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Abstract

This report discusses low frequency coupling and subsequent penetration of a dual shield cable using
a transfer immittance model with reciprocal sources. Configurations include: 1) where the cable is above
a ground plane and shorted at both ends, 2) a monopole arrangment where it is shorted at one end and
open at the other end, and 3) a monopole arrangement where the open end is loaded by a disc. The
open circuit voltage within the cable is estimated for each case.
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1 LOW FREQUENCY SHIELD CURRENT

The shield current at low frequencies is now estimated for short circuit conditions at both ends and for an
open circuit at one end and a short circuit at the opposite end. We initially neglect the interior currents
compared to the outer shield layer.

1.1 Short-Short Circuit Cable Case

In the case where the cable is taken to be above some ground plane structure and shorted at both ends, we
estimate the magnetic flux between the cable and the return (with no current on the cable)

Do = (0 = LioepI* = / B 1S = AtgoppioHo (1)
S
where
Aloop =0 (ghg) (2)

and Hy is the drive field above the ground plane and ¢, is the average flux per unit length between the cable
and ground plane. The inductance of the loop is estimated from the wire of radius b, a distance h, above
ground, inductance per unit length

hg + he
L= g—oarccosh(hg/b) = Loy, [ +
i

2 hg — he 3)

where

he = \/ﬂ (4)

Lloop ~ L/l (5)

and the total loop inductance is

where £ is the wire length. For fixed Hy we see that the low frequency value of the shield current I3¢ is
constant in frequency

I‘SSC ~ Aloop,u()HO/Lloop (6)

1.2 Open-Short Circuit Cable Case

In the case where the cable is shorted at one end to a substantial structure and open at the other end, it
is driven by the incident electric field in the presence of the structure Ej,. the open circuit voltage at the
shorted end of the cable is

‘/;OC = 7Qcab/Ccab = 7thEO (7)

where the effective height is related to the monopole height A by using the current distribution for an
electrically short transmitting monopole

I (2) = 1 (0) (h = 2) /h (8)

where the open circuit voltage is found from



yee = 1 /hf()Ed@/h(h )dz = — L Eoh (9)
s —It(o) o t 2 ZZ—h o z zZ = 5 0

and therefore
het ~ h/2 (10)
The average charge per unit length qg is

Qcab ~ hq() = C(cab-E(]h//2 (11)

where the capacitance is taken as that of a monopole above a ground plane, which from the first order Hallen
iteration method is

47T€0h

(&

Ccab ~

=¢eo2rh/In (bﬁ) , Qe =2In(2h/b) —2(1 +1n2) =2In (bﬁ) , h/b>10 (12)
e e
The received current at the base of the monopole is
1o = L0 = —iwQ (13)
s — dt cab — cab
and the distribution is
I (z) = I3 (h—2) /b (14)

1.2.1 Disc Loaded Monopole

If we load the monopole with a disc having much larger radius by >> b, but still with h > by, we add an
additional charge at the tip

Qdisc = CdiscEOh (15)

where a disc in free space has capacitance

Cdisc = 508bd (16)

Then using the transmitting current distribution

T (2) = Lisse + Loay (0) (h — 2) /h (17)
where
. . h
Teap (O) = —iwQcah = 7ZW§EOCcab (18)
Ljise = —1wQaisc = —iwhEyCasse (19)
we find
Eo /h [ 1 Eo 1 2, 1"
V:)c:_— Cisc+_cca h— hldz = ————-—— Cisc__Cca h— h
Cdisc + %Ccab 0 ¢ 2 ’ ( Z) / ‘ Cdisc + %Ccab o 4 ’ ( Z) / 0

(20)



so that the effective height in this loaded case is

1
Cdisc + 1 Ccab

hoe = p e T e
¢ Cdisc + %Ccab

and again
Qcab = hq() = CcabEOh/2

47T60h

€

Ccab ~
We see that the effective height varies over the range

h/2 < ho* <h

The current at the base in this case is

d .
I = dt (Qaisc + Qeab) = —iw (Qaisc + Qeas)

(22)

(23)

(24)

(25)

For fixed Ey we see that the low frequency value of the shield current IJ¢ is proportional to frequency in
these cases with open circuits at the top end (versus the previous short circuited case driven by the magnetic

field).
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2 CABLE SHIELD TRANSFER IMPEDANCE

If the cable shield has two layers, a braid layer and a solid layer, we first discuss models for each and then
assemble the total.

