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Introduction

In the design and use of coaxial devices, a knowledge of
the leakage characteristics of radio-frequency cables and
connectors is important, both in measurements and in the
design of operational and test equipment.

The evaluation and measurement of electromagnetic
leakage through solid conductors, braids, screens, slits and
other configurations employed to confine the electromag-
netic fields in apparatus, has been the subject of a great
deal of analysis and research. Some investigators have
been concerned with the leakage phenomenon it
self,##+65 others with its measurement ®75%1011 The
experimental procedure employed is usually chosen in ac-
cordance with the particular manifestation of the electro-
magnetic leakage that is of interest. For example, for
conducted leakage or coupling, a special direct metallic
connection may be made between the leakage source and
the detector; for induction or neas-field leakage, probes
or loops are placed in proximity with the leakage source;
and, for radiated leakage, probes, loops, or the more dis-
tributed version of ‘hese, antennas, are placed at what is
considered the fac field of the leakage source. The three
are commonly evaluated, #n toto, by surrounding the leak-
age source with a closed coaxial system, The usual prac-
tice is to couple some of the basic leakage modes to the
TEM mode of the coaxial system.

Usually the equipment designer is successful in con-
fining stray electromagnetic fields within the equipment
package except, of course, in open systems such as slotted
lines. However, the connection of coaxial cables, flexible
and solid, and coaxial components to the equipment in-
troduces a source of leakage. In the case of immittance
bridges, cable or connector leakage introduces a spurious
signal path between the source and the detector, usually
resulting in measurement errors. Leakage is a cause of
error in precision slotted-line measurements through spuri-
ous coupling of the pick-up probe to the source; in at-
tenuation measurements and filter-response measurements,
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by spurious coupling between the input and the output
circuits. In complex electronic systems, as for example in
a missile system, the spurious coupling between the inter-
connecting cables of the separate systems can result in
malfunction in the operation of an element of the system.

It is the purpose of this paper to demonstrate the rela-
tive shielding effectiveness of popular flexible cables and
connectors, and to describe the measurement technique.
Test results are presented in terms of both relative leakage
power and surface transfer impedance. The unique fea-
ture of this work is the frequency range of measurement.
The majority of previous contributions were concerned
with the frequency range below 500 Mc.

Measurement Technique

The mezsurement of the leakage from connectors and
cables is performed by collecting the leakage energy in a
coaxial system surrounding the leakage source. An out-
line of the instrumentation is shown in Figures 1 and 2
respectively, and a photograph in Figure 3. The device
from which leakage is to be measured, connector or cable,
is incorporated in a uniform transmission line which is
terminated in a matched load. The matched termination
simplifies both the measurement procedure and data re-
duction. This complete coaxial system is embodied within
a cylinder which forms, externally, a second coaxial system.
The second coaxial system is terminated at one end in an
adjustable short-circuiting plunger and at the other in a
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Figure 1 — Tri-Axial Connector Leakage Test Unit.
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Figure 2— Tri-Axial Cable Leakage Test Unit.

tapered transirion to a standard connector. In connector
measurements, the outer coaxial line is terminated in a
marched detector. Excepr for the adjustable short-circuit
feature, this rcri-axial system has been employed by
others.®™*

For direcr leakage measurements the adjustable short
circuit serves several purposes both in connector and
cable measurements. In connector measurements, the
short-circuit position 1s adjusted to assure that an ade-
quately low impedance appears behind the equivalent
leakage generator. A matched termination can be substi-
tuted, bur the resulting 6-db loss cannot be tolerated in
some cases. In addition, if the leakage source is directional,
as it indeed is for cables and connectors with multiple
Jeakage. it is possible for the leakage to be directed ro this
termination at some frequencies and nor collected by the
detector.  For surface rtransfer-impedance measurements
on cables or connectors with leakage from more than one
point in the connector, however, a marched termination is
desirable in order to simplify the transformation of the
measured data to transfer impedance data. This laczer con-
siderarion is discussed at greater length in the Appendix.

The equivalent leakage generator, in general, can have
field components in the radial, axial, and circumferential*

* The circumferential E-field companent is not uwsually present in
axially symmetric campanents. See Referencer 1, 2

directions. Furthermore, these components are notr neces-
sarily circularly symmetric. Locally, TE, TM, and TEM
modes can all exist, and in fact, for complete leakage mea-
surements, the detector should couple to all. The excita-
rion of the outer coaxial line, however, is believed ro be
principally TEM, since the currents in the internal line
are predominantly axial and symmetric. In the particular
test configuration employed here, only the TE;, mode can
be propagared, and this only above 3.5 Ge. In the tran-
sition to the smaller coaxial line, the TE;; mode is filtered
out, bur some of it couples to the principal TEM mode,
delivering this power to the detector. Special care is
taken to assure that the test cable or connector system is
mounted concentrically, to minimize TE,; mode generation.

