same for all of the three cases (un-
¢

shielded to unshielded, unshielded to shielded, and shielded to shielded)

and is given by (4-3). However, the calculation of the per-unit-length mutual

capacitance, c¢ R® over the pigtail sectioms is, theoretically, affected by

G
the pigtail wires as indicated above. Practically, however, it appears that

the pigtail wires have little effect on ¢ (at least for this configuration

GR

| 34




and these dimensions). For example, for unshielded to unshielded, un-

c
GR
shielded to shielded and shielded to shielded were computed to be 10.3 pF/m,

11.8 pF/m, and 9.05 pF/m, respectively. Thus the per-unit-length mutual

capacitance c¢ over the pigtail sections may be reasonably calculated for

GR
these dimensions by ignoring the pigtail wires. For other dimensions and pig-
tail configurations, however, this may not be true. ]
These low-frequency models do not take into account the pigtail wires
over the pigtail sections except in the computation of Cer” The interaction

between the pigtail wires and the generator and receptor wires is not taken

into account. In Section VI, the multiconductor transmission line model will
be formulated. This model takes into account the presence of and interaction
between all adjacent conductors (e.g., the pigtail wires and the generator
and receptor wires). We will find that in the shielded to shielded case, the
pigtail wires have a substantial effect on the coupling
for R = 500 (on the order of 10 dB - 20 dB) which is predicted by the

multiconductor transmission line model within 1.5 dB. Thus these low-fre-
quency models may be used for obtaining only first-order, conservative es-
timates of the crosstalk, although the principle of superimposing the coupling
contributions over the pigtail and shielded sections seems to be valid.

Now we compare the predictions of the above low-frequency models to the
experimental results. These graphs are contained in Appendix C.

The results for the unshielded to unshielded configuration illustrated
in Fig. 3(a) are shown for the TOUCHING separation for R = 50Q@ in Fig. C-1
and for R = 1k in Fig. C-2. Note that for R = 50Q, the coupling is pre-
dominantly inductive and the low-frequency model provides prediction accu-
racies within 1 dB for frequencies less than 2 MHz. (The line is approximately
1/30 » in length at 3 MHz.) For R = 1kQ, the coupling is predominantly ca-
pacitive. However the prediction accuracy of the low-frequency model is not
as good as for R = 50Q but is t&pically within 6 dB. This relatively poor
prediction when capacitive coupling is dominant is attributable to the close
proximity of the wires (.23 cm) and the fact that the calculation of the

mutual capacitance c ignored the presence of the wire insulation dielectric.

GR
In Appendix G it is shown that the dielectric insulation may increase the
mutual capacitance, Cer® by factors of as much as 1.96 (5.85 dB) for the

TOUCHING separation and 1.2 (1.6 dB) for the WIDE separation. Thus the ca-
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pactive coupling contributions in Appendix C should be increased by approxi~
mately these amounts. Thus the predictions for R = 1kQ in Fig. C-2 are

truly in error by only about 2 dB. Due to the dominance of inductive cou-
pling for R = 509, the result in Fig. C~1 is virtually unaffected by the
dielectric insulation. The corresponding results for the WIDE separation

are shown in Fig. C-3 and Fig. C-4. Note that for R = 1k and the WIDE
separation in Fig. C-4 that the predictions of the low frequency model are
quite good even though capacitive coupling is dominant and the wire insulation

dielectric was neglected in computing c This result also indicates that

the poor predictions for R = 1k and tthTOUCHING separation in Fig. C-2 are
due to neglecting the insulation dielectric in computing CGR"

The predictions of the low-frequency model for the unshielded to shielded
configuration illustrated in Fig. 3(b) are given in Fic. C-5 through Fig. C-12.
The results for R = 5092 are given in Fig. C-~5 through Fig. C-8. Note in Fig.
C-5 for the TOUCHING separation and .5 cm pigtails that the low-frequency model
provides good predictions (within 1 dB) up to 800 kHz (€= Téax). Also observe
that the coupling is due predominantly to the shielded section below 1 MHz.

The corresponding results for the 8 cm pigtails are shown in Fig. C-6. Again,
we obtain good predictions with the low-frequency model up to 3 MHz. How-
ever, note that above 100 kHz, the predominant coupling is via the pigtails
and is inductive. The pigtail coupling, although "small', is larger than the
coupling over the shielded section above 100 kHz and thus becomes the dominant
coupling factor. The corresponding results for R = 502, and WIDE separation
(1.5 em) are given in Fig. C-7 and Fig. C-8 and result in the same observa-
tions. The dielectric insulation hasvirtually no effect on the results in
Fig. C-5 through Fig. C-8 since inductive coupling is predominant.

The results for unshielded to shielded and R = 1k are shown in Fig. C-9
through Fig. C-12. Note in Fig. C-9 for the TOUCHING separation and .5 cm
pigtails that the low-frequency model provides good predictions up to 1 MHz.
Below 100 kHz, the coupling over the shielded section is dominant. Above
100 kHz the pigtail coupling becomes dominant and is capacitive. The results
for the TCUCHING separation and 8 cm pigtails are shown in Fig. C-10. 1In
Fig. C-10, we observe that the shield (inductive) coupling and pigtail (capa-
citive) coupling are equal below 2 kHz above which the pigtail (capacitive)

coupling dominates. The capacitive coupling should be increased by approxi-
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mately 5 dB to account for the dielectric. The predictions then show a modest

ervor of approximately | dB. The corresponding results for R = 1lkQ and the
WIDE separation (1.5 cm) are shown in Fig. C-11 and Fig. C~12 and result in
the same observations. For these WIDE separations, the dielectric insulations

increase by only about 1.5 dB so only a minor increase in the capacitive

“CR
coupling predictions result.

The corresponding results for the shielded to shielded configuration and
the TOUCHING separations are shown in Fig. C-13 through Fig. C-16. The di-
electric insulations of the wires once again increase the mutual capacitance,
Cer? of the pigtails by approximately 5 dB for these TOUCHING separations.
Thus the pigtail capacitive coupling predictions should be increased by ap-
proximately this amount and the resulting total predictions are in error by
only about 1.5 dB. The “overpredictions' of the low-frequency model for
R = 500 when pigtail coupling is dominant are again apparently due to the
presence of the pigtail wires as discussed previously. The results for
the WIDE separation and 8 cm pigtails are shown for R = 50Q in Fig. C-17 and
for R = lkQ in Fig. C-18. Again the predictions for R = 5002 are abuve rhe
experimental results when pigtail coupling is dominant which is apparently due
to the pigtail wires. For R = 1k the predictions are quite good for
this WIDE separation which again tends to confirm the effect of neglecting the
dielectric insulation in the computation of CeR

Again the low-frequency model provides reasonably accurate predictions.
These results tend to support the previous conclusions for the unshielded to
shielded case in a similar manner. In these figures, one can observe the mag-
nitude and frequency range of the degradation in the effectiveness of the
shield due to the pigtails since we would presume that for no pigtails, the
coupling would follow the predictions of shield (inductive). These results,
therefore, seem to indicate that the approximate, low-frequency model is
reasonably accurate for a sufficiently small frequency. They also seem to
support the idea that one may superimpose the individual coupling contributions
over the pigtail and shielded sections as described above. It thus becomes
clear that pigtail sections which constitute only a minor fraction of the

total cable length may play a significant role in the degradation of the ef-

fectiveness of the shield in the reduction of crosstalk.
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V. Effect of Shield Grounding Configurations

In this section, we will investigate the effects of the shield grounding
configuration on the crosstalk to a braided-shield cable. 1In all previous
results, both ends of a shield were grounded via the pigtail wires as illu-
strated in Fig. 3. In this section, we will investigate the effect of grounding
only one end or neither end of the shield. The coupling from an unshielded
wire to a shielded wire illustrated in Fig. 3(b) will be shown for these
shield grounding configurations. The results are shown in Appendix D.

The results for R = 50Q, 0.5 cm pigtails and TOUCHING separation are given
in Fig. D-1. Note that the crosstalk when the shield is ungrounded or grounded
at only one end is virtually the same. 1In fact, by comparing these results
to the results for coupling between two unshielded wires given in Fig. A-19 we
find that the shield has virtually no effect for R = 500 unless botl ends are
grounded. Intuitively, this is reasonable since for these "low impedance"
loads, one can show that inductive coupling predominates in the unshielded
to unshielded case. (See, for example, Fig. C-1.) As pointed out by Ott
[32], the shield should have a closed path with the ground plane to allow a
shield current to flow in order to counteract this inductive coupling. (See
also the derivation of the low~frequency model in the previous chapter.) How-
ever, note that even if both ends of the shield are grounded, the effectiveness
of the shield in reducing crosstalk (over that for the coupling between two
unshielded wires illustrated in Fig. 3(a)) comes into play for R = 50 only
above a certain frequency (in this case, approximately 6 kHz).

The low-frequency models discussed in the previous section seem to ex-
plain these two phenomena. In the unshielded to unshielded case and R = 50Q,
one can show that the coupling is predominantly inductive and given by (4-10a).
(See Fig. C-1 and Fig. C-3.) Placing a shield around the receptor wire has
virtually no effect on this (dominant) inductive coupling over the shielded
section unless both ends of the shield are grounded and the self-impedance of
SS’;, exceeds the braid selfe~impedance,

(See (4-32) and (4-33) and the accompanying discussion. A simple cal-
at 5.5 kHz.) Although grounding the

the shield-ground plane circuit, wf

ZSH'
culation will show that wQSSH; = ZSH
shield at at least one end substantially reduces the capacitive coupling to
the shielded wire over the shielded section, this effect is not seen since

inductive coupling is predominant when the shield is removed (the unshielded
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to unshielded case).

It should be pointed out that grounding both ends of the shield may have
its disadvantages with respect to ground-loop problems. A noise voltage in-
duced in the shield-ground plane loop will induce current in the loop which
may be coupled to the receptor circuit [32]. However, it is clear that in
this case (R = 50R) that if the shield is not grounded at both ends, the pre-
sence of the shield affords no advantage over an unshielded wire.

The results for R = 50Q, TOUCHING separation and 3 cm pigtails are shown
in Fig. D-2 and for 8 cm pigtails in Fig. D-3. We reach the same conclusions
as for the 0.5 cm pigtails concerning the effect of the shield grounding.
However, the pigtails have substantially reduced the effectiveness of the
shield.

The corresponding results for R = 502 and the WIDE separation are given
in Fig. D-4 through Fig. D-6. These results yield the same conclusions as for
the TOUCHING separation.

The results for R = 1kQ and the TOUCHING separation are shown in Fig.

D~7 through Fig. D-9. For this value of load resistance, a single-end grounded

shield and an ungrounded shield show a difference in reduction of crosstalk
as opposed to the R = 500 case. We also observed, for R = 509, that even
though the shield was grounded at both ends, the effectiveness of the shield
came into play above approximately 6 kHz; below 6 kHz there was virtually no
difference between the unshielded to unshielded case and the unshielded to
shielded case for all grounding configurations. For R = 1k in Fig. D-7
through Fig. D-9 the single-end grounded and double-end grounded cases are
again virtually identical below 6 kHz.

The corresponding results for R = 1kQ and the WIDE separation are given
in Fig. D-10 through Fig. D-12. These results yield the same conclusions
as for the TOUCHING separation.

These differences between the R = 1k and R = 50R cases also seem to be
explainable in terms of the lcw-frequency models. For the unshielded to un-
shielded case and R = 1kQ, one can show that the coupling is predominantly
capacitive. (See Fig. C-2 and Fig. C-4.) For the unshielded to shielded
case, one can show that when the shield is ungrounded, the results are vir-

tually identical to the unshielded to unshielded case (capacitive). (For

example, compare Fig. D-7 and Fig. A-21. There is a maximum difference of less
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than 1.5 dB for frequencies less than 10 MHz.) Placing a shield around the

receptor wire and grounding it at at least one end substantially reduces this
capacitive coupling to the shielded wire over the shielded section. Thus for
a single-end grounded shield and R = 1k{, the contribution to the total cou-
pling over the shielded section reverts to a lower value which is essentially
the inductive coupling to the shielded wire for the unshielded to unshielded
case over this shielded section given by (4-~la) with fs substituted for Z.
When both ends of the shield are grounded, the coupling over the shielded sec-
tion falls to an even lower value of inductive coupling given by (4-16). For
frequencies such that wlssig < ZSH’ this inductive coupling over the shielded
section becomes the same for the double-end grounded case and the single-end
grounded cases as discussed above for the R = 50Q termination. Thus the re-
sults merge at approximately 6 kHz. These differences in the coupling be-
havior for R = 502 and R = 1k thus seem to be clearly explainable, and the
low-frequency model plays an important role in the clarity of these explana-
tions.

Thus the low-frequency model is helpful in explaining these differences
in the effect of the shield grounding configuration and the effect of the ter-
minal impedances. The above observations can be summarized by the following.
(We only consider the contribution to the coupling over the shielded section
in the following since the shield grounding configuration does not affect the
pigtail coupling contribution.) For the shield ungrounded, the capacitive
and inductive coupling are virtually unaffected by the presence of the shield
and are essentially the same as if the shield were removed. Depending on the
terminal impedances, either capacitive or inductive coupling predominates. Now
consider a single-end grounded shield. Grounding only one end of the shield
removes the above capacitive coupling (over the shielded section) but has no
effect on the inductive coupling. Thus when at least one end of the shield is
grounded, the total coupling to the shielded wire over the shielded section
is inductive. If inductive coupling was predominant in the ungrounded case,
grounding only one end of the shield will result in no reduction in this
coupling over the shielded section. If the capacitive coupling was predominant
in the ungrounded case, grounding only one end of the shield will resulct in a
reduction in this coupling over the shielded section. If we further ground

both ends of the shield, the inductive coupling of the above single-end grounded
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case (which was the total coupling over the shielded section) will be reduced
via (4-16) so long as the shield is effective; that is, so long as the self-

SS’%, is greater than the shield impedance,

ZSH' Otherwise, grounding both ends of the shield will show no reduction in

coupling over the single-end grounded case. These points should be kept in

inductive reactance of the shield, w&

nind when assessing the effectiveness of a shield grounding configuration.
Note in Fig. D-7 through Fig. D-12 that, above approximately 200 kHz,
there is a difference in crosstalk depending on which end of the shield is
grounded. This is also quite reasonable if one imagines the measured voltage,
vout’ as being the sum of the voltage between the shielded wire and the shield
and the voltage between the shield and the ground plane. If the shield is
grounded at the source end, the voltage between the shield and ground is eli-

resulting in a different voltage than would result if the

minated from V
ou

t
shield were grounded at the load end (and ungrounded at the source end). Ob-
viously the line must be somewhat significant in length, electrically, in
order that the shield to ground voltage at the ungrounded end be different
from zero (at the grounded end). The data in Fig. D-7 through D-12 reflect
Z%ﬁ A in electrical length.

The corresponding results for the shielded to unshielded configuration

this, and at 200 kHz the line is

are shown in Fig. D-13 through Fig. D-16 and result in similar conclusions.




V. The Multiconductor Transmission Line Model

The low-frequency models discussed in the previous section relied on the
frequency being sufficiently small so that lumped-circuit models provide an
adequate characterization of the line. In addition, these models utilized
only the primary inductance and capacitance parameters - the mutual elements
RGR and Cor™ between the generator and receptor circuits. The self induc-
tances and capacitances of the line were not employed directly in the model.
(The self inductances, however, were employed in the calculation of cGR')
Thus not only must the line be electrically short in order that lumped models
suffice, but the frequency must be sufficiently small so that the omission of
these self elements does not significantly affect the model predictions. In
addition, to consider the effect of pigtails, we simply superimposed the
coupling contributions over the pigtall sections and the shielded section.
This also is an approximate technique which clearly relies on the frequency
being sufficiently small.