2.1 Braid Layer
The Kley model [1] for the braid penetration has transfer impedance

Zp ~ Z8 —iwLr 4+ (1 —i)wLg (26)
where the diffusion contribution is [1]

vdg (1414)dg/s

int __ —
2 = Bos G amy = 19 G0 0) cosh (g /3) + i cos (dg/3) sinh (dr/0) (27)
4 1 2
Rgs = omnd®mcosa o0Gycosa m2D,,d (28)
dr ~ 0.67d/+/cos (29)
vy=(141)/6 (30)

0= \/2/ (wpo) (31)

The external inductive contribution has hole and porpoising parts [1]

Ly =My + Lg (32)
2 _ x

My, ~ 10875 2=V (1 3 o=ra (33)
TH — OSTE = 9.6G\3/ BQd/Dm (34)

0.11d 0.11
Lg~ —Mom cos (2k1a) = ~fig— cos (2k10) (35)

w2 a\ 7!
k1 = 1 (gGo + E) (36)
and the internal impedance contribution also has hole and porpoising contributions [1]
1

Ls=——(1/D 1/D 37
WSWUCS(/L‘F/G) (37)
Dy ~ 107G2 C;SO‘ (1-G)e ™= (38)
Dal ~ —m COS (2]€QC¥) (39)

11



4 8
For the Belden 8240 cable the geometry parameters are

92 —1
ko = il <§Go + §>

d = 0.005 in
Do ~ 0.116 in
Dy, = Do+ 2d+ h = Dy + 2.5d ~ 0.1285 in
s~ 0.889 in
a = arctan (7D, /s) = 24.4°
Go = mnd/ (2w D,,) ~ 0.6936
G =G/ cosa ~0.7616

B=G(2-G)~0.943

where B is the optical coverage. Then the Kley parameters are

dr =~ d(0.70209)
o~ 5.8 x10" S/m (copper at 20°C)
Rys ~ 0.0133 ohms/m
TH ~ 1.4766
My, ~ pq (3.902 x 107°)
kp ~1.0114

La ~ —p1 (6.3973 x 107%)

12



Dy, ~0.76954 in (58)
ks ~ 0.9379 (59)

D¢ ~ —0.24328 in (60)
Consequently we can write the transfer impedance terms as (6 = 0.026018 in at 1 MHz) dr/d ~ 1.3492436

(14 14)1.3492436
2.006695 + i0.395

Zim ~ Ry, ~ R,50.7747042 (1 + i0.6710657) , at 1 MHz (61)

| Z%| & Rgs (0.9329734) ~ 0.012408 ohms/m at 1 MHz (62)

1
T 1.2041595 x 104 S

wLg (1/0.76954 in — 1/0.24328 in) ~ —0.00919 ohms/m at 1 MHz (63)

wLp & —wpy (6.0071 x 107*) &~ —0.004743 ohms/m at 1 MHz (64)

We see from these that the largest term is the diffusion term and this becomes slightly larger (approaching
Rys) as the frequency is reduced, whereas the other terms decrease with frequency (wLs = O (y/w) and
wLr = 0 (w)).

However, for frequencies where d/2 < §, which occurs at 1.083 MHz, isolated wires behave nearly the same
as that of a wire with uniform current density; it is thus somewhat unclear if the higher frequency forms in
the internal impedance in Kley are really accurate; although these terms become small at lower frequencies
anyway. The external inductance is also of somewhat questionable accuracy, but since the porpoising is
dominant for this optical coverage (which depends less on wire current distribution) we will include it and
take

Zp = Rys — iwLy below 1 MHz (65)
The self impedance of the braid could be taken as

Zy =79 —iwAL ~ Z3* (66)
where AL is the correction for the braid structure versus a solid wall, and

Ydr

Zint ~R s
R 9% tan (ydg)

= Z}”ﬁ {cos (dr/d) cosh (dr/d) —isin (dg/d) sinh (dr/é)} (67)

2.2 Solid Layer

If the shield also has a solid layer of thickness A and mean radius by its transfer impedance is [2]

int _ 1A (1+14)A/0o
Zotr = I sin (7,4A) Bgs sin (A/d2) cosh (A/d2) + i cos (A/d2) sinh (A/d2) (68)

and the self impedance is

724

Zint _
ok = iz tan (y,A)

= Z;ZﬂtR cos (7,A) = Zé’%tR {cos (A/d2) cosh (A/d3) —isin (A/d2)sinh (A/d2)}  (69)

13



1

Ry= ————
2 27Tb2AO'2

Yo = (1 +1) /02

b2 = /2/ (wpo2)