Despite the possible limitations cited above, the tri-
axial system is a simple and effective system for measur-
ing the net leakage. It is indeed well suited for axial sur-
face transfer-impedance measurements, It can serve as a
standard method only, however, if the leakage characteris-
tics or axial surface transfer impedance of axially sym-
metrical components are to be evaluated. Accurate mea-
surement of each mode of leakage, each manifestation of
leakage, and each component of surface impedance will, in
general, require a specific test configuration for the par-
ticular measurement.

The characteristic impedance of the outer coaxial line
of the rri-axial system, which is formed with the cable
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Figure 3 — Tri-Axial Unit and Equipment Setup.



braid as the inner conductor, should be matched to the
detector. As a marter of convenience, but with some
sacrifice in accuracy and ease of data reduction, one ourer
conductor size was employed for all cables. The character-
istic impedance was therefore generally higher than 50
ohms. The steps in conductor size at the cable connectors
also produce capacitance discontinuities. These can be
measured or calculared™. The effects of the characteristic
impedance discontinuity are described in the Appendix.

The leakage power ratio is defined here as the ratio of
the power detected in a 50-ohm detector at the output of
the tri-axial unit to the power flowing through the in-
rernal 50-ohm connector or cable system. It is basically
the arrenuartion through the tri-axial system. This defini-
tion appears arbitrary in the sense that 50 ohms is an
arbitrary load impedance. However, since the leakage
source impedance is compararively low, the voltage ar the
derector is essencially the open-circuit leakage voltage.
The ratio of the inpur voltage to the leaky cable, to this
output voltage is an absolute leakage quantity, as is the
measured power ratio, which is idenrically equal ro the
square of this voltage racio.

The surface transfer impedance is obtained from this
ratio as follows:

The surface rransfer impedance is,

€n
Zﬂ‘l —

Iy

(1)

where
i; = Currenr flowing in internal line.
ea= Equivalent leakage voltage in external
line,

In the connector leakage case, considering the equiva-
lent leakage generator o be es with an extremely low
source impedance, this voltage e. appears ar detector ter-
minals, and the adjustable short circuit assures this. For
a 50-ohm transmission-line system, the input power is,

The measured output power is,

(s
50

The measured power ratio A* is therefore,

Egu
- 0 50 Egl 4
M= Sone - (0 (2)
Substituring and by definition,
Zay = —= =50 A (3)
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In the cable leakage case, the calculation is not as
straightforward, especially where the outer tri-axial line is
not terminared in its characteristic impedance. The cal-
culations required to reduce the measured results given
in this paper to transfer impedance per unic length are not
included for that reason. The tri-axial system was set up
principally to assess the relative leakage.

For the measurement of surface transfer impedance of
cables, the outer coaxial line of the tri-axial system should
be rerminated in its characteristic impedance ar the source
end and in a similarly matched detecror ar the outpur end.
In this case the relation between the measured leakage
power ratio, A% and the surface transfer impedance per
unit lengeh is, in a 50-ohm system,

100 A (B—5.)

ZQ = -
' e TIB—BIL

(4)

where
L=length of leaky cable section.
3= propagation constant in the test cable.
B.= propagation constant in external line of
tri-axial system.

This expression is obtained from Equarion (5) in the
Appendix which describes the forward TEM wave launched

50iy" by the cable.
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Figure 5 — Block Diagram of the Measuring Sysrem.

A null in this forward wave occurs when (B—fB,)L=
2nr and a maximum when (B—B.)L=(2n—1)=n.
The variation of forward wave amplitude with frequency
is shown in Figure 4. Also shown is the backward wave,
which is the signal that would appear in a detector at the
source end of rhe outer line. This is obtained from Equa-
tions (5) and (9) in the Appendix, employing a poly-
ethylene-dielectric internal line and air-dielectric external
line.

Measurement Procedure

In measuring the leakage power ratio, A® basically a
substitution technique is employed. A martched detector
system is installed ar the outpur connector of the tri-
axial unit, and the unit is driven as shown in Figure 5. In
this setup, the short circuir is adjusted to produce a maxi-
mum indication at the detector. The detector is then con-
nected directly to the source through a calibrated attenua-
tor. and the artenuation required to yield the initial de-
tector level is measured.