In this section, we wish to formulate the distributed parameter, multi-
conductor transmission line (MTL) model of the coupled line [7]. 1In this
model, the distributed effects prevalent at the higher frequencies are taken
into account, and many of the other approximations inherent in the low-fre-
quency model, such as the assumption of weak coupling and the neglect of the
self inductances and capacitances, are not employed in this model. The model,
however, requires considerably more computational effort than the low-frequen-
cy model, but the predictions of both models should converge at the lower
frequencies. '

Some of the interesting phenomena arising in the experimental data are
predictable with the MIL model. For example, the case of a single-end
grounded shield showed different coupling above approximately 200 kHz for
R = 1kQ depending on which end of the shield was grounded. The MTL model
predicts this within 1 dB whereas the low~frequency model made no distinction
between which end of the shield was grounded. In addition, when the line is
electrically long, sayi > -1—10- A, we observed rather severe variations in the
voltage transfer ratio with a change in frequency. The low-frequency model
is, of course, not expected to provide predictions in this frequency range.

These variations are, of course, expected and the frequency range for which
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:[> T%'A will be referred to as the "standing wave region." In the standing

wave region, we will find that the predictions of the MTL model tend to

follow the experimental results but are somewhat poorer than when the line is
electrically short.

As indicated in Section I, there has been considerable interest in
modeling shielded cables dating back to the earlier work of Schelkunoff
[11,12]. Low-frequency models similar to those in Section III (but without
pigtail considerations) were developed by Mohr [8,9]. More recently, work
has been concentrated on modeling a single, braided-shield cable which is
illuminated by an incident field [13~19]. These works stem from the interest
in the vulnerability of the shielded cable (or, more importantly, the equip-
ments at its terminals) to a nuclear electromagnetic pulse (NEMP), a light-
ning induced electromagnetic pulse (LEMP) or a high-power radar. The coupling
considered in these works is therefore appropriately characterized as field-
to-wire. The coupling considered in this report is appropriately character-
ized as wire-to-wire since we are interested in the coupling to a braided-
shield cable from other, adjacent wires and not an incident field, although
the wire-to-wire coupling is via field quantities also.

In the above field-to-wire problems, the coupling through a braided-
shield cable to the interior, shielded wire from the incident field is re-
lated to the surface transfer impedance and transfer admittance of the braid.
These quantities can be illustrated as follows. First we consider the shield
transfer impedance [11,14-18]. As a preliminary, we consider an infinitely
long, solid conducting cylinder. Suppose the cylinder carries a total current

I directed in the axial (x) direction where I = Iin + I The return path

for Iin is within the cylindrical surface while the ret3¥§ path for Iout is
outside the surface. The conducting cylinder has finite conductivity ¢ and
therefore the current I flowing along the cylinder will induce electric fields
» respectively,

t
which are directed in the axial direction of the cylinder. The currents and

on the inner and outer surfaces of the cylinder, Ein and EOu

induced electric fields may be related as [11,18]
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; are called surface transfer impedances (per-

(6-3a)

Q/m (6-3b)

These surface transfer impedances relate the current on one surface of the

cylinder to the induced field on the other surface.

The two surface transfer impedances z

equal and will be designated as z

T’

The self-impedances of the shield, 2

same and designated as z

SH? i.e.,
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ii

i.e.,

and z
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and zo1 will be assumed to be
(6-4a)
will also be taken to be the

(6-4b)

Certainly for cylinders with wall thicknesses which are sufficiently small,

these will be reasonable approximations,

Ein

Thus (6-1) becomes




The surface transfer impedance accounts for skin effect - the tendency
for a current to concentrate on a conductor surface nearest its source. At
D-C, any current flowing in the shield will tend to be uniformly distributed
over the shield cross section. As the frequency is increased the current
tends to concentrate towards the shield surfaces. Thus for increasing fre-
quencies less current diffuses through the wall to induce an electric field
on the opposite surface. 1In the limit as the frequency is increased without
bound there is perfect isolation between the inner and outer walls of the
shield. As was pointed out in Section IV, if the frequency is sufficiently
small so that the shield thickness is less than a few skin depths, the surface
transfer impedance is approximately equal to the impedance of the shield. 1In
fact, the two should converge as the frequency is reduced to zero.

The surface transfer impedance represents the coupling of some field
external to the cylinder to the field internal to the cylinder and occurs via
diffusion through the finitely conducting shield. This surface impedance is
employed to predict the coupling from some field incident on a coaxial cable
to the loads connected to the end points of the coaxial cable in the following
manner [18]. As an example, consider the coaxial cable above a ground plane
shown in Fig. 9(a). The coaxial cable consists of a conducting cylinder and
a concentrically-located, conducting wire. An incident field, such as a

uniform plane wave, illuminates the cable and induces a current, I flowing
’

out’
along the shield and returning through the ground plane. For the purposes of

computing this induced current, ‘I it is universally assumed that the

out’
interior of the shield and, in particular, Iin have no effect on the external

circuit [18]. In other words, I is traditionally calculated as simply the

current induced on an isolated c??inder above ground. Thus we assume a uni-
lateral effect - outside to inside ~ to simplify the calculations. Then the
effect of this induced current, Iout’ and consequently the incident field, on
the internal structure is manifested as a per-unit-length voltage source in

the cable interior equal to z Iout (V/m). The equivalent circuit represent-

ing a small, Ax section of th: shield and interior, shielded wire is shown
in Fig. 9(b).

The per-unit-length impedgnce of the interior wire is represented by
zw and the per-unit-length inductance and capacitance of this Ax section of

the line are represented by £ and c, respectively. The current Iin produces
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a voltage drop z_ Ax Iin along the interior surface of the shield as indicated by

(6-1) and (6—23)?Hand the effect of the external shield current, Iout’ induced
by the incident field is represented by a voltage source ZTIoutAx as indicated
by (6-1) and (6-3a).

From the equivalent circuit in Fig. 9(b), we may derive the line equa-

tions as [7]

diéf) = =(z, t zgy + J0I, (x) + 2ol ) (6-6a)
dIin(x)
Tax -jw ¢ V(%) (6-6b)

Note that the effect of the incident field appears in these transmission line
equations as a driving term, ZTIout'

This is an example of the use of the surface transfer impedance for solid,
cylindrical shields. However, the main interest in this work is on braided-
shield, coaxial cables. As was indicated previously, the braided-shield
cable consists of a cylindrical surface composed of belts of wires interwoven
to provide flexibility as shown in Fig. 1. This construction of the shield
braid introduces small, diamond-shaped holes between the belts of wires.

. These holes allow other coupling mechanisms to occur between the outside en~

vironment and the interior, shielded wire which were not present for a solid

shield. For the solid shield the coupling from the exterior to the interior

occurred only by diffusion through the metal. For the braided shield, addi-
tional inductive and capacitive coupling occur via the holes in the shield as
discussed by Vance [16]. Vance has calculated the mutual inductance and
mutual capacitance between the interior and exterior of the shield [1p] and
the transmission-line equations for the field-to-wire example in Fig. 9 are

modified by Latham [14] to

dv(x) _ _ . -
i (zw + Zgy + le)Iin(X) + ZTIout(x) (6-7a)
E?J dIin (X)
] ™ e V00 ey Vo, (0 (6-75)
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where vout is the voltage between the interior, shielded wire and the external,
shield return path (ground in Fig. 9).
Vance [16] modified the surface transfer impedance for solid shields,

ZT’ to include the magnetic coupling through the holes in the shield where

(6-8)

2, = 2., + juwm,

T T T

the term m,, is the mutual inductance between the center conductor-shield cir-
cuit and the shield-shield return (ground) circuit. This parameter is a func-
tion of the hole shape (assumed by Vance to be elliptical), the coverage
(density of holes) and the shield radius. This mutual inductance is indepen-
dent of frequency. The term %T represents the diffusion through the metal
braid and is approximated by Vance in the following manner. Vance assumed
that all strands of the braid were connected (electrically) in parallel as we
have done in Section IV. For example, if there are B belts of wires, W wires
per belt and the braid is woven with a weave angle Ow, then the per-unit-
length D-C resistance of the braid is given by

r. = L o/m (6-9)

DC 7r, 20 BW cos®
b w

where ry is the radius of each strand and o is the strand conductivity. Van .
presumes that this braid impedance is modified with increasing frequency in
exactly the same manner as the solid cylinder. Thus £T is taken by Vance to
be

p —yd _ _
Zr * Tpe sinhyd /M (6-10)

where d is the diameter of the braid wires, d = Zrb, and v = (1 + j)/8 where

§ = (nfuvoyllz is the skin depth. It should therefore be noted that if rDC

were the per-unit-length D-C resistance of a solid cylinder of wall thickness

d, then (6-10) would be its total surface transfer impedance, i.e., in (6-8),
m, would be zero.
The term ¢, in (6-7b) is the per-unit-length mutual capacitance between

T
the interior, shielded wire and the exterior circuit produced by electric

flux lines penetrating the shield holes. The quantity jwcT is the transfer
admittance of the braided shield. This term is related to the per-unit-length
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capacitances between the shielded wire and the shield and between the shield
and its return path (ground), the hole shape and shield coverage [16]. For
the shield which was used in this investigation, we may calculate from the
results of [16]

T
sinh(ZrbY)

2. = (2.46 x 107%)

-1
T + jw(7.47 x 10 0) Q/m (6-11a)

and

cp = 2.35 x 10714

F/m ’ (6-11b)

Strictly speaking, Vance's derivation of z, was obtained for an isolated
shield (no ground plane present) and thus does not apply here. However, we
will use his result for our purposes where a ground plane is present on the
assumption that the current and charge are uniformly distributed around the
shield periphery.

The per-unit-length self impedance of the shield braid, % _ , was calcu-

lated in (4-31) in Section IV as the impedance of an isolated zgrand of the
braid (including skin effect) and assuming that all of the braid wires are
connected (electrically) in parallel. A comparison of the total shield trans-
- and the total braid impedance Z = Z H:g is given in

T SH S
Fig. 10. Note in Fig. 10 that for frequencies less than approximately 1 MHz,

fer impedance ZT =z

the two quantities are equal and both converge to the total D-C resistance of
the shield braid, RDC' Again, this is an expected result since for frequen-
cies such that the current is distributed essentially uniformly over the
shield cross section, (6-2) and (6-3) yield equivalent results. It should be
observed in Fig. 10 that at the higher frequencies, ZT increases directly with

frequency as should be clear from (6-8) yet Z_. increases as the square root

of frequency as is clear from (4-30c) since tgz impedance of an isolated wire
approaches Vf dependence. However, it is clear from the experimental evidence
cited for braided shields in [16] that ZT does, in fact, increase as f and not
Y so that ZSH cannot be correct for an approximation to ZT at these higher
frequencies.

6.1 The MTL Equations

We now turn our attention to developing the multiconductor transmission
line model for the unshielded to shielded configuration shown in Fig. 3(b).
Consider Fig. 11(a). In order to employ the concept of surface transfer im-
pedance, we will define the currents of the generator wire, receptor wire and

shield as shown in Fig. 11(a). The line is directed in the x direction as
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Fig. 11. The primed and unprimed variable definitions.




are the line currents.

As a fundamental assumption of the model, we will investigate the TEM or
"quasi-TEM" mode of propagation. In the TEM mode field structure, the elec-
tric and magnetic field vectors lie in the transverse (y,z) plane. Clearly,
since the shield cannot be assumed to be a perfect conductor (otherwise there
would be no coupling to the receptor wire circuit if the shield were solid)
the fields cannot lie strictly in the transverse plane. Due to the impedance
of the shield as well as its surface transfer impedance, there will be com-
ponents of electric field directed along the shield surfaces in the x direc-
tion. However, we will presume that the field structure is predominantly TEM
or "quasi~-TEM."” An indication of the adequacy of this assumption will be
investigated when we compare the predictions of the model to the experimental
results. Assuming a TEM or "quasi-TEM" field structure, we may define
voltages between the conductors as well as conductor currents [7]). It is
shown in [7] that the TEM field structure satisfies a static distribution.
Thus we may calculate mutual and self inductances and capacitances between the
line conductors as a static (D-C) calculation. The effect of the frequency

dependent shield braid impedance z_, and surface transfer impedance Zp (which

give rise to a non-TEM field struciﬁre) will be included in the model as an
approximation.

Since the field structure is assumed to be '"quasi-TEM," the conductor
currents and voltages will be functions of only the line axis variable, x [7].
We have defined these voltages and currents as shown in Fig. 11(a) in order to
incorporate the concept of surface transfer impedance. The generator wire
current is denoted as Ié(x) and its return path is defined to be via the
infinite ground plane. The generator wire voltage with respect to the ground
plan is designated as Vé(x) . The current Ié(x) is defined as the portion of
the shield current which has its return path through the ground plane. The
shield voltage Vé(x) is with respect to the ground plane. The receptor wire
current, Ié(x) returns through the shield, and the receptor wire voltage
Véi(x) is with respect to the shield,

The transmission line equations will be derived in terms of Ié(x), Vé(x),
I&(x), Vé(x), Ié(x), Vé(x) and converted to the more conventional variables
IG(x), VG(x), IR(x), VR(x), Is(x), Vs(s) shown in Fig. 11(b). The only two
differences in voltage and current definitions in Fig. 11(a) and Fig. 11(b)
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are that the return path for IR(x) in Fig. 11(b) is defined to be the ground

plane instead of the shield as was the case for Iﬁ(x) and the voltage VR(x) is
with respect to the ground plane instead of the shield as was the case for
Vé(x). If the transmission line equations are derived for the primed vari-
ables in Fig. 11(a) they may be converted to the unprimed variables in Fig.
11(b) with the following simple change of variables:

IG(x) = Ié(x) (6-12a)
IR(x) = Ié(x) (6-12b)
Is(x) = Ié(x) - Ié(x) (6-12¢)
VG(x) = Vé(x) . (6-12d)
VR(x) = Vé(x) + Vé(x) (6-12e)
Vs(x) = Vé(x) (6-12f)

Let us now consider a Ax section of the line in Fig. 11(a) and derive the
voltage change expressions. Proceeding around the generator circuit (gener-
ator wire-ground plane) we obtain

- - - = -3 ] L - 3 L 1) - 3 1) 1] -
VG(x+Ax) VG(_x) JwILGG Ax IG(x) J(M'GR Ax IR(x) JU)QGS Ax IS (x) (6-13)

where léG is the self inductance of the generator circuit, QéR is the mutual

inductance between the generator circuit and receptor circuit (receptor wire-

]
shield), and QGS

shield circuit (shield-ground plane). Dividing both sides by Ax and taking

is the mutual inductance between the generator circuit and
the limit as Ax + O we obtain the first transmission line equation:

\'/(’;(x) = ~Julg TL(x) = JukleIp(x) - JullTe(s) (6~14)

where the dot (°) denotes the ordinary derivative with respect to x. Similarly,

around the receptor circuit (following the path of Ié) we obtain
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V (x) = -jwg’ I'(x) - le (X) - Jugs I°(x) (6-15)

GR G RS S

Additional terms are required in (6-15). The self impedance of the shield
introduces an additional voltage drop according to (6~5) of -zsnlﬁ(x).
Similarly the surface transfer impedance introduces a voltage source in this

loop in accordance with (6-5) of Zy S(x) Thus (6-15) becomes

\ (x) = —jwl! x) ~ jwg' TI'(x)

GR G( RR'R

(6-16)

~jw! IL(x) ~ I)(x) + 2 é(x)

RS S SH R

Similarly, around the shield circuit (following the path of Ié) we obtain

\'l;(x) = =gl la(x) = Jurg I (x)
(6-17)

mjulgsTg(x) = 2o Io(x) + 2T (x)

where the self impedance and surface transfer impedance are included in
accordance with (6-5).
Equations (6-14), (6-16) and (6~17) can be written in matrix form as

Vo = -+ it Pw (6-18)

where

[v2.(0)]
Vix)= |Vp(x) (6-19a)
52
Eé(x;
I(x) = Il'{(x) (6-19b)

Ié(xl

o
] *

The 3 x 3 matrices gs and LS are given by
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(b 0 0
1]
25<1o 2 -2 (6-20a)
£ SH T
_0 ~Zp 2sH
[ o v [} v
. tec Yor 2es
S _ ] ' [ -
1o =l AN 2o (6-20b)
7' 1] . 1]
K= ‘rs Lss

In the above, we have clearly neglected the impedance of the generator and
receptor wires, i.e., we have considered these to be perfect conductors.
Obviously we could not do so for the shield.