14



3 COMPLETE TRANSFER IMMITTANCE MODEL

Usually the interior cable current I is small compared to the exterior cable shield current I << I, and the
reciprocal sources on the cable exterior are neglected; this typically results when the system is driven from
the exterior and there are loads on the interior (these loads can result from the gap inductance between
conductors if shorted or actual loads). Under conditions where the interior current is comparable to the
exterior current, the complete transfer immittance model can be used [2]. The full transfer immittance cable
model has the form shown in Figure 1. The system of equations are then

dV
— + 71 = Z7p1,
e + Tl (73)
dI
— +YV =-Y, 4
P +YV Vs (74)
dz
dI .
o, T YsVe= YoV tivg (76)

where ¢, is the magnetic flux per unit length linking the loop, ¢o is the electric charge per unit length
deposited by the electric field, and

Z = 7" — Lt (77)
Zy =7 —iwL, (78)

Zp = Zi — jwLset (79)
Y =G — iwC (80)

Y, = G, —iwC, (81)

the superscript int refers to the internal impedance (resulting from finite metal conductivity) of the con-
ductors and ext refers to the external inductance (if the conductors are perfect); self and transfer diffusion
solutions can be inserted for the int terms, which will involve the shield thickness. The part of the internal
impedances due to the diffusion of an equivalent layer of thickness dgr (see semi-empirical models in Kley)
could be taken as

vdr

Zi’nt ~ ) 2
TR Rg-s sin (’YdR) (8 )
. d

Zlnt s . YaRr
R RQ tan (’YdR) (83)

where R, is the DC resistance per unit length (for an actual layer of radius b, 1/(27bodg)), and the
propagation constant and skin depth are

y=(1+1)/s (84)

15
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Figure 1: Complete transfer immitance cable model.

0 =1+/2/ (wuo) (85)

3.0.1 Extremely Low Frequency Limits

To illustrate the behavior at extremely low frequencies (taking the skin depth to be large compared to the
thickness of the metallic conductors) we set

Z ~ 7™ ~ Ry + R. — R, (86)
Zy~Z"™ ~ Ry 4+ R, — R, (87)
Zp ~ Z3 ~ R, (88)

where here R is the shield resistance per unit length, the outer chassis return resistance per unit length is
for convenience taken as perfectly conducting R, = 0, and the center conductor resistance per unit length
is also for convenience taken as perfectly conducting R. = 0. The extremely low frequency equations then
become

1% dv
—_ I~R.I —_— = I, —1
dz + RS RS S - dz RS ( S ) (89)

16



— =0 90
- (90)
dV dVy
£ Js ~ R, T *~ R, (I -1, 91
o TR - ( ) (91)
dl
5 92
< (92)
Defining the total shield current as
It =1,-1 (93)
the voltage equations become
dv
VRt 94
SR (94)
dV;
® ~ —R I 95
- 5 (95)

which obviously make sense at the low frequencies (noting that V is the center conductor-to-shield voltage
and Vj is the shield-to-return chassis voltage).
If we have conductive material for the dielectric and a perforated perfectly conducting shield with Ry =0

Y=@g (96)
Y, =G, (97)
Yy = Gy (98)
I Gviran) (99)
& (Grv 4G (100)
dItot
d—; =(Gr —Gs) Vs + (Gr — G) (=V) (101)

where Vs is the voltage from the shield to the chassis and —V is the voltage from the shield to the center
conductor. The symmetrical form of the conductance elements makes sense here.

17



3.1 Application To Short-Short Cable Case

In the case where both exterior ends of the cable are shorted, let us ignore the current sources due to Yr,
drop Y5 and Y, as well as labeling the solid shield current as I and the solid shield voltage V5

dvs
—= 4+ Zyly = Z7I 102
o + ZoI> T (102)
dls
=0 (103)
% 4 2o, = Zpls + iwy (104)
dl,
i 1
=0 (105)

We need to keep in mind that Z5 includes not only the inductance per unit length between braided and
solid shields, but also the sums of the impedances per unit length of both shields (in a typical transmission
line the losses on the walls for current on the center conductor and on the return are summed); similarly, in
principal Z, includes the external inductance per unit length to the cable, but also the sum of the braid and
chassis return impedances per unit length.

