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1. INTRODUCTION

The purpose of this report is to explore the coupling between EIGER simulations [1-3] and a
transmission line (TL) analytical model [4] to enable end-to-end simulations to translate an
exterior electromagnetic (EM) environment to assess effects on electronic system performance.

We focus on the simple test case of a canonical slotted cylindrical cavity containing a braided
shield cable, excited by an external EM threat. EIGER simulations account for the coupling
problem (through the slot) to find the interior fields of the cavity due to the external excitation.
These interior fields induce currents on the shield of the cable lying within the cavity, which are
readily computed with EIGER. Since the shields are not perfect conductors and apertures in the
shields permit external magnetic and electric fields to penetrate into the interior regions of the
cable, we use a TL model to estimate the effects of the outer shield current and charge
(associated with the external excitation and boundary conditions of the external conductor) on
the current and voltage associated with the inner conductor. These inner conductor currents and
voltages can then be used as inputs of circuit simulations to predict failures, damage, etc. of
electronics within the cavity.






2. DEFINITION OF THE TEST CAVITY STRUCTURE UNDER ANALYSIS

We introduce the geometry that will be used for the remainder of this report, namely a 0.25 inch
thick aluminum cylinder (o =2.6x10’S/m) with interior height 4#=0.6096m and interior
radius a=0.1016 m, with a 0.02 inch (width) x 2 inch (length) slot on one side of the cylinder
located midway along the cylinder length as shown in Figure 1(a). This cavity is excited by an
external threat modeled as a plane wave source propagating along the —x-direction and with
electric ~ field along the  z-direction. Note that the slot resonates at
P 3x10°

oo, 0.1016

slot
is to provide a magnetic current source drive for the interior cavity modes from the exterior
fields.

= 2.95 GHz, so that, at the frequencies analyzed in this report, its purpose

Figure 1. (a) Schematic of a 0.25 inch thick cylindrical cavity with a small
0.02 inch (width) x 2 inch (length) slot being excited by a plane-
wave incident field with electric field along the z-direction. (b)
Schematics of Cases 1-3 comprising one single-shield cable at
the center of the cavity: Case 1: 18 inch; Case 2: 23.75 inch; Case
3: 24 inch.

We consider three different length and termination configurations for three braided-shield
commercial cables (REMEE, Belden 9201, Belden 8240) located in the middle of the cavity as
detailed in Figure 1(b) (a total of nine combinations). The three different length configurations
are referred to as ‘Case 1’, ‘Case 2’, and ‘Case 3’. Case 1 has an 18 inch long cable whose shield
is short circuited on one side to the top plate of the cylinder; Case 2 has a 23.75 inch long cable
whose shield is short circuited on one side to the top plate of the cylinder (this configuration may
increase the transfer admittance contribution because of the capacitive effect of the 0.25 inch



gap); Case 3 has a 24 inch long cable whose shield is short circuited on both sides to the bottom
and top plates of the cylinder. We use the geometrical parameters listed in Table 1 and Table 2
for REMEE, Belden 9201, and Belden 8240 cables.

Table 1. Geometrical parameters for REMEE, Belden 9201, and Belden 8240 cables.

Parameter REMEE | Belden 9201 Belden 8240

Wires per strip 3 5 7
Braid angle (degrees) 34.2 22 24.4
Braid outer diameter, max (inches) | 0.1394 0.13 0.134

Table 2. Braid parameters common to REMEE, Belden 9201, and Belden 8240 cables.

Parameter \ Braid

Number of strips 16
Metal conductivity (S/m) 5.8x10’

Wire diameter (inches) 0.005

Braid inner diameter (inches) 0.116

Diameter of core insulator (inches) 0.116

Inner conductor diameter (inches) 0.033

Outer jacket diameter (inches) 0.193
Interior relative permittivity to braid, PVC 2.3
Exterior relative permittivity to braid, polyethylene 3.3
Average relative permittivity of interior insulation 23

We assume a unit external electric field E; =1 V/m, and use EIGER simulations to compute the

current profiles induced on the shield of the cable within the cavity (the charge information is
subsequently computed as the derivative of the current with respect to the spatial direction along
the cable). Because fields penetrate through the cable shield, we use the TL model reported in
Appendix A to compute the inner conductor current and voltage profiles for various loading
conditions of the inner conductor. Then, we define transfer functions as

T,(z)= EO (D)
in units of A/(V/m) (from the current) and
V.(z
T, (z)= E( ) )

in units of m (from the voltage, defining an effective height) between cable inner conductor
currents and voltages and E, .