Let us now change variables from the primed quantities to the unprimed

quantities illustrated in Fig. 11(b) via the transformations in (6-12):

\
IG 1 0 0 IG
Ll = 1|0 1 0 I
: R {(6-21a)
I 0] 1 1 IS
;—-— ——m— g
]
S S
by T, by
)
\J
G 1 0 0 VG
! = -
Rl = 0 1 1 VR
(6-21b)
]
VS 0 0 1 VS
—— . ——
. — om—
S
v T, v
? Substituting (6-21) into (6-18) we obtain
i .
‘ P = - + w15 (6-22)




Gt aiin o v vchiien o g i

(6-23a)

(6-23b)
1 L L ]
“ec (for * 2g¢) e
] + ] 1 + [} L} L] 1 ,
(Ror * %og) (g * 2pg + Rgg) (g * ig9) g

] ] ] 1
Les (tgs * Lgg) Lss

and

V ()]
Vi(x) = VR(x) (6~23c)

Vg (x)-

Ic(xﬂ
@ = | (6-23d)

I.(x)
LS

The inverse of T, is given by

T = 10 1 1 (6-23e)

It should be pointed out that we assumed that the surface transfer

impedances z, and z in (6-1) were equal and these were designated as z

4 io ol
2 Also we assumed that the shield inner surface and outer surface self im-

T




s

pedances, z:4 and Z o in (6-.,, were equal. These were designated as ZgH* If

we do not make these assumptions one can show that gs in (6-20a) becomes

0 0 0
]
ZS = |0 z - (6-24a)
2 i1 %10 3.
0 “Zoi Zoo
and ZS in (6-23a) becomes
0 0 0
S
2 (zii + zoo - Zio - zoi) (Zoo - zio) (6-24b)
0 (zoo - zoi) 00
Note also that as the frequency is decreased Zogy = Zp When Zoy = Zp
(6-23a) becomes
J 0 0
S .
2" = )0 0 0 (6-24¢)
0 0 Zey

(low frequency)

and the shield impedance term appears only in the voltage change expression
of the shield circuit which is a logical result [7]. In fact, the voltage
change transmission line equations can be derived directly from the unprimed
circuit in Fig. 11(b) with no conceptual difficulties when the frequency is
small enough that Zp = Zgy [71.

A few comments are in order concerning these inductance parameters. Con-
sider Fig. 12(a) in which we havs shown cross sections of the line. The per-

unit-length inductance matrix, LS, is defined by
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Fig. 12. A cross-section of the line illustrating the
primed and unprimed current variables.

58




=15 |1 (6-25)

where ¢é, ¢£, ¢é are the magnetic fluxes linking the appropriate primed cir-
cuits. From (6~20b) and (6-25) we obtain
1
¢G

L= =
GG IG

(6-26)

Recalling that the TEM mode assumption permits a D-C calculation for these

inductance parameters, this result becomes (approximately) [7]

M 2h
v o2V _G -
QGG o n (rwc) (6-27)
where TG is the radius of the generator wire and hG is the height of this
wire above the ground plane. The mutual inductance QéR becomes
b ’
Rl = =% (6-28)
GR R

From a consideration of Fig. 12(a) we obtain (approximately)

léR 20 (6-29)
Next we have
¢l
L = T (6-30)
S R
I IR 0
which becomes (approximately) [7]
u 4h . h
A G S -
o5 = 7m nll + 2 ] (6-31)
GS
Similarly we obtain [7]
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h =

|

where r, is the shield internal radius and r

M(‘r—i)
wR

wR
Also,
v o= g
QRS QSR
\]
)
I'
R Y - 1Y =
1 IS 0
z 0
and [7]
]
2' = i&
SS Ié
v = T =
IG IR 0
u 2h
.V S
EJ 5*1-[- Q,n(r ¥t )
s
If we write L in (6-23b) as
e *er e
L= 1% *Rr *rg
Yes . .

we identify

RS SS

o

is the receptor wire radius.

(6-33)

(6-34)

(6-35)

(6-36)




L. =%

,' + '
RR RR + 29R L

S SS

u r u 2h

=V oSy 4 Voo S _
= R,n(r ) + o ln(r s ) (6-39)
wR s s

u 2h
(=)
rwR

n
l

(for shield walls whose thickness is small in comparison with the shield radius)

= ] 1
rs = *rs * Yss

7] 2h
v S
o W)
8 S




This is a reasonable result as discussed in Sec-

Note that £SS = lRS'
tion IV since the self inductance of the shield-ground plane circuit, 2SS’
relates the flux passing between the shield and the ground plane to the
shield current, and the mutual inductance between the receptor wire-ground
plane circuit and the shield-ground plane circuit, QRS’ relates the flux
linking the shield circuit to the receptor current. Clearly, the two are
equivalent (or approximately so) since for the purposes of calculating 1ss’
we may concentrate the shield current at the center of the shield (the posi-
tion of the receptor wire) and in both cases the flux passing between the
shield and the ground plane is to be computed.

Now let us derive the current change expression. A cross section of the
line with appropriate per-unit-length capacitances for a solid shield is shown
in Fig. 13(a). The appropriate self and mutual capacitances between the
various conductors are indicated. Note that there is no mutual capacitance,
SR’ between the generator wire and receptor wire and there is no self capaci-

tance, between the receptor wire and ground plane -both reasonable re-

Cpp?
sults foiRsolid, (assumed for this calculation to be perfectly conducting)
shields. (For a proof of this result, see Appendix F.)

The corresponding diagram is shown for braided shields in Fig. 13(b).
For braided shields, the holes in the shield allow the mutual capacitance

and self capacitance c¢ to be present due to the penetration of the

c
eiictric field lines througﬁ these holes. The quantities jwcGR and jwckR may
be thought of as the shield transfer admittances [14,16]. A typical calcu~
lation in (6~11b) fof a braided shield of the same physical characteristics
as the shield used in this investigation indicates that CRR would be on the
order of 10_14 F/m. The values of the other capacitances (in the absence of
the holes) are on the order of 10-11 F/m. Thus we choose to ignore the
effects of the shield holes on the capacitive transfer.

From Fig. 13(a) in terms of the unprimed voltage variables we may obtain

the current change expression in the limit as Ax + 0 [71

1P = -3Vt (6-42)

where L?(x) and !?(x) are given by (6-23d) and
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Fig. 13. A cross-section of the line illustrating
the per-unit-length capacitances.
(a) solid shields (b) braided shields.
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Rccc + cgg) 0 “Ses

0 Crg ~Cpg (6-433a)

He]
[}

~Ces ~CRs (cgg + cps + g5

(Formulating the node-voltage equations for Fig. 13(a) is a simple way of
obtaining the entries in gS given in (6~432).) The entries in gS are computed
via the following [7]

(c.. + Chg) -c L [ -1
66 T €cs GS - e, GG GS (6-43b)
-c (cee + Cpg) L L ;
¢S SS cs GS SS ;
Cps ——§§§—- (6-43c)
S
2"(;—9
w

The equation in (6-43b) results from the computation of Cegr © as the

c
88’ "GS
per-unit-length capacitance matrix of two wires, one the generator wire and
the other a wire of radius equal to the shield radius, in free space [7].

Equation (6-43c) is the familiar per-unit-length capacitance of a coaxial line

filled with a dielectric having permittivity e = €., [7]1.

Thus the coupled transmission line equations are given by (6-22) and

(6-43)
P = =25 + 358 (6-44a)
5 = -30c%v5 (%)
(6~44Db)
= -1V x)
where YS = jmgs (6-44¢)

We may relate the line voltages and currents at one end of a line of length
1; to the voltages and currents at the other end as shown in Fig. 14 by solv-

ing (6-44) and obtaining the chain parameter matrix [7]:
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Fig. 14, The shielded séction and terminal variable definitions.
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EN Ui

sorz)) [0 6] [rw

P&+ L 5,2 o, [rfw (6~43a)
S
7 (&)

The 3 x 3 Qij(lé) submatrices are given by [7]
<€

R

S 1.8 Y -1.8

0,) =57 T( “+e HT Y (6-45b)
-1 Y -y _

03, (2) == Ty (e <. e &1l (6-45¢)

Y2 £

5 (D =-11( S-e 5yl (6-454)
Yy Z _

05,L)=3T (e S+e 5T (6-45e)

The various matrices in (6-45) are defined as follows [7]. First compute the
3 x 3 transformation matrix T as
1% @5 + gudHr = ¥ (6-45¢)
where 12 is a 3 x 3 diagonal matrix. <y is the square root of YZ with main
1 Y 1

diaggnal entries Yi' The matrix exponential e~ is diagonal with entries
Y .
e 1 .

To find the propagation constants, Yy via (6-45f), we must obtain the
matrix product

S 2 SLS

Y5 + 3%y = 3uc®z5 - wic (6-46)

One can show, with the entries in PS given by (6-35) through (6~41) and the
entries in gs given by (6-43), that the matrix product QSLS becomes

' A
uvev 0 0
S S
¢L 0 L 0 (6-47a)
0 uvev(l - er) uvever
d

|
z




If the interior of the shielded cable is filled with air, € = g, Ve have

a four conductor line in a homogeneous medium (free space) and (6-47a)

reduces to

L’ =ue 1 (6-47b)

S

a sensible result [7]. With the form of gsy in (6-47a), the matrix product

in (6-46) may be easily computed, a' priori.

6.2 Incorporating the Pigtail Sections

The primary concern is to formulate a transmission line model of the un-
shielded to shielded case shown in Fig. 3(b). Thus we need to incorporate
pigtail sections into the previously developed transmission line model for a
shielded section of line,

The basic idea is illustrated in Fig. 15, We developed the chain param-
eter matrix of the shielded section in the previous section. This chain
\Y

parameter matrix related the conductor voltages V VS and the conductor

G’ R
R’ IS at one end of the shielded section of the line to the
corresponding variables at the other end of the section. If we relate the

currents IG, 1

terminal voltages and currents of the pigtail sections in a similar fashion,
we may obtain the overall matrix chain parameters of the entire line by multi-
plying (in the proper sequence) the chain parameter matrices of the two pig-
tail sections and the shielded section. Then we incorporate the terminal
(load) constraints and solve for the terminal voltages and currents of the
entire line. This is the essence of our procedure.

First we need to obtain the chain parameter matrices of the pigtail sec-
tions. Both sections are identical in characteristics and length in this
investigation so we shall consider one section shown in Fig. 16. We may write
the transmission line equations for the pigtail section and solve for the
chain parameter matrix QP(z%) of a section of length Z; as was done for the
shielded section. If we ignore the dielectric insulations surrounding the
generator and receptor wires (the pigtail wire was bare) we may obtain the

chain parameter matrices of the pigtail sections as [7]
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Fig. 16. The pigtail sections and variable definitions.
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S— cm—
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where y?(x) and l?(x) are given by

FVG(x;
Vix)= |V(x)

[ Vp(x)

FIG(X)-

I = ()

k3l

(6-48)

(6-49a)

(6-49Yb)

and V (x) and 1 (x) are the pigtail wire voltage (with respect to ground) and

current, respectively The 3 x 3 ¢ (z) submatrices of ¢ (f) are given by

(71

#,(Z) = cos(8Z) 1,
01, (%) = avsisd) 1
43, (Z) = ~3v sin(8Z)
25, (%) = cos(82) 1,

(6-50a)

(6-50b)

(6~50c)

(6-50d)

and 1, 1s the 3 x 3 identity matrix with ones on the main diagonal and zeros

3

elsewhere. The quantity B is the phase constant given by

B = w/v

(6-51)

and v is the phase velocity of propagation in the surrounding (free space)

medium
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oun.

v = = 3 x 108 m/s (6-52)

The 3 x 3 matrices EP and gP are the per-unit-length inductance and capaci-

tance matrices of the pigtail sections given by

GG GR GP
P _
L = 2 Ler Lo (6-53a)
I I
- -
(cgetecrtecp’ SR “Sgp
P
c = ~CeR (CRR+CGR+CRP) ~Cpp (6-53b)
_ (cFc . +c )
Cep CRP PP "RP "GP |
P
i L
In L, 2.0 QRR and fog are the same as for the shielded section and Lop’ *RP and

ZP are given by [7] (see Fig. 16(b))
P
uv 4hGhP
SLGP = I nl1 + —d——z-] (6-54a)
GP
U 4h_h
-y _RP -
RRP = nll + : 2] (6-54b)
u RP
= v 2h -
QPP = n{ ;—? ] {(6=-54¢c)
wp
The 3 x 3 per-unit-length capacitance matrix gP is obtained via [7]
-1
P _ P
c = M Ey L (6-53¢)

Now consider Fig. 15. From Fig. 15 and the previous results we have,

over the shielded section,

v +2) vS(2)

s s - p

= (6-55)
S S
9(Z + -‘{,)J I (z;)_j
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Similarly we observe that, over the pigtail sections

el oo, V(E + 2
s =o)L, P 2
I°(2) P 1(:tp+fs)

and

[}
e
~

Yol L [Yo
P : ’f,’ P
L@ 1 (0)

(6-56)

S P P

Noting that, because of the sequencing of the variables in !?, I,V and I,

!P(tfp +Zs) = VS(/p + is)
IP(tp+1) =f(2;+f)
X)) - V(&)
') - I' &)
we have
P P
[va] = ¢7(2) ° @) ¥ &) [XP(O)]
I @) P Pl (o
$(®)
where

P S P
o= ¢ (ip) ¢ &) ¢ &)

211 @ ?12(‘)]
851 &) 82 ¢0)

From the terminal conditions in Fig. 15 we also obtain
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(6-58a)

(6-58b)

(6-58¢)

(6-58d)

(6-59a)

(6-59b)
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P
s = ZgL (0) (6-60a)

Y?(*J = %LLPGt) (6-60b)

where, for the shield grounded at both ends, we obtain

i S
: vo= 1o (6-61a)
{ 0
Zg 0 0] 5
Zg = 0 Zgp 0 (6-61b) 1
0 0 0 .
- Py
y i 3
I_ZLG 0 0 . 3
z, = (0 Z 0 (6-61c)
0 0 0

1 The zeros in the (3,3) positions of %S and gL account for the fact that the load
impedances on the pigtail wires are short circuits. Combining (6-~59) and

(6-60) we obtain a matrix equation for the line currents at the source

(x = 0) end of the line [7]

P = -— -
(2 950 = 2, 891 B~ tap * 85y Zg) DO = Loy - % 0] Vg (6-622)

Once (6-62a) is solved for I?(O) we obtain the terminal currents at the load
end, I (®), from [7] :

AT L R ey bk TS ety T o i

 § The terminal voltages are obtained from (6-60). In particular, we are

| interested in the voltage of the receptor wire across 2 VR(O). .