Now with V5 (0) =0

‘/2 (Z) =z (ZTIS - Zg[g) (106)
Enforcing V5 (£) =0
Zpl, = Zoly (107)
Also taking ¢, = ®g/¢ with V5 (0) =0
Vo (2) = 2 (Zrls — Zo1,) + iwz®q ¢ (108)
Enforcing Vs (¢) =0
(Zrly — ZoI,) 0 + iwdo = 0 (109)

Now using the preceding result to eliminate I

(23)Z2 — Zs) I + iw®o [l = 0 (110)
giving

iw@o/ﬁ . ZQ
Is = ——F— = Dy /l) ——— 111
Z, — 73] 75 (Do /€) 770 — 72 (111)

(ZT/ZS) ’iw@o/f . Zr
o=~ 17% = " Py /l) =——+ 112
SRy A R e
Finally we find
21 23y

Ve = I Z5% = (iw®g /() (113)

ZyZy — Z2

18



, A
Z’Lnt — R 72
TR *sin (724)
Then inserting the parameters
Zr =~ Z}”ﬁ —iwLy + (1 —i)wLg or Zy =~ Rys —iwLy at the lower frequencies

Zy =70 —iwl

Zy = Zyl + 2" —iwly = Z5Y + Z"

; A
Zlnt _ Y2
on = Itz tan (y,A)
Ler\/@ Do—QbQ—A -0
2 D() + 2b2 + A
Finally we find
. ZTZZ'nt
‘/oc = IQth = (zw@o/é) - - .QTR -
o (23 + 23" (2" —iwL) - Z3
Zr

Ig = (qu)()/é)

(ZE + 27 (2 — L) ~ 23
Ziy + Zg"

I, = (iw®y/0) (Zit —iwL) (Zi + Zit) — Z2.

3.1.1 Low Frequency Form

Suppose we take

Zyr'p — Ra

Z3i — Ry
Z;{Lt — Rys
1, = (i /) ———— L2 Hae a—
(Rgs —iwL) (R2 + Rgs) — (Rgs — iwLy)
I = (iw/0) Boo—folr
(R2 + Rys) (Rgs — iwL) — (Rgs — iwLr)

Ry +iwLy

(Rgs — iwL) (R + Rys) — (Rys — iwLy)?
(Rgs — iwLr) Ry

(Ry + Rys) (Rys — iwl) — (Rys — iwLy)?

IzOt = IS — IQ = (Z(x)@o/f)

Voc - (Zw(pO/g)
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Very Low Frequency Limit Check If the very low frequency limit of these is taken

I - iw@o/ﬁ - iw@o/ﬁ (R95+R2) (130)
’ Rgs - R?}s/ (Rgs + R2) Rgs Ry
iw®q /L
IzOt — Is _ IQ — i 0/ (131)
Ry,

s/Rys) iw®q/l iw®q /L

IQ — (RQ /Rg )ZCL; 0/ — W 0/ (132)
Rgs + Ry — Rgs/Rgs Ry

This second set is simply the parallel combination of the two resistances

I + I = I, = (iw®o/¢) (1/Rys + 1/R2) (133)

3.2 Application To Open-Short Cable Case

In the case where we have an open circuit at one end, the shield current is no longer strictly uniform along
the length of the cable. Again dropping Y7, Ys, Y, as well as labeling the solid shield current as I and the
solid shield voltage V5

% + Zoly = Zr, (134)
% -0 (135)

e gt~ 2, (130
% — iwgy (137)

and thus I is constant and I is linear (if qg is constant). If there is no disc load at the end of the cable we
take go = Qeab/h and with I (h) =0

VY€ = Qeab/Cear = he°Eo = Eoh/2 (138)

Coat ~ 47;23}‘ — o27h/In (b—he> L Q=210 (2h/b) —2(1 +1n2) = 2In (&) CR/b>10 (139)
I (z) = iw (z = h) Qeav/h (140)

W = 20l — Zio (2~ h) Qe (141)

% = Zriw (2 = h) Qcav/h — Z21> (142)

Now we enforce V; (0) = 0 =V, (0)

20



1
Vi (2) = 2211y = 5 Zgiw (5 = 2h) Qea

1
Va(z) = §ZTiwz (z = 2h) Qean/h — 27315

Next we also enforce Vs (h) =0

) 1
_'Lchabi (ZT/Z2) =1
Then the open circuit voltage on the center conductor is

’YzA

. 1
Ve = nt Iy = —j cab=(Z1/23) Ro—————
srple = —iwQ b2( T/Z2) 2 (150)