These transfer functions could then be used as inputs of circuit simulations to predict failures,
damage, etc. of circuitry within the cavity. To have the correct response from an insult with a



given field strength, the results here reported should be scaled by the strength of the threat (for
example, for EM radiation, the values reported can be scaled by the threats given in the MIL-
STD-464C document).

11
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3. TRANSMISSION LINE MODEL TO CONNECT EIGER SIMULATIONS
TO CIRCUIT SIMULATIONS

In this section, we use the TL code in Appendix A, with shield currents coming from EIGER
simulations, for the three cases in Figure 1, and compute current and voltages induced in the
inner conductor of the cable for various terminations of the inner conductor, through which we
compute the transfer functions in Egs. (1) and (2). The three commercial cables differ for the
level of optical coverage (from low to high): REMEE (59%), Belden 9201 (78%), and Belden
8240 (95%).

: . , d
We take the simulation parameters to be Z, =Z,+ joL, +Z;, where Z, =R, %
sin( yd,

_ / 2
accounts for the shield diffusion effect, with y = ITJ, o= the skin depth, R . accounts
[0)1Ne

for the losses in the shield, Z; =(1+ j)@L, is the internal transfer impedance assumed to be a

45° phasor quantity, Y, = joC, . The inner conductor self-impedance and admittance are given

by Z =R+ jol and Y. = joC., respectively, with L =“210g*"  \ith b the braid inner
a

27
. . . . . 27E €,
radius, r the wire radius, and a the inner conductor radius, and C, :T, and
r
log
a

R=043Jw/ @, , with @, =27x10x10° rad/s.

3.1. Case 1: 18-inch long cable

We consider here various loading examples of the inner conductor. The top end of the shield is
short-circuited to the top surface of the cylinder, while the bottom end is left open-circuited, thus

¢ _ 3x10°
1.8288

assumed to be made of copper with o =5.8x10" S/m .

the 18 inch long cable resonates at f, . = =164 MHz. In EIGER, the shield is

41

cable

3.1.1 Transfer parameters for short-circuited inner conductor

We assume that the inner conductor is short-circuited at both ends. We plot in Figure 2 the
transfer parameter 7, at the two ends of the inner conductor for the three cables REMEE, Belden

9201, and Belden 8240, where we also investigate the effect of the transfer admittance Y. One

can readily observe that the REMEE exhibits the worst performance among the three cables, for
which T, =107 A/ (V/m) at resonance. We expect Y, not to play a role in the Belden 8240, as

confirmed by Figure 2(c), while it does play a role in the other two cables. We know that
I, (z) =1, (z)+IC, j(z) (see Appendix A for the definition of the individual current

components); for the Belden 9201, the two individual contributions of electric and magnetic

13



currents are in phase at the two ends of the cable so that when Y, is present the transfer
parameter 7, is larger than without Y, (see Figure 2(b)). However, for the REMEE, the two

individual contributions are in phase at one end and out of phase at the other end of the cable, so
that when Y, is present the transfer parameter 7, is larger than without Y, at one end and

smaller than without Y, at the other end (see Figure 2(a)).

10 5 - ‘Y 10 T
—Bottom end, Y. ——Bottom end, Y,
—Topend, 7Y, !

0% pend, Y. 10° L |—Top end, Y,

..... Bottom end, no YT -———-Bottom end, no Y.
..... Top end, no ¥, !
» , T 107 L |- Top end, no Y.

T (A/(V/m))

I
—
(=}

(a) REMEE

&

¢ L (b) Belden 9201

T (A/(V/m))
S

I

) ‘Frequency (MHz)

______ 10 e
T e N T
________________________ 10710k
-9
10 : , ]
150 155 160 165 1075 =
Frequency (MHz) -
10° ;
—Bottom end, Y, r
05| ——Top end, Y,
..... Bottom end, no Y, T
_____ Top end, no YT
107

T1 (A/(V/m))

(c) Belden 8240

Figure 2. Transfer parameter 7, spectrum at the two ends of the 18 inch

0 155 160 165

) EFrequency (MHz)

160

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The

effect of the transfer admittance Y, is investigated. The inner

conductor terminations are short circuits.