The sensitivity of this system is obviously limited by
the sensitivity of the dectector and the power available. A
sensitive superheterodyne system was employed, and for
the low-leakage configurations about 30 milliwarts of
power was required,

The principal sources of error are attenuator errors and
mismartch at the receiver (mixer) input, For connector
measurements, the error due to mismacch is directly pro-
portional ro VSWR since the equivalent leakage source
impedance s small. The indicated leakage power can vary
between the extremes, P x VSWR to P = VSWR, where
P is the power that would be delivered to a matched sys-
tem. A VSWR of 2 will produce =3-db error therefore.

In advance of installing the inner coaxial sysrem into
the outer cylinder of the tri-axial system, the inner system
may be excited, and the immediate vicinity of the leakage
point or associated connecror and attachment points probed
with a small loop or dipole to establish how critical are the
mating of the connector and cable joints.

Test Results

Connector Leakage and Surface Transfer Impedance

The above procedure was employed to assess the leak-
age characteristics of three widely used connectors, the
General Radio 874-B, the BNC (Bayonet Coupling ), and
the N (Threaded Coupling), and in addition, the new
General Radio Locking Connector, the 874-BL which com-
prises the basic 874-B Connector with an outer, threaded
coupling nur to shield and join the mating parts securely.

Leakage results are shown in Figure 6. These results
were transformed to equivalent transfer impedance, Zu,
and rhis result is shown in Figures 7 and 8.
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Figure 6 — Leakage Characteristics of the Type BNC, N, and
General Radno Type 874-B, and Type 874-BL. Connecrors.
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Figure 7 — Surface Transfer Impedance of the Type N and
General Radio Type 874-BL Coaxial Connectors.
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Figure 8 — Surface Transfer Impedance of the Type BNC and
General Radio Type 874-B Coaxial Connectors.
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Figure 9 — Leakage Characteristics of RG-58, RG-8, and General
Radio Types 874-A2 and 874-A3 Flexible Coaxial Cables.

The leakage characteristics of several popular flexible
coaxial cables are shown in Figure 9. The RG-8 and RG-58
are single-braid cables. The General Radio A-2 and A-3
are double-braid cables of approximately rthe same
size¢ as RG-8 and RG-58 respectively. The corres-
ponding surface impedance per unit length, calcu-
lated from the leakage measurements, is shown in
Figures 10 and 11. Simple theory indicates that the trans-
fer impedance is principally inductance. A linear surface
impedance variation with frequency is, therefore, predicted.
A lincar frequency curve is shown in the graphs in this
connection. For single-braid cables, the linear relation
exists up to about 5 Ge, while for the double-braid cables
the linear relation exists only up to about 2 Ge.

The single-braid leakage data indicate the periodicity
expected in the forward wave launched by the leaky
cable, and is explained, therefore, by an orderly arrange-
ment of incremental leakage sources,
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Figure 10 — Surface Transfer Impedance Per Unit Length of
RG-58 and RG-B Single-Braid Cables.

The double-braid dara are devoid of rhe periodic varia-
tion. Perhaps the double-shield arrangement cannor be
represented as a series of equal incremental generators os
well as can the single-braid, because the contact between the
outer and inner braids may nor be as regular as the weave
of the braid. Subsequent measurements will be performe
to verify this result, and to separate the forward and back-
ward waves launched by rthe cable. This will permir
more accurate measurement of transfer impedance.

APPENDIX

The Forward and Backward Waves Launched by Leaky
Cables—Analysis

Loose coupling between adjacent rransmission lines
under matched conditions has been analyzed typically by
Shelkunoff and Odarenko', and Jungfer. An analysis is
given here for the coupling of the leaky cable into rhe
secondary, external coaxial line of the tri-axial system,
under general conditions of march. The particular case in
which the source end of the external, collecting line is
terminated in a short-circuit, and the ourput end of the
external line is terminated in a load not matched ro chis
line, is also analyzed.

Voltage at Output End and Forward Wave

The wave propagating toward the oucput is given as the
forward wave It is rthe signal appeaning ar a dewector
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Figure 11 — Surface Transfer Impedance Per Unit Length of

General Radio Types 874-A2 and 874-A3 Flexible Coaxial
Double-Braid Cables.
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placed at the output end of the wi-axial unit under matched
conditions, The rotal voltage at the outpur end js ob-
rained as follows:

In Figure 12, current, iy, flowing internally in the
cable produces the voltage es at the surface impedance, 2.
This voltage appears externally in series with the cable
outer conductor and produces a current iu(x), in the
outer line.