SR
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The shielded to unshielded configuration in which the source voltage is

in series with ZSR instead of ZSG can be handled similarly in a trivial

fashion. Clearly the chain parameter matrix of the entire line is unchanged.

The only change is in the vector V. in (6-6la). For the shielded to unshielded

S

case, VS appears in the second row of instead of the first.

ys
If the shield (pigtail wire) is grounded at only one end or neither end
one can obtain a similar incorporation of these terminal conditions. For
example, if the right end of the shield (pigtail wire) is ungrounded but the
left end is grounded, we may write an alternate Norton equivalent expression

for (6-60a) (since the impedance of an open circuit is infinite) as

re=-y Ve (6-63a)
where
l/ZLG 0 0
?L = 0 1/ZLR 0 (6-63b)
0 0 0
since the admittance of the open circuit is zero. Equation (6-62a) becomes,
by multiplying both sides by YL = Z£1,

P = -
(095 = 091 2g = Yy $1p * Yy ¢35 Zg] 1O = [¥ 95 = ¢59] Vg (6-63c)

~

Similar modifications can be made if the left end is ungrounded but the

right end is grounded or if both ends are ungrounded.

6.3 The MTL Equations for the Shielded to Shielded Case

The transmission line equations may be similarly derived for the shielded
to shielded configuration in Fig. 3(c). First we obtain the transmission
line equations for the shielded section.

Consider Fig. 17 in which we have defined the primed voltage and current

variables in a manner similar to the unshielded to shielded case discussed
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in Sectiun 6.1, The return paths for the generator and receptor wire
currents, Ié and Ié, are again defined to be the appropriate shields. Simi-
larly, the generator and receptor wire voltages, Vé and Vé, are defined

for each wire with respect to the appropriate shield. The shield currents
of the generator circuit shield, IéG’ and the receptor circuit shield,

I1l,, are defined to return via the ground plane. The shield voltages,

SR
ve, and V! , are defined with respect to the ground plane. We may obtain,

SG SR
in a similar fashion to the unshielded to shielded case in Section 6.1, the
voltage change transmission line equations as

Ve = - @+ 5t @ (6-64)
where
p— ' )
VG(X) -1
'. V'(x)
V) = | F (6-65a)
A
Vg (x)
]
L sr*)
[~ 1
IG(X)_]
' I (x)
’x) = | R} (6-65b)
1]
ISG(x)
I (x)
| SR
and -
1 1 ] L L
[Le %r %sc  %sw
1 1 1 ]
' 'k *rRR  *rsc  ‘'msr
LS = , (6-66a)
I LI X )
- csc ‘rsc *scsc *sGsr
] ¥ L \J
| csk *Rsr *sesk  “srs|

ot R e vy —pey e




zZgg O “Z O
)
25 =% Zw 0 (6-66b)
“Zy 0 ’sp O
L 0 -ZT 0 ZSH_J

In obtaining (6-66b), we assume both shields to be identical so that ng =
zgﬂ. In addition, we assume that the shield self impedances of the inner
and outer surfaces to be equal, and the shield transfer impedances inside to
outside and outside to inside are also assumed to be identical. Equation
(6~66b) can be easily derived even when the assumptions are not made by
employing the principles outlined in Section 6.1.

The unprimed variables are shown in Fig. 17(b). All unprimed currents
are defined to return through the ground plane, and all unprimed voltages
are with respect to the ground plane. The primed and unprimed variables may

be related from Fig. 17 as

v, =V!+V!

¢ ~ VetV
Vs = Vsg
Ve = VL+ VL
Vs = Vsr (6-67)
Ic = 1g
Ise = Is6~ Ig
L =g
Ip = Tgp~ I
or in matrix notation .
vS =, v (6-68a)
'
bR (6-68b)

where
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o o O =

1

| 0

0
1

0 0
0 1]
o o o]
1 0
o 1
1 0 1]

(6-68c)

(6-68d)

The voltage change transmission line equations in terms of the unprimed

variables become

where

and

Vo = - @+l

RAD! ]
VR(x)
VSG(x)

LVSR(X)_

-

L, (%)
IR(x)

I (x)

'ar *rr *msc *mswr

®esc *rsc %scsc *sesr
%

“osr *rsr "sosr srsr a1
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(6-69)

(6-70a)

(6-70b)

(6-71a)




2o =T, 27T, (6~71b)
-
2(2SH - zT) 0 (zsH - ZT) 0 T
} 0 2(2gy = 29) 0 (2gy - 2p) ‘
(Zgy - 2p) 0 “sH 0
0 (Zgy - 2p) 0 “su E
- -
Note than when the frequency is sufficiently small so that ZT = ZSH,(6—71b) ]
becomes
9 0 0
S- 0 0 0
7= 0 0 (6-71c)
ZsH
% 0 0 Zgy

(low frequency)

and the shield impedance appears only in the voltage change expression for
the shield circuits: again a logical result.
The per-unit-length mutual inductances in (6-71a) can be derived in a

straightforward fashion similar to the unshielded to shielded case [7].

il

These become

u 2h
=V, (-G -
| QGG = o En<;WG> (6-72a)
u 4h h
_ v G R _
%er = I ¢n |1+ ) 7 (6-72b)
GR
A T s B (6-72¢)
GSG 27 Tt bt
(6-72d)
(6-72e)

(6-72f)




Ysese =

‘scsr =

u 2h
S

tsR)

lSRSR

2w +

TsR

(6—72g)

(6-72n)

(6-721)

(6—72j)

The current change expression (neglecting the shield transfer admit-

tances assuming a solid shield) becomes

where gS

is derived from Fig.

1= - jucsys

sese t “scsy’

~CsGsr

(c

“CrsR

~Csesr

srsk T Srsr * ®scsr

)

(6-73)

(6-74a)

Again, the entries in QS may be obtained quite easily by writing the node

computed

as

(csesg + ©sosr’

~CsGsr

voltage equations for Fig. 18.

(

The values of the specific entries are

~CsGsr
_L -
srsR ¥ Ssesr’

u €

v

“secsc ‘scsr

Y6GsR  ‘srsr

-1

(6-74b)

i
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=2 (6-74d)

The chain parameter matrix of the shielded section of length 2% can

similarly be calculated as

vBx +Z) V5 (x)
S = @ | (6-75)

x+Z) 1°(x)
where the entries of the 8 x 8 chain parameter matrix ?S(Zg) are 4 x 4
submatrices. This is expressed as

S S
. SLC ORI IVIC S
(L) = (6-76)

s s
01(R) 45, K)

and are given by (6-45) where the matrices in (6-45) are now 4 x 4.
The 8 x 8 chain parameter matrix of the pigtail sections (both shields
have pigtail wires attached in this case) may be similarly computed as

Vx+2) VP )

Pl Pty (6-77)
P +Z) | ¥ (x)
I(x p) | I
where
-VG(x)—

VR(x)
v o(x) = (6-78a)
VPG (x)

| Vpr )

-

1,60 ]

IR(x)
P = (6-78b)
Ipg(¥)

I (x)
L..PR -
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VR’ IG’ IR are

defined in the same fashion as for the shielded section. The voltages V

The generator and receptor wire voltages and currents VG,

PG i

and VPR are the voltages of the pigtail wires of the generator and receptor

shields, respectively, with respect to the ground plane., Similarly, IPG

and IPR are the appropriate pigtail wire aurrents. The entries in ¢P(2%)

are given by

Pty - 01, B) 41,2)
~p (6-79)
@210!;) 922(11.;)
where the entries in the 4 x 4 submatrices are
¢P(r) = cos(8%) 1, (6-80a)
=.— i i i P -
¢12(1) jv sin(R p) L (6-80b)
LY =~i s P _
?21( ) ==jv sin(8X) ¢ (6-80c)
= x -
¢22(f) cos (B p) 1 (6-80d)
The per-unit-length inductance matrix is defined by
I 7
e ‘v *epc  ‘*cpr
P 2GR Iz'RR RRPG 2RPR
T e 2 2 2 (6-81)
GPG RPG PGPG PGPR
"err  ‘mrer  ‘pcPr 2PRPR_J
and
P pL
c = u, &y L (6-~82)
The entries in %P are given by the following with reference to Fig. 19:
X u 2h
. -V -G -
5 QGG = T 2n (r ) (6-83a)
i wi
)
: 7 4h.hR
A G -
Yo w1t T2 (6-83b)
’ GR
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(6-83d)

‘pepr =

2h

PR .

‘prpr = 27 0 (r (6-833)
wPR

The chain parameter matrix for the complete line for the shielded to
shielded configuration in Fig. 3(c) can be obtained in a fashion similar
to the unshielded to shielded case by multiplying these appropriate chain
parameter matrices together. Thus we obtain

P P
v eb) v (0)

= (2 S P
Py T ¢ R (£) ¢ (L)

£ )
The terminal conditioné are again written as

vy = v -z, 17O




v =z ') (6-85b)

where, for both shields grounded at both ends,

Ys =P’s
0 (6-86a)
0
Lo
E .
Zge, 0 0 0
0 z 0o o
Zg = SR ' (6-86b)
0
0 0
L -
Z, O 0 0
0 z 0 o0
Z.= LR (6-86¢)
...L 0
0 0o o

Again, the equations to be solved for the terminal currents are given
by (6-62) where the matrices and vectors are now of dimension 4. The desired

voltage across 2 is given by

SR

Vout = - ZSR IR(O) (6-87)

et TR

e
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VII. Predictions of the Multiconductor Transmission Line (MTL) Model

In this section, the predictions of the multiconductor transmission line
(MTL) model discussed in the previous section will be compared to the appro-
priate experimental results. These comparisons are shown in Appendix E. The
comparisons for the unshielded to shielded case in Fig. 3(b) are given in Fig.
E-1 through Fig. E-32, The comparisons for the shielded to shielded case in
Fig. 3(c) are given in Fig. E-33 through Fig. E-38.

First consider the results for the unshielded to shielded configurationm,
0.5 cm pigtails, 1.5 cm separation (WIDE) and R = 502 shown in Fig. E-1
through Fig. E-4. Note in Fig. E-1 for both ends of the shield grounded, the
MTL model provides prediction accuracies within 1dB below 1MHz and within ap-
proximately 6dB for higher frequencies. For the other shield grounding con-
figurations shown in Fig. E-2, E-3, E-4, the MTL model provides similar pre-
diction accuracies although these tend to be somewhat better above 1MHz than
for the double~-end grounded case.

The corresponding results for R = 1k are shown in Fig. E-5 through Fig.
E-8. Again we obtain rather remarkable prediction accuracies similar to the
R = S0Q case. The small discrepancy in Fig. E-8 is explained in Appendix G.

The results for R = 500, 8cm pigtails and 1.5cm separation (WIDE) are
given in Fig. E-9 through Fig., E-12. The corresponding results for R =1k{
are shown in Fig. E-13 through Fig. E-16. The prediction accuracies of the MTL
model for these 8cm pigtail cases are also extremely good, and above 1MHz they
are even better than for the 0.5cm pigtail cases. The slight prediction error
in Fig. E~-16 is explained in Appendix G.

We observed that for R = 1kl and the shield grounded at only one end,
there was a considerable difference in crosstalk above approximately 200kHz de-
pending upon which end of the shield was grounded. The low-frequency model,
of course, made no distinction in coupling according to which end of the shield
was grounded since it did not account for these distributed effects prevalant
when the line is not electrically short. Clearly, the MTL model predicts these
distributed affects and predicts them remarkably well.

The above results for the TOUCHING separation are shown in Fig. E-17
through Fig. E-32, For R = 50Q and the 0.5 pigtails shown in Fig. E-17 through
Fig. E-20, the prediction accuracies are very similar to the corresponding re-

sults for the WIDE separation. The results for R = 1k shown in Fig. E-21
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through Fig. E-24 show similar prediction accuracies although the predictions
in the "standing wave region' (> 10 MHz) are somewhat poorer than for the cor-
responding R = 50Q cases. Also for the case of the shielded ungrounded shown
in Fig. E-24, the experimental results are above the MTL predictions for low
frequencies by an almost consistent amount of some 6 dB. The reason for this
sudden departure in prediction accuracy of the MTL model is due to our neglec-
ting the wire dielectric insulations in computing the per-unit-length capaci-
rances as is explained in Appendix G. 1Including the wire dielectric would
r2sult in prediction errors of only approximately 1.5 dB. This is supported
'y the fact that no such prediction errors were uncovered for the R = 50Q
cises (in which case inductive coupling is predominant) or for the WIDE sepa-
rations. (See Fig. E-1 through Fig. E-16. In particular, see Fig. E-8 and
Fig. E-16.)

The results for the 8 cm pigtails, TOUCHING separation and R = 508 are
shown in Fig. E-25 through Fig. E-28. The prediction accuracies of the MTL
model below 10 MHz are again within 1 dB, whereas above 10 MHz in the standing
wave region the prediction accuracies of the MTL model are slightly poorer al-
though they are typically within 6 dB. The corresponding results for R = lkQ
are shown in Fig. E-29 through Fig. E-32. Again for this TOUCHING separation
and R = 1kQ we observe that the MTL model predicts less coupling than the
experimental results show by an almost consistent amount of some 3-6 dB for
the low frequencies. Again this is due to neglecting the wire insulation in
the calculation of the per-unit-length capacitances as is shown in Appendix G.
Including the wire insulation dielectric will result in modest prediction er-
rorsof 1 dB to 2 dB.

In the remaining figures of Appendix E, we will investigate the predic-
tion accuracies of the MIL model for the shielded to shielded configuration of
Fig. 3(c). The results for R = 50Q, TOUCHING separation and 0.5 cm pigtails
are shown in Fig. E-33. Note that below 10 MHz, the MTL model provides rather
remarkable prediction accuracies which are typically within 1.5 dB. Recall
that the predictions of the low-frequency model were typically some 8 dB
above the experimental results when pigtail coupling is dominant (above appro-
ximately 200 kHz in Fig. E-33). This was attributed to the effect of the
plgtail wires. The low-frequency model neglects the

interaction between the pigtail wires and the generator and receptor wires over
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the pigtail sections whereas the MTL model does not. For the unshielded to
shielded case both models provided accurate predictions when pigtail coupling
is dominant. Thus it seems clear that the pigtail wires have a substantial
effect, The corresponding results for

R = 1kQ are shown in Fig. E-34 where we observe prediction accuracies similar
to the previous R = 50Q case. Note that for R = 1k in Fig. E-34 for frequen-
cies greater than 20 kHz, the predictions of the MTL model are below the ex-
perimental results by some 6 dB. In this frequency range, pigtail coupling is
dominant (see Fig. C-15) and the prediction errors are a result of neglecting
the wire dielectric as discussed in Appendix G. Inclusion of the dielectric
will result in modest prediction errors of 1 dB to 2 dB.

The results for the 8 cm pigtails are given for R = 50Q in Fig. E-35 and
for R = 1k@ in Fig. E-36. We again observe prediction accuracies for these
longer pigtails which are similar ﬁo the 0.5 cm pigtail cases. The prediction
errors for R = 1kQ in Fig. E-36 are, once again, due to neglecting the pigtail
wire dielectric insulation as discussed in Appendix G.