We then plot in Figure 3 the shield and inner conductor transfer parameter 7, profiles as well as
the inner conductor transfer parameter 7, profile along the cable at the resonance frequency in

Figure 2. While the currents on the shields of the three cables are very similar (as they come
from EIGER, where the only variations include the diameters of the shield according to Table 1),
the inner conductor transfer parameter 7, and 7, exhibit different profiles due to the different

braided shield properties.
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Figure 3. Shield and inner conductor transfer parameters 7, and T,

profiles along the 18 inch cable at the resonance in Figure 2 for
(a) REMEE, (b) Belden 9201, and (c) Belden 8240. The inner
conductor terminations are short circuits.

3.1.2 Transfer parameters for inner conductor terminated to 50 Ohm loads

10 12

We assume that the inner conductor is terminated in 50 Ohm loads at both ends. We plot in
Figure 4 the transfer parameter 7;, versus frequency at the two ends of the inner conductor for
the three cables REMEE, Belden 9201, and Belden 8240. One can readily observe again that the
REMEE exhibits the worst performance among the three cables, for which T, =4.5x10™ m at

resonance.
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Figure 4. Transfer parameter 7, spectrum at the two ends of the 18 inch

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The
inner conductor terminations are 50 Ohm loads.

We then plot in Figure 5 the shield and inner conductor transfer parameter 7, profiles as well as
the inner conductor transfer parameter 7, profile along the cable at the resonance frequency in

Figure 4. While the currents on the shields of the three cables are very similar (as they come
from EIGER, where the only variations include the diameters of the shield according to Table 1),
the inner conductor currents and voltages exhibit different profiles due to the different braided
shield properties.

16



(b) Belden 9201

(@ REMEE .

A
T

—_
S

IS
T

—
(=}

— Shield current

n
T

—
S

----- Inner conductor current
- Inner conductor voltage

— Shield current
----- Inner conductor current
""""" Inner conductor voltage

T T (A/(V/m)) or T v (m)

TI (A/(V/m)) or TV (m)

0%
107 memmmerem o e T
-6 -4 -2 0 2 4 6 8 10 12 -6 -4 -2 0 2 4 6 8 10 12
= (inch) = (inch)
(c) Belden 8240
107

— Shield current
----- Inner conductor current
- Inner conductor voltage

n
T

._
on

T T (A/(V/m)) or T v (m)

—_
(=}
&
T

107¢ . . . . . . . . 3
-6 -4 2 0 2 4 6 8 10 12
= (inch)

Figure 5. Shield and inner conductor transfer parameters 7, and T,

profiles along the 18 inch cable at the resonance in Figure 5 for
(a) REMEE, (b) Belden 9201, and (c) Belden 8240. The inner
conductor terminations are 50 Ohm loads.

3.1.3 Transfer parameters for inner conductor terminated to a 50 Ohm load on one side
and left open-circuited on the other

We assume that the inner conductor is terminated in a 50 Ohm load at the top inner conductor
termination, and is left open-circuited at the bottom termination. We plot in Figure 6 the transfer
parameter 7, versus frequency at the two ends of the inner conductor for the three cables
REMEE, Belden 9201, and Belden 8240. At resonance, the inner conductor transfer parameter
for the REMEE reaches values of T, = 9%x10™ m ; for an external threat with field strength of,
for example, 10000 V/m, the voltage induced at the termination is 9 V.

17



— Bottom end

—Top end
107}
EgTel E
o~ (a) REMEE =

150 155 160 16¢
Frequency (MHz)

10°

10°

10°F

10°

—Bottom end

—Top end

(b) Belden 9201

15

0 155 160 165
Frequency (MHz)

—Bottom end

4 —Top end

T v (m)

(c) Belden 8240

150 155

160 165

‘ >Frequency (MHz)

Figure 6. Transfer parameter 7, spectrum at the two ends of the 18 inch

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The
inner conductor terminations are a 50 Ohm load at the top and an

open circuit at the bottom.

We now introduce a capacitive load in place of the 50 Ohm load, while keeping the other end
open circuited. We thus plot in Figure 7 the transfer parameter 7;, versus frequency at the two
ends of the inner conductor for the three cables REMEE, Belden 9201, and Belden 8240 when
using a termination capacitance of 48 nF; at resonance, the inner conductor transfer parameter
reaches values of 7, =9x10~ m for the REMEE and T, =1.75x10~ m for the Belden 8240;

for an external threat with field strength of 10000 V/m, the voltage induced at the termination is

900 V and 175 V, respectively.
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Figure 7. Transfer parameter 7, spectrum at the two ends of the 18 inch

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The
inner conductor terminations are a 48 nF capacitive load at the
top and an open circuit at the bottom.