_ 724
A ETTEN:

int

3.2.1 Low Frequency Form

Suppose we take
Zy = Z3 + Zi" —iwLy ~ Z3Y + Z3"

nt

RyRys

Zyrr — R
2t — R
Zﬁnt - Rgs
then
. 1 . Ry : 1 (Rgs —iwly
oc I ~ — cab3 s L iR T cabg :
Voe — 2Ry iwQ b2 (Rg w T) <R2+Rgs> iwd b2 ( RQS
) 1 (Rys —twLr
I - caby ——
9 — —iwQ@ b2< Ry + Rys >

1 R,s — iwLy
ItOt:IS 0)— I —1 caby 1- ~
s 0) = I = —iw@ b2< Ry + Ry, )

21
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Very Low Frequency Limit Check If the very low frequency limit of these is taken

hRys/2
ItOt:IS — I —4 ca 1- = 1
s (0) = I = —iw@ b( th+hRgs> (155)
Rys/2
T i ca _g9si= 1
2 — —iwQ b<R2+RgS> (156)

Therefore some current is transferred to the inner solid shield. It is interesting that even when Ry = 0,
only half the total current is transferred. This actually makes sense since the deposited charge and resulting
current on the outer shield must flow up the outer shield to z = h in order to reach the connection point to
the inner shield.

3.3 Application To Open-Short Cable Case With Disc

When we add a large disc to the top of the open circuited cable the current remains more nearly constant
along the cable. The charges are found from

VY = Qeab/Ceab = h®Eo = hEjy (157)
Qcab = hgo = Ccango (158)
Coup ~ 4megh (159)

Qaisc = EohClise (160)

Caisc = €08bg (161)

Again dropping Y7, Yo, Y; as well as labeling the solid shield current as I and the solid shield voltage V5

% t Zoly = 7o, (162)
% —0 (163)
% + Zsls = Zrls (164)
% _ i (165)

The second equation says that Is is a constant, and from the final equation using the disc constant contri-
bution to the current, we can write

I (Z) = iwqo (Z - h) — iWQdisc (166)
Then from the voltage equations enforcing V; (0) = 0 = V5 (0)

22



1
Vo (2) + 22212 = Zp [iwqoaz (z —2h) — indich]

1
Vi (2) + Zs [iwqoiz (z —2h) — iUJde‘ch] = zZ7l,
Now also enforcing Va (h) = 0 gives
. 1 ) 1
I = —iw (Z7/Z>) ((IOh§ + Qdisc) = —iw (Zr/Z2) <§Qcab + Qdisc)

The open circuit voltage on the interior of the cable is then

7oA

; 1
Voo = Zi0t Ty = —iw ( = Qea ise | (Z1)Z2) Ry— 2=
oc = Zarrl2 iw (2Q b+ Qa )( 1/Z2) N

, A
Zznt =R Y2
TR %sin (7,4)

23
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4 INTERIOR OPEN CIRCUIT VOLTAGE AND CURRENT

From our previous results we have the interior cable open circuit voltage which can be used to assess low
frequency upset issues. We can also use it to estimate current into a load.

4.1 Upset Issues

At these low frequencies we expect to be below cable resonances. Hence, the preceding open circuit voltages
can be compared to a threshold screening level such as for logic circuits

Vin, = 1 volt (172)

Note that it is possible to attach a lumped capacitance load with a value > 0.1 uF to create resonances
in this region (see cable inductance below), but we do not expect these to be present. If we believe these to
be present the levels estimated here can be increased by the cable quality factor (which also includes losses
associated with this lumped load) which can be taken as O (100).

4.2 Interior Inductive Reactance Versus Load Impedance

The interior coaxial-type region has an inductance per unit length between the center conductor and shield.
The inductance per unit length of the Belden 8240 cable is

_Foqg (Po)
Leoaz = o In ( a0 ) ~ 260.19 nH/m (173)

where dy is the interior center conductor diameter. The total interior inductance is then

LtOt = ecoamLcoax (174)

coax

The interior inductive reactance for a meter of such cable at 1 MHz is —i1.635 ohms. If we put a Ry, =1
ohm load at the end of the cable (a typical hot-wire electro-explosive device value) we thus see that the
resulting voltage divider will supply a reduced current

VO C

" tot
Ry —iwLi% .

Isc = < Voc/RL (175)

Thus, if V,. < V4, = 1 volt we will not supply sufficient current or power P, = 1 W for initiation.
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5 CONCLUSIONS

This report estimates the coupling to a cable at low frequencies and then uses a complete immittance
penetration model to compute the interior voltage for a dual shielded cable.
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