The corresponding results for 8 cm pigtails and the WIDE separation are
shown in Fig. E-37 and Fig. E-38. The predictions for R = 50Q in Fig. E-37
are once again within 2 dB below 10 MHz. When pigtail coupling is dominant
(above approximately 100 kHz) the pigtail wires have

4 more substantial effect for this WIDE separation than for the
TOUCHING separation over the unshielded to shielded results. (See Fig. A-23.)
The MTL model however provides quite accurate predictions of this effect. For
R = 1kQ shown in Fig. E-38, the MTL model provides very accurate predictions
below 10 MHz. The corresponding predictions for R = 1k{ and the TOUCHING
separations in Fig. E-34 and Fig. E-36 were not as good when pigtail coupling
is dominant. This was attributed to neglecting the insulation dielectric
of the generator and receptor wires in the computation of the per-unit-length
capacitances. The results for the WIDE separation in Fig. E-38 tend to con-
firm this, since we would expect the dielectric to have much less of an effect
for the WIDE separation.

In summary, we have found that the MTL model will provide prediction ac-
curacies within 1 - 3 dB when the line is electrically short and within 6 - 10
dB when the line is electrically long although there are exceptions at iso-

lated frequencies. However, it should be noted that when the line is suf-
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ficiently short, electrically, the simpler low-frequency model provides pre-
diction accuracies which are quite often equivalent to the MTL model. The
advantage in using the low-frequency model is that due to its simplicity,
certain qualitative effects are easily seen as was pointed out in Sectiors IV and V.
The advantage in using the MTL model is that one needs not be concerned about
determining whether the line is "sufficiently short, electrically" as was re-
quired in the use of the low-frequency model; the distributed effects which
were ignored by the low-frequency model are included in the predictions of the
MTL model. In addition the complicated interactions between all conductors
are taken into account. This turned out to be significant in the shielded to
shielded case for R = 5002 where the pigtail wires had
a substantial effect which was accurately predicted with the MTL model. The
MTL model seems to provide prediction accuracies which are within reasonable

expectations.
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VIII., Effect of Pigtail Loop Area

The pigtail configuration which has been considered up to this point
was chosen to simulate the method of terminating a shield in a connector as
shown in Fig. 2. The shield braid is stripped back and is terminated via
another wire, the pigtail wire, to a connector pin. In connector installa-
tions, this pigtail wire is routed parallel to the shielded wire as shown in
Fig. 2 and simulated in Fig. 3 and our previous experiments.

However, there are cases in which the pigtail wire is not terminated
(for example to structural ground) within a connector. 1In these cases, the
pigtail wire connecting the shield braid to ground is of some uncontrolled
length and its routing is random (not parallel to the shielded wire as in
previous cases) as is illustrated in Fig. 20.

In this final section, we wish to examine the effect of the random
orientation of the pigtail wire on our previous conclusions which were obtained
for the controlled, connector-configuration simulation.

Also, in the previous controlled, connector-configuration simulation,
the pigtail wire was routed parallel to the shielded wire, with a physically,
somewhat minimal separation between the pigtail wire and shielded wire of
0.5cm. It should be emphasized that the intent was to simulate typical
routings of these pigtail wires in connector installations. In an actual
connector installation, the shield is stripped back and a pigtail wire is
soldered (or crimped) to the shield. This pigtail wire is then routed to a
connector pin via the shortest route which places the pigtail wire parallel
to and at a typically small distance (such as 0.5cm) away from the associated
shielded wire. It is of interest, however, to examine the effect of placing
the pigtail wire parallel to the shielded wire but at a further distance
from the shielded wire. The second objective of this section is to examine
this effect of increasing the area of the ioop formed between the pigtail wire
and the shielded wire.

In this section we will show some limited experimental data which
address these two questions., It should be emphasized that these limited data
are only intended to provide some general conclusions. For example, the case
of random pigtail wires is a totally uncontrolled configuration. Comparing

crosstalk for this configuration to that of some other configuration cannot
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be expected to provide quantitative conclusions; only somewhat general con-

clusions can be obtained (more or less coupling than the controlled, 0,5cm

separation, etc.).

The experimental configuration chosen is the unshielded to shielded case

with 3 cm length pigtail sections. The pigtail wires are configured as the
random pigtail in which the pigtail wires are approximately 30 cm in length
and shown in Fig. 21(a) and three controlled configurations in which the pig-
tail wire is paraliel to the shielded wire but separated from it by 0.5cm,
1.5cm and 3cm. The 3cm separation is shown in Fig. 21(b).

The results for R = 50Q, TOUCHING separation and both ends of the
shield grounded via the pigtail wires are shown in Fig. 22(a). Note that for
the controlled configuration, moving the pigtail wire away from the shielded
wire (and thus increasing the loop area between the pigtail wire and the
shielded wire) results in an increase in coupling. If we denote the separa-
tion between the pigtail wire and the shielded wire as W and the length of
the pigtail section as L (L = 3em in all cases) as shown in Fig. 22(a) then

there are three values of loop area:

Pigtail (I) W=20.,5m, L = 3cm Area = 1.5cm2 (8-1a)
Pigtail (II) W= 1.5cm, L = 3cm Area = 4.Scm2 (8-1b)
Pigtail (III) W = 3em, L = 3em Area = 9cm2 (8-1c)

Note in Fig. 22(a) that above 100 KHz, the coupling is clearly due to the

coupling over the pigtail section. This coupling increases approximately

linearly with loop area. For example, at 1 MHz changing from pigtail (I)

to Pigtail (II) given in (8-1) results in an increase in crosstalk by a

factor of approximately 2 and the area has increased by a factor of 3.

Also increasing the loop area from Pigtail (II) to Pigtail (III), an increase

of a factor of 2, causes an increase in crosstalk by a factor of 1.75 at

1 MHz. Thus it is clear that the coupling to the pigtail section

increases with an increase in loop area. (Actually this conclusion was

evident in our previous results since for a pigtail wire separation of 0.5cm

and pigtail section lengths of 0,5cm, 3cm, 8cm, the loop area also increased!)
For the random pigtail wire configuration, note that in Fig. 22(a),

the crosstalk increases (above 10 KHz) by as much as 20 dB! It should be

noted that in obtaining these data for the case of random pigtail wires, the
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Fig., 21.

The experimental configuration -
3em x 3em pigtail loop.  (continued)




rig. 21, The experimental configuration -

random pigtail wires.
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results were very sensitive to the position of the pigtail wire. Simply

touching this random pigtail wire and moving it slightly produced very notice-
able changes in crosstalk. For example, at 1 MHz, touching the wire changed
the measured voltage from 10 mV to approximately 32 mV! It is doubtful that
accurate predictions of pigtail coupling for the random pigtail wire case

can be obtained. The data, however, clearly show that termination of shielded
wires with random pigtail wires is undesirable. IF pigtail sections

cannot be avoided, the pigtail wires should be routed parallel to the exposed,
shielded wire and as close as possible to it.

The corresponding results for R = 1kQ are shown in Fig. 22(b). Note
that for frequencies less than approximately 8 MHz, there is virtually no
difference in crosstalk for any of the pigtail wire configuratioms. It is
clear from Fig. A-9, that pigtail coupling is dominant above 500 kHz so that
the results of Fig. 22(b) show that coupling over the pigtail sectiomns is
virtually unaffected by the pigtail wire configuration. In other words, it

is clear that this invariance is not a result of the pigtail coupling being

obscured by the coupling over the shielded section. This is a significant
result but is reasonable to expect. Also it should be noted that the results
were very insensitive to slight movements of the random pigtail wire as
opposed to the R = 500 case. For R = 500, we would presume that inductive
coupling is the predominant contributor to the coupling over the pigtail
sections. Thus for R = 50Q it makes sense that varying the pigtail loop area
(as defined above) would affect the crosstalk. However for R = 1lk@, it is
reasonable to expect that capacitive coupling is the predominant contributor
to the coupling over the pigtail sections. For capacitive coupling, moving
the pigtail wires further from the shielded wire should have less effect

on the crosstalk.

Thus we observe that the configuration of the pigtail wires may or may
not affect the crosstalk depending on the load impedances. For low impedance
loads, the pigtail wire configuration had a drastic effect. For high impedance
loads, the pigtail wire configuration had virtually no effect (for an electri-
cally short line).

It is also of interest to observe how the shield grounding configuration
affects these conclusions. The results for the shield grounded at the load
end and ungrounded at the source end and R = 500 are shown in Fig. 23(a).
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Interestingly we find, as opposed to the double-end grounded case, that the
crosstalk is independent of the pigtail wire configuration for these low
impedance loads! This is again reasonable since there is no closed (physi-
cally) loop in the single-end ground case to support a current and alter the
inductive coupling. The corresponding result for R = 1kQ is shown in Fig.
23(b) . Again, for the single-end grounded case, the pigtail wire configura-
tion has virtually no effect on crosstalk.

The results for the shield grounded at the source end and ungrounded at
the load end are shown for R = 50Q in Fig. 24(a) and for R = 1k in Fig.
24(b). Note that for R = 50Q in Fig. 24(a) we again observe that even for
low impedance loads, the pigtail wire confiéuration has no effect on crosstalk
for the single-end grounded shield. For R = 1kQ in Fig. 24(b) we observe
similar conclusions except that the crosstalk is affected by the pigtail wire

configuration as before. (See Fig. 22b.)

Clearly, the configuration of the pigtail wire may have an effect on ;
crosstalk. For a double-end grounded shield and low impedance loads, there
is a rather drastic dependence on configuration of the pigtail wire. However, g:
for the common, random'pigtail wire orientation, it is doubtful that one

i
could provide reasonable predictions. The random pigtail wire configuration -
seems to be a hopeless case from the standpoint of prediction for low imped- }

ance loads and double-end grounded shields.
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IX. Summary and Conclusions

The intent of this report was to investigate coupling (crosstalk) between
braided-shield cables. There were two main items to be addressed. We
intended to show that pigtails on braided-shield cables such as are employed
when these cables are terminated in connectors can result in a significant
degradation in the effectiveness of the shield in the reduction of crosstalk.
We also intended to investigate the modeling and prediction of crosstalk to
or from braided-shield cables.

The effect of pigtails was dramatically illustrated with experimental
results. It was observed that even though the lengths of the pigtail sectioms
constituted only a very small fraction of the total line length (4%), the
pigtails can result in an increase in crosstalk of as much as 30 dB over
the case where the pigtail lengths are minimized (0.3%Z). Computed results
support the idea that the degradation in the effectiveness of the shield
comes about due to the following. For a sufficiently small frequency, we
may superimpose the coupling over the pigtail sections and the shielded
section to obtain the total received voltage at each end of the line. The
contributions due to the pigtail sections increase linearly with frequency.
The contribution over the shieided section also increases linearly with fre-
quency up to a frequency where the shield becomes effective. Above this
frequency, the coupling from an unshielded wire to a shielded wire over
the shielded section remains constant with frequency. Thus the pigtail
coupling contribution, although "small" at the lower frequencies, can
become larger than the contribution over the shielded section in the region
where the shield becomes effective. In the case of coupling between two
shielded wires, this effect can be more dramatic since the coupling contri-
bution over the shielded section when the shields become effective decreases
linearly with frequency. This is to be contrasted with the coupling from
an unshielded wire to a shielded wire in which the coupling becomes constant
as the frequency is increased. For the case of two shielded wires, the
pigtail coupling can therefore result in a larger degradation over a wider
frequency range.

Clearly, the pigtails do not totally destroy the effectiveness of the
shield. However, when pigtail coupling is dominant, the shield simply
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serves to provide an "optical coverage" of its interior, shielded wire.
Thus the exposure of the interior, shielded wire is limited to the
pigtail sections. However, if the pigtails were eliminated, an additional
reduction in crosstalk of at least 30 dB may be realized.

From these results, it is clear that a worthwhile objective in the
installation of braided~shield cables within connectors is to eliminate or,
at least, minimize, the lengths of the pigtail sections. Obviously, the
elimination of pigtails in connectors is a difficult problem. However, the
potential benefits in the electromagnetic compatibility of a system may be
considerable.

In addition, several other interesting phenomena were observed. It was
noted that the effectiveness of the shield in reducing crosstalk over the
situation where a shield does not surround the interior wire was dependent
on the shield grounding configuration as well as the value of the termination
impedances of the cable. In the case of "low impedance loads" such as 50 @,
it was found that the shield had virtually no effect on crosstalk unless it
was grounded at both ends. In the case of "high impedance loads" such as
1 k2, however, a single-end grounded shield did provide considerable reduc-
tion in crosstalk, and the double-end grounded configuration provided even
more reduction in crosstalk.

It was also observed that for frequencies such that the shield braid
impedance is larger than the reactance of the shield~ground plane loop, the
shield effactiveness was the same for all grounding configurations for 1low
impedance loads and was the same as the single-end grounding configurations
for high impedance loads. In other words, the advantage of grounding both
ends of a shield 1s not realized unless the frequency is such that the shield-
ground plane reactance is greater than the shield braid self impedance. Thus
the effectiveness of a shield in reducing crosstalk is strongly dependent
on its braid impedance.

The second objective of this report -~ examine the modeling and predic-
tion of this coupling - led to the development of two models. The low-
frequency model was valid only for a "sufficiently small" frequency. The
upper limit to this frequency range was not unique but depended on the load
impedances and physical cohfiguration. However, the simplicity of this model
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allowed considerable insight into this coupling phenomenon. For the purposes
of providing this qualitative insight and obtaining approximate predictions,
this model served a useful role.

The multiconductor transmissibn line (MTL) model required considerably
more computational effort, and the qualitative features of the coupling which
were traunsparent in the low-frequency model were obscured in the MTL model.
The advantage of the MTL model is its prediction accuracy. With the MTL model,
one need not be concerned about the limitation of the frequency being suffic-
iently small as was required for the low-frequency model. The prediction
accuracies of the MTL model tended to be in the range of 1 dB - 3 dB when
the line is electrically short and 6 dB - 10 dB when the line is electrically
long.

In addition, certain effects which were of a distributed nature which
were not predictable with the low-frequency model were accurately predicted
with the MTL model. For example, in the case of a single~end grounded shield
and high impedance loads, there was a considerable difference in crosstalk
depending on which end of the shield was grounded. Clearly, this is a dis-
tributed effect not predictable by the low~frequency model. However, the
MTL model predicted this result within a few dB.

The results of this investigation are intended to provide insight into
the coupling to braided-shield cables. The successful application of these
results to the design of interference suppression in system wire harnesses
depends on the particular situation. The majority of present wire bundles
may be classified as random bundles. In these types of wire bundles, the
relative wire positions are unknown and uncontrolled. However, in order to
provide accurate predictions of crosstalk within these bundles with, for
example, the MTL model, one must not only know the relative wire positions
but, in addition, these wire positions must be controlled. Also the height
of this bundle above gome identifiable ground plane must be constant (which
usually is not the case in an actual system). Thus, for random bundles,
the prediction models in this report are only useful in providing estimates
of the effectiveness of shielded cablea in reducing crosstalk. Nevertheless,
the qualitative assessment of the effectiveness of braided-shield cables in
the reduction of crosstalk should be obtainable with these models.

107




(1]

(2]

(3]

[4)

[5]

(6]

[7]

(8l

(9]

{10)

(11]

[12]

REFERENCES

E. F. Vance, '"'Coupling to Cables", DNA Handbook Revision, Chapter 11,
Stanford Research Institute, December 1974.

AFSC DH 1-4, Electromagnetic Compatibility, Design Handbooks Branch
(ASNPS~40), Air Force Systems Command, Wright-Patterson AFB, OH.