3.2. Case 2: 23.75-inch long cable

The top end of the shield is short-circuited to the top surface of the cylinder, while the bottom
end is left open-circuited, thus the 23.75 inch long cable resonates at

¢ 3x10°
Jeane = =5 413

cable

gap. In EIGER, the shield is assumed to be made of copper with o =5.8x10" S/m .

=124 MHz . This resonance will be affected by the 0.25 inch capacitive

3.2.1 Transfer parameters for short-circuited inner conductor

We assume that the inner conductor is short-circuited at both ends. We plot in Figure 8 the
transfer parameter 7, at the two ends of the inner conductor for the three cables REMEE, Belden

9201, and Belden 8240, where we also investigate the effect of the transfer admittance Y, . One
can readily observe that the REMEE exhibits the worst performance among the three cables, for

19



which T, =107 A/ (V/m) at resonance. We expect ¥, to play a bigger role here than in the 18

inch wire of the previous subsection (compare Figure 8 to Figure 2); this is because the fields in
the 0.25 inch gap are contributing to the overall capacitive effects.
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—Topend, Y, r

Top end, no Y, T

Bottom end, no YT 10° L
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I
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125

130 135
Frequency (MHz)

140

145

(b) Belden 9201

— Bottom end, YT

—Topend, Y, f

_____ Top end, no Y, r
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135 140
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T i (A/(V/m))

(c) Belden 8240

——Bottom end, YT
—Topend, Y, T
----- Bottom end, no Y, -

_____ Top end, no Y, T

120

125 130

135

140 145

Frequency (MHz)

150

Figure 8. Transfer parameter 7, spectrum at the two ends of the 23.75 inch

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The
effect of the transfer admittance Y, is investigated. The inner

conductor terminations are short circuits.

We now introduce an open circuit in place of the short circuit at the top termination, while
keeping the other end short circuited; we also consider the permittivity of the inner region of the
cable € =1.08 (instead of 2.3) in this case. We thus plot in Figure 9 the transfer parameters 7,
(at the open circuit) and 7, (at the short circuit) versus frequency for the three cables REMEE,

Belden 9201, and Belden 8240; at resonance, the inner conductor transfer parameters reach
values of 7, = 1.27%10™" m and T, = 1.7x107 A/ (V/m) for the REMEE; for an external threat

with field strength of 10000 V/m, the voltage and current induced at the terminations are 1270 V
and 17 A, respectively. For the Belden 8240, the inner conductor transfer parameters reach

20



values of T, ~1.56x102 m and T, =~2.1x107" A/ (V/m); for an external threat with field

strength of 10000 V/m, the voltage and current induced at the terminations are 156 V and 2.1 A,
respectively.

— . . ; ‘ —
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) T
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0
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_TI
o (c) Belden 8240 —7T,
s
~ 10"
(=]
2 10°F
<
NN
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Figure 9. Transfer parameter 7, (at the open circuit) and 7, (at the short

circuit) spectrum of the 23.75 inch cable for (a) REMEE, (b)
Belden 9201, and (c) Belden 8240. The inner conductor
terminations are an open circuit at the top and a short circuit at
the bottom. The permittivity of the inner region of the cable is

£ =1.08 (instead of 2.3).

3.2.2 Transfer parameters for inner conductor terminated to a 50 Ohm load on one side
and left open-circuited on the other

We assume that the inner conductor is terminated in a 50 Ohm load at the top inner conductor
termination, and is left open-circuited at the bottom termination. We plot in Figure 10 the
transfer parameter 7;, versus frequency at the two ends of the inner conductor for the three

cables REMEE, Belden 9201, and Belden 8240. At resonance, the inner conductor transfer
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parameter for the REMEE reaches values of 7, =9x10™ m; for an external threat with field
strength of 10000 V/m, the voltage induced at the termination is 9 V.

10° . : 10 ; :
— Bottom end —Bottom end
—Top end —Top end
107t £ N
(2) REMEE 10 (b) Belden 9201

T v (m)
T v (m)

10 L L L L L L L L L L L L
115 120 125 130 135 140 145 150 115 120 125 130 135 140 145 150
Frequency (MHz) Frequency (MHz)

10° :
—Bottom end
—Top end

(c) Belden 8240

T v (m)

10115 120 125 130 135 140 145 150
Frequency (MHz)

Figure 10. Transfer parameter 7, spectrum at the two ends of the 23.75

inch cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240.
The inner conductor terminations are a 50 Ohm load at the top

and an open circuit at the bottom.