The wave w the right produced by i:(x) is obtained as
follows:

The incremental voltage es at x is

eal(x) =izme —IPX dx (1)
where. 1, =current in internal line (assumed
uniform).
zyy = surface transfer impedance per unir
length

B=propagation constant in cable,

The incremental current in the external line 2, at plane x
is therefore,

. _ ea(x)
WX =
= lin, —jpx 2
Zalx) dx (2)
where:
Z.(x) = the series combination of Zy;-
transformed to plane x, and Z;; transformed
to plane x,
= L) FZp ()
o Zin 1 )Zgo tan Bix
A} =Ba Zypz + ) Zip tan Bx
Zelx) = Zog ZyptjZyswan [B(L,—x)]

Zyo+) Zup tan [Bo(Li—x)]

L.=length of leaky cable.
B.= propagarion constant in external line,

The incremental voltage across the external line ar
x = L, or across Z,p 18,

d(‘[1—[62(x)'_ |'_'{,X}Z.”(X};I cos [ﬁii(lﬂ!—x}:'
—jliet(x) Zye] sin [Ballu—2)]
ZB(X}

=iz [1 Z (%) ] cos [Bul Li—=x)] e iBx gy

—j iy2e [szuiy:"““ [B.(L—x)]e ~IPX dx (3)

Integration of (3), which 1s the summation of the con-

tributions from the series of incremental leakage gene-
rators, yields the towl volage across Zyp, that is,

I"ll

ep(Ly) =120 ;’r{[]
-Isin [B(L,~x)] e —IB% } dx

_-[ Zys
! Lalx) _
(4)

Note that when the external system is matched ar borh
ends, (4) reduces w the forward wave:

: —iﬁ--La[l_u -icﬁ—a..m]
5}

B Zp(x)
Zy(x)

:Ims [BolLi—x)]e 1B

1123

er(La):iW

For the tri-axial connections described in the rtext, the
output voltage was the sum of the complex volrages of
the forward and backward waves obrained by integration
of Equation (4).

For this setup, 7y, was a short-circutted length of coax-
ial line of characteristic impedance Z,;. In this case,

Zin=] Zugrtan (B,L,)

In addition, the load Z;; was not macched to Zi.,
therefore, Equarion (4) applies, employing the above sub-
stutution for Zy in Zy(x ), wherein Z.(x) =Zp(x) +
Zp(x).

In the experimental procedure, L, the length of the
short circuir 1s adjusted to produce @ maximum n the
total voltage across Zy,, the detector impedance The re-
sule of incegration of (4) for this general case is complex



Therefore, in order to illustrate the summation of the for-
ward and backward wave, when a short circurr 15 used,
consider the case where the excernal line is terminared in a
matched detector ac the ourput end, and Zy3=Zy The
total voltage across Zpy, simplifies to,

iz [ 1—c T1B=B)ln | _ —j(B+B0)La

L.
5 -
3 Zn-_* - —j'Bx l_ :
s dx S
]IiZ:(x):lsm (Bx) e ( dx {

Cp =

2 | B—Bs

When the short circuit is adjusted for maximum outpur
volrage this reduces to,

e o j,{jul-h ] (6]

B'i‘ Bry

This 15 the toral voltage across Zp.
Note that when the external system is marched at both

*o(max) = >

The first rerm is recognized as the forward wave for
the matched case, Equarion (5). The second term is rec-
ognized as the backward wave for the matched case, Equa-
tion (9) below.

Voltage at Input End and Backward Wave

The wave propagating toward the source or inpuc is
given as the backward wave, It is the signal appearing ac
a detecror placed at the input end of the tri-axial unic
under matched conditions. The total voltage ac the inpuc
end is obrained in the same manner as for the forward
wave, yielding the following resulc:

ihzo H 1—e —;iﬁﬂ—ﬁn)u‘+ l 1—e “i(BTR)L

_‘ (7)

ends, (8) reduces to the backward wave:

ex=) %2(};?:&," l=& —i(B+ ﬁ"’”‘"] (9)

B+B.

These cquations describe the frequency behavior of the
tri-axial unir leakage output voltage, and relate this to the
surface transfer impedance, The measured result is the
ratio of power at outpur to power input incident on in-
ternal cable, and is directly related to ep/i;, The rransfer
impedance, z.;, is calculated from this measured result,
employing the value for L, obtained by physical measure-
ment and from known or measured values of the propaga-
tion constants B and f3,.
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