Electromagnetic Compatibility Design Guide for Avionics and Related
Ground Shgport Equipment, NAVAIR AD 1115, Naval Air Systems Command,

Dept. of the Navy, Washington, D. C., Change 2, December 1975.
Engineering Design Handbook, Electromagnetic Compatibility, DARCOM-P

706-410, HQ, U.S. Army Material Development and Readiness Command,
Alexandria, VA, March 1977.

Private communication with Mr. John Prorok, U. S. Army CORADCOM, Ft.
Monmouth, NJ. .

Private communication with Mr. Gus Weinstock, McDonnell Aircraft Company,
St. Louis, MO.

C. R. Paul, Applications of Multiconductor Transmission Line Theory to

the Prediction of Cable Coupling, Vol. I, Multiconductor Transmission

Line Theory, Technical Report, RADC-TR-76-101, Rome Air Development
Center, Griffiss AFB, NY, April 1976 (A025028).

R. J. Mohr, '"Coupling Between Open and Shielded Wire Lines Over a Ground
Plane", IEEE Trans. on Electromagnetic Compatibility, Vol. EMC-9, No. 2,
pp. 34-45, September 1967.

R. J. Mohr, "Coupling Between Lines at High Frequencies", IEEE Trans.

on Electromagnetic Compatibility, Vol. EMC-9, No. 3, pp. 127-129,
December 1967.
S. Shenfeld, '"Coupling Impedance of Cylindrical Tubes', IEEE Trans. on

Electromagnetic Compatibility, Vol. EMC-14, No. 1, pp. 10-16, February
1972,

S. A, Schelkunoff, "The Electromagnetic Theory of Coaxial Transmission
Lines and Cylindrical Shields', Bell Syst. Tech. J., Vol. 13, p. 532-579,

Oct. 1934,
S. A. Schelkunoff and T. M. Odarenko, '"'Crosstalk Between Coaxial Trans-

mission Lines", Bell Syst. Tech. J., Vol. 16, pp. 144-164, April 1937.

108




[13]

[14]

[15]

[16]

(17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

REFERENCES (Continued)
D. E. Merewether and T. F. Ezell, "The Effect of Mutual Inductance

and Mutual Capacitance on the Transient Response of Braided-Shield
Coaxial Cables'", IEEE Trans. on Electromagnetic Compatibility, Vol.
EMC-18, No. 1, pp. 15-20, Feb. 1976.

R. W. Latham, An Approach to Certain Cable Shielding Calculationms,

Interaction Note 90, Air Force Weapons Lab, Albuquerque, NM, Jan. 1972,
R. W. Latham, Small Holes in Cable Shields, Interaction Note 118,

Air Force Weapons Lab, Albuquerque, NM, Sept. 1972,

E. F. Vance, "Shielding Effectiveness of Braided-Wire Shields", IEEE
Trans. on Electromagnetic Compatibility, Vol. EMC-17, No. 2, pp. 71-77,
May 1975.

K. S. H. Lee and C. E. Baum, "Application of Modal Analysis to Braided~-
Shield Cables'", IEEE Trans. on Electromagnetic Compatibility, Vol.
EMC~17, No. 3, pp. 159-169, August 1975.

K. F. Casey ad E. F. Vance, "EMP Coupling Through Cable Shields",

IEEE Trans. on Electromagnetic Compatibility, Vol., EMC-20, No. 1, J
pp. 100-106, Feb. 1978.

S. Frankel, "Terminal Response of Braided-Shield Cables to External

Monochromatic Electromagnetic Fields", IEEE Trans. on Electromagnetic
Compatibility, Vol. EMC-16, pp. 4-16, Feb. 1974.
C. R, Paul, Applications of Multiconductor Transmission Line Theory

to the Prediction of Cable Coupling, Vol. III, Prediction of Crosstalk

in Random Cable Bundles, Technical Report, RADC-TR-76-101, Rome Air
Development Center, Griffiss AFB, NY, Feb. 1977 (A038316).
C. R. Paul, "Solution of the Transmission Line Equations for Three-

Conductor Lines in Homogeneous Media', IEEE Trans. on Electromagnetic
Compatibility, Vol. EMC-20, No. 1, pp. 216-222, Feb. 1978.

W. C. Johnson, Transmission Lines and Networks, McGraw Hill, New York,
1950.

K. F. Casey, "On the Effective Transfer Impedance of Thin Coaxial Cable
Shields", IEEE Trans. on Electromagnetic Compatibility, Vol. EMC-18,
No. 3, pp. 110-116, August 1976.

J. R. Wait, "Electromagnetic Theory of the Loosely Braided Coaxial
Cable: Part I'", IEEE Trans. on Microwave Theory and Techniques, Vol.

109




REFERENCES (Continued)
MTT-24, No. 9, pp. 547-553, Sept. 1976.
J. R. Wait, Electromagnetic Field Analysis for a Coaxial Cable With

Periodic Slots, Interaction Note 265, Air Force Weapons Lab, Albuquerque,
NM, Feb. 1976.

L. Marin, Effects of a Dielectric Jacket of a Braided-Shield Cable on
EMP Coupling Calculations, Interaction Note 178, Air Force Weapons Lab,
Albuquerque, NM, May 1974.

D. Kajfez and D. R. Wilton, Small Aperture on a Multiconductor Trans-

mission Line Filled with Inhomogeneous Dielectrics, Interaction Note
347, Air Force Weapons Lab, Albuquerque; NM, Nov. 1977 .

.D. Kajfez, Excitation of a Terminated TEM Transmission Line Through a
Small Aperture, Interaction Note 215, Air Force Weapons Lab, Albuquerque,
NM, July 1974.

W. C. Wells and Y. Shian, Nuclear Electromagnetic Pulse (NEMP) Hardened
Cables, Technical Report, ECOM-73-0341-F, U. S. Army Electronic Command,
Ft. Monmouth, NJ, April 1976. :

J. C. Clements and C. R. Paul, Computation of the Capacitance Mgtrix

for Dielectric-Coated Wires, Technical Report, RADC-TR-74-59, Rome Air
Development Center, Griffiss AFB, NY, March 1974 (AD778948).

J. C. Clements, C. R. Paul and A. T. Adams, "Computation of the Capaci-
tance Matrix for Systems of Dielectric-Coated Cylindrical Conductors",

1EEE Trans. on Electromagnetic Compatibility, Vol. EMC-17, No. 4,
PP. 238-248, November 1975.

H. W. Ott, Noise Reduction Techniques in Electronic Systems, John Wiley

and Sons, New York, 1976 (Chapter 2).

B S s P -, T




Acknowledgement -

The author wishes to thank Mr. P. C. Magoun for his assistance and

advice throughout the experimental phase of this work.

111




APPENDIX A

PPIRICPITPAET ERPRESES Y

O (e Proras o € s oo it POeTr




R TP R - %
9

Fig. Configuration Q Separation Grounding Pigtails Page
. A-1 Us 500 Touching SS 0.5,3,8 114
* A-2 " " " SO " 115
A-3 " " " 0s " 116
' A-4 " " " 00 " 117
E A-5 " " wide ss " 118
A-6 " " " o " 119 ,
A-7 " " " 0s " 120 ,
. A-8 " " " 00 " 121
E A-9 " ke Touching ss oo 122
; A-10 " " " ) " 123
| A-11 " " " 0s " 124
; A-12 " " " 00 " 125
E A-13 " " wide SS " 126
i A-14 " " " S0 " 127
E A-15 " " " 0S " 128
| A-16 " " " 00 " 129
| A-17 ss 500 Touching sS 0.5,8 130
A-18 " 1kQ " Ss " 131
F A-19 uu,Us,ss 509 " " 0.5 132
A-20 " " " " 8 133 .
, A-21 " 1k0 " " 0.5 134 P
i A-22 " " " " 8 135 ! e
a A-23 " 509 wide " 8 136
A-24 " 1kQ " ' " 137

UU = unshielded to unshielded

US = unshielded to shielded

SS = shielded to shielded

0 = open (shield ungrounded)

S = short (shield grounded)

First letter denotes source end of line and second letter
denotes load end of line. For example, SO denotes that

% the shield is grounded at the source end and umngrounded at
{ the load end.
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Fig. Configuration 8  Separation Grounding Pigtails
B~1 Us, su 500 Wide S8 0.5
B-2 " " " 08 "
B-3 " " " S0 "
B-4 " " " 00 "
1 B-5 " " " 8s 8
B-6 " " " 0s "
B-7 " " " S0 "
B-8 " " " 00 "
3-9 " 1k " SS 0.5
B~10 " " " 0s "
B~-11 » " " S0 "
: B-12 " " " 00 "
r . . ’ . s
f B-15 " b " SO "
. B-16 " " " 00 "
E

US = unshielded to shielded

SU = shielded to unshielded

0 = open (shield ungrounded)

S = short (shield grounded)

First letter denotes source end of line
and second letter denotes load end of
line. For example, SO denotes that the
shield is grounded at the source end

and ungrounded at the load end.
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140

s




(ZH) AJN3N03H4

T Py

Oleacosy ¢ z Oleseoasty e z QOleseasy ¢ z Oiesrosve 7 Ohesroov s ¢ Dhedegsy § ¢ oY
o
J0IM :NDILlHHHd3S ff
Wl §°0 =S118191d .
SWHB 05 =Y g
E,.
o
<
5
1
R
am |
- @
"
R « . ]
L =z 3
T B - ]
F M e
F M k&
(% D
o
&30
. D
e
r o
(LHOHS=S ‘N3d0=0) :
s 0 E,
.......... o
aN3 an3 |
Q¥ 334N0S I
INIONNOYD 013IHS -
@ " °°* 03073THSNN DL 03013IHS w.
X ' 030713IHS DL Q3013IHSNN %




pid=at

Lofamuuﬁ

14
4

e
JEE W

W

J

7
EMRRL

S0

SkhQ

uowaxkoa 4

¢ 2

—

NO1i:tbgtd3s
*Glibuldid
b

0%

(ZH) LIN3ND3Y4

— 111

? POlestssy ¢ 7

1

i L

A
©
L~
.
o
®
L~
Fo
Fun

ot e A and

*

(1HDHS=6 ‘N340=0D)

0 S
aN3 N3
asen 334N0S

INIANNBYI O13IHS
03073IHSNN @1 Q3073IHS
(03073IHS 01 0Q30Q13IHSNN

i

;b‘
39b 1 10A

I

0

&

p{mu T r‘rl-oﬂnnv ™ quoﬂ'lvlﬁ ™
Dilby 43d4SNbyl

Figure B-3.

142




(ZH) LIN3NO3H4

Ohescosv ¢ 7 Ohegegsy ¢ ¢ Ohegess v € ¢ Ohesegev § ¢ Oheseosv ¢ 7 Ohegeggr ¢ ¢z O
o
3QIM "NOILUHB43S ¢
W) S0 =511Yl9ld !
SWHB 05 =4 E
Fe.
9
o5
IV‘I
L 5«
L 5 &
m — @ o
R »
o i
L E & .
SIS 5 w
[ @ _
s £
| i
, %G 4
i N
: ‘\ (140HS=S ‘N3dB=0) X :
0 g : i
|||||||||| E |
N3 aN3 = |
aso7 334n0S F f
ONIONNOYI 013THS - i
v © 7' 03073IHSNN 01 03073IHS ;
¥ ~ 77 030713IHS 01 Q30713IHSND 5




e 0T

"7 03073THS B1 030131HSNN

7y LUNJDDdy g
sroo 2 Ahewtyer o0 Piesiyey oo Ohesrgs iy oo JOhesiygr g o Ohegraer o7 O
(@]
400IM  NDL . bdbals )
W) 3°8  Siitl9ig -
SWHO 0% i h
- N
\\\\\\ .
Wv -
0o .
o 3 wny
D [}
- ﬁ 0
r ~r
s & =
x ¥ nE
\ 4 ,!«* o ﬁ < Iz
» -
\q. ii\\q s 2
4 i vy o
\ E.. D
"4 5
! {140HS=S ‘N3d4D=0) r
" S S E
o e o - E. -
aN3 an3 o
o801 324N06S [
SNIOGNNOYI 0131HS -
v 777 Q3013IHSNN 0L 030713IHS mr
X Q




.omcx\un y ¥

b4 .0

~ L

WJ

Jaim
J°a
SO

odl 38 ¥ I

PR TOR S T

NO 1 Lbdbads
5 1ividid
05 &

.m@wemso s

14

—d.

{ZH)

3
—

’
.

LININD b4
Olesras v
I,Llrhl.rL.LL[L\

7
—

Ohgeeger £ 7 Bhegrge v 7

£ LHOHS=G ‘N3I40=-O
S dJ
N3 N3

a1 324N0S

IONIONNQYT GI3IHS
w 777 Q301713IHSNA QL G3Q13IKHS
X 77" 030731HS 01 03CT3THSKNN

&

0l1by HJ4SNbb!

OFvarvr T v.'ﬁrvvrrrv T

T
0 .

J9b L 104

Figure B-6.

145



(ZH) AON3N03Y3

Olesaras v ¢ 7 Olesrssy v 7 Dlescas b ¢ ?  QDhesrss v €

— - — SN S

1QiM S NOQTLlbubd3s
W) 0'8 =G61igldld
SWHD 06 =H

v
*

(140OHG=S ‘N3d0=0)

ago 3J4N0S
INI1ONNDYI 0D3IHS
030131HSNA 0L G30731HS

-+ ++ 03073IHS 0L G307T3THSNA

.0
104

)

B

34SNbyl 39bl

Qilbb Y

°0]‘,‘l'rrrtv T r‘-olpllrvv ™7

Figure B-7.

146

Y




(ZH) LIN3ND3Y4
9

Oleacgsy ¢ 2 Oleatgsy ¢ 2z QOleargsy € 7 Oleseasy ¢ ¢z Olesess v ¢ 2z Dlestoasy ¢ 2z O}
o
301M "NOIlbubdis -t
W) 0°8 +S1IblIdld [
SWHDJ 0G =4 s
e
<
.
oo
|’q|»
—
- D
L. @
- m .
E . %
. 0 m
92 o >
- s o t
L N3
L 5 &0
E o =
F T
T— —f
nv_.ln
vZD
(1HOHS=GS ‘N3d40=0)
L
O,
Q5o 1 32HN0S F
v IONIANNDYI 0131HS -
v " 03073IHSNN 01 d3013IHS
¥ 77" 030131IHS 0L J30d7131HSNN .m.




s29 Yy o 1 Oapdids
40IM  NOIT by
wo 93 Sliv.
Sty JC0T ¢
y
"
Sy
P
¥ \
p
Yo L
W
s Y1 \\
Y
P o
‘ /
,\ \
! "

' ZH)

4
—

NRLEINELE
Oloa:

¥

X

OLoa: 36 ¥ & ?
[ ' o e 4

(LHOHS=S °N3Id40=0)
S S
ON3 N3
ason 324Nn0S

ONIONNOYS 013IHS
030713IHSNN 01 030731HS
030731HS 0L Q3073IHSNN

Trrrrr T Trirro1 (.71 T Yrrr 1 1 1 T rrryv v v T Trrr 1 v T T
ot .00 ar Lot .ot , 0!