3.3. Case 3: 24-inch long cable

Both ends of the shield are short-circuited to the top and bottom surfaces of the cylinder, thus the

c _ 3x10°
20, 12192
second cable resonance of 492 MHz. In EIGER, the shield is assumed to be made of copper with

0 =5.8x10" S/m.

=246 MHz . We will analyze here the

24 inch long cable resonates at f. =

3.3.1 Voltage for open-circuited inner conductor
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We assume that the inner conductor is open-circuited at both ends. We plot in Figure 11 the
transfer parameter 7, versus frequency at the two ends of the inner conductor for the three

cables REMEE, Belden 9201, and Belden 8240. At resonance, the inner conductor transfer
parameter for the REMEE reaches values of 7, =4x10™° m; for an external threat with field
strength of 10000 V/m, the voltage induced at the termination is 40 V.

10

— Bottom end 10 — Bottom end
—Top end — Top end
3| i 4
10 (a) REMEE 107¢ (b) Belden 9201

460 470 480 490 500 510 520 19460 470 480 490 500 510 520
Frequency (MHz) Frequency (MHz)
10° ‘
— Bottom end
—Top end

(c) Belden 8240

T v (m)

460 470 480 490 500 510 520
Frequency (MHz)

Figure 11. Transfer parameter 7, spectrum at the two ends of the 24 inch

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The
inner conductor terminations are open circuits.

We now change the permittivity of the inner region of the cable & to 2.25 (instead of 2.3), so

that the second resonance at lower frequency observed in Figure 11 aligns with the major peak.
We then plot in Figure 12 the transfer parameter 7, versus frequency at the two ends of the inner

conductor for the three cables REMEE, Belden 9201, and Belden 8240; at resonance, the inner
conductor transfer parameter reaches values of 7, =2.5x107 m for the REMEE cable; for an
external threat with field strength of 10000 V/m, the voltage induced at the termination is 250 V.
Similarly, the inner conductor transfer parameter reaches values of T, =4.5x10”° m for the
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Belden 8240 cable; for an external threat with field strength of 10000 V/m, the voltage induced
at the termination is 45 V.

10°

—Bottom end
—Top end

—Bottom end
—Top end

10, (a) REMEE (b) Belden 9201

T v (m)

3 L L L L L 10 1 1 L L I
10460 470 480 490 500 510 521 460 470 480 490 500 510 520
Frequency (MHz) Frequency (MHz)
10° :
— Bottom end
— Top end
107}

(c) Belden 8240

TV (m)

10460 470 480 490 500 510 520
Frequency (MHz)

Figure 12. Transfer parameter 7, spectrum at the two ends of the 24 inch

cable for (a) REMEE, (b) Belden 9201, and (c) Belden 8240. The
inner conductor terminations are open circuits. The permittivity

of the inner region of the cable is ¢, =2.25 (instead of 2.3).
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4. CONCLUSIONS

In this report we investigated the coupling between EIGER simulations of resonant cavities
comprising cables and transmission line (TL) analytic models to enable end-to-end simulations
to translate the exterior environment to an assessment on the electronic system performance.

We observed that different cable loading conditions results in very different values of inner
conductor transfer parameter 7, and 7, . These inner conductor parameters could then be scaled

by a given threat strength to predict or evaluate failures, damage, etc. of circuitry within the
cavity.

REFERENCES

[1] D. R. Wilton, W. A. Johnson, R. E. Jorgenson, R. M. Sharpe, and J. B. Grant, “EIGER: A
new generation of computational electromagnetics tools,” retrieved from
http://www.osti.gov/scitech/servlets/purl/219454 (1996).

[2] R. M. Sharpe, J. B. Grant, N. J. Champagne, W. A. Johnson, R. E. Jorgenson, D. R. Wilton,
W. J. Brown, and J. W. Rockway, “EIGER: Electromagnetic Interactions GEneRalized,”
retrieved from http://www.osti.gov/scitech/servlets/purl/501495 (1997).

[3] EIGER, https://pulsedpower.sandia.gov/ppt_tech/compphys/Projects/eiger/eiger.html - 2017.
[4] S. Campione, L.I. Basilio, L.K. Warne, H.G. Hudson, and W.L. Langston, "Shielding
effectiveness of multiple-shield cables with arbitrary terminations via transmission line

analysis," Progress in Electromagnetics Research C 65, 93-102 (2016).