98 L1104

OIlbb B34SNbb !l

Figure B-9,




. . B
WE——— e i

(ZH) LIN3IND3Y4

.oﬂ_af,m.mhnm.im Olsgrasy ¢ z Olearost ¢ ¢z Plesrgs v e 2z Olesroasy ¢ 2z Olearasy ¢ 2 O
(o]
J0IM "NDILYYH4IS r
Wl S0 =S7IplIld s
SWHD 0001 =4 .
=
E
[ “<
ra
E s
o =
L& |
—t m
o D [«
+ D Q ~F
r 2 ¥ -
-
25 &
- D
t 2
E S
o
TLHOHS=S °'N3d40=) r
S Q r
anN3 anN3 E
ayon 334N0S mw
INIONNQYY G13IHS r
v 7 03Q73IHSNN 0L 0307131HS f
X © ' 030713IHS 01 03073THSNN 5




[ O S I AY

(ZHY AIN3ND3IY4
1 & £ ¢ 1
Olegeasy ¢ 7 Qhesedsy £ ¢ Pheseysr § T _Pheecosy ¢ ¢ Olesigs b €

o
©
et
=
o
e~
=l
[~
-
M
Lev
i=)

0 e 0 O O e R

J0IM  NQILbbbd4S
W) S0 =S1iblald
SWHO 0001 =H

{LHOHS=S 'NId40=0)

g0 334N0S
IONIQONNOHI 0731HS
v 7 030731HSNN 01 G3073IHS
¥ 7 (03073IHS 0L G3013IHSNN

LA ILERI T llll'lV L] A TIrry v v T
ot Lt a7 KL

Oliby WIF4SNBLL 39HL110A

OII‘”” T

z-

°Oll'rrrvrl T "_OI'W""' T

Figure B-11.
150




oy

(ZH) AJN3ND344
Jleacast ¢ ¢z QOlegeasr ¢ 7 Jleecegsv ¢ 2z QBleaegs e ¢ 2 Oleses

DU W 2 — i 1 1 Nt i 1 Fi—

abad
Lo
Foy
|
-

o
Lr—t
o
o
-~
o
Fin
-
L)
oy

D

30IM "NOILlbd¥bdiS
W) G0 =61iBL3ld
SWHO 000! =4

x

-

e
oo
ar— .
LT
. ) 1~._
B om
C - .} —
F-. D - vy
O.N.uNu muo ~—
L e& o
LIS
[ o
I
S
0_11
L ~G
(LHDHS=S ‘N3d40= L
0 0 F
ON3 an3 B

agen 334N0s

INIANNBHY AI3IHS
03073THSNA BL d30731HS
03073IHS 01 03073IHSNN

T T

T T T—T"O—T'

or

o1

L 4

o




30IM  NDilbbbaldS
n3 08 :61ibildid
SWHO 000 =d

I . . A e . a3 c
Jled! ¥ 4 Shoal 35 ¢ 4 Oledsz 36 ¥ +
* HWL{...W .r.TL. M — .Cy.rr.erWL -4 w -4 3 WLLI»\FL:LV 4.

rZul LIN3NT 3k

? 4 b8 L € 93 G
7 Qwecsgr e 2 Ohedrsfr §oL

b

,omompwn y €

{1HDHG=G ‘N340=0)
S S
an3 aN3
auen 324N0S

gNIQNNQYT G131HS
©o0+ @30T3IHSNN 0L Q3Q131IHS
% *° " 030131HS 01 O3TN3IHSND

4

t.Ol,nlrl L "'W” T WQ.O‘
3361 10A

Dilby bI4SNbbL

T

Y YT

0[]n||| T ‘,_OIF

p‘rﬂ"n’ffl

Figure B-13.
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APPENDIX C
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c-1

3 c-2
|
' C-4
C-5
c-6
c-7
c-8
‘ c-9
C-10
C-11
c-12
c-13
C-14
c-15
C-16
E C-17
c-18

o

NOTE:

ponents (capacitive or inductive) of the low-frequency prediction model.

Fig. Configuration

Uy

1
us

i1

Q Separation Grounding Pigtails Page
509 Touching 158
1kQ " 159
500 Wide 160
1kQ " 161
509 Touching SS 0.5 162
" " " 8 163
. Wide " 0.5 164
" " " 8 165
1kQ Touching " 0.5 166
" " " 8 167
" Wide SS 0.5 168
" " " 8 169
50Q Touching " 0.5 170
" " " 8 171
1kQ " " 0.5 172
" " " 8 173
50Q Wide " " 174
1k @ " " " 175

UU = unshielded to unshielded
US = unshielded to shielded

8§ = shielded to shielded
0 = open (shield ungrounded)
S = short (shield grounded)

First letter denotes source end of line
and second letter denotes load end of
line. For example, SO denotes that the
shield is grounded at the source end

and ungrounded at the load end.
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Voltage Transfer Ratio

Unshielded to Unshielded
R=500

Separation=.23cm
Experimental xxx

—————

l

-6
'°|oo

Ik IOk 100k IM
Frequency (Hz)

Figure C-1.




102

Voltage Transfer Ratio

X
Unshielded to Unshielded x’xz( Y
X
R=1k §2 X Y
Separation=.23cm 9 NI/
Experimental xxx %
Computed ——~—-—

ToLa | J 1 1
100 Ik | Ok |00k IM
Frequency (Hz)
Figure C--2.
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Voltage Transfer Ratio

T

Unshielded to Unshielded
R=50 Q2

Separation = 1. 5¢m
Experimental xxxx
Computed —~—~

Frequency (Hz)

Figure C-3




Voltage Transfer Ratio

107

1072

| | | I
Unshielded to Unshielded
R=1k Q)
Separation = [.5cm

Experimental X xXx X
— Computed ————

107
1074 1
107
107®
100 Ik IOk IO0K M
Frequency (Hz)
Figure C-4
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Voltage Transfer Ratio

|cy2..

103

107

| I

Unshielded to Shielded

Both Ends of Shield Grounded
R= 50§

Separation = Touching

Pigtails = .5¢cm

Experimental X xx

Computed ----

1 p et 1oyt Hul

NI I R NSt 1L

107
100

IK IOK

(0,0],4 IM

Frequency (HZ)

Figure C-5.
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Voltage Transfer Ratio

10”!

102

103

T T T
Unshielded to Shielded
Both Ends of Shield Grounded
R =508
Separation = Touching
Pigtails = 8cm
Experimental xxx
Computed ---

1074

103

106

|0-7 LA Ll 1 1ol b1 v gl b1 a el 11
I00 IK 10K IOOK IM

Frequency (HZ)

Figure C-6.
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102}~

Q
w
T

To

Voltage Transfer Ratio

105

Tons

!

Unshielded to Shielded

Both Ends of Shield Grounded
R=500Q

Separation = 1.5cm

Pigtails = .5cm

Experimental xxx

Computed ——~

W |

pf LA

fenand 11

1077
100

10K 100K
Frequency (HZ)

Figure C-7.
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10" T T T T

Unshielded to Shielded

Both Ends of Shield Grounded

R=508

Separation = |.5¢cm

Pigtails = 8cm

-2 Experimental x X x

10"  Computed ——— -

103

104

Voltage Transfer Ratio

g 100 IK IOK 100K M
| Frequency (HZ)

Figure C-8
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I IlIlllll LI IIIIIII lTllmlI 1 I1ll]nl B

Unshielded to Shielded

Both Ends of Shield Grounded
R=1K§2

Separation= Touching

Pigtails =.5cm

Experimental xx x

Computed ————

3

1

§
;
3
4

A SRR NS EETT E

IOK 100K M
Frequency( HZ )

Figure C-9
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Unshielded to Shielded
Both Ends of Shield Grounded
R= IKQ

Separation = Touching

Pigtails = 8 cm

Experimental x x x

Computed — —~

%
|

Voltage Transfer Ratio

ad e

o4l

Shield, (Inductive)

1 1 vt

/

100 IK 0K

167

Frequency (HZ)

Figure C-10
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-1
10 T T T T
Unshielded to Shielded
Both Ends of Shield Grounded
R= IK§)
Separation= 1.5cm
Pigtails= .5cm
Experimental X xXx
102  Computed ---— —
;"
103 -
°
5 .
v .
510 :
v
[
°
1 = ‘
@
o
8
S 108
10°® i
;‘_ o7 Lol A Ll Ll L1 '
100 IK 0K 00K IM

Frequency (HZ)

Figure C-11
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Voltage Transfer Ratio

0™

102}

1073

Qo
I

1 I 1

Unshielded to Shielded

Both Ends of Shield Grounded
R=IKS)

Separation =1.5cm

Pigtails = 8cm

Experimental X x x
Computed - - -

L1 1 repetl Lo e L 1ttt

1111l 11

Toxd
100

IK IOK I00K
Frequency (HZ)

Figure C-12.
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Shielded to Shielded
Both Ends of Both Shields Grounded

2 R=500
10— Separation= Touching .
Pigtails=.5cm
Experimental XXX
Computed — - ——-
1073
X
.
CE |O‘4
8
o
g
-
£
<10

10°®

0-7
IOOHz I kHz |IOkHz IOOkHz IMHz
' Frequency (Hz)
Figure C-13,
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Voltage Transfer Ratio

Shielded to Shielded
102} Both Ends of Both Shields Grounded du
R=50
Separation= Touching X
Pigtail=8cm X
Experimental xxx }Z"
o3 Computed -----~ Ve |
X
X
b 4
y X
ZXX/ \ // X
\ /
\ /
\ Xxx
1074— ' —
\_/
p
) %
Si £
b"c"\ 3 ‘4:\,;.
/F N &
&4 &
< *
Topd e > -
Sl
Toxd 1 ] | ]
100 , 13 IOk 100k M
Frequency (Hz)
Figure C-14,
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|
10 — I I T

Shielded to Shielded

Both Ends of Both Shields Grounded
R=1k Q

Separation= Touching

Pigtails =.5cm

Experimental XXX

Computed ——---

103

C—)L :

Voltage Transfer Ratio

IOOHz IkH2 IOk Hz I00kH2z IMHz
' Frequency (Hz)

Figure C-15.
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Shielded to Shielded
Both Ends of Both Shields Grounded
= R=1 k
107 — Separation = Touching
Pigtails= 8cm
Experimental xxx X XX‘
Computed -— X {
X 7
x
X
X
1073 — f —
X Ss®
. X A
S x /&
o |0-4 - )XX( N —
5 X
- X _--
- X _ -
(1] 5/’
o
2 1075 ,XX:/ —
O X V4
> '/
//
/,/
/ LY9)
/ 7
€ %,
Toud o & Yy —
bo 00/
N\ 4y,
&
Q\Q
_— { | | |
' Ik IOk |00k IM
Frequency (Hz)
Figure C-16,
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Voltoge Transfer Ratio

10™ T [ I T
Shielded to Shielded
Both Ends of Both Shields Grounded
2 R=50
!0~ Separation= Wide
Pigtails = 8cm
Experimental XXX
Computed ————
Toadm
104 gy f
/
N f X X
A \ y
b 4 ./ X
\\Q
=5 \Q\'b
107+ 2
S
c;\\A%
by \
S Q" \%’9/
\§ ‘\\\Q 7/
o QS $ oa%
Q) Y
\
Q\Q
7 ] ] 1 |
lo-IOO_ Tk [0]3 100k M

Frequency (Hz)

Figure C-17.




Voltage Transfer Ratio

107

I |
Shielded to Shielded
4 Both Ends of Both Shields Grounded
-2 L R=1k Q

10 Separation = Wide

Pigtails = 8cm

Experimental XXX

Computed ————
1073+
107
'0'5 . /
<
Ix‘(
/,’
o

Tod e A > 6;\@

AN

7/ @} A
/5 S
Q\Q
-7 1 1

0 100 Ik IOk

Frequency (Hz)

Figure C-18.
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Fig. Configuration Q Separation Grounding Pigtails Page

D-1 us 500 Touching $8,05,50,00 0.5 178
D-2 " " " " 3.0 179 }
D-3 " “ " " 8.0 180 ;
D-4 “ " Wide " 0.5 181 i
D-5 " " " " 3.0 182 %
D-6 " " " " 8.0 183 i
D-7 0 1k Touching " 0.5 184 ]
D-8 " " " " 3.0 185 |
D-9 " L " " 8.0 186 j
D-10 " " Wide " 0.5 187 %
D-11 " " " " 3.0 188 ?
D-12 " " " " 8.0 189 !
D-13 su 500 Wide " 0.5 190

1 D-14 " " " " 8.0 191

? D-15 " 1kQ L " 0.5 192
D-16 " " " " 8.0 193

US = unshielded to shielded ]
SU = shielded to unshielded i

0 = open (shield ungrounded)

S = short (shield grounded)

First letter denotes source end of line
and second letter denotes load end of line.
For example, SO denotes that the shield is
grounded at the source end and ungrounded

at the load end.
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Fig.
E-1
E-2
E-3
E-4

"E-5
E-6
E-7
E-8
E-9
E-10
E-11
E-12
E-13
E-14
E-15
E-16
E-17
E-18
E-19
E-20
E-21
E-22
E-23
E-24
E-25
E-26
E-27
E-28
E-29
E-30
E-31
E-32
E-33

Configuration 2
us 509
" "
" "
" "
" 1kQ
" "
" ' "
n "
" 509
" "
" "
" "
" 1k§
" "
" "
" "
" 509
" "
" "
" "
» 1kQ
" "
" "
" "
" 508
" "
" "
" "
" 1k
" "
" "
" "
Ss 509

Separation

Grounding

Wide

"

Touching

SS
S0
0s
00
SS
SO
os
00
)
SO
0S
00
SS
SO
0s
00
SS
SO
0S
00
ss
S0
0s
00
SS
SO
0s
00
SS
SO
0Ss
00
SS

Pigtails
0.5

"
"
"
”

0.5

"

8.0

”
"

"

Page
197

198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
223
228
229

R U S



Fig.
E-34
E-35
E-36
E-37
E-38

Configuration

SS

”
"
"

e Separation Grounding Pigtails Page
1k Touching Ss 0.5 230
50Q " " 8.0 231
1kQ " " " 232
50Q Wide " " 233
1k " " " 234
US = unshielded to shielded
SS = shielded to shielded
0 = open (shield ungrounded)

S = short (shield grounded)

First letter denotes source end of line
and second letter denotes load end of line.
For example, SO denotes that the shield is
grounded at the source end and ungrounded

at the load end.
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The purpose of this appendix is to show that the capacitive cross-
sectional equivalent circuit shown in Fig. 13(a) 1is correct. Consider
Fig. F-1(a) in which we have shown the per-unit-length mutual and self capacitances
for the unshielded to shielded configuration. We wish to show that for solid
shields, the per-unié—length capacitive elements shown with dashed lines,
Cer and CrR® must be zero. We may write the following linear relationships
between the per-unit-length conductor charges, 9gs dgs 9g and the conductor

voltages with respect to ground, VG’ VR VS [71:
b4

q; = CGGVG + cGR(VG - VR) + cGS(VG - VS) (F-1a)
% = ¢z = Vo) * erVr * rsVg - Vs (F-1b)
95 = cgg(Vg = V) + cpg(Vg = Vo) + cgd¥g (F-1c)
We wish to show that
Cep = rg = O (F-2)

Reciprocity can be used to show that mutual elements are the same, i.e.,

6r = Srg* Scs = Sse’ Crs = Ssr [71-

First consider equation (F-1b). If we set 9 = 0, this equation becomes

0= cGR(VR - VG) +ocppVe + cRS(VR - VS) (F-3)

However, if qQg = 0, then, according to Gauss' law, there can be no field

within the shielded region so that Ve = Vg Substituting this into (F-3)

we obtain
0= cGR(vR - vG) + cprVr (F-4)
or
c + c
GR

Substituting (F-5) into (F-1b) we obtain

. c + c
crR ¥ °Rr
9 = S6rVR ~ SGRr ( <ox )VR + cerVr (F-1b)
+ cpsVr = %rs's
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ettty

or
=c V. - c, .V (F-1b)

This implies that Cer = ©

An alternate proof can be obtained in the following manner. From

RR = 0 as was to be proven.

equation (F-1b) we mdy obtain

R (F-6)
c = — F-
RR VR
Vr = Ve
Vr = Vs
This configuration for determining SRR is shown in Fig. F-1(b) where short
circuits are used to impose the conditions VR = VG = VS. Clearly 9 = 0

for if qp were not zero then a field would exist within the shielded region

]
(by Gauss' law) and VR # VG’

Also from equation (F-1b) we obtain

dr

- (F-7)
GR (VR - VG)

[

VR =0

VR = VS

This configuration is also shown in Fig. F-1(c) where short circuits are used

to impose the conditions V_ = V_ = 0. Equation (F-7) requires

R S
q
R
Cp = = = (F-8)
GR VG
VR = VS =0
Again 9 must be zero otherwise VS would not equal VR'
Thus we have shown that, electrostatically, c,p = cpp = 0 for the unshielded

to shielded (or shielded to unshielded) case and solid shields. This is a
fairly obvious result. Similar conclusions can be obtained for the shielded
to shielded case for solid shields,
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APPENDIX G

Effect of Wire Insulation Dielectric on

Pigtail Coupling




We found that the predictions of both the simple low-frequency model and
the more complex multiconductor transmission line (MTL) model were quite good
for "low impedance' loads, i.e., R = soqt For an electrically short line these
models provided predictions within 1 dB - 3 dB. On the other hand, for "high
impedance" loads, R = 1k, the coupling predictions of both models were often
less than the actual coupling when pigtail coupling was dominant for the
TOUCHING separation. (See Figures C-2, C-10, C-15, C-16.) For R = 1lkQ and the
WIDE separation, the coupling predictions seemed to be fairly accurate with
predictions errors of typically only approximately 1 dB less than the actual
coupling. (For example, see Fig. C-12,) The purpose of this appendix is to
demonstrate that this is due to the fact that the presence of the wire dielec-
tric insulation was ignored in computing the mutual capacitance, CeR? which was
used in the low-frequency model and MTL model.