25



26



APPENDIX A: TRANSMISSION LINE MODEL OF SINGLE-SHIELD
CABLES

In order to model a shielded cable, we consider an element of transmission line of differential
length dz that contains a distributed voltage source E, (z)=Z,1,(z), where I,(z) is the current
on the outer shield, as well as a distributed current source J, (z)=-Y,V,(z), where V,(z) is the

external voltage on the outer shield. This Appendix summarizes the formulation reported in [4],
where the reader is directed for more details on the subject.

The differential equations for the voltage and current on the inner conductor of the braided cable
(V. and 1) are given by

Ve v 7.0, =2,1,(2) Ao vy, =1V, (2). AD
dz dz

where the shield properties (related to the braid weave characteristics and material) are
accounted for in the per-unit length transfer impedance Z, and transfer admittance Y, , and Z,
and Y are the per-unit length (series) self-impedance and (shunt) self-admittance formed by the
inner conductor and the shield.

At this point, we rewrite the second differential equation in Eq. (A.1) in a generalized form that
allows for cases when the braided cable is located within an arbitrary structure such as a metallic
cavity of arbitrary shape. In other words, we recognize that there may be situations where the

exterior voltage V,(z) is not easily defined. Relating the transfer admittance Y, to the transfer

capacitance C,, we can write

dl . .
dzL +YV =-jwC,q, (z) , (A.2)

where ¢,(z) and C‘T represent the charge and capacitance (normalized by C,) of the outer

shield, respectively.

1
Using the current continuity equation % =—jawq,(z), Eq. (A.2) becomes
z

_dl
I yy =¢, o(2) (A3)

dz dz

Note that with the first differential equation in Eq. (A.1) and Eq. (A.3), the interior voltage and
current can be found directly from the exterior cable current I, (z) (and its derivative) and the

transfer parameters characterizing the braided shield.

To solve the interior system of equations (A.1) and (A.3), we will consider one source at a time
and then apply a superposition of results for the final value of the inner conductor current. Thus,
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= dl,(z)

assuming J,(z)=C, y
Z

the inner conductor current becomes

=0 and using Eq. (A.1), the second-order differential equation for

2
Lo = 0=rz(0), A
Z

where y? = Z_ Y, . The solution of Eq. (A.4) is given by

=K 4R ] 4K v (]
Z [k, ()] K. (2)]er).

c

1Y = 1Y =
with E(z)=5\/:IeV"ZEZ(Z)dZ and Qe(z)=—\/;fe_7"zEz(z)dz, with E, (z)=Z.1,(z).

Z - 2

The constants in Eq. (A.5) are determined from the terminating impedances Z, . and Z; . to the

(A.5)

Vee(2)=

interior transmission line (at locations z and z,, respectively, where z <z<z, ). More

specifically,
P z e_ycz+ _ z €7<-Z+
Kl :p_e}/tzip+ e( +) QE( —)
€ e?’(-(z+_z—) _,0 ,0 e_yc(z+_z—)
y_ " ) (A.6)
z )e" =P (z )e "™
Ky = PO =R ()
s e}/(. 2,2 _p_p+e Ye\Zi—2o
2
where the reflection coefficients at positions z. and z, are p_ :—ZC and
Z .+ Y:
. [z
ZL,L' - )/C
P, = .
ZC
Z; + v

We now move on to accounting for the current contribution associated with the electric coupling
of the exterior field. For this case, we assume E, (z) =0 so that we obtain

(d__ jv =70, dly(2) (A7)

and thus
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V., (z)= [Kl,j +P, (z)]e_”‘Z +[K2’j +0, (z)]e“

I (2)= Jf (&, +P,()]e7 ~[ K, +0, (5]} |

with Pj(z)=%\/%fey‘ﬁz(z)dz and Qj(Z)Z% fizfe_y"sz(z)dz, with J_ (z)=C; :

1]
=
o
—_
2
N—

oz Y :
and
0,(z )" +p.P(z,)e"
en(ZJr_L) _p_p_*_e_yc(@_zf)
P. _}/‘L+ ‘ A
K,,=p.e’ I(Z?)e ) p_Qiy((Zz__)ze)
o —p pe

The total current and voltage induced on the inner conductor is the sum of the two individual
contributions (A.5) and (A.8):

Kl,j = p_em_
(A.9)

Velz -z

I.(2)=1..(2)+1;(z)

I +
’ (A.10)
V.(2)=V..(2)+V,,(2) .
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