First let us reconsider the low-frequency model for the unshielded to

unshielded case shown in Fig. 3(a). The received voltage, Vou , across the

t
load impedance, ZSR’ at the source end of the receptor circuit is, for a suf-
ficiently small frequency, the sum of capacitive and inductive coupling contri-

butions. These are given by (4-1):

Z

IND SR .
v = e———— (ng, )1 (G~1a)
out ZSR + ZLR Gﬁz G
Z..2
CAP SRLR
v T e—ec—— (j(.UC i)V (G—lb)
out ZSR + ZLR GR' G

where VG and IG are the voltage and current, respectively, of the generator line

circuit and are given by . Z
Vo = 47— Vs (-22)
SG LG
Vs
I = cmeeeera—te— (G-2b)
¢ 255 * 21

The total voltage is approximately

*For the shielded to shielded case the predictions of the low-frequency model
were somewhat poorer than the MTL model which was apparently due to neglecting
the pigtail wires of the generator circuit.
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IND CAP
+ -
out Vout Vout (6-3)

e

\

Note that errors in computing the per-unit-length mutual inductance, £ __, and

GR
, will be directly reflected in the appropriate coupling

is in error by 6dB so is VCAP. If VCAP >>

out out
IND CAP
. >>
GR If Vout Vout’ then

are of no consequence in the Vout total prediction.

mutual capacitance, Cer

contribution. For example, if c
IND ' GR
v , then Vv will be in error by the error in ¢
out out
errors in computing c..
For shielded wires, the form of the pigtail coupling contribution is iden-
tical to (G-1) except that ;f in (G-1) is replaced for the shielded case by the
pigtail length, 21;. Thus when coupling over the pigtail section dominates the
coupling over the shielded section, errors in computing SR for the pigtail
sections may incur errors. If the capacitive coupling portion of this pigtail
coupling dominates the inductive coupling component and pigtail coupling is
dominant, errors- in computing CGR will result in errors in the total predic-
tion of the model. If inductive coupling dominates capacitive coupling over
this pigtail section and pigtail coupling is dominant, errors in SR will re-
sult in virtually no errors in the total prediction model.

The per-unit-length mutual inductance, £ R’ and mutual capacitance, c

G GR’

were computed in (4-3) and (4-8) by (1) assuming that the conductors are
separated sufficiently so that the current and charge distribution around the
cross-sectional periphery of each conductor are essentially constant around the
periphery, and (2) neglecting the dielectric insulation of the wires. Assump-
tion (1) is reasonably accurate for a ratio of wire separation to wire radius
of 5 {7, 30, 31]. For the TOUCHING separation this ratio is approxi-

mately 4. However assumption (2), neglecting the wire insulation dielectric,
will lead to cGR,and the resulting capacitive coupling prediction, being in
error (underprediction) by about 5dB - 6dB for the TOUCHING separation and only
about 1.5dB for the WIDE separation. Clearly the dielectric insulation does
not affect the per-unit-length mutual inductance, QGR’ so that if the inductive
coupling predominates (R = 50Q), errors in CGR resulting from neglecting the
dielectric insulation have virtually no effect on the total coupling. However
if capacitive coupling is predominant as is the case for R = 1k{), then neglec-
ting the dielectric insulation will result in the total coupling prediction
being less than it should be by about 6dB for the TOUCHING separation and
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about 1.5 dB for the WIDE separation.
To support the above assertions that neglecting the wire dielectric in-

sulation provides errors in c R of 5dB -~ 6dB for the TOUCHING separation and

only 1.5dB for the WIDE separgtion we provide the following evidence. The
case of two identical ,dielectric insulated wires (without a ground plane) was
investigated in [30,31]. (See also reference [7], Chapter V for a comprehen-
sive discussion of this problem.) The mutual capacitance, o for this
seemingly simple case of two cylindrical conductors with cylindrical dielectric
insulation cannot be computed in closed form, and a numerical approximation
technique, the method of moments, was used to obtain <y and include the effect
of the insulation [7, 30, 31]. The dielectric insulation was assumed to have
a relative permittivity of €. = 3.0 and the insulation thickness and wire
radius were equal. This case roughly corresponds to the cases in this report
in which the dielectric insulations had € £ 2.1 (Teflon) to €, £ 3,5 (PVC)
and the insulations were approximately equal to the wire radii. Although a
ground plane is present in this report, the height of the two wires above the
ground plane (l.5cm = g inch) seems to be sufficiently large (for the TOUCHING
separations) for the ground plane to have a minor effect. For the case inves-
tigated in [30,31] it was found that the dielectric insulation for the wires
touching caused the mutual capacitance, e to increase a factor of 1.96 or
5.85dB. See page E-1 of reference [30]. Thus it is reasonable to assume a
corresponding error for the similar cases in this report.

To provide further evidence, an approximation for the mutual capacitance
between two identical, dielectric insulated wires both at the same height above

a ground plane was developed in [7]. (See [7], Chapter V, pp. 112-122.) The

result is
. B
c (G-4)
GR AZ _ BZ
where
A=21 {2\1( Z:tvﬂu(r"“:) nn(r"+t)(e -1)(r“'+2t)+( -}-t) f
TrE:v Tw E:r rw r 4h rw
(G-5)
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where €, is the relative permittivity of the dielectrics, h is the height of
the wires above ground, L is the wire radii, and t is the thickness of the

insulations. This can be further approximated by

. r +t
AL =1 {tn 2h)+izn("’ )} (G=6)

2TE r +¢t E r
v w r W

when 4h2 >> (er - 1)(rw + t)z. Also
/ 2 2 r +¢t (e - D(r +1¢t)
1 {R,n( 4h _+d ) + Rn( LA ) £ w2 } (G-7)

2me d rw d
v 6d(1+—-2'
¥ 4h

B =

where d is the wire'separation. For the unshielded to unshielded case

(touching separation) the wires were #22 gauge, Teflon insulated so that

d= .23 cm
h=1.5cm
r = 25.3 mils
w
t = 20 mils
€= 2.1
r
and we compute
SR = 29.63 pF/m
With the dielectric removed (and d = .23 cm maintained) we compute
Cer = 17.5 pF/m
The ratio of ¢er with the dielectric to CGR without the dielectric is 1.7 or

4.6dB. For a separation of d = 1.5 c¢m, we find that this ratio is only 1.2

or 1.6dB: a modest and negligible effect. Thus the capacitive coupling pre-

dictions for TOUCHING separation should be increased by a factor of at least

1.7 or 4.6dB.

The unshielded to unshielded cases for R = 5000 and TOUCHING separation

in Fig. C~1 and R = 1kf2 in Fig. C~2 are replotted in Fig. G-1 and Fig. G-2,

respectively, where the capacitive coupling is increased by 4.6dB. Note that

for R = 500 in Fig. G-1, since inductive coupling was predominant, the increase

in capacitive coupling due to the dielectric has virtually no effect and the

predictions were quite good in the first place. For R = 1kQ in Fig. G-2, the
£ capacitive coupling was predominant and in error by about 6dB. Increasing the

capacitive coupling by 4.6dB to account for the dielectric yields a total pre-
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diction error of only about 1.5 dB which is quite reasonable. The correspon-
ding results for the WIDE separation are shown in Fig. C-3 and Fig. C-4.

Note that for R = 1kQ in Fig. C-4, the predictions are quite good even though
the insulation dielectric is not included in Cer which tends to confirm these
observations.

The results in (G-4) through (G-7) which indicated an increase in CGR due
to the dielectric on the order of a factor of 1.7 for the TOUCHING separation
include the dielectric but essentially assume the wires are separated suffi-
ciently so that the charge distribution around the conductor-dielectric and
dielectric-free space peripheries are constant. Clearly for tie TOUCHING case
this is not satisified so that the increase of 1.7 is a lower bound. We would
probably expect that results of two wires without the ground plane (er = 3.0,
r, =t touching) [30], which showed an increase of a factor of 1.96, to be
an upper bound. Therefore it is clear that if one takes the effort to compute
CoR accurately and in the presence of the dielectric insulations, then pre-
diction errors for R = 1k would be quite similar to those for R = 50Q: ty-
pically within 1 dB to 3 dB.

All other predictions, unshielded to shielded as well as shielded to
shielded, for R = 1kQ should also be increased by approximately 5 dB to 6 dB
for the TOUCHING cases for frequencies where the pigtail coupling is predomi-
nant. For R = 50Q, essentially no change in the predictions due to the dielec-
tric need be included.

One final point should be noted. There are a few cases in which the pre-
dictions of the both models are consistently below the actual results for all
frequencies. All of these occur for R = 1kQ. See Fig. E-8, E-16, E-24, E-29,
E-30, E-31, E~32, E-36 and E-38. For R = 1k the pigtail coupling is clearly
capacitive. In some of these situations the coupling over the pigtail sec-
tions and the coupling over the shielded.section are on the same order (see
Fig. C-10 and C~12) for the lower frequencies so that the error in computing
CGR due to the presence of dielectric insulation clearly explains this wide-
spread, consistent prediction error. On the other hand, for the shield un-
grounded (see Fig. E-24 and E-32) the coupling levels are some 20 dB above
those for the shield double-end grounded or single-end grounded. For example,
compare Fig. E-29, E-30, E-31 and E-32 in which R = 1kQ, pigtail length is

8 cm and separation is TOUCHING. Clearly then if the pigtail coupling was not

246




T e e e e -

dominant at these lower frequencies for at least one end of the shield grounded
it is not dominant for the shield ungrounded since the coupling levels are
higher by 20 dB. This prediction error is explainable by the observation that
for the shield ungrounded, the coupling is essentially unaffected by the

shield (it may be removed). In this case we essentially have two unshielded
wires, and the shield, not being grounded at at least one end, does not serve
to reduce the capacitive coupling over the shielded section to essentially
zero. Therefore, even though pigtail coupling is not dominant at the lower
frequencies, the dielectric insulation of the shielded wire over the shielded
section has an effect similar to that occuring over the pigtail sections.

In the experimental and computed results, it was noted that an ungrounded
shield had virtually no effect on the crosstalk; that is, the crosstalk for
the unshielded to unshielded case and the unshielded to shieldéd case with the
shield not grounded at either end differed by less than 1.5 dB when the line
was electrically short. For low impedance loads, R = 50Q, it is clear that
this should be the case since inductive coupling predominates in the unshielded
to unshielded case, and an ungrounded shield does not affect this. However,
for high impedance loads, R = 1kQ, capacitive coupling dominates in the
unshielded to unshielded case and it is not clear than an ungrounded shield
has virtually no effect. 1In this final section, we wish to illustrate why this
occurs.

The equivalent circuit for the per-unit-length capacitaﬁces for the un-
shielded to shielded configuration with the shield ungrounded is shown in Fig.
G-3(a). We can obtain the effective mutual capacitance between the generator
and receptor wires, Cp? by using a Y-A transformation as shown in Fig. G-3(a).
(See reference [22] pp. 249-252.) The Y consists of Ces® ©ss® CRs where Ceg?
Cggs Cpg are the per-unit-length capacitances between the generator wire and
the shield, between the shield and the ground plane and between the shield and
the receptor wire, respectively. We are interested in eliminating the shield
node labeled as @and obtaining Cne The Y-A transformation yields

« = ——GS°RS (©-8)

m CRS + cGS + cSS

For the touching separation we obtain

247




R R s o

Generator Shield ’

Wire
c Receptor ¢ ¢
GS @ Wire @ ?ls @ Rs ®
1 ﬁ
n > [ 7]
Coo 66 Css
l I°ss l l
@ cm
R " \/®
c ]
! \/
(a)
Unshielded to Shielded ‘
Shield Ungrounded %
Generator

Ce6

Wire —\ { Receptor Wire
| (b)

Unshielded to Unshielded

C W e ~emams . s e o e L V‘

Figure G-3.

-

248




21e €
vr

Crs © ln(rs7r ) (G-9)

wR

114.64 pF/m

and

£
_ GS
Ces = Moty T_T (G-10)

21.1 pF/m
2
GG
ss - Mv®v TLT ~ C6s (6-11)

g]
i

12.27 pF/m
where

il = g 2 -
Ifl = Lec'ss T s (6-12)

as explained in Section IV. (See equations (4-3) - (4-8).) Thus the effec-
tive mutual capacitance between the generator and receptor wires for the un-
shielded to shielded case with the shield ungrounded is obtained from (G-8)

as
e, = 16.34 pF/m (G-13)

For the unshielded to unshielded case and the touching separation shown in
Fig. G-3(b), the mutual capacitance between the generator and receptor wires

is computed to be
L

GR
SR T Yoy TIT (G-14)
= 10.23 pF/m
where
= - 2 -
L] = 2ep%eg = Log (6-15)

The ratio of these two mutual capacitances is
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< et S

i el b

b 5 s

[}
20 log (c—“‘) = 20 log , (1.6) (G-16)
GR

4.07 dB

which indicates a minor effect of the ungrounded shield. The insulation di-
electric as well as the close proximity of the wires were neglected in com-
puting the above capacitances. Thus the ratio in (G-16) is approximate and
subject to the remarks at the beginning of this appendix.

Note in (G-8) that c¢__. >> ¢., and ¢ . >> c., So that < becomes approxi-

RS GS RS SS
mately

Cn = Ces (G-17)

Thus the effective mutual capacitance between the generator wire and the recep-
tor wire in the unshielded to shielded case with the shield ungrounded is ap-
proximately the capacitance between the generator wire and the shield (a

"fatter" wire than the receptor wire